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THE PREDICTION OF SOLAi: ACTIV

AS A BASIS FOR THE PREDICTION OF RADIO PROPAGATION Pmﬁ-!m‘l

I. Introduction Um mt COP}

The close correlation between variations of ionospheric phenomena and
the variation of solar activity, which became upparent within & fow years
after the first measurements of ionospheric critical frequencles were made,
enables™the prediction of loruspheric phenomena, upon which high-frequency
radio propagetion depends, if first a prodiction of solar activity is made.

Solar activity, as manifest in the veriations of solar dimmeter, corona,
prominences, faculae, flocculi, suaspots, light emission, and & large mmber
of dependent terrestrial phenomena, oxhidbits & pulsating behavior, compera-
tively fecble, but in many rospects similar to the pulsations of other
variable stars., Its prediction is based upon study of the frequency, in-
tensity, and duration of these pulsations, as observed over a lon; period .,
of tinoe

0f all the solar phenomena which sxhibit sush pulsating veriations,
sunspots are those for yhich fairly accurate measuremonts have been made
over the longest period of time. The study of their behavior, therefore,
forms, at present, the best basis for the prodiction of solar metivity.

As early as 1849, R. Wolf began the stuly of sunspots as an index of
solar activity, and exprossed their veriation for this purpose in terms of
“rolativo sunspot rumbor" - the sum of the total mumber of sunspots observsd
plus ton times tho mimber of spot groups, this sum beinp multiplied Ly a
faotor deperding upon seeing conditions and obsorving apparatus - an are
bitrary measure which hes since proved, by its excellant correlation with
a wide variety of phenomena, to have besn & very forturate choice. By
correlation of his own extensive observations with those of other in-
vestifators, Wolf? extended the period over which monthly estimates of
relative sunspot mmber might be made to the yeur 1749, This sories of
relative surspot mumbers, extended to the present time, is presented in
the report IRPL=R23, "Solar-Cycle Uata for Corrsletion with Radio Propage-
tion Fhenomena.” By investigation of ull previous reconis, times of all
maxime and minima were estabLlished with an accuracy of about 22 years
as far back as 161D, and occasjonal timos of maxima wore determined for
oven earlier times, the most conapicuous, as selected by Wolf, being those
of the years 372, 840, 1078, and 1372, From thesc {folf dotermined the
cycle duration of relative sunspot mumber to be slightly greater than
oleven years.
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Following the discovery by HaleS of the magnetic fields in sunspots,
and_ later observation at Mt. Wilson Observatory® which showed that the
direction of such magnetic fields reversed for alternate eleven-year
sunspot cyoles, it became epparent that the principal pericd.ef pulsa-
tion of solar activity should be approximately 'lm'ice th&t ‘ol'"'thé sunspot-
mmber cycle, Additional evidence for this is afforded by the varietion
in relative sunspot mimber; alsc, for recent years where the observations
~aro likely to bs of greater accuracys; these show alternate high and low
maxima, with -charaoteristicelly different variations of the sunspot nume
ber with time from the maximum, in each of the two types. (Cfs Figs. 11
through 21, IRPL-R23, "Solar-Cycle Data for Correlation with Radio Propa-
ration Phenomena™).

Beyord the outstandirng evidence of an approximately twenty-two or
twenty-three year period of pulsation in solar aotivity, the series of
sunspot mumbers has afforded a somewhat ambipucus basis for socurate
knowledge of future sunspot numbers. Inference of all available solar
data concerning the basic nature and causes of cuyclic solar activity,
of whioh the roughly determined empirical laws ol sunspot behavior are
e part, is, of oourse, the ultimate means of predioting aolar activity.
Unfortunately, however, although several nlausible theories of sunspot
formation have been proffered, lack of sufficient solar data prevents
verifioation of any of thenm.

