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Using Solar Radio Burst Integrated Fluxes to
Predict Energetic Proton Flux Increases

1. INTRODUCTION

The securrence ol solar flare activity is accompanied by an increase in the flow
! enersy from the sun into the interplanetary medium. This increased energv flow
reaves the sun in the lorm of various emissions such as radio waves, X-rays,
cnergetic eicctrons and protons, and alpha particles. The energetic protons, if
nev reach the carth's environment, make their presence known by increased radio
wave absorption in the polar ionosphere., These protons also disturb some human
“ctvitie 35 for exampie, impeding frenspolar raodio communications fealled polar

\

cap sbsorption (8 WL lowering toe lonospherice D-region height waich upsets some
radio v agatior tinctions, and disrupting both mounned and unmanned spuce ventures.
I some st anees fne Folar tlare anduced disturbunces are of suifictent magnitude
oofisrant erectrrs power dhstrmbution svstems and cause problems in telephone cir-
s g longe Jhstance prpeline distribution svstems such as the Trans-Alaska
'

Bitecline, These ana other disturbances 1o man's activities have provided an incen-
e To sTu Y e s, 30 G vy, and the impact ol this activity on the terrestrial

VLo e

PR e b o bl atton 20 Anpuast 1g2)

ooc nbed ) W UHL et at clvT iy Solar -lerrestrial Predictions Proceedings, Vol, 11,
rrine Grogo Renorts an T Reviews, Tnternational Solar-lerrestrial Dro -
Proceo s an TWATE TG0, Boulder, Cotorado, 23-27 Anril 1979,
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peak particle flux, as observed by earth satellites, for the position of the flare on

g The purpose of this study has been to find potential relations.aips between tne
»m maximum energetic proton flux, attributable to a solar flare, and the radio emis-
- sions from that flare. Tne effort has been directed to finding adjustnients to the

the sun, and combinations of tne radio frequencies observed, in order to obtain

better possible relationships.

2.  BACKGROUND

',':‘:—T—\-‘H‘;'. v .
PR .

In relating solar radio burst phenomena to energetic solar particle emissions,

Castelli et alz and Castelli‘s showed that a particular radio burst peak flux spectrum

i ‘

b could be associated with the occurrence of PCA's of 2 dB or larger, The PCA's

[ are related to the increase in the flux of MeV energetic protons. 47 The radio
spectrum was found to have a U-shape when the peak radio fluxes in the meter through
centimeter portions of the radio spectrum were plotted. The time constraint for
this condition was that all peaks must occur within a few minutes of each other. 8

The minimum of the U-shaped peak flux spectrum occurs in the decimeter portion

Cg ga 20 s, MMM A AN

of the radio burst spectrum with the peak fluxes rising to > 1000 sfu (1 sfu = 1 solar
_99 " -
tlux unit = 10 22 W m 2 Hz 1) in the meter and centimeter portions of the radio

spectrum, Figure 1 illustrates two U-shaped solar radio burst spectra associated

with energetic proton increases observed in the vicinity of the earth,

Several different approaches have been used to find possible ways to relate solar
radio hurst parameters and cnergetic particle fluxes, Strakag studied radio burst
parameters such as burst peak flux, burst mean flux, burst duration ard burst-time
integrated flux or energy at five frequencies in the 600- to 8800-)Hz frequency
interval and related them to the peak proton [lux of the associated particle event,

He found that the time~-integrated radio fluxes gave the best correlations with the
proton fluxes, e also found that the best correlations were with the lower tre-
quencies in the observation interval even though his sample s.zes mav have been too
small, In this integration of the radio fluxes, Str'uka” integrated the entire fiax

. . . . . . . 10
increase of the burst, including any associated post burst increases, Newell

integrated ondy the start-to-maximum portion of the vadio flox merease of toe <some
five radio frequencies,  He found that tne best corcelidions between mtegrated

radio fluxes and peak proton fluxes were at tie higher treguencies ot e treguencs

E
;

band studied,  He also found that adjustmoent of the obseroed poortiele oy For o
® position of toe source flare on tne face of the sun did not eproce foe core btion,
(Dire to the farge number of references cited aboyve, fres wal] not be Tpoted e

See References, page 510)

Bt Aia a0t cadih o die e 4
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(‘liver'” related integrated burst fluxes at 2.8 Glz to PCA magnitudes; ae did not
find tne flare position correction to provide any improvement in tne correlation.

It is interesting to note tnat tne 2. 8-Gliz frequency used in the (Jliver11 study falls
in the decimeter portion of tne radio spectrum this is the minimum of the U-shaped
burst spectral shape found by (,astelh et al to be predictive of a proton event
having occurred. Akin'yan et al studled botii rising portion and the whole burst
integrated radio fluxes at frequencies of 3 and 9 GHz. In their study they also

made adjustments of the proton fluxes for the heliocentric position of the flare.
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11, Cliver, FLAW, (1976) Parent-I'lare Frission at 2,8 Gliz as a Prodictor of the
Peak Absorption of Polar Cap I ve s, NETCTTR-2015, Naval FElectronios
T.aboratorv Center, San Diego, m'n nia 92152,

12, Akin'van, S.7T., Fomichev, V. V,, and Chertol, 10N, (1078 Fstic ates of the
intensity of solar protons from the 1ntcaral parameters of porcrowave ol
bursts, Geomagnet, Aeron, SeNo, Ao,
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All of the studies mentioned here were made at discrete freque'ncies in the
decimeter and centimeter portions of the radio spectrum. Croomu also considered
several different time and flux characteristics of solar radio bursts such as peak
radio flux, mean radio flux, time duration of the burst, and mean duration of the
burst as predictors of the peak proton fluxes. He found the mean duration of the
burst to be the best predictor. The mean duration of the burst is the time-integrated
flux or energy of the burst normalized to its peak flux, One other characteristic of
the radio burst to which Croom13 referred was the total energy density, ET' A
representation of F)T may be found by means of a double integration. IFirst, a time-
integration of the radio flux increases is performed at each frequency of observation;
tnen the time-inteprated fluxes at the frequencies of observation are integrated
across the observed frequency interval to give the total energy density, ET, of the
radio burst

Bakshi and Bz:u'ron14 studied the use of ET as a predictor of > 10 MeV proton
flux maxima using integrated fluxes at frequencies of 606, 1415, 2695, 4995 and
8800 MHz. Instead of time-integrating the entire flux increase at each frequency,
however, they time-integrated only the portion of the radio burst flux increase that
contributed to the U-shape spectrum discussed earlier. In some instances this
time -integration was of the entire burst flux increase; in others, it was not. Fig-
ures 2 and 3 illustrate the procedure used, Figure 2, an illustration of the solar
radio burst observed at the Sagamore Hill Radio Observatory on 28 August 1966,
shows an example where only the portion of the burst exhibiting the U-shaped pro-
file in the maximum power spectrum was used to obtain the time-integrated radio
fMluxes, iirst, the time-integration of the flux increase at each of the five indicated
frequencies was found. At each tfrequency the trace of the flux increase was hroken
into a collection (with a small amount of smoothing) of plane triangles, rectangles,
and trapezoids (Figure 2), The areas of these plane figures were then found and
added together to give the representation of the time-integrated flux for that fre-
quency, The five time-integrated fluxes were then represented, as in IFigure 3, to
give four trapezoidal figures. The areas of trapezoids enclosed by the adjacent
lrequencies were found, and finallv the four areas were added together to give the
l{,r for the radio burst being considered, The use of electronic digitizing circuits
and computers should make it possible for this process to be more accuratelv and
rapidly performed in the future,  These l‘,‘,r's as well as the tine -integrated radio
'tux at the five frequencies, were then corrvelated with the peak hourlv

average > 10 AMed proton flux associated with the radio burst being considered.

I3, Croom, D.l., (1871} Forecasting the intensity of solar proton events I'rom the
time characteristies ol solar microwave bursts, Solar Phvs, *{No., D171,
——— VA

14, Bakshi, P., and Barron, W, (1778) Prediction of the Proton IFlux Magnitndes
from Radio Burst Data, AFCRL-TR-T8-0T00, X1 AORTOT T,

10
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Table 1 gives some of the correlations found. It is seen that, in the case of the
integration of individual frequencies, the highest frequencies gave the better correla-
tions,  With the exception ot 4995-7{17z data, the correlations of the individual time -
mmtegrated radio fluxes and H'l' were further enhanced by the adjustment of the ob-
served peak hourly averaged particle fluxes tor the location of the source flare on
the face of the sun, The adjustment factor used was eziA, where A {s the longitudinal
distance, in radians, I'rom the location of the tlare to the solar footpoint of the mag-
netic field Hines connecting the earth to the sun at ~ 37° W solar longitude,

Barvon and Bakshi 1 found that a better correlation between .. and the

. aa
10 -NeN peak particle Huxwas obtained by using o‘ZA insteado[‘p'iA. It has also
been found that the (_2;\ adjustment further improves the correlations at the top
threc individual frequencies in the frequency interval considered, as shown in the
last colvtn ot of Table 1.

[t will be the purpose of this report to discuss the effect of adjusting the
iootpoint position for different solar wind speeds, and different combinations and/or

weightings of the time-imegrated radio fNuxes,

hy Barron, ML R, and Bakshi, P, (1979 Application of Integrated Radio Burst
Fluxes to the Prediction of Solar Fnergetic Proton Flux Increases, Solar-
Perrestrial Predictions Proceedings, A\ ol, [ Solar Activity Prediciions,
Tnternational Solar Terrestrial Prediciion Drocecdings and Workshop,
Boutder, Colorada, 23-27 April 10749,

12
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Table 1, Correlation Cocefficients

Proton Variables
Observed Adjusted for Position
Radio 3A 9A
\ ariables 110 1100 1100
A
Time-integrated flux at:
(MEz)
8800 0.718 0.758 0.7749
1005 0.781 0,776 0. 820
26495 0.759 0,777 0. 802
1415 0.601 0.749 0,734
606 0. 536 0,707 0. 682
B
l-‘.,\. over
606-8800 MNHz 0.753 0. 806 0. 824

2. DATA

The solar radio and energetic particle data used in this study is given in
Table 2. These data were obtained from numerous sources such as Solar Geo-

physical Data (SGD) Repotrts, Quarterly Bulletins on Solar Activity of the Inter-

nutional Astronomical Union, and various observatory reports,

3.1 Radio Data

The radio data arve primarily data taken at frequencies of 606, 1415, 2695,
4995, and 8800 AMHz at the Sagamore Hill Radio Observatory, the Manila Observa-
tory in the Philippines, and the Athens Observatory in Greece, These observations
provided a consistent long=time set of data at the five frequencies mentioned, The
peak ux radio burst spectrum ol all of the events considered had the U-shaped
spectrum described by Castelli et al, 2 In two of the events, 1 and 20, radio data
information fron observatovies other than the three mentioned were used, In
event mumber 1, 24 March 1966, no observations were made at the ive indicated
frequencices at the time the flare occurred, ~ 0225 UT,  In their place the re-
ported values at 500 Mliiz from Hiraiso Qbservatory and 1000-, 2000-, 3750-,
and 0400 -NMHEHz values from Nagova Obscervatory in Japan were used, Jivent 20

wias viewed by the Athens Observatory which does not observe at the 606 -NH 2 frequencey,
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Table 2, Rudhio and Proton Data, Radio and Solar Wind Data (Contd)

Radio and Solar Wind Data
Integration of T (2)'s Across the v d v

Index 606-8800-MH2z Frequency Internal® solar wind 404/ " solar wind
1 10.6 458 (1) 0. 88
2 110. 6 443 (1) 0.91
3 175,00 114 (1) 0.98
i 17190 364 (1) 1. 11
5 121.8 640 (1) 0.63
4 351.5 372 (1) 1.0
h L2 370 {1) 0.71
i .1 170 (1) 0.86
g L7 687 (1) 0.59
111 1534 (1) 0, 8¢9
[l 457 (1) .88
I 457 (1) 0. 88
e RV 150 (1) 0,40
[ SOLT 188 (1) 0,43
T 110, 0 4184 (1) .83
16 1244, 0 804 (2) }. 50
I, n2n.h a61 (2 0,72
13 186, 6 6623 (1) 0.61
| 1, 38 385 (3 1. 05
RaY) 208,606 320 03) 1.26
8! 125,33 131 (3) bo94
1 I(}AI' Toule= r:;rJ

ty R i ]

o Heterence: King, (1977)

) telerence: foane, (1970)

3y Reference: Solar Geophvsical Data

fn its plnee, the codio intformation at 5368 AMHz observedat Ondfejov, Czechoslovakia
wias usced, The integrated radio fluxes tor ali the frequencies of event | and the
A36-MHz frequency o event 20 were caleulated from the event mean lux multiplied
by the cvent duration beeause the analog traces of these cvents were not available

‘or antegration ol the tvpe descrbed carlier,  ‘The last three flares in the table, all
eocurred after the 1976 nmiinimue: between solar eveles 20 and 21, Two of those
lares, 20 and 21, were observed to sceur at 24° N solar Jatitude, whis h would

niake them probable phenomena of evele 210 Flare 19 was observed at 077 N solar

Lditude, meaning 1t was probably g ovestigial event of the 20th sunspot cvele,
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3.2 Proton [ata

The particle data consists primarily of the peak hourly average proton fluxes
at > 10 MeV and > 30 MeV as viewed by various Explorer satellites. The first
three events and the last three are reconstructed from other energy channels, as
> 10 DMe\ and > 30 AeV channels were not available when these events occurred.
The particle flux values used were adjusted by subtraction of background particle
flux levels and, when the increase under consideration occurred on top of a prior
increase, any flux due to the prior increase was estimated and also removed. One
additional possible limitation on the observed proton flux values was pointed out
by Croom 13 where he indicated that the true particle flux peak may not be well
represented by the hourly average values being reported. When the averaging
process is considered, it will be realized that the only instance where the average
of a group of values will equal the peak or highest value in the group is when all

values in the group are equal to that peak or highest value,

. CORRELATIONS

Observations ol solar flare phenomena by such means as multifrequency radio
burst measurements, H-alpha and optical observations, and X-ray measurements
all provide information about what is happening in the vicinity of the location of the
tlare. ‘The radio flux increase measurements give an indication of protons and
clectrons that have been accelerated at the site of the flare, [f this location is a
distance from the footpoint of the magnetic field lines connecting the sun and the
carth, there is going to be a decrease in the number of flare accelerated particles
that will reach the sun-earth magnetic footpoint. There will, therefore, be fewer
particles to ('.s;;'ap(‘ into the interplanetary medium along the field lines to the vicinity
it the Farth,  Attempts have been made to compensate for this particle loss in
various prediction studies, as mentioned earlier,

Van Hollebeke et al 16 noted that the peak 40-MeV particle flux observed by
carth satellites appeared to decrease by two orders of magnitude for every radian
netween the flare site and what they referred to as the "preferred-connection”
region,  This corresponds to the "optimum longitudinal interval” (OLD of

. 1 ) . . . T .
Akin'van ot al ' but is not necessarily the 'fast yropagation region  of Reinhard
f g

16. \an Hollebeke, M, A, L, Ma Sung, 1..S., and McDonald, I, B, (1975) The varia-
tion of solar proton energy spectra and size distribution with heliolongitude,
Salar Phys, 4 HNo, Deign,

wv
17, Akm'van, S. 1., Fomichev, V.V, and Chertok, I, M. (1977) Determination of
the parameters of solar protons in the neighborhood of the earth from radio
bursts: 1, Intensity Panction, Geomagnet, Aeron, 17(No. 1):5,
T T WA

16




and Wibberenz. 18 With the use of data from Table 2, a comparison was made with
the Van Hollebeke et al'® 1024

exponent coefficient would provide a better correlation between the observed

coronal gradient attenuationfactorto see if some other

> 10-MeV particle flux and the double-integrated radio flux, The adjustment mul-
tiplier used with the peak > 10-MeV proton flux was lOnA, where 0 < n<* 2.5 and A
was the solar longitudinal angular distance, in radians, from the location of the

flare to the footpoint of the magnetic connection between the sun and the Earth,

taken to be at 57° W solar longitude. This is approximately the center of the
"sreferred-connection" region located in the 20° to 80° W solar longitudinal interval.
With A determined for each event, the problem was to find what value of the
coefficient n would give the highest correlation between the adjusted > 10-MeV proton
peak flux and frequency-time -integrated radio flux, ET.

The variates correlated were:

H

X = Log E, the independent variable, and
Y Log (IOnAIIO), the dependent variable.

e I10 is the peak hourly average > 10-MeV proton flux.

Figure 4 shows the variation of the correlation of Y with X for different values of
the coefficient n. The highest value of r, the correlation coefficient, is seen to

fall in the interval 1,0 <n < 1.5. Solution for the maximum of the best fit parabola
to the six (n,r) pairs gives n - 1.274 and r = 0,850, With use of this value of n, the
adjusted 110 fluxes were calculated and the coefficients of the best fit straight line

determined to give

Yo= L8145 N - 1,197

Y"'"""ﬂ

where N and Y are as given here, This mayv also be written as

R ATPES IR S U B R E:
l]” th, 5 10 ™)0 I"'I‘
where lli) Cpeak satcthite observed ~ 10-3MeV proton flux,  Figure b illustrates the
¢ points 'rorm Table 2; the straight line is given by the expression above,
s The time-integrated radio fluxes at each of the five frequencies being considered
1
) m this study were also correlated with the > 10-MeV proton tlux adjusted as men-
troned,  The results of these correlations and the coefficients of the best-fit straight-
line determined frong the Jata set in Table 2 are given in Table 3, along with the
¢ o
[ 18, Reinhara, k., and Vibberenz, G, (1973) Propagation of flare protons in the
solar atmosphere, Solar Phvs, 36(No. 2):473,
— AN
] 17
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c aforementioned E’I‘ correlations. [t is noted that the correlations are higher at
~

the higher three frequencies than at the lower two. In addition, the combination

of the time -integrated radio fluxes, [GT. correlates better with the adjusted proton

fluxes than do any of the individual trequencies,

) v 46 . - R |
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Radio and > 10-\eV Proton Correlations (incorporating
Van Hollebeke et al [ 1975] proton flux adjustment)

Frequency Correlation Straight-line (Y = mN - b) Coefficients
(MHz) Coetficient r biintercept) mslope)
8800 0. 804 0.375 1. 677
4095 0. 8086 0,449 1.000
2695 0,803 1. 035 1,875
1415 0,753 1,782 1,355
6506 0.703 1, 806 N, 408
606 -8800 0., 850 -1, 1097 1,845
1
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41 Solar Wind Speed Correction

The discussion thus far has assumed that the tootpoint of the magnetic tield
lines connecting the sun and the kBarth was fixed at approximately 57 degrees

(1 radian) west of the solar central meridian. In reality, the footpoint of the con-

necting field lines will varv in position relative to the «olar central meridian with
3

) . . 19 i . .
changes in the speed of the solar wind. I'he higher the velocity of the solar wind,

the cleser to the solar central meridian will be the footpoint of the magnetic field

lines which are frozen into the solar wind nlasma., The relationship between the

solatr wind speed V in kilometers per second observed at the Earth and the

SwW

longitudinal position, 0 in radians, west of the solar central meridian as given

A’

. 20 .
bv Smart and Shea is:

o . 04

A \ Sw

This expression was used to find the different lootpoint positions for the events

listed in Table 2. The solar wind speeds used were the closest speeds preceding

the time of the solar flare involved, as given by King. ™" The preflare solar wind

speed was used because present considerations are for the purpose of predicting
the proton flux increase from a solar flare. If the prediction were held up for the
changed V.

£€4 Ysw
making the prediction unnecessaryv, ”

due to the flare, the energetic particles mav already have arrvived,
9

- . . . . . ni3 .
Fhe adjustment factor used in this case is ¢, where n is a constant to be

determined and B is the angular distance, in radians, between the longitude of the

Mtare and longitude of the tootpoint found as described earlier. The procedure was

the same as in the previous section: to find the value of n which produced the brst

correlatiol, and then the coetficients of the best fit straight line to the data set.

Values of n were obtained from correlations of the totul encrgy density, 1o in the

—1~'
606 to 8800-NMHz frequency interval with adjusted proton fluxes at both > 10-\eV

and - 30-MeV energy levels, Figures 6a and 6b saow the corvelation coefficients

obtained for different values of n for the > 10-MeV and - 30-MeV protons, re-
spectivelv.  The values of n thr maximum correlation from the two plots are;

n =

10 2,682 for » 10-MeV protons,

and

N3g 3. 294 for > 30-Ae\ protons,

(Due to the number of References cited above, thev will not be listed here,

See References, page 31.)

20
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By incotrporation of these n-values in the "B adjustment factor, straight-line fits
were made to the adjusted proton fluxes and the ET'S of the burst and the five time-
integrated radio fluxes. Tuable 4 gives the results of these straight-line fits, The
three higher frequencies are again seen to correlate bet*er than the two lower fre-
quencies, It is also interesting to note that the > 30 MeV correlations are slightly
better ot the top three frequencies than the > 10 MeV correlations., Plots of the
best fit straight lines and the points used to determine them are given in Figure 7
and Figure 8 for - 10 MeV protons and > 30 MeV protons, respectively. The

cquations of the two stright lines are
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> 10 MeV > 30 MeV

Y = 1.696 X - 0.991, where Y =1,642 X - 1.413, where
X = Log E. (606-8800 MHz) and X = Log E., (606-8800 MHz) and
o 2,682 BB _ 2.294 B
Y = Log 110(_ Y = Log 1300

where B is the solar longitudinal angular distance, in radians, from the location of
the flare involved to the magnetic footpoint location as determined from 404/\/’5“..
An observation on the results obtained in this consideruation is that the value
n = 3 used by Smurt and Shea, 20 is between the values of n found in this investiiga-
tion for the > 10 Me\V protonfluxes and > 30 MeV proton fluxes; for this reason
= 3 cun be used with little degradation of results for the correction factor in both

energy channels, It is also a simpler number to use in any computation scheme.

Table 4. Radio und Proton Correlations (magnetic footpoints determined
from solar wind speceds)

I'requency Correlation sStraight-line (Y = mX + b) Coefficients
(M12z) Coefficient r b(intercept) m(slope)

> 10 MeV protons

4300 0. 802 0.490 1.516
0495 0.815 0.529 1,742
2695 0. 780 1. 125 1.649
1415 0.761 1. 688 1. 266
606 0.703 1.781 0.823
506-8800 0,861 -0. 991 1.696

> 30 MeV protons

8900 0. 525 -0, 064 1.529
19495 0,826 0. 007 1.730
2605 0,783 0.610 1.625
1415 Dol 1. 280 1. 140
606 0. 6540 1. 320 0.742

606 -3500 0. 850 1.4 1.642

(€™
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42 Multivariate Prediction Study

The results of the correlations performed in the two preceding sections indi-
cated that the best relationship between integrated radio fluxes and adjusted ener-

getie proton fluxes were obtained when the total energy density E. . in the observed

frequency band was used, '
Results also indicated that in taking the five frequencies involved individually

the upper three had better correlations with the proton fluxes. In this section,

various multivariate combinations ol the integrated fluxes at these frequencies will

be made to provide linear fits to the proton data.
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4.3 Two-variate Linear Regression

Two-variate linear regression is the familiar straight-lire it for finding the
coefficients of the expression Y = mNX + b, This two-variate linear regression was
used in the previous sections emploving onlv time -integrated radio fluxes at dis-
crete frequencies or the total energy density, 1'1.1.. as the independent variable and
the corrected peak proton flux as the dependent variable, Here we will investigate
some different combinations of the time -integrated radio fluxes to provide various
independent variables,

In reterence to Figure 3, there are four trapezoidal areas indicated, two of
!

which involve the lower three frequencies, and two of which involve the upper three

rrequencies of the five used in this studv.  The requency 2695 Atz is scen to be

included in both the upper and lower frequency sets of trapezoids,  From Figure 3,
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the areas of trapezoids 1 and 2 were combined to give an E,_-lower and the areas

T

of trapezoids 3 and 4 were combined to give an ET-upper. The E..-lower and

T

[‘J,I,—upper‘ for all the events in Table 2 were then used as the independent variables

to obtain the coefficients of the best fit linear regressed expression, Again the fits

were made to the logarithms of both the independent and dependent variables. Some

fits also were made using the actual values of the data. The results were not very

different as far as the correlations between the variates were concerned, but the

coefficients obtained were much larger numbers which would be more cumbersome

to utilize in a computing scheme. Table 5(a) gives the results of the straight line

fits to }~I,l,-lowor and ET-upper' with the peak adjustea proton fluxes at > 10 MeV

and > 30 NMeV energies.

Table 5. Radio and Proton Correlations (various combinations

of time ~integrated radio fluxes)

(a) Two-Variate Linear Regression, Y= mX + b

[L.ow Frequency

High Frequency

> 10 MeV > 130 MeV
v 0. 807 0.752
b 0.971 0.571
m 1.322 1.208

(b) Three-Variate Linear Regression, Y 4

> 10 MeV > 30 MeV
0.826 0.839
-0. 874 1,397
1.713 1.707

0 %1 Xy Ay Sy

[Low FFrequency

High Frequencv

> 10 Med - 30 MeV > 10 Nel > 30 MeV
r 0. 3830 0.792 0.827 0.842
i 1,001 0. 544 -0.446 -1, 065
oy -0, nz2n -0.187 0. 447 0,160
', 1. 6550 1.749 1. 264 1. 530
L.t FThree-variate Linear Regression

Instead of combining the two areas, 1and 2 tor |

-lower and 3 and 4 tfor

‘T
I'Z,l‘fuppl'[‘_ in Figure 3, @ three-variate linear regression {it of the form
\ Ay iy .\I S, A, was perfhrmed, The variates in the expression are
25
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Using the data se in Table 2 to provide the desived variates, we obtaine.q the
coctticiems givenan Table 5(h),  Considerations of Table 5(a) and 3(b) =how that
the three-variate regression gives a better fit to the data set than the two-variiate
regression. The hicgher frequencies also are better it than the lower rrequencios,
1= determined by the correlation coefficients, to the > 30 NMeV proton data than to

“he > 10 AMeb proton data,

L3 Foursvariate Linear Regression

The three high freaquencies ol the five considered, which tend 1o give better
dnear recressions to the proton data, were broken apary acain 'o give a four-

cariate iner regre=ss<ston of the jorm
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T'he difference between the upper-mean frequency and the lower-mean frequency

was then taken as the width of the frequency band around each observed {requency.,

The upper frequency uscd to determine the upper-mean frequency for the 8800-11Hz

area was 15,400 MHz which is the next highest frequency observed at the Sagamore

Hill Radio Observatory and the other observatories of the Air Weather Service's ‘
Radio Solar Telescope Network {RSTN), The best it linear regression coefficients :
were then obtained using the data in Table 2, Table 6 gives the vesults of this re-

cression,  The corvelation coetticient, R1 yugr 18 caltled the multiple correlation

coctficient »f variate L on variates 2, 3, and 4, These correspond to Y, .\]. \.»_,, 4\.1.
re<spectively, in the expression Yor the finear (it Yy - agy ;1]f\'l . '11.'\: . :1,)).\;.)’. | tie
quantity .\'-I sy 17 the standara crroe of estingite of variate 1 on variates 2, 3,

anct 2T AS would be expected, she correlation coefficient which 1s a 1 asure ol

the goodne < o the it ot the expression to the qata, 1n cach case 1s the highe<t one
Sbtatne D in thi= ~apder The > 30=-MeVd neoton Jdata are also scen to S0t betrer than
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Fable 6, Radio and Proton Correlations (2605, 4005 -
and 8800 -MHz time-integrated radio fluxes)
Four-Variate Regression, Y = Ay oy .\'] i, .\'2 I .\3
> 10 MeV > 30 NMeV

1{1' 234 0. 870 0. 895

Sl,_’H 0,522 ¢ 0,545

110 - 0,789 - 1,523

4y - 0,304 - 0.684

iy 1. 293 1.335

P 0. 608 1.023

5. CONCLUSIONS

Some considerations have been made here of the relationships between the
mtecerated radio fluxes of solar flares and the associated energetic proton flux
mmereases,  Adjustments to the particle flux for the position of the tlare on the face
W the sun have been applicd and various combinations and weightings of the inte-
orated radio uxes have also been tried. In the end, if the correlation coefficient
between the variates considered is a measure of their predictive capability, there
appear to be several combinations and/or adjustments which are of comparable
apabititv,  Just which one will be used will be up to the user and the degree of
involvement desired.

Predictions of impending occurrences attempt to loretell what will take place

betore they actnally do and what the magnitude of the occurrences will be. The re-

sults of this study may be o use in the following situations:

1. ‘The intlux of energetic protons into the polar ionosphere of the carth causes
an increasced absorption of HE radio signals that pass through the polar ionosphere, 1
|
I'his absorption is known as polar cap absorption or PCA.  The magnitude of the i
h=arotion can be related to the - 10 MeV proton flux by the following expression
2 . . . 2 -1
oz 10AT, where P s the proton flux in protons {em”™ sec ster) and A is the
. . 24 .. . L o
30-NHz vriometer absorption in DI, ['he integrated radio flux, predicting the
axirenr, proton dax increase, will make it possible to determine the absorption
to e e ted,
240 Castelby, P, and Tarnstrom, Gl b, (1078 A Catalog of Proton Pvents
1066 -10967, Having Non-Classicial Solar Radio Burst Spectra,
VFGT -TR-T3-0T12T,7AD) X060RT6, Fnvironmoental Res. Papers 632,
Hian-con VPR, Massachusetis,

. -~ ez : P 2




T

4

-

"

-

-y

v

A e o g

2. The increased incidence of energetic protons into the polar ionospherc
causes the height of the D-region to be lowered by changing the D-region
ionization structure. It has been shown that during a proton flux increase, the
height of the south polar D-region tracks the variations in the proton flux reasonably
well, 29 Changes in the )-region height influence the propagation of VL.F radio
signals across the polar caps causing variations in their phase and amplitude
structur‘(‘.. which impacts their use for radio navigation purposes., The integrated
solar radio flux should make it possible to make an earlier determination of the
maximum D-region height change to be expected, from which the disruption of the
trans-polar \' LI propagation may be anticipated.

3. One requisite of a prediction process is that it provide the prediction as far
ahead of its occurrence as possible. Smart and Shea, 27 suggested a method of
predicting the end of a proton flux increase by extrapolating the end time of the in-
vrease after the maximum of the increase has occurred. The process samples the
proton flux levels at a succession of times to obtain the time character of the flux
drop-off and then projects the time when the flux increase will be reduced to zero,
The same procedure can be applied to the radio flux increase being observed, to
predict when the increase returns to zero or to some predetermined level. With
that time and the sense of the functional nature of the radio flux decrease, the
time -integration ol the radio fluxes can be accomplished. With these integrations,
the expected peak energetic proton flux can be predicted. This prediction may nnt
be the best possible because the position of the flare on the face of the sun mav not
be known, but it will at least give a first approximation of the proton flux increase
1o be expected. Ior a radio burst of comparativelv short duration, the time advan-
rage of the prediction mav not be great, but for radio events with longer decav times,
and for long duration events of the "nonclassical” tvpe considered by Castelli and
'l'arnstx'osz‘ the timeliness of the neak proton flux prediction mav be enhanced by

as much as an hour or more,
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26, Westerlund, S., Reder, I, H., and Abom, C. (1969) Effects ol polar cap absorp-
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“wv
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