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Abstract 

A solar forecasting system and forecasting procedures for predicting the time 
of occurrence of solar proton events and the associated time-integrated proton flux 
on a real-time basis for the Mariner V mission are discussed. The solar forecasting 
system utilizes solar activity data obtained from solar observational networks and 
provided by the Space Disturbance Forecast Center (SDFC) at Boulder, Colorado. 
Since SDFC does not provide forecasts of proton events and their sizes on a real- 
time basis, statistical methods are developed, based on past solar cycle data, in 
order to use the soIar activity data obtained on a real-time basis in predicting 
proton events and their sizes. The 2800-MHz radio burst energy is correlated with 
time-integrated proton flux. Several other solar parameters are correlated with 
time-integrated proton flux. However, none results in a better correlation. In addi- 
tion, procedures for receiving data, making forecasts, and reporting the forecasts 
to the project on a real-time basis are described. Statistical uncertainties in the 
prediction method and uncertainties in the data are discussed, and their influence 
on the value of the predictions is evaluated. A brief history of the real-time fore- 
casting of proton events using the method and procedures is presented. This 
history indicates that the forecast system and the forecast procedures have both 
scientific and engineering applications during the operational phase of a long-term 
interplanetary mission. Finally, recommendations are made to improve forecasting 
techniques and forecast procedures for reliable and timely warnings of pending 
solar proton events and their sizes. 
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Solar Proton Forecast System and Proce 
During the Mariner V Mission 

1. Introduction 

The Mariner V mission to Venus took place during the 
time period June-October 1967, when moderate to large 
proton events were expected, based on statistical analysis 
of past solar cycle data. Radiation tests of selected space- 
craft subsystems demonstrated that exposure to proton 
fluxes as large as those expected during the Mariner V 
mission could significantly degrade the performance of 
critical spacecraft subsystems. Consequently, real-time 
forecasting of proton events and their sizes during the 
operational phase of the mission was desired so that the 
spacecraft operation team could, if necessary, implement 
options to use subsystems insensitive to proton radiation. 
In addition, if proton events were forecast during the mis- 
sion, mission operations could be altered to allow collec- 
tion of fields and particle data. Therefore, the Mariner V 
Project Office supported the development of a real-time 
forecast system. 

Only short-term real-time predictions of solar flare 
proton events and their sizes are expected to provide 
an adequate forecast during an interplanetary mission 
because of the gross uncertainties associated with long- 
term predictions. 

Methods of forecasting solar proton events and proce- 
dures for using the forecasts during the Mariner V mis- 
sion on a real-time basis were developed utilizing data 
from the solar observational network made available 
through the Space Disturbance Forecast Center (SDFC) 
in Boulder, Colorado. SDFC also provides short-term 
prediction of solar activity, which can be used to estab- 
lish periods of probable solar proton activity but does not 
currently predict proton event sizes. In addition, the 
Manned Spacecraft Center (MSC) is developing the Solar 
Particle Alert Network (SPAN) to predict the proton radi- 
ation to which astronauts may be exposed during the 
Apollo mission. SPAN is combined with solar observa- 
tories operated by SDFC and the Air Weather Service of 
the USAF to form the National Solar Flare Patrol. The 
methods and forecasting system presented here utilized 
the radio and solar observatories of the National Solar 
Flare Patrol as data sources for making real-time forecasts. 

The forecast methods are based on statistical analyses 
of solar activity data and solar proton flux from the past 
solar cycle. In the statistical analyses several parameters 
of solar activity coincident with the occurrences of solar 
flares were correlated with the time-integrated proton flux 
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which usually follows the large solar flares. The best cor- 
relations were obtained through single-parameter correla- 
tions of the 2800-MHz radio burst energy as the predictor 
of proton event time-integrated flux. However, the peak 
2800-MHz radio flux will be used as a preliminary pre- 
dictor to provide early alert since the peak radio flux may 
occur after as little as 20% of the radio burst is completed. 

The forecast methods were incorporated into a forecast 
system and operational procedures were established for 
reporting forecasts to the Mariner V Project. The sun, 
however, was unexpectedly inactive during the course of 
the Mariner V mission. 

In addition, statistical analyses were performed on past 
cycle data to estimate the average time available after a 
forecast for operational considerations and the reliability 
of the forecast methods. The results indicate that there is 
sufficient time after the occurrence of a solar flare and 
radio event to forecast an expected large proton event 
before the arrival of a significant amount of radiation 
near earth and within the trajectory of Mariner V. The 
results also demonstrate that forecasts of events at or 
above the threshold level established for Venus of 2 X 1 O 1 O  
protons/cm2, for energy >30 MeV, have an estimated 
false alarm probability between 040%. 

When the threshold radiation levels are exceeded, the 
forecasts have both scientific and engineering applica- 
tions; when the thresholds are not exceeded, the predic- 
tions have only scientific applications. Forecast procedures 
are established to account for both of these applications. 
The procedures presented cover generally a time span 
from 28 days before a solar flare or radio event until after 
an observed proton event is completed or an expected 
proton event is considered a false alarm. 

II. Requirements for Solar Forecast System and 
Procedures 

The requirements for a solar proton event forecasting 
system and procedures for using forecasts during the 
Mariner V mission are divided into two parts: engineer- 
ing requirements and scientific requirements. Engineering 
requirements are related to possible radiation effects on 
spacecraft subsystems; scientific requirements are related 
to data which may be obtained when a solar proton event 
occurs. 

A. Engineering Requirements 

The engineering requirements for a solar proton event 
forecasting system are that the predictions be reliable 
and that adequate warning time be provided prior to 

the occurrence of proton events larger than established 
radiation flux criteria. 

The established proton radiation flux criterion for re- 
porting forecasts to the Project based on predictions made 
near earth is that the time-integrated proton flux must be 
lo9 protons/cm2 or greater having energy greater than 
30 MeV within the 95% confidence band. This criterion 
is based on the radiation test threshold levels listed in 
Table 1, which were established for radiation-sensitive 
Mariner N subsystems and components (Ref. 1). The 
criterion was derived from the level of 2 X l O l D  protons/ 
cm2 having energy greater than 33 MeV, which is the 
level at which the more sensitive subsystems were tested 
and no significant degradation was observed. Because 
the predictions are made near earth and the worst con- 
dition for spacecraft exposure is at Venus encounter, it 
was necessary to reduce the level of 2 X 1 O 1 O  protons/cm2 
at the spacecraft to a corresponding value of 1 X 1O1O 
protons/cm2 near earth to account for the assumed inverse 
square of the distance effect. Then this level was reduced 
to 1 X lo9 protons/cm2 to account for the uncertainties in 
the measured proton fluxes taken during the last solar 
cycle and the uncertainties in making a prediction based 
on near-earth data and extrapolating the data to near 
Venus. Consequently, when the prediction made near 
earth is lo9 protons/cm2 having energy greater than 
30 MeV, the actual flux near Venus may be as much as 
2 X 1 O ' O  protons/cm2 having energy greater than 30 MeV. 

The peak flux requirement was obtained from a regres- 
sion equation for peak flux as a function of time-integrated 
flux rather than from the radiation test threshold damage 
level of 6.0 X lo5 protons/cm2-s having energy above 
40 MeV (See Table 1). The comparable peak flux derived 
from the regression equation corresponding to the thresh- 
old time-integrated flux of lo9 protons/cm2 is 6.5 X lo3 
protons/cm2-s ( E  > 30 MeV). As a result, the peak flux 
requirement is conservatively established for the space- 
craft subsystems as lo4 protons/cm2-s having energies 
greater than 30 MeV because it is lower than the radiation 
test threshold level for peak flux. In addition, the pre- 
dicted peak flux will be consistent with the predicted 
time-integrated flux from which it is obtained through 
the regression equation. 

The amount of after-prediction time required to imple- 
ment counter-measures before a significant flux is en- 
countered was not established by the Project Office. 
However, limits on the time available based on the capa- 
bilities of the forecast method presented using data of the 
past solar cycle were taken from Section IV-C. The time 
limits are: 
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Table 1. Results of high-energy proton testing of 
Mariner IV subsystems and componentsa 

Subsystem/ 
components 

Data encoder 

Squibs 

Batteries 

Solar cells 
(Silicon P/N, 
IQ-cm) 

Command contri 
and sequencin 
subassemblies 

Sun sensor 

Canopus trackei 

Test 

Flux rate, 
protons/cm2-s 

8 X 10' to 1 X 10' 

3.9 x 10' 
(E > 60 MeV) 

1 x 10' 

2.0 x lo' 

3.5 x 10' 

6 X  lo5 
(E > 40 MeV) 

"E>33 MeV unless otherwise indicated. 

vels 

Integrated flux, 
protons/cm2 

4.3 x 10" 

2.1 x loTo 
[E > 60 MeV) 

2 x 10" 
[E  > 60 MeV) 

2.1 x 1O'O 
(E > 36 MeV) 

8.55 x lOl0 
to 1.02 x 10" 

2 x lolo 

2 x loxo 

Remarks 

No transient 
damage; 
no permanent 
damage 

No significant 

degrading 
effects 

No apparent 
effect on 
spacecraft 
batteries at 
about 10" 
protons/cm2 

No transient 
effects; loss of 
power, P/Po 
range 
0.73-0.80 

No observable 
effects 

No observable 
effects 

Failed at listed 
flux-rate (loss 
of roll control) 

(1) An average time delay of 0.7 h (using the lower 95% 
confidence limit on the average) between the time 
at which the RF emission ends and the start of the 
proton event, including the time for data transmis- 
sion and making the prediction. 

(2) An average time delay of 3.1 h (using the lower 95% 
confidence limit on the average) between the time 
at which the RF  emission ends and the maximum 
of the proton event, including the time for data 
transmission and making the prediction. 

These limits are expected to be conservative for an engi- 
neering application because they include small radio 
events and small proton events, both of which are usually 
associated with shorter periods. 

Prediction reliability requirements were not established 
by the Project Office. However, estimates of the relia- 
bility available based on the capabilities of the forecast 
method presented using data of the past solar cycle were 
taken from the false alarm study results presented in 
Section IV-D. The estimated probability that the proton 

event will occur when the predicted time-integrated pro- 
ton flux is lo9 protons/cm2 ( E  > 30 MeV) and greater is 
between 60 and 100%. This probability range for proton 
fluxes greater than lo9 protons/cm2 was determined based 
on the estimates of probability from the data samples in 
the flux range between 107-1010 protons/cm2. 

8. Scientific Requirements 

For scientific applications of the forecasting system it is 
required that predictions be reliable and timely forecasts 
of the occurrence and size of proton events. Events of any 
size are of scientific interest, but predictions must be reli- 
able enough to establish a tracking priority since tracking 
is usually being shared with other spacecraft and satellites. 
Again, the reliability requirement and the time required 
after the prediction to implement spacecraft tracking were 
not established. Results were based on the capabilities of 
the method presented and indicate the reliability and the 
time available for arranging tracking time. 

111. General Considerations 

A. Solar Activity 

The level of solar activity is generally measured by the 
sunspot number computed over a specified period of 
time (Ref. 2). The sunspot number is obtained from 
S, = K (S + log), where S is the total number of sunspots, 
g is the total number of groups determined from a single 
observation by a specified observatory, and K is a weight- 
ing factor dependent on the characteristics of the ob- 
servatory and determined in such a way that a uniform set 
of sunspot numbers is derived from different observatories 
(Ref. 2). Solar activity as indicated by the sunspot number 
exhibits a quasiperiodic behavior with a mean frequency 
of about 11 yr and with known limits on the observed 
cycles ranging from 7 to about 16 yr. The activity indi- 
cated by the sunspot number is usually averaged over 
consecutive months or years. Although the occurrence of 
a particular sunspot group does not mean that solar activ- 
ity will follow, observations indicate that as the number 
of sunspots on the solar disk increases, the general solar 
activity increases. The regions near sunspots are normally 
sources of various types of solar activity which may result 
in the emission of particles and electromagnetic radiation. 

Sunspot data from the past 215 years have been ana- 
lyzed statistically to predict the level of solar activity 
expected in the current cycIe and the time of maximum 
activity (Refs. 3 and 4). These predictions, using the aver- 
age yearly sunspot number, give only the expected solar 
activity averaged over a period of 1 yr. The sun must be 
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observed regularly to predict the occurrence of solar flares 
and the emission of particles. Active regions, called plages 
and faculae, whose temperature and brightness are higher 
than the surrounding areas are present on the sun. Sun- 
spots are almost always found in plages. High magnetic 
fields are frequently found in regions near sunspots. Tem- 
perature gradients between cooler sunspots and hotter 
surrounding areas cause regions of stress which lead to 
transient solar activity such as solar flares. Forecasts of 
solar flare activity can be made as much as a month prior 
to an event, but for increased accuracy are made between 
3 days and several hours prior to the event and are based 
on plage size and brightness, sunspot area and class, sun- 
spot magnetic configuration, radio emission, past history 
of the active region, and other solar disk and limb fea- 
tures. When a flare occurs, there is an increase in solar 
electromagnetic emission in the optical, ultraviolet, X-ray, 
and radio frequency range. Protons have been measured 
from the same region in which radio emissions occur. 
However, not all radio emissions are associated with pro- 
ton events, and conversely. Typical solar activity occur- 
rences are shown in Table 2 as a function of time. 

Beginning of solar flare 

Occurrence of solar flare 
with increased optical, 
X-ray, ultraviolet, ond 
radio emissions (including 
2800-MHz burst) followed 

by proton emission. 

B. Solar Proton Events 

The releases of energy which occur at the time of a 
solar flare occasionally include the emission of charged 
particles from the sun which reach the earth from 30 min 
to several hours later. These particles when defined as 
solar cosmic rays consist of protons having energies above 
5-10 MeV and may extend to energies up to 20 BeV 
and more. 

Direct detection of solar 
flare emissions and 
indirect detection by 
measurement of 
ionospheric effects. 

Commencement of arrival o 
2800-MHz radio burst 
emission. 

Predictions of average monthly and yearly proton fluxes 
using a predicted sunspot number and the past solar cycle 
proton flux have been made (Refs. 3 and 4). These predic- 
tion techniques were derived statistically, based on the 
correlation of past cycle proton data with sunspot number 
data. One study also involved the correlation of proton 
flux with average total sunspot area.= Predictions using 
these techniques may be made for periods of 6 months 
preceding the end of a solar cycle. Predictions of yearly 
proton fluxes are useful in planning a mission but do not 
give time of occurrence or size of an individual proton 
event; instead, they give an average expected proton flux 
for a specific time period in the future. 

1-4 h 

The data taken during the past solar cycle indicate 
that as the solar cycle approaches solar maximum and 
solar activity increases, flares and proton events become 
more numerous. Exceptionally large proton events of the 

Arrival of protons 

Characteristic rise of 
proton flux 

'Private communication from S .  Pierce, JPL. 

Peak of moderate flux 
10-20 h proton event 

(105-108 protons/cm*) 

Table 2.  Occurrence of solar activity on the sun and 
detection a t  earth as a function of time 

Time 

Optical observation of 
plages, sunspots, and 
magnetic complexity. 

0 

0-10 min 

I 10 min-1 h I Recording of 2800-MHz I radio burst emission 

I 1-10 h I 

last cycle occurred in a period of 2 to 3 years before and 
after the solar maximum. Solar maximum for the current 
solar cycle was predicted to occur during the 1968-69 
time period; consequently, large proton events were 
expected during the Mariner V mission. 

Based upon events of the past cycle, with few excep- 
tions, the occurrence of a solar proton event can be asso- 
ciated with the occurrence of a flare. Moderate to large 
events ( h S  X lo7 protons/cm2 at E > 30 MeV) are 
usually preceded by a solar flare generally of class 2b or 
greater (see Appendix A for a discussion of flare classifica- 
tion). A prediction of occurrence of a flare of class 2b 
or greater along with other conditions such as a large, 
magnetically complex associated sunspot group indicates 
the possibility of the occurrence of a pending solar proton 
event. However, some of the electromagnetic radiation 
occurring at the time of a flare may be associated directly 
with proton emission. Furthermore, electromagnetic radia- 
tion will propagate through space much faster than solar 
particles and may reach the earth several hours before the 
arrival of solar particles (see Table 2). Thus it may be 
possible to use this radiation to predict the occurrence 
and size of a solar proton event. The energy radiated in 
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the 2800-MHz solar radio burst coincident with the occur- 
rence of the flare may be considered a predictor of pro- 
ton events. 

IV. Predicting Solar Proton Events and Sizes 

Using Solar Radio Emission 

A. Theoretical Considerations 

Radio emission from the sun covers a broad range of 
frequencies and types of emission. Various types of emis- 
sion are produced, e.g., thermal radiation, synchrotron 
radiation, and bremsstrahlung. However, the only type 
that has been consistently related to solar proton events 
is the type IV continuous broad-band emission caused by 
synchrotron radiation. This emission is divided into vari- 
ous component types as shown in Fig. 1 (from Ref. 5). The 
RF emission of interest is the centimeter wavelength radio 
burst in the region of 3 to 30 cm (microwave) with main 
emphasis on the 10.7-cm (2800-MHz) bursts. This emis- 
sion as shown in Fig. 1 is included in the type IV p region. 
A sample burst is shown in Fig. 2 (from Ref. 6). A centi- 
meter outburst, sometimes referred to as a microwave out- 
burst has a peak intensity which usually is greater than 
100 flux units2 These bursts usually Iast more than 10 min 
and up to approximately 1 h or more. 

The outbursts at microwave frequencies are believed 
to be synchrotron emission caused by electrons (0.5 to 
5 MeV) constrained temporarily by magnetic fields in the 
solar chromosphere and corona. It is generally assumed 
that the flare mechanism which accelerates electrons to 

'One flux unit = lo-" W/m'-Hz (Ref. 7 ) .  

TIME, h 

Fig. 1. Model of the composite spectra of solar type IV 
radio emission in the range 10,000 to 25 MHz 
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Fig. 2.  Model of a fixed-frequency (centimeter 
wavelength) outburst associated with a 

solar proton event (from Ref. 6)  

relativistic energies also accelerates protons and heavier 
nucleons to subrelativistic and relativistic energies. The 
high-energy nucleons escape directly from the solar 
plasma (Ref. 8). The lower energy nucleons are part of 
the plasma which eventually leaves the sun. The mean 
energy of accelerated electrons seems to be nearly inde- 
pendent of the intensities of the outburst. Therefore, the 
intensity of the outburst is not a measure of the energy of 
the accelerated electrons, but rather a measure of the 
number of accelerated electrons {Ref. 9). If we assume 
that an equal number of positive ions and electrons are 
accelerated and that the majority of positive ions acceler- 
ated are protons, then it follows that the total energy 
radiated should be directly related to the time-integrated 
proton %ux. Therefore, the correlation of type IV solar 
radio emission with solar proton events may be simply 
a case of correlating phenomena which are physically 
related. 

B. Solar Data from the Last Solar Cycle 

Radio burst data were compiled to obtain a source of 
selected radio burst  parameter^.^? A compilation is pre- 
sented in Table 3 along with various other solar activity 

3Private communication from M. D. Lopez, Manned Spacecraft 
Center, Houston, Tex. 

*Private communication from A. Covington, Canadian National 
Research Council, Ottawa, Canada. 
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parameters and proton event data (Refs. 6, 10, and 11). 
The time-integrated proton flux for the 9/26/57 event was 
estimated from statistical analyses connecting the time- 
integrated proton flux above 30 MeV with that above 
100 MeV. Some of the RF burst energies presented in 
Table 3 for the 2800-MHz radio emissions have been pre- 
viously correlated with solar proton event time-integrated 
flux.3 Previous studies were also performed to correlate 
peak radio flux, duration of the burst, and average radio 
flux with proton flux. In addition, 3750-MHz data have 
been considered. The results of these studies indicate that 
correlations made with the 2800-MHz radio emission and 
the time-integrated proton flux are more significant than 
those obtained using the 3750-MHz radio emission. This 
does not rule out the possibility that further study of the 
3750-MHz data might also provide good correlation when 
new data are a~ailable.~ However, the correlations de- 
scribed in this report use only 2800-MHz data, except for 
those presented in Section IV-D-3. Further correlation 
studies might include the frequency of approximately 
2695 MHz since this is the frequency being used by the 
MSC observatories which will provide the radio data for 
use in SPAN (Ref. 12). When new data are taken at vari- 
ous frequencies and when past cycle data are refined, new 
frequencies or a combination of frequencies may be used 
to demonstrate more significant correlations. 

- ~ 

Duration time, min 
Delay time between start of RF to start of proton event, h 
Delay time between start of RF to maximum of proton event, h 
Delay time between maximum of RF to start of proton event, h 

Table 4. Estimates of the duration of 2800-MHz bursts 
associated with proton events of the last cycle 

and of delay time between bursts 
and proton events 

60.3 f 29.1 
3.9f 1.4 
8.6-+3.7 
3.3k1.4 

A statistical analysis was performed to obtain the aver- 
age radio burst duration and the delay times between 
bursts and proton events for those events given in Table 3 
for which data were available. These are the same solar 
events which were used in making the correlations be- 
tween 2800-MHz burst data and time-integrated proton 
flux. Table 4 lists the average and the estimated 95% con- 
fidence limits on the average for the delay time from maxi- 
mum and start of radio burst to the start of the proton 
event and from the start of the radio burst to the maxi- 
mum of the proton event and the time of burst duration. 
Figure 3 (from Ref. 13) shows an envelope and mean of 
the time history of solar proton events of the past solar 
cycle and the time history of three different solar pro- 
ton events. 

TIME, h 

Fig. 3. Time history envelope and mean of the flux 
of proton events compared with three events 

of the last solar cycle (from Ref. 131 

C. Correlation of Radio Emission Parameters with 
Time-Integrated Proton Flux 

The data used in the analyses of 2800-MHz radio bursts 
are given in Table 3 and consist of 81 radio events and 
24 associated proton  event^.^ The solar events for which 
only radio events are listed may have been associated 
with proton events that were undetected because the 
fluxes were below earth-based detector cutoffs or did not 
arrive at the earth because of propagation conditions or 
trapping in space. The results presented, using the radio 
events and the RF  predictions techniques, were based on 
all 81 radio events. 

I .  Single-parameter correlations. Correlations were 
made between the log,, of the 2800-MHz radio burst 

‘Also M. D. Lopez (see footnote 3) .  
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energy and the logl, of the associated time-integrated 
proton flux having energies greater than 30 MeV. The 
correlations were made using a total of 24 radio events 
observed by the Canadian National Research Council 
Observatory at 2800 MHz. A linear least squares analysis 
was performed using the data, and the correlation coeffi- 
cient and regression equation were found. The linear 
regression analysis was performed with the listed 24 
data p in t s  (See Table 3) and the 13 points selected as 
described below. 

The regression analysis was performed first with data 
from the 24 events and then with data from 13 events 
selected from the 24. The selection of the 13 points was 
made by statistically analyzing the data to discard outliers 
(See Fig. 4). This was accomplished by computing the 
average proton flux and the standard error of the mean 
for a particular interval of radio energy. Those events 
whose proton flux was greater than 3 times the standard 
error of the mean (35) were eliminated. The procedure 
was repeated with the remaining points in the interval. 
If no ?vents were eliminated on the first or successive 

E 

I00 101 io2 io3 IO 

RF ENERGY, IO-'* .#m2-Hz 

Fig. 4. Time-integrated proton flux having energy 
greater than 30 MeV as a function of RF burst energy 

trials, then all events whose proton flux was greater than 
25 were eliminated and the procedure repeated until no 
events were eliminated. After this was done, 16 points 
remained. At this point, a check was made to see if the 
differences of the averages of neighboring intervals ex- 
ceeded 35, = 3(Sh + s&)s, where S,, is the standard error 
of the mean of interval 1 and S,, the standard error of the 
mean of interval 2. The differences of the averages did 
exceed 3sD for three intervals which had radio energies 
greater than 40 flux units (50-100, 100500, 500-1000) 
representing moderate to large radio and proton events. 
Thus, a linearly increasing relationship between the log 
of RF energy and the log of proton fluxes truly exists 
only at the upper ranges of the curve of radio energy 
vs proton flux. Because of the large scatter of data, the 
events with radio energy less than 40 radio energy flux 
units were neglected, it being assumed that major interest 
is centered on the large events. A linear least squares 
analysis was performed and the correlation coefficient 
was calculated for the remaining 13 points. The correla- 
tion coefficient is 0.962; thus a linear regression approxi- 
mation was considered applicable. The linearity of the 
relationship between radio energy and proton flux for the 
large events was used over the entire range of radio 
events in all of the analyses of this section (again because 
major interest is centered on the large events). However, 
the results of the analyses for radio events of less than 
40 radio energy flux units are questionable. The solid 
line in Fig. 4 indicates the region over which use of a 
linear relationship is justified on the basis of the tests 
described above; the dashed line indicates the region over 
which it is not. 

Equations (1) and (la) give the regression equations 
for the selected 13 data points and the total 24 data points, 
respectively. See Table 3 for the values used: 

log,, (PF)  = 2.976 + 2.083 log,, ( R F E )  (1) 

log,, (PF) = 4.778 + 1.285l0g1, ( R F E )  (la) 

where 

PF = i s  the time-integrated proton flux for energies 
greater than 30 MeV (protons/cm2) 

RFE = radio burst energy in units of (lo-]. J/m"-Hz) 

The correlation coefficients with the 95% confidence inter- 
vals are 0.962 (0.873,0.989) and 0.716, (0.432,0.871) for 
the 13 and 24 points, respectively. Figure 4 shows the 
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relationship between radio burst energy and proton event 
flux derived from Eq. (1) which is used to predict time- 
integrated proton flux having energy greater than 30 MeV 
from the area of the associated RF  burst profile at 
2800 MHz. 

mined for Eq. (1). The prediction of a single-event time- 
integrated proton flux will lie in the following confidence 
interval (Ref. 14): 

The 95% and 99% confidence intervals for the prediction 
of a single-event time-integrated proton flux were deter- 

Y’ +ta,, s,, 1 + ; + (2) ( (n (x - - 1) RZ si >” 

where 

taI2 = the percentage point of the student t-distribution 

1 - a! = confidence interval 

X = log,, of radio energies at which confidence limits were computed 

X = log,, of average radio energy 
- 

= estimated standard deviation of predicted flux of proton event from actual 
(3) 

s, = ($ (:; 1 ::) = estimated standard deviation of radio burst energy of actual events from 
(4) the average event energy 

Yi = log,, of observed proton flux of the selected events 

Y!, = log,, of predicted estimate of integrated proton flux from regression equation 

Xi = log,, of the radio energies of the selected events. 

For the 95 and 99% confidence intervals, S,, = 0.317, S: = 0.279, = 2.201, and t0.005 = 3.106. 

Several things must be taken into account when using 
these confidence limits. First, the confidence limits and 
regression equation must be applied with caution below 
40 radio energy flux units. Secondly, the confidence limits 
were determined based on the S,, computed for all data 
points instead of an S,, computed for each interval of data 
points, which effectively cancelled the resolution avail- 
able for the grouping of the data. However, this effect is 
assumed to be negligible, except for the smaller events 
near and below 40 flux units. Finally, the 95 and 99% con- 
fidence limits apply only when a proton event follows a 
radio event because these limits were determined based 
on the correlation between radio event energies and asso- 
ciated time-integrated proton fluxes. The probability that 
a proton event will occur is presented below. 

For each of the 81 radio burst energies the predicted 
value of proton flux from Eq. (1) and the 95% confidence 
interval was compared with the actual value of proton 
flux associated with that event. If the actual value fell 
within the 95% confidence interval, it was counted as a 
successful prediction. If the actual value fell below the 
95% confidence interval, or if no proton event occurred 
after detection of a radio event, the event was called a 
“false alarm.” The occurrence of a proton event of smaller 
magnitude than predicted is important in engineering 
applications. In this application there are threshold limits 
established for radiation damage to the spacecraft from 
solar proton events. A prediction of an event of size 
greater than these limits which is followed by an event 
of size less than these limits would have to be considered 
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Table 5. False alarm percentage and miss frequency 
for the prediction method using RF energy 

and the 9 5 %  confidence limits 
on time-integrated proton 

flux estimates 

Number of 

kFzs 
ime-integrate0 
proton flux, 
protons/cm* 

False Number of 
alarms, % misses 

(1-10) x lo6 
(1-10) x lo6 

(1-10) x io7 

(1-10) x 10s 

(1-10) x lou 

31 

17 

1 
0 

Number of 
predicted 

events 

79.5 0 
74 2c 

3 ::P3b 3 

25 1 
0 0 

39 
23 

14 

4 
1 

U N O  proton event occurred. 

bProton event occurred. 

eNo burst recorded in one case. 

a false alarm even though an event of some magnitude 
did occur. However, from the standpoint of scientific 
applications an event of any size is significant. 

False alarm analyses were performed in two ways. 
Using the first method, the RF energy range was divided 
into intervals corresponding to predictions of proton flux 
in the ranges 1 to 10 X 10" (protons/cm2), where n = 5 

Table 6. False alarm percentage and miss frequency 
for the prediction method using RF energy 

and the 99% confidence limits 
on time-integrated proton 

flux estimates 

orotons/cm2 

(1-10) x los 
(1-10) x lo6 
(1-10) x io7 
(1-10) x lo8 
(1-10) x io9 
"No burst recorded in  one cose. 

79.5 0 
74 2a 
43 2 
25 1 
0 0 

through 9 consecutively. The criterion for selecting a false 
alarm was then applied. 

Because of the scarcity of data from the last solar cycle, 
especially at the higher flux ranges, the false alarm proba- 
bility is questionable. The information available, however, 
is given in Tables 5 and 6 and Fig. 5. There was no sig- 
nificant change in the false alarm percentage in going 
from a 9548 confidence interval to a 99% confidence inter- 
val. Of all the false alarms given in Tables 5 and 6, only 
two events resulted from the case of a radio burst which 

OTON EVENT 

NO PROTON EVENT 

lo7 IO8 lo9 IO' 

TIME-INTEGRATED PROTON FLUX, protons/cm* 

Fig. 5. False alarm percentage for RF energy and time-integrated flux ( E  > 30 MeV) prediction method 
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gave a prediction of a higher flux than the actual flux; 
these false alarms did not result when the 99% confidence 
intervals were used. These two events resulted in pre- 
dicted fluxes (including their 95% confidence intervals) 
that were higher than the actual flux by a factor of about 
1.2 and 1.7, respectively. Factors of 1 to 2 or less cannot 
be considered very significant because of uncertainties in 
the value of the proton flux. The rest of the false alarms 
resulted from radio bursts in which no proton event was 
detected. 

80 

z 
v, 60 1 i3 a 
-I a 
# 40 

In the above analysis, the event was called a miss if the 
actual value fell above the upper 95% confidence limit or 
if a proton event occurred during the time interval when 
the 28OO-MHz radio flux was being observed and no 
RF was detected. The possibility of a flux being higher 
than predicted might not be important in scientific ap- 
plications, but it is extremely important in engineering 
applications. 

--- - _ _  - c -- --\ 
\ 
\ 

Although Tables 5 and 6 give a number of misses, only 
one miss occurred where no radio burst was recorded 
(11/4/57 proton event). The others resulted from time- 
integrated proton flux predictions whose estimates plus 
the 95% confidence interval were less than the actual pro- 
ton flux. Four of the misses involved a flux higher than 
the 99 or 95% intervals by the following factors: one by 
about a factor of 4 and 8 (8 X lo6 protons/cm2 actual flux), 
two by about a factor of 5 and 10 (4.5 X lo7 to 5 X lo7 
protons/cm2 actual flux), and one by a factor of 33 and 60 
(1 X los protons/cm2 actual flux). Except for the latter 
miss, these misses were not considered significant because 
they occurred for low proton flux events. Another miss 
involved a prediction higher than the 95% confidence 
interval by a factor of only 1.45, which is less than the 
uncertainty error in the measured proton data. The num- 
ber of misses decreased by 1 when the 99% confidence 
interval about the estimate was considered. 

J 

i! 
20 

0 

Figure 6 and Tables 7 and 8 show the results of the sec- 
ond method of obtaining false alarm percentages and 
misses. In this analysis, a value of RF energy from Fig. 4 
was chosen which corresponds to a specified proton flux 
value. The number of predicted events was compared 
with the number of false alarms for all predicted values 
above the flux value. Instead of taking a confidence inter- 
val about the predicted flux value, any value of proton 
flux which fell below the predicted level was counted as 
a false alarm. The false alarm percentages were obtained 
in one case by using the value of radio energy giving a 
particular estimate of proton flux (see Table 7) and in the 
other case by using the values of radio energy giving the 

- FALSE ALARM PERCENTAGE 
USING REGRESSION CURVE 

- --- FALSE ALARM PERCENTAGE 
USING 95% CONFIDENCE 
LIMIT CURVE ABOVE 
REGRESSION CURVE 
I I 

loo' 

>lo6 

>IO' 
> 108 
>ios 

81 59 73 l a  
32 23 72 3 
13 10 77 1 
4 1 25 0 

same proton flux on the estimate plus 95% confidence limit 
curve (see Table 8). As shown in Fig. 4, the radio energy 
giving a particular flux decreases when the curves lying 
above the actual regression curve are considered. The 
reason for using the curve lying above the regression 

Table 7. Cumulative false alarm percentage and 
miss frequency for the RF energy prediction 

method using the time-integrated 
proton flux estimates 

Time-integrated 1 Number of I Number of 1 False 1 E::s alarms, % misses proton flux, predicted 
protons/cm2 events 2;; 1 / 

>lo" 40 
> iog 

nNo burst recorded in one case. 

Table 8. Cumulative false alarm percentage and 
miss frequency for the RF energy prediction 

method using the 95% confidence 
limits on time-integrated 

proton flux estimates 
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curve is that a lower miss frequency occurs at the lower 
radio energies. However, an increase in false alarms will 
occur if this is done. In this analysis, either of the two 
curves was chosen, and all events predicted above a 
certain flux were considered. For example, the number 
of events predicted above lo9 protons/cm2 would be 
the same as the number of radio events whose energy 
was equal to or greater than the energy on the curve 
which would give a value of lo9 protons/cm2. T h i s  
was compared to the actual number of events which 
occurred with proton fluxes equal to or greater than lo9 
protons/cm2, and the excess number of events over that 
number predicted would be the number of false alarms. 
A miss would be any event not preceded by a radio event 
or preceded by one less than the radio energy correspond- 
ing to that flux or greater. 

I 

The second method is useful in predicting false alarm 
probability for any estimate equal to or greater than a 
certain proton flux. Two curves were considered in the 
second method in order to analyze the tradeoff between 
the miss frequency and false alarm rate as the value of 
radio flux, used as a threshold for a particular proton flux 
or greater, was decreased. As can be seen from Tables 7 
and 8, the false alarm percentage increased when the 95% 
confidence limit curve was used and the miss frequency 
decreased. 

The false alarm probability and miss frequency selected 
for use with the radio burst energy predictor are obtained 
from the results in Table 5. When an estimate of the time- 
integrated proton flux within the 95% confidence limits is 
made, the probability of having a false alarm or miss 
is assumed to be the percentage of false alarms or misses 
presented in Table 5 except for those predicted events 
having time-integrated flux greater than lo8 protons/cm2. 
For these events the false alarm probability is given as 
a range. For those predicted events between 108-109 
protons/cm2 the false alarm probability is in the range 
of 25-40%, and for those between 109-1010 protons/cm2 
the false alarm probability is in the range of 0-40%. These 
false alarm probability ranges are based on the average 
false alarm probability for events in the interval 107-109 
protons/cm2 and the estimated false alarm probabilities 
for the intervals 108-109 and 10g-lO1O protons/cm2. This 
rough approximation was made because the data sample 
in these last two intervals is considered inadequate to 
obtain representative false alarm probabilities for each 
interval. 

Another parameter of the radio burst profile is the peak 
radio flux. The peak in the radio burst profile occurs early 
in the event, in most cases at least before the halfway 

point in time. Of 24 radio events, 23 were used in the 
correlation of the log,, of proton flux and the log,, of 
radio burst peak flux (one event had no recorded peak 
flux). The correlation coefficient (based on a linear least 
squares approximation) is 0.542. Data selection similar to 
that used in obtaining the regression of proton flux on 
radio energy was not used because the peak flux data 
were scattered in such a way as to make results of such 
an analysis difficult to interpret. However, events with 
peak radio fluxes less than 250 flux units were discarded 
because of the large amount of scatter for low peak fluxes. 
The second linear least squares analysis was made on the 
remaining 17 events. The regression curves are shown in 
Fig. 7 along with the 95 and 99% confidence limits on the 
predicted proton flux. 
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RF PEAK FLUX,IO-~~ W / ~ - H Z  

Fig. 7. Time-integrated proton flux for energies 
greater than 30 MeV as a function of 

RF burst peak flux 

The linear regression equations found using the 17 and 
23 events are given below in Eqs. (5) and (sa): 

(5) log,, ( P F )  = 2.489 log,, (peak) - 0.622 

log,, ( P F )  = 4.380 + 0.96410g1, (peak) (sa) 
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where 

> 10' 
> io7 
>lo8 
>iog 

Table 9. False alarm percentage and miss frequency 
for the prediction method using RF peak flux 

and the 95 % confidence limits on 
time-integrated proton 

flux estimates 

a0 57 71.2 in  
63 53 84.2 3 
37 34 92 1 
12 9 75 1 

PF = the time-integrated proton flux for energies 
greater than 30 MeV (protons/cmz) 

and 

peak = the peak radio flux of the radio burst profile in 
units of W/mz-Hz 

The correlation coefficients and 95% confidence limits 
on the correlation coefficients for the 17 and 23 event 
samples are 0.756 and (0.423, 0.909), and 0.542 and (0.158, 
0.783)1, respectively. 

Confidence limits of 95 and 99% were computed for the 
peak flux regression equation in the same manner as that 
for the radio energy. The standard deviation of predicted 
proton flux from the actual proton flux is S,, = 0.698 
for the log,, of the fluxes (see Eq. 3). The dotted lines 
(shown in Fig. 7) are used where the curve is extrapolated 
out of the range of data, and its use in these ranges is 
questionable. 

The correlation of peak radio flux with proton flux is 
not as good as the correlation of radio energy with proton 
flux. In addition to the poorer correlation obtained using 
peak radio flux, it is difficult in some cases to define the 
peak flux with the same precision as the radio energy. 
The difficulty of determining the peak flux is demon- 
strated in Fig. 8 for a multiple peak radio event. 

560 

- 
30 3 1380 1430 1480 1530 

TIME, UT 

Fig. 8. Reconstruction, 2800-MHs radio burst profile 
of November 12, 1960 

Time-integrated 1 Number of I Numberof I False 1 Numb-tl 
fa'se alarms, % misses proton flux, predicted 

protons/cm2 events alarms 

(1-10) x io5 
(1-10) x 10' 
(1-10) x io7 
(1-10) x lo8 
(1-10) x loa 

"No burst recorded. 

Table 10. Cumulative false alarm percentage and 
miss frequency for the prediction method 

using RF peak flux and the 
time-integrated proton 

flux estimates 

protons/cm* 

1 ;; 1 ;; 1 ; % 1 
> io7 

> io9 
>lo8 60 

"No burst recorded i n  one cole. 

Table 11. Cumulative false alarm percentage and 
miss frequency for the prediction method 

using the RF peak flux and the 
95% confidence limits on 

time-integrated proton 
flux estimates 

rime-integrated 1 Number of I Number of I 1 Number of 1 
alarms, % misses proton flux, predicted 

profons/cm' events alarms 

aNo burst recorded. 

The radio burst profile presented in Fig. 8 is that associ- 
ated with the 11/12/60 proton event, one of the large pro- 
ton events of the last solar cycle. The rate of change of 
radio flux in the burst in Fig. 8 at the leading edge of the 
burst profile is 978 flux units/min, and the highest flux 
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TIME-INTEGRATED PROTON FLUX, protons/cm2 

Fig. 9. False alarm percentage for RF peak flux and time-integrated flux (E > 30 MeV) prediction method 
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reached at the leading edge was about 5000 flux units. 
In Fig. 7 one can see that the peak radio flux giving an 
integrated proton flux of log protons/cm2 (estimate plus 
95% confidence interval) is about 1800 flux units. There- 
fore, after 2 to 4 min (plus time to obtain RF data) it 
would have been possible to predict a proton flux of 
log protons/cm2 and be well inside the 95% confidence 
interval of the regression equation. 

\ 

A false alarm and miss  frequency analysis similar to 
that described previously using the RF energy predictor 
was performed. The results are shown in Figs. 9 and 10, 
and Tables 9, 10, and 11. Again, most of the false alarms 
resulted from lack of occurrence of proton events. Many 
of the misses from the RF peak flux analysis were insig- 
nificant. The results of the false alarm and miss frequency 
analysis showed the same general characteristics as those 
discussed previously for the RF energy predictor. 

I I I I 

The false alarm probability and miss frequency selected 
for use with the radio burst peak flux predictor is obtained 
from Table 9. The results of the false alarm probabilities 
are summarized below: 

1\ FALSE ALARM PERCENTAGE 
USING 95% CONFIDENCE 
LIMIT CURVE ABOVE 

2 0 ~  --- REGRESSION CURVE 
01 I I I u 

lo5 106 lo7 108 lo9 

TIME-INTEGRATED PROTON FLUX, protons/cm2 

Fig. 10. Cumulative false alarm percentage for RF peak 
flux and time-integrated flux (E > 30 MeV) 

prediction method 

Time-integrated proton flux, False alarm 
protons/cm2 probability, % 

105-106 
106-107 
107-108 
10"-109 
109-1010 

77 
68 
69 
2045 
0 4 5  

The above results were determined in the same manner 
as described previously for the RF energy predictor. 
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Table 12. Comparison of regression equations, correlation coefficients, and standard deviations derived in 
the linear least squares analysis of the solar activity parameters and proton event time-integrated flux 

Description 

Linear regression 
equations 

Linear correlation 
coefficients 

Standard deviations 

1 parameter 

13 events 

loglo (PF) = 
2.976 + 2.083 
loglo (RFE) 

0.962 

0.317 

24 events 

3 parameters I 5 parameters 

13 events 

loglo (PF) = 
3.960 - 0.41 2 
loglo (plage area) 
4- 0.161 loglo 
(sunspot area) 
$. 2.142 loglo 
W E )  

0.964 

0.3 17 

2. Multiple parameter correlution. A multiple linear 
least squares analysis was used to find the correlation 
coefficient and the regression equation using five solar pa- 
rameters as the independent variables and time-integrated 
proton flux as the dependent variable. These five solar 
parameters considered were the radio burst energy, the 
plage area, the plage brightness, the sunspot area, and 
the flare importance. The logs,, of the radio burst energy, 
plage area, sunspot area, and time-integrated proton flux 
were used. The analysis was performed for the 13 solar 
events used previously in the radio energy analysis and 
for 23 of the 24 events used previously (Table 3 and 
Figs. 11-14; there were incomplete data on one event). 

A complete analysis on multiple parameters was not 
performed; rather only a simple analysis was made to 
compare regression equations and correlation coefficients 
obtained with the additional parameters with the ones 
obtained using only the radio energy. The quantity S,, 
was computed for the equation using 13 events. The 
regression equations, correlation coefficients, and standard 
deviations S, obtained in the multiple parameter corre- 
lation analysis are given in Table 12, which compares all 
the regression equations and associated parameters. 

The results given in Table 12 indicate that there are no 
major differences in the correlation coefficients and S,is 
with use of the additional parameters. The regression 
equations show large fluctuation in the coefficients of 
the terms representing the parameters other than radio 
energy. Also, the coefficients of the terms for the other 
parameters are smaller than the coefficient of the radio 
energy term by at least a factor of 3. This means that 
time-integrated proton flux is better correlated with radio 
energy than with the other parameters. 

23 events 

loglo (PF) 
3.40 - 0.00507 
loglo (plage area) 

[sunspot area) + 1.309 log,, 
W E )  

+ 0.41 2 loglo 

0.750 

13 events 

logm (PF) = 
4.326 - 0.445 
loglo (plage area) 

fsunspot area) 

(RFE) 

(plage brightness] 

(flare importance] 

0.0602 loglo 

2.252 logio 

f 0.0447 loglo 

- 0.107 loglo 

0.965 

I 0.312 

23 events 

loglo (PF) = 
3.435 - 0.04874 

+ 0.05785 loglo 
log10 (plage area) 

(sunspot area) 

W E )  + 
(plage brightness) 

(flare importance) 

f 1.409 loglo 

0.4072 loglo 

-0.1133 loglo 

0.767 

3. Other radio burst parameters. The following radio 
burst parameters were correlated with the integrated pro- 
ton flux for the associated proton event through a linear 
regression analysis (Figs. 15-17). The data in the fre- 
quency range 28003000 MHz were obtained at various 
observatories. 

(1) Product of burst duration and peak %ux. Burst dura- 
tion alone was shown to have a poor correlation? 

(2) Time difference (min) between the maximum of the 
RF burst and flare maximum. 

(3) Time delay (h) between the start of the proton 
event and the start of the RF  burst. 

Table 13 summarizes the correlation coefficients deter- 
mined in this analysis. 

Table 13. Summary of a correlation analysis of 
some radio burst parameters with 

integrated proton flux 

1 Radio burst parameter I Correlation coefficient 

1 

2 

3 

0.607 

(-) 0.260 

0.060 

These results indicate that only the correlation between 
the radio burst energy and the peak radio flux with the 
proton flux discussed previously is high enough to be 
useful. 

OM. D. Lopez (see footnote 3) .  
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TIME DELAY, min 

Fig. 17. time-integrated proton flux having energy 
greater than 30 MeV as a function of the time 

delay between start of PCA and start 
of RF burst 

D. Selection of Parameters and Techniques to 
Predict Proton Events 

The regression equation relating time-integrated proton 
flux and radio burst energy (Eq. 1) is selected for making 
the final forecast of time-integrated proton flux on a real- 
time basis during long-term interplanetary missions. The 
regression equation relating time-integrated proton flux 
and peak radio flux (Eq. 5) is selected for making pre- 
liminary predictions of time-integrated proton flux when 
the observable peak radio flux indicates that a large event 
is expected. Equation (1) was selected on the basis of 
the value of its correlation coefficient. Equation (5) was 

selected on the basis of the timeliness of the forecast when 
using peak radio flux. False alarm percentages as a func- 
tion of time-integrated proton flux (Tables 5 and 9) and 
estimated burst duration time and delay times given in 
Table 4 are selected for use in completing the evaluation 
of the forecasts. 

A forecast of the associated peak proton flux of the 
pending proton event is obtained from Fig. 18, using the 
predicted time-integrated proton flux. The relationship 
between peak and time-integrated proton flux presented 
in Fig. 18 was determined by linear regression analysis, 
using data of the last solar cycle (Refs. 6 and 11 were used 
except as noted previously). 

Confidence limits of 95% are also shown on Fig. 18 so 
that when the time-integrated proton flux is estimated, 
the peak proton flux with its associated 95% confidence 
limits may be estimated and compared with the threshold 
radiation levels established as requirements for alerting 
project personnel. 

A summary of major parameters obtained by using the 
selected techniques is presented in Tables 14 and 15 for 
various values of radio burst energy and peak radio flux, 
respectively. 

E. limitations on Near-Earth Predictions Using 
Radio Emissions 

Several limitations are inherently present when apply- 
ing RF emissions observed near earth to techniques for 
forecasting proton flux in space. Propagation character- 
istics of solar protons in interplanetary space are such that 
the protons may reach certain points in interplanetary 
space without prior warning from a solar radio burst. This 
may be caused by proton events originating on the side of 
the sun away from the earth. In addition, the reception of 
radio energy at earth does not mean that all points in 
interplanetary space will contain solar protons. The par- 
ticle propagation characteristics of the interplanetary 
medium will influence the arrival time of protons and 
determine whether or not they will arrive at all. This 
phenomenon is dependent on the position of the particle- 
producing flare on the sun’s disk. Although the influence 
of the position of the flare on the arrival or nonarrival of 
protons at earth has been studied, no direct relationship 
has been found. Finally, the time for protons to travel 
from the sun to a spacecraft traveling to Venus may be 
considerably less than the time it takes them to arrive at 
earth. This would allow a shorter warning time than that 
based on observations from earth. 
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Table 14. Summary of statistical results of prediction of proton event fluxes 
on real-time basis using radio burst energy 

Radio energy 
received on 

real-time 
basis. 

Predicted proton time-integrated 
flux (E > 30 MeV) includes 

95 % confidence level, Probability 
protons/cm* of false 

. alarm, % 

Estimated range of 
time available after 

prediction, h 

To start of To peak of 
proton proton 
event event 

0.7-4.5 3.1-1 1.5 
0.7-4.5 3.1-1 1.5 
0.7-4.5 3.1-1 1.5 
0.7-4.5 3.1-1 1.5 
D.7-4.5 3.1-1 1.5 i 0.7-4.5 3.1-1 1.5 

95 % confidence 
interval 

I I 

40 2.1 x io6 4.0 x 105-1.2 x 10' 
100 1.4 x 10' 2.7 x io6-7.2 x io7 
200 6.0 X 10' 1.1 X 10'-3.2 X 10' 
400 2.5 X 10' 4.5 X 10'-1.4 X 10' 

1000 1.7 X lo' 2.7 X 108-1.2 X 10" 
2000 7.0 X 10' 1.0 X l0'-5.0 X 10'' 

74 
57 
57 

25-40 
0-40 
0-40 

I Threshold level 1 Threshold level 
for proton 
peak flux 

exceeded in 
the 95 % 
confidence 

interval 

No 
No 
No 
Yes 
Yes 
Yes 

Estimated peak 
proton flux range 

( E  > 3o MeV), 
protons/cm2-s 

7.5 X 10'-1.4 X loz 
4.0 X 10'48 X 10' 
1.3 X 102-2.4 X lo3 
4.5 Xld-8.8 X lo3 
2.1 X 103-5.8 X lo4 
6.5 x io3-2.0 x 1 6  

Table 15. Summary of statistical results of prediction of proton event fluxes 
on real-time basis using peak radio flux 

for proton 
time-integrated 
flux exceeded 
in the 95 % 
confidence 

interval 

No 
No 
No 
Yes 

Yes 
Yes 

Predicted proton time-integrated 
flux IE > 30 MeV) includes 

95 % confidence level, 
Peak radio 

flux received 
on real-time protons/cm2 

basis ,  - 
IO-" W/m2-Hz 95 % confidence 

interval 

600 1.8 X lo6 4.6 X lo4-7.0 X lo' 
1000 6.5 x io" 1.8 x 105-2.2 x io8 

6000 5.5 X 10' 1.2 X 10'-2.5 X 10" 
10,ooo 1.9 X 10' 3.0 X 10'-1.2 X 10'' 

3000 9.5 X lo7 2.6 X 106-3.8 X 10' 

30,000 3.0 X 10" 1.6 X 108-5.6 X 10" 

V. Forecast Procedures for Predicting Proton Events 

A. Data and Preflare Forecast Network 

The network established to transmit solar data and 
information into centralized agencies consists of solar 
observatories located throughout the world. Two agencies 
have been established to provide forecasts of solar activity 
and solar proton events from preflare solar data: the Space 
Disturbance Forecast Center, in Boulder, Colorado, which 
provides forecasts and solar information to civilian agen- 
cies, and the Astrogeophysical Forecast Facility at Ent 
Air Force Base, Colorado, which provides forecasts and 
other information to military agencies. Figure 19 and 
Table 16 present information on the location of the observ- 
atories, observing hours, times at which data are reported, 
and methods of communication with SDFC.? The solar 
observatories use optical and radio telescopes to measure 
various solar parameters. SDFC obtains the data from the 
observatories to make forecasts and to fdfill special data 
requests made by its users. 

Estimated range of 
time available after 

Probability prediction, h 

alarm, % To start of TO peak of 
of false 

proton proton 
event event 

68 1.6-4.4 4-11.4 
68 1.6-4.4 4-1 1.4 

20-68 1.6-4.4 613.4 
0-45 1.6-4.4 4 1  1.4 

68 1.6-4.4 4-1 1.4 

0-45 1.6-4.4 4-1 1.4 

'Private communication from R. Doeker, SDFC, Boulder, Colo. 

Estimated peak 
proton flux range 

(E > 30 MeV), 
protons/cm2-s 

1.0 X 10'-6.5 X Id 
3.9 X 10°-l.8 X lo3 
3.8 x 101-2.1 x io4  
1.3 x io*-i.o x io5 
3.1 X ld-4.3 X 10' 
1.3 X 103-1.4 X 10' 

lhreshold level 
for proton 

,ime-integrated 
flux exceeded 
in the 95 % 
confidence 

interval 

No 
No 
Yes 
Y es 
Yes 
Yes 

Threshold level 
for proton 
peak flux 

exceeded in 
the 95 % 

confidence 
interval 

Yes 
Yes 
Yes 
Yes 

The Manned Spacecraft Center has established a solar 
proton forecasting network (SPAN) consisting of three 
radio and optical observatories to support their predic- 
tion analyses (Ref. 12). The observatories are located in 
Carnarvon, Australia, the Canary Islands, and Houston, 
Texas. Most of the RF data used in the forecasting system 
established for the Mariner V mission were provided by 
these observatories via SDFC. 

0. Description of SDFC Facilities and Services 

Several types of forecasts of the probability of occur- 
rence of proton events are provided by SDFC. These fore- 
casts are issued for periods of 1, 2, 3, 7, and 28 days. The 
28-day forecasts are based on location of active regions 
on the sun. The shorter-range forecasts are based on a 
number of parameters which are cross-correlated with 
solar activity. The 28- and 7-day forecasts are provided in 
routine weekly TWX's. The 1-, 2-, and 3-day forecasts are 
provided in TWX's twice daily. 
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Fig. 19. Solar flare warning system 
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The SDFC service also includes transmitting data 
received from observing stations to users. Under special 
arrangements, data transmitted to SDFC by a participat- 
ing station are not generally interpreted, but SDFC will 
interpret information for its users upon request. In addi- 
tion, SDFC provides data on other activity parameters, 
including the class of optical flares, plage area, bright- 
ness, sunspot area, magnetic complexity, and any proton 
data avaiIable to it from earth-based detectors, satellites, 
and probes. 

Events 

C. Techniques and Criteria Used to Obtain 
Radio Burst Energy 

Normalized time-integrated flux 

Time intervals on radio flux data 

3 0 s  1 1 min I 2 min I 4min I 8 min 

1. Calculations of area of radio burst profile. The area 
under the curve of the radio burst flux-vs-time profile is 
computed by a numerical integration (Appendix B). The 
R F  energy used in the prediction is shown in Fig. 20 as 
the area under the curve. The prediction techniques use 
the area remaining under the burst profile after the base 
line of the profile is raised by 10% of the peak value. This 
part of the burst profile was selected because the only 
areas available in the literature are the areas of the burst 
profile greater than the 10% difference. Studies of the radio 

11/12/60 
1 1 /20/60 
7/17/61 
7/20/61 
7/7/66 

N 
I 

.904 .916 .897 ,887 -775 

.98 1 .966 1.036 .918 .954 

.957 .960 .975 398 1.240 

.978 .985 .969 .778 2.040 
1.099 1.111 1.158 393 1.777 

TIME, rnin 

Fig. 20 A typical 2800-MHz radio burst profile 
showing the areas to be evaluated 

burst profile indicated that use of this part of the area 
eliminated the results of postburst increase (Fig. 2) in the 
smaller bursts, where the postburst increase may con- 
tribute significantly to the burst profile area.* 

2. Selection of data interval. Two considerations are 
important in determining the time interval for recording 
and transmitting. First, the burst profile data should pro- 
vide an accurate determination of the proton flux; second, 
the time interval for transmitting the real-time data should 
minimize delay time prior to forecasting. 

The time intervals were determined using four repre- 
sentative burst profiles from the last solar cycle and one 
from this cycle. Points were taken from the curves at 
30-s intervals. The numerical procedure described in 
Appendix B was used to compute the burst profile area 
using data points separated by 30-s, 1-min, e-min, 4-min, 
and 8-min intervals. Each of these burst profile areas was 
substituted into Eq. (1) to obtain corresponding proton 
fluxes. Then proton fluxes for each event were obtained 
by substituting burst profile areas, determined by planim- 
eter, into Eq. (1). The planimeter-related proton fluxes 
were normalized to 1.0, and the corresponding proton 
fluxes determined numerically for each event were nor- 
malized using the planimeter-related fluxes. The results 
(Table 17) show that significant differences in computed 
fluxes may occur when the time interval on the radio 
event data is greater than 4 min. 

Table 17. Comparison of time-integrated proton fluxes 
using the RF energy prediction method and RF 

energies computed using data points 
separated by different 

time intervalsa 

nProton fluxes comDuted using RF energies determined by use of a planimeter on the 
radio burst profile equal 1 .O 

Partial areas were computed, using data points taken 
for specific intervals of time, to determine whether a 
reliable estimate of the total area could be made before 

*M. D. Lopez (see footnote 3). 

J P l  TECNNICAL REPORT 32-1303 25 



all burst profile data points were transmitted. If after 
some time into the burst a reliable estimate could be 
made, then data should be transmitted at least at this time 
interval. The method of partial areas did not indicate any 
feasible way of making a prediction of area before burst 
termination. Therefore, a prediction of proton flux before 
the end of burst requires a different procedure. Correla- 
tion of flux with the radio peak flux may provide a pro- 
cedure, since an increase in radio flux beyond certain 
limits indicates a large event. For large proton events, the 
threshold radio peak flux value may be exceeded 2 to 
4 min after the start of a burst. Data transmitted at 4-min 
intervals are adequate for this purpose. 

3. Selection of RF flux level criteria. Radio burst data 
from SDFC were received for use in the proton flux pre- 
diction techniques when the radio flux increased 500 flux 
units over background. An attempt was made to exclude 
as many false alarms as possible and still not miss any 
major events. One can see by looking at the peak flux 
values in Table 3 that only one proton event in the last 
cycle with integrated flux greater than 5 X lo7 pro- 
tons/cm2 would have been missed if radio events whose 
flux never increased beyond 500 flux units above back- 
ground were ignored. 

D. Checkout of Operational Network 

On October 30 and 31, 1967, simulated data on solar 
activity including proton events were provided by SDFC. 
The simulation was primarily performed for the Apollo 
Project at MSC but with JPL invited to participate. Pro- 
ton data from riometer stations, however, were sent from 
Anchorage directly to Houston via teletype lines and were 
not available to JPL. JPL received information on general 
solar activity, radio emission data, and some Pioneer 
proton data. 

The simulation of solar activity consisted of five solar 
events. Sufficient radio data on two events were provided 
for use in the regression equations. In the one event, the 
peak radio flux (1520 flux units) at 2695 MHz was pro- 
vided 20 min after the event was to have occurred. RF 
burst data at 2695 MHz can be used in place of 2800-MHz 
burst data. The regression equation for peak radio flux 
vs integrated proton flux was used to estimate the expected 
integrated proton flux for particles of energies greater than 
30 MeV. The value obtained was 1.80 X lo' protons/cm2 
based on a peak flux of 1520 flux units, with a 95% con- 
fidence interval of 5.0 X lo5 to 6.0 X lo* protons/cm2. No 
proton flux data were reported on this event. In another 
event, radio data at 2695 MHz from the Sagamore Hill 

Observatory (Massachusetts) were transmitted, starting 
30 min after initial solar activity was reported (including 
a Sb flare). The burst had started 6 min after the initial 
report. The radio burst lasted 48 min, and the last data 
were sent 15 min after the termination of the burst. The 
data were transmitted in sufficient detail to be used in the 
regression equation derived for the radio burst energy vs 
integrated proton flux. A value for the integrated proton 
flux above 30 MeV of 3.5 X lo6 protons/cm2 with a 95% 
confidence interval of 7.0 X lo5 to 2.0 X lo7 protons/cm2 
was obtained based on a computed burst energy of 
52 (1O-Is J/m2-Hz). Again, no proton flux data were re- 
ported. The radio event coincided with a 3b white light 
flare. 

In the other events (and in the two mentioned above) 
the general solar activity data reported were sufficient to 
indicate impending solar activity, but no quantitative pre- 
dictions of a proton event could be made. Data and infor- 
mation reported included: 

(1) Plage brightness and area. 

(2) Sunspot area. 

(3) Flare area and position with respect to associated 
sunspots. 

(4) Ionospheric effects (due to electromagnetic radia- 
tion accompanying the optical part of the flare). 

In one of the events, 3 h after the active region was 
first reported, Pioneer VI particle data were reported. 
Data from Pioneer VI were again reported 1 h later and 
from Pioneer VI1 3% h later. The following data were 
reported: 

(1) Solar wind velocity. 

(2) Cosmic ray data: counts per min over four 
energy ranges and quiescent values (the latter for 
Pioneer VI only). 

(3) Interplanetary magnetic field information. 

(4) Qualitative information on the H+ density and 
temperature. 

The Pioneer data would be especially useful for one 
concerned with a spacecraft in interplanetary space; and 
an estimate of the solar cosmic ray flux in space could 
have been made (at least with Pioneer VI data). The 
additional information would be useful if a particle prop- 
agation model was incorporated into the proton event 
forecasting techniques. 
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The results of the simulation were evaluated to deter 
mine the type of information gained about the operation 
of the forecast system and the type of information 
on solar activity available for use in the prediction 
techniques. 

-28  days 

-7 days First, on the operation of the alert system, the simu- 
lated data were devised for the exercise on the basis of 
past experience. Moreover, time delays in transmitting 
real-time data were made to conform to those expected 
from past experience. The delay in receiving the radio 
data from Sagamore Hill was about 15 to 20 min after 
the time of observation. Information such as this is useful 
in estimating the effectiveness of the system; and no diffi- 
culties are anticipated on the basis of the time delays 
indicated in the simulation. The experience obtained in 
the simulation indicates that a direct link between cog- 
nizant personnel and SDFC would facilitate reception and 
comprehension of information. 

-28-day SDFC prediction on solor activity 

-7-day SDFC prediction on solor activity 

E. Recommended Procedures for Forecasting 
Solar Proton Events 

The forecast procedure developed to evaluate solar 
activity and to predict proton events on a real-time basis 
in preparation for the Mariner 1967 Venus encounter is 
shown in the flow chart given in Fig. 21. A time span 
of 28 days is covered from the initial forecast of possible 
solar activity until the final period, when possible proton 
activity is imminent. The procedures are listed step-wise, 
each step being dependent on the information obtained 
in the prior step. The sequence of events is shown in 
Table 18. The times indicated are based on past expe- 
rience and can fluctuate for specific cases. 

-3 days 

- 2  days 

- 1  day 

The forecast procedures are described below as applied 
to any interplanetary mission. Active periods may be fore- 
cast from the 28- and 7-day solar activity predictions. 
The 28-day solar activity predictions are repeated weekly 

-3-day SDFC prediction on flares and proton events 

-2-day SDFC prediction on flares and proton events 

- I-day SDFC prediction on flares and proton events 

Table 18. Sequence of events in the time span from 
a 28-day prediction to the occurrence 

of a solar proton event 

I Time I Event 1 

I - 1 d a y 4  SDFC speciolorrongement notification of unusual or imminent I I solor octivitv 

I 0 I Peok optical intensity of flare I 

Doto on RF emission from SDFC,alro solar octivity parameters 
such os ossocioted ploge area, brightness, sunspot area, 
and flare intensity 

RF emission doto and ony riometer doto (proton-induced) 
from SDFC 

2-24 h 

24-100 h 

Proton doto (riometer doto, onset times, etc.) from SDFC 

Postevent doto from SDFC 

Solar cosmic ray data made available from the Pioneer 
probes indicate that data may be available to confirm 
proton flux estimates made after a radio burst. Moreover, 
the data might be used in forecasting techniques which 
account for proton propagation in space. The inclusion 
of such data in forecasting proton events is necessary 
because predictions based on measurements of solar 
parameters from earth are used to forecast proton fluxes 
in interplanetary space. Finally, it might be useful to 
receive real-time proton data based on riometer data to 
determine the type of data being transmitted and the 
associated time delays in obtaining the proton data. 

and thus can be updated. The 2 8  and 7-day forecasts are 
simply used to establish periods of time when solar activity 
is expected. No actual predictions of proton events are 
made based on these forecasts. 

The 1-, 2-, and 3-day forecasts lead to alerts that define 
periods of possible proton activity. In addition, the 1-, 2-, 
and 3-day forecasts may lead to definite action by cog- 
nizant personnel. There are three levels of action which 
can be taken. In each case cognizant project personnel 
are advised of the pending activity. In the case of a fore- 
cast of high solar activity (with the expectation of a pro- 
ton event), cognizant personnel are put on a 24-h alert. 
During this time, contact is maintained with SDFC via 
telephone to evaluate the solar activity. The forecast of 
high solar activity and possible proton events is based on 
changes in size and brightness of the active region, the 
past history of the region, and the magnetic complexity 
of the associated sunspots. Moderate activity with low 
expectation of proton events would be another possible 
forecast. This prediction would involve the existence of 
active regions of size, brightness, and magnetic com- 
plexity different from those regions producing proton 
events. In this case, through special arrangement with 
SDFC, cognizant personnel are informed of any changes 
in the active regions which might produce a proton event. 
If the activity increases significantly, the status of the 
alert would be the same as that employed during the high 
solar activity. For low activity, where the active regions 

JPL TECHNICAL REPORT 32-1303 27 



EVALUAR 28- AND 7-DAY SOLAR ACTIVITY FORECASTS TO 
ESTABLISH ADVANCED ALERT OF W6sIBLE KTlVE PERIODS. + 

EVALUKIE I-. 2- AND 3-DAY SOLAR FLARE AND SXAR PROTON 
EVENT FORECASTS TO ESTABLISH ADVANCED ALERT, BUT NOT 
AN OBJECTIVE PREDICTION OF OCCURRENCE OF PROTON 
EVENTS. ALERT PROJECT PERSONNEL OF PENDING SOLAR 
ACTIVITY. 

WHEN TIME-INTEGRATED PROTON FLUX IS 2 I x lo9 
proions/cmZ (WITHIN 95% CONFIDENCE LIMITS) AND PEAK 
PROTON FLUX IS 2 I X IO4 protons/crn% (WITHIN 95% 
CONFIDENCE LIMITS), INFORM PROJECT THAT THE 
THRESHOLDS ESTABLISHED FOR TIME-INTEGRATED AND PEAK 
PROTON FLUXES ARE EXPECTED TO BE EXCEEDED. 

EVALUATE (6-12 h) SOLAR FLARE AND SOLAR PROTON 
EVENT FORECASTS TO ESTABLISH IMMINENCE OF EXPECTED 
SOLAR ACTIVITY (ADVISE PROJECT OF PROBABILITY OF 
OCCURRENCE OF FLARE OF CLASS 2 OR GREATER AND 
PROBABILITY OF OCCURRENCE OF PROTON EVENTI. MAlNTAIN 
CONTACT WITH FORECAST CENTER (SPECIAL ARRANGEMENT) TO 
OBTAIN INFORMATION ON CONTINUING SOLAR ACTIVITY. 
ALERT PROJECT PERSONNEL OF PENDING SOLAR ACTIVITY 
(ADVANCED WARNINGS ONLY). 

t 
EVALUATE SDFC REPORTS ON OCCURRENCE OF SOLAR FLARE 
ACCOMPANIED 8Y 2800-MHz RADIO EMISSION IN EXCESS OF 
500 FLUX UNITS ( I  FLUX UNIT = IO-a  W/rnz-Hr). 
ALERT PROJECT PERSONNEL TO POSSIBLE OCCURRENCE OF 
PROTON EVENT IN NEXT 1-4 h BASED ON OCCURRENCE OF 
FLARE AN0 RADIO EMISSION. NO PROTON FLUX ESTIMATE 
AVAILABLE; BUT QUALITATIVE INFORMATION ON TIME OF 
BEGINNING OF FLARE AND RADIO BURST AVAILABLE. 

A 

REPORT ALL PREDICTED PROTON EVENTS TO PROJECT 
SCIENTISTS. (EMPHASIS IS ON RELIABILITY OF PREDICTION 
BECAUSE AS THE SIZE OF THE EVENT INCREASES 
THE PROBABILITY THAT IT WILL OCCUR INCREASES.) 

EVALUATE DATA OF 2800-MHr RADIO EMISSION (0-90 min 
AFTER COMMENCEMENT) RECEIVED FROM SDFC. APPLY RF 
PREDICTION TECHNIQUE TO ESTIMATE TIME-INTEGRATED 
PROTON FLUX. ALERT PROJECT PERSONNEL OF PREDICTIONS. 

I 

t 
ENGINEERING APPLICATIONS 1 

I QUALIFYING INFORMATION ON SIGNIFICANCE OF PREDICTED EVENT. 

v 
I SCIENTIFIC APPLICATIONS I 

~ 

1) 
QUALIFYING INFORMATION ON SIGNIFICANCE OF PREDICTED EVENT. 

& 

(I) ESTIMATE OF TIME-INTEGRATED PROTON FLUX AND 95% 
CONFIDENCE INTERVAL FOR PROTONS ( E  =. 30 MeV). 

(2) ESTIMATE OF PEAK FLUX OF PROTONS AND 95% CONFI- 
DENCE INTERVAL FOR PROTONS (€ > 30 MeV). 

(3) ESTIMATE (INCLUDING 95% CONFIDENCE INTERVAL) OF 
EXPECTED TME OF ARRIVAL OF PROTONS AT EARTH 
AND OF TIME OF PEAK OF PROTON EVENT AT EARTH. 

(4) ESTIMATE RELIABILITY OF PROTON EVENT FORECAST 

Fig. 21. Operational procedure for forecasting solar proton events used for 
Mariner V Venus encounter, October 19,1967 
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are very small or declining rapidly and no activity is 
expected, cognizant personnel will use TWX to follow 
the situation. However, the special arrangement with 
SDFC will be used in the event of changes in the situation. 

spacecraft or ground-based measurements) received from 
SDFC on actual proton fluxes will be evaluated and 
included in the forecast to cognizant project personnel. 

F. Solar Forecast System and Forecast Procedures Used The next level in the forecast procedure is the actual 
occurrence of a radio event with an increase in the radio During Mariner Mission 

flux of 500 units above the background level. Normally, 
radio events occur at times of predicted high solar activity 
and cognizant personnel will be available to receive the 
radio data in real-time. Problems may arise causing a 
delay in the transmission of radio data. However, as soon 
as the commencement of the radio burst is reported, the 
following information may be reported to the appropriate 
mission operations support personnel: 

The forecast procedures established for the Mariner V 
encounter sequence were followed. But because the sun 
was very inactive during the several months before and 
during encounter, only the network services consisting of 
daily routine TWX’s and reports of very-low-energy par- 
ticle events were used. One solar proton event was fore- 
cast and was evaluated as follows: 

(1) Confirmation of the radio burst and the expected 
proton event, with supporting qualitative informa- 
tion as to the expected size of the proton event and 
other characteristics of solar activity. 

(2) Time of beginning of the radio burst, 

(3) Related statistical information on RF burst and 
proton event delay times (Table 4). 

When additional RF data reported are sufficient to make 
the estimates of the time-integrated proton flux, the fol- 
lowing information may be reported to cognizant project 
personnel. 

(1) Estimate of the time-integrated proton flux and 
the associated 95% confidence limits for protons of 
energies greater than 30 MeV. 

(2) Estimate of the peak proton flux and the associated 
95% confidence limits for protons of energies greater 
than 30 MeV. 

(3) Estimate as to whether the time-integrated proton 
flux within the 95% confidence limits exceeds 1 X lo9 
protons/cm2 and/or the peak flux within the 95% 
confidence limits exceeds 1 X lo4 protons/cm2-s. 

(4) The probability of false alarms occurring for the 
predicted time-integrated proton flux. 

(5) Estimate as to whether the event is expected to 
affect the operation of spacecraft subsystems. 

(6) Time of termination of the radio event. 

Data were transmitted for a small event which occurred 
from 2359 to 0050 UT on August 18-19, 1967, after the 
radio flux exceeded the initial criteria of 500 flux units. 
At 0105 UT (August 19) the JPL answering service re- 
ceived notification of the radio event in the form of a 
peak flux and preburst level. At 0236 UT the JPL answer- 
ing service received preburst levels and 5 data points 
spaced about 10 min apart. The burst was small and indi- 
cated an energy of about 50-100 J/m2-Hz), giving 
a time-integrated flux estimate 7.5 X lo6 protons/cm2 for 
75 (1O-Is J/m2-Hz). The proton flux estimate and 95% con- 
fidence interval of 1.5 X 106 to 4 X lo7 protons/cm2 was 
reported to the Mariner V cognizant project personnel as 
information only to complete the alert cycle because the 
threshold limit established on time-integrated proton flux 
was not exceeded. No proton event was reported as of 
August 21, 1967, 2235 UT. 

VI. Conclusions 

The forecast system and operational procedures based 
on statistical analyses of past solar cycle data allow timely 
and reasonably reliable predictions of proton events and 
their sizes on a real-time basis. The solar forecast system 
was established to alert both engineering and scientific 
personnel in mission operations of pending solar activity. 
The RF prediction techniques provide estimates of the 
time-integrated proton flux, and when the scientific or 
engineering requirements are met, the forecasts are re- 
ported to the project for use in decisions concerning the 
mode of operation of the spacecraft and priorities for 
spacecraft tracking and scientific data collection. 

When the data reported are not sufficient to make a pre- 
diction of the proton time-integrated flux, this fact is 
reported to cognizant project personnel with qualifying 
information. Any additional information or data (e.g., 

SDFC and the network of solar observatories provided 
the information and data necessary to make the solar pro- 
ton event forecasts. The time delay between recording the 
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radio burst at the observatory and reception of the infor- 
mation at JPL is about 15 to 20 min. The prediction tech- 
niques are readily applied during the burst and after all 
the data are received. A delay of only a few minutes 
occurs in transmitting the subsequent forecast and recom- 
mendations to the project. After the occurrence of a radio 
event the prediction techniques developed provide fore- 
casts of time-integrated proton fluxes from 15 min to 3.5 h 
before the arrival of protons at earth and at least 3 h 
before the peak proton flux reaches earth. 

The operational procedures followed during the period 
of Venus encounter (October 19, 1967) were applied, but 
since the sun was quite inactive only minimum alert con- 
ditions were imposed. The procedures consisted of moni- 
toring the SDFC daily TWX’s and making a report to the 
project of the inactivity of the sun as required. 

Of the single-parameter correlations made, the highest 
correlation coefficient was obtained by correlating the 
2800-MHz burst energy with time-integrated proton flux. 
The correlation of the 2800-MHz peak radio flux with 
time-integrated proton flux also proved useful as a prelim- 
inary predictor. It is more timely, but it is not as reliable as 
the radio energy as a predictor. More complete analyses 
were performed using single-parameter correlations than 
were performed using multiple-parameter correlations be- 
cause the latter did not significantly improve the results. 
However, as more data become available, a multiple corre- 
lation and regression study may produce a more timely 
and reliable predictor. 

The reliability analysis of the prediction techniques was 
limited by lack of data from the last cycle. Facilities for 
acquiring the data, however, have been expanded by 
NASA owing to the Apollo effort, and as solar radio and 
proton events occur in the present cycle it may be possible 
to obtain better resolution in the false alarm and miss fre- 
quency predictions. 

Forecasts of the occurrence of proton events can be 
verified and the forecasts of their magnitude may be con- 
tinually refined by using available real-time proton data 
obtained from satellite sensors, neutron monitors, and in- 

directly measured data (mainly riometer absorption) taken 
during the early phase of the event (Ref. 15). Real-time 
data from the ground-based system including neutron 
monitors and riometer stations may be available in the fu- 
ture through SDFC, starting on a trial basis in early 1968. 
A more rigorous study of the propagation of protons in 
space is required in order to make accurate predictions of 
the environment at the position of the spacecraft in inter- 
planetary space. 

VII. Recommendations 

The solar forecast system developed for the Mariner V 
Mission should be implemented with appropriate modifi- 
cations for interplanetary missions in the time span 1968- 
1971. The recommended modifications are described 
below: 

A new data compilation should be made and addi- 
tional statistical analyses should be performed to 
improve the existing correlation and false alarm 
probabilities. 

Statistical analyses of radio burst data and correla- 
tions of radio burst data with proton flux data should 
be performed at 2800 MHz and other frequencies. 
These analyses should include both single frequen- 
cies and combinations of frequencies. Also, other 
solar parameters should be statistically studied. 

Forecast reliability analyses should be performed to 
include all known factors which influence reliability. 

Techniques using available real-time proton data in 
combination with the RF techniques to predict both 
time-integrated and peak proton fluxes should be 
studied. 

The propagation of particles in interplanetary space 
should be analyzed, with consideration given to the 
location of the flare on the sun’s disk and transport 
of particles to the spacecraft. 

(6) Facilities for receiving and analyzing data from 
SDFC should be automated to ensure a more effec- 
tive system. 
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Appendix A 

Flare Classification 
Flare class or importance is assigned in accordance with established scales. In 

the past, classifieation was based on the corrected area of the flare at the time of 
maximum brightness. Currently, a dual scale incorporating both area and intensity 
is used. The two systems are contrasted in Table A-1. 

Corrected area, 
solar hemisphere X 1 O-' 

< 100 
100-250 
250-600 
600-1 200 
> 1200 

Table A-1 Flare class or importance 

~ 

1- Sf Sn Sb 
l,l+" I f  In lb 
2, 2+a 2f 2n 2b 
3 3f 3n 3b 
3+ 4f 4n 4b 
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Appendix B 

Calculation of Area of Radio Burst Profile 

The numerical integration to obtain RF burst energy is performed by taking five 
points on the curve (Fig. B-1), the last point in each calculation being the same as 
the first point in the next calculation. 

N 
I 
I 

E 
\ 
3 

0 

N 

N N 
I 

c 

x 
3 
J 
L L  
LI 
[L 

TIME, min 

Fig. B-1. Partial areas under radio burst profile used in numerical 
integration technique to evaluate RF energy 

The following quantities are defined: 

H = 4.0 X (time interval between values of R F  flux in seconds) 

RFi = ith value of radio flux in units of 10-22W/m2-Hz 

x, = 7.0 x ( H )  x (RF,) x 10-4 

x, = 32.0 x ( H )  x (RFJ x 10-4 

x, = 12.0 x ( H )  x (RF,) x 10-4 

x4 = 32.0 x ( H )  x (RF,) x 10-4 

x, = 7.0 x ( H ) ,  x (RF,) x 10-4 

Y,, = ( X ,  + x, + x, + x, + X,)/90 

(YLl represents the partial area under the curve in units of J/m2-Hz) 

The next partial area is found in the same manner, and the calculation is 
repeated until the entire area under the curve is covered. 

The area of the curve of interest is chosen in the following way: A flux value 
which is 10% of the peak value of the curve is selected as indicated on Fig. 20. 
The RF, value is selected at the intersection of the 10% line and the curve. 
Subsequent R F  values are then selected at an equal time interval along the 
curve for use in the numerical integration technique. The area computed will 
include an excess area as shown in Fig. 20. This area must be subtracted from 
the numerically computed area to obtain the area above the 10% line. 
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Glossary 

a sudden increase in solar radiation which may fall in the 
X-ray, UV, or radio parts of the spectrum, but generally is 
in the visible part. 

determined by flare area and intensity (see Appendix A). 

Flare 

Flare class or 
importance 

OGO 

os0 
Peak 

PF 

Plage 

Plage area 

Plage brightness 

RF 

RFE 

SDFC 

SOFNET 

Solar proton 
event 

Solar radio 
event 

Sunspot 

Sunspot area 

s x  

Type IVp radio 
emission 

X 

Orbiting Geophysical Observatory. 

Orbiting Solar Observatory. 

peak flux of solar radio event, 

solar proton event time-integrated flux for energies greater 
than 30 MeV. 

a bright area in the chromosphere of the sun. 

area of sun’s disk, covered by a plage, solar disk X low6. 
optical intensity of brightest part of plage, on a scale of 1 to 5. 

solar radio frequencyburst emission at the time of a flare. 

solar radio frequency burst emission energy, 

Space Disturbance Forecast Center. 

Solar Observatories’ Forecast Network. 

solar proton emission at the time (within several hours) and 
from the region of a flare. 

solar radio emission at the time (within several minutes) and 
from the region of a flare. 

small region in the photosphere of the sun which is darker 
than the surrounding area. 

area of a sunspot, solar disk X (When it is correlated with 
a solar proton event the area represented is that of the sun- 
spots associated with the active region producing the proton 
event.) 

estimated standard deviation of radio burst energy of x actual 
events from the average event energy. 

estimated standard deviation of predicted flux of y proton 
event using x radio event from actual flux of proton event. 

radio emission in the microwave region (from the solar at- 
mosphere) at the time of a solar flare believed to be electron- 
induced synchrotron radiation. 

radio energies at which confidence limits were 

W/m2-Hz. 

J/mz-Hz 

log,, of average radio energy. 

log,, of the radio energies of selected events. 
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Glossary kontdl 

Y; loglo of predicted estimate of integrated proton flux from a 
regression equation relating proton flux and radio burst 
energy. 

log,, of observed proton flux of the selected events. Yi 
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