It seems possible that the cyclio behavior of soler uwotivity,
although fesble, may be akin to the oyclic behavior of many other stars,
suoh as those of the Cepheld type, and those, partioularly, of longere
pericd variability, sinoe, us for the latter, the periodicity of solar
variation is very long, amd far fram preoiuly eatablished, It is of
partioalar interost in this respect that the shape of the curve of sun-
spot mmber versus time bears a striking rosemblance to that of the
curve of light emiseion with time for stars of both the Cepheid type
and for long-pericd variables (compare Figs. of IRPI~P23, "solar<Cycle
Duta for Correlation with Rudiv Propagution Phenouwena,” a.nd Fgs,. 258,
259, 262, 277, “istronomy. II. AstrOpthicn ard Stellar fstronomy",

e ive 'm.-.aoll Re So Lugan, J. Q. Stowart; Ginn and Co.), having a
stocp slope before maximum, I‘ullmod by o gentler slope from maxiium

to the following minlum. The pronoumed variations exhibvited by many
other variable stars are thought to be dependent upon naturally pericdic
oxpansions and oontrections comditioned by gravitation and the elastic
properties of the aseous material composing the atar. However, there
also seems some reason to Lelieve thet the feeble periodiolty of solar
aotivity oould possibly result from a solar state of camparative ine
stability, where variations might easily follow the imposed periodicity
of even a relativaly weak force.

Il. Theories of Solar~Activity Variation

\‘;011‘,6 noting the depression in sunspot mumber oocurriag in 1863,
at the time of Jupiter's aphelion, and similar anomalies at the times
of oarlier aphelia, first proposed that the oavso of the oyelio vuria-
tion of solar aotivity lay in the sction of the planets, particulerly
Jupiter, upon ths noneripld matter of the sun.
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The consideration of planetary action as & cavse of solar-as tinty
variation has been the subject of numerous latar xnvesti.gations by V
De la Rue, B. Stwa;t-and B, Loaq,s Ha ﬂ'itz,, ‘l((. Bix-kelmm\!s 8, ?...
Brown b. mewcomn, 10 4,5cster,** E. Franke},*< D. Alter,1% and Wo Ao
mby14 Since the pericd of Jupiter (11.86 years) is not far dif-
ferent f‘rom the length of the sunspot-rumber cycla, end Jupiter is the
most magsive of the planets, the action of Jupiter is considered chiefly
responsible for the wvariation of solar activity by advocates of its
* planetary origins

Be We Brovms, amony, others, has considered simply the gravitational
- attraction of planets in causing solar tidas, le pives the tide-raising
force of each planet, in terms of that of the earth, as follows;

Yercury 8,6 Jupi ter 2.24
Venus 2,06 Saturn 0.11
Earth 1,00 Uranus 0,002
Mars 0.03 Neptune 0.,0006

Neglecting the effect of the inner planets as probably contributing little
to the long=period variation of solar aotivity. this variation is chiefiy
asoribed to the tidal veriation resulting from the eccentricity of Jupiter's
orbit, because of which the tidal forse will vary by £0.33, and to the ac-
tion of Saturn on this variation. By combining two simple variations hav-
ing Jupiter's orbital perjod (11.8f years) and half that of Saturn rela-
tive to Jupiter (9.93 years), srows obtained & fairly good reprssentation
of the series of sunspot numbers. It is difficuls, however, to roconcile
this explanstion of solar ectivity variation with the relative amplitudes
of the planetary tidal forces, particularly the lack of any prorounced
periodicity related to the motion of Mercury

4 more reasonuble explanution is piven by . A- hxbv 15,18 o ras
considered the amction resulting from the precossxon&l ..Oup).e of eoach planet
upon the equatorial bulze of the surn  Showine thut Peincard's condition for
the precession of & fluid bady in the mannor of a rigld body is not ful-
f1lled in the case of the sun end its planets, and that their precessional
oouples will result in variations in the sun's eguetorial bilpe, he gives
the relative values of the mean couples amd their extreme velues as;

Mean Couple Extreme Values of Couple
Mereury » . . « o 0.3250 . . . . ., 0,89, 2.17
Venur o . . . .13
Earth L6 e a e 1..00 « ¢ v . 1051, D 5h
ars v e e w v  0.02¢
Juplter . . . . 1.6¢ . “ . 4 o« 2418, 1,71
Saturn . . . . . 0083 oo 00 2G097, 3,08E8
Uramus o « . . « 0.00186
Napt\l" o. % & v o 0.0054

Here the couple cdue to Jupiter is seon to .9 the greatest. The ccugle

for each plenet will vary through zaroc at the nocul points of the plarstts ,
o
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orbit with respect to the solar equator. Comparison of sunspot rumbers,
grouped according to the various orbital periods, with the variations in
precessional couple shows fairly good correlation in cach case, with a
decrease of sunspot mumber enerally fol lowing nodal positions. The
degree of correlation in each cese, and the amount of lag, however, are
rather veriable, and, as for other planetary explenations of the varia-
tion of solar activity. no good explanation ia given for a 2223 year
periodicity, which seems to be the outstending observed fact.

Other possible evidence for the action of planets on solar activity
(although later shown to be better evidence for Bjerimes' hydrodynamic
theory) is afforded by the observations of Mrs. A.S.U. Ix!lmndex',l COrro=
borated by R« J. Pocock!8 ¢ that more sunspots are apparently formed on
the sun's eastern hemisphere as viewed from the earth, thanm on the sun's
vwestern hemisphere. That this result might be only apparent, depending
upon the tilt of the sunspot cross-section was sugrested by lirs. Mounder
in the initial prigeggation of these data, and has later been discussed
Ly W. Gleissberg,”¥*“Y who has shown that an average tilt of only 0.6°
wouléd be sufficient to explain the observed effect. Follawing lrs,
ilaunderts observations, A. Schusterll showed that the distribution of _
sunspots was related to the zenith position, relative to the sun, of the
various planets, to a preater degree than that attributable to chance.

Consideration of soiar hydrodynamio vortices as a cause of sunspots
followed Brnden!s® investirations of the hycrodynsmics of gaseous spheres.

Although lergely gqualitative in nature, the_hwdrodynamic theory of
solar activity variation proposed by V. Bjerknos?® 1is outstending in
that a simple, pleusible explunation is thereby afforded for & great
rany solar phenomena. Bjerknes shows that the conditiors of thermo-
d¢ynemic squilibrium in the solar atmosphere are favorable for the
formation of atratified circulation, which may entail the existence
of roral vortex rings. Observed sunspot phenomena may te explained
on the assumption of a jeir of such zonal vortex rings in each hemisphere,
north and south, emch pair participating in the general circulation,
ard each vortex ring of each pair, in turn, rising to cut the surface
of the photosphere in limited regions ahove or below the sun's equator.
If waves exist in euch vortex ring, the intersections of the vortex
ring; with the photoaphere surface will result in pairs of sunspots,
ench sunspot corresponding to a cross-sectional arca of intersection,

The circulating motion of the vortices explains Hale®s observae
tion” of a mapnetic field in every sunspot. The vocurrencs of sunspots
in pairs, each member of tho pair having opposite magnetic polarity,
ensues from the assumption of a contimious, wavy, zonal vortex, since
it must always be cut doubly by the surface of the photosphere. The
tvershead effect follows from the centrifugal pumping action of the
vortex. The darkness of surspcts with rcspect to the rest of the
soler disc, {ncicating lower temparatures in their upper surfaces,
may be ascribed to tho dip caused by the vortex in the photosphere
surface, and its correspordin; cora of cooled pases froa upper re-
glona. The spiral stricture, observed in tvhe high layeras of the soler
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atmosphere near sunspots, follovs from the redial inflos of gases in com-
pensation for the sink caused by the vortex motion; the spiral character
of the inflow depends upon solar rotation only. and therefcre; as observed,
does not change with the magnetic polarity of the sunspots.

Since the general circulution an the stratum where the spots are
formed may be assumed to consist of motion toward the poles in the lower
part, uoward motion near the poles, and motion toward the equator in the

. upper portion, the greetest temperature contrast occurs in the regions

just above and below tho equator, where masses of gas, cooled by radiation;
descerd and come into contact with the hot ascending masses of the next
lower circulating stratum. This results in concentration of the circula-
tion in regions just above and below the equator, with greater likelihood
for the formation of the vortices causing sunspots in these regions.

If the wssumed pairs of wavy zonal vortices in each solar hemisphere
participate, as they must, in the generul solar cirsusation, one wvill rise
to the surface of the photosphere et a comperatively high latitude, aund
progress slcwly, with an increased number of intersections, toward the
equator, then, with & decreasing mumber of intersections, descend, as the
second vortex rises in high letitudos, This process explains both the
latitude change of the sunspot belts with the solar cycle, and the re-
versal of magnetic polarities with each eleven-year halfi-cycile.

Variation of observed solar rotation with latitude also ensues from
the above assumptions of peneral circulaeticn. Hoth poler and equatorial
regions, perticipating least in the general c:rculation, v:ill rctete more
nearly in the manner of a rigid body than regions in intervening latitudes,
where a lag will occur in the outer regions of the photoaphers. Iack of
evidence, so far, for a shorter rotation period in poler repions, e well
as for the higher temperatures in poler regicns predizted by this trecry,
ia possibly because of difficulty of PAES chsarvation in polac re;i1ons,
The east current in tho lowser phctospbere surface where the zonal vorticaes
glve rise to sunspots rray account for tne r.r..etric propertiss cf sunspot
binaries. . GleissuverpS- hes ahown that tha obsarvod excosl of sunspots
in the lun'l eutorn heumisphere, as iswed from the earty 17 13 Dreviously
mentiorned as possible evidence for the pleanstary theories of surnspot
oripin, is thus accounted for by Bjerknes' rtheory.

Another explanation of many onservas properties of sunspots, tocether
vith some quantitative check with solar cohssrvations. hus bmen developed
on the basis of a system of sglar u:gmtwhurod famic weves, in @ recent
sories of papers by li. Alfvénesa 24,80 2T g by . wal8n 9 Because of
the difficulty in oxplainlnb the strenpth of the cbserveu mapnetic fielda
essociated with sunspots, on the busis of gfrevious theuries, this theory
postulates the obLserved fielde, ard shoss that hoth the reiative darkness
of sunspots amd the Eversheaed effoct fcllow fron wecressos in hwirostatic
pressure, with cousequent rooling ot <the solar geses, cepending uron
magnetostatic pressure.

Genoais of the magnetic fields in sunspots ié assumed to occur reer
the sun's center. where an initial hxirxdynamic iinpewhirl  split into
two parts, each starting off in opposite directions as & mapnero-
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hydrodynauic wave along the magnetic lines of force forming the sun's

geneml magnetic field, slowly travels, until in about forty years, it

reaches the solar surface, and causes strong magnetic fields there. The

wave frornt first intersects the solar surface at high lacitudes, and . \

gradually progresses toward tle equator. In this manner the opposed

polerities of sunspot binaries in the sun's northern and southern hemi-

spheres, as well as the variation in latitude of the sunspot zones, ere .

explained, .
Agsuming current ldeas ;:oncerning, the change of solar density with

rucdius, as given by -.aldmgz, and by G. Blanch, A. N. Lowan, X. E.

varshak, and Ho A. bethe,%® Alfvén®7? obtains mathematical expression

for the latitude variation of the sunspot zone with tinme, which is in

good agraeement with observation if the wave front c.ausga sunspots upon *

a soler surface generated Ly & raaius between 7.0 x 10*Y em end

6.5 x 1010 cm in length, on the essumption of a hemogencous solar mar-

netic field within a rogion distant 1.6 xz 1010 om to 2,4 x 1010 om from

the sun's center, the sun's marnetic dipole moment being between 1.5 x 1(°*

and 6.2 x 10° gaus%cm'-'". these latter values beinp in good agresment with

Zoeman-effect observations.

III. 3epirical Iaws of Solar-hActivity Variation.

A. Seneral Investigations Concerning Variation of Solar ictivit:.

So far, lack of' sufficieut experiitental data prevauts both clhoice
aong these thecries and their quuntitative adeptution for rrediction
rurposes. The practical preciction of solar activity is therefore Lased
upon empirical laws of tLehavior, for which the seme lack of suflicient
experi.ental data remders both deteriuration of the laws and couseguont
prediction of fature solar sctivity pgrossly inexact.

From holf's earliest rosearches, sg noted before, an approxiretely
eisven-year periodicity was noted in the serles of relative sunspot mun-
ters, ud well as asymaetry about tho saximum vajue in eech pericu, the
tim ot‘ approach 1rom miniuum te maximun beiny considerably shorter than
the timo from zaxiaum to the follewinp rinlsmn, This asymnetry tas leen
the subjest of consizerable iirastigation by . La la Rus, B, Sterars and
B lnm':ysou For the puat contury, where measuranents have teen nore exact,
alteriate sievoneyear sunspot<numbter cycles have borne sisdlerity to each
othor, urd sunspoteruntor maxina lave beeu nlto--m'.o}" hiph and low, as
shown In the followinz table (from wi. C. Linderdi),

Cycle Ceedy Honth lontily
— Penk Jaximun Feak iaximun
194 3.1356 BLL P b T Ost. 1347 - 130 .4
1056+ 1857 LS - Gl July 1860 - 116.7
1867-1879 18/u - 15¢.1 ey 1870 - 175.0
18791889 1893 - bua7 April 1482 ~ 45.4
1589«1901 1883 - 84,9 Aug. 1093 - 129.2
19011913 1905 - 63.8 Feb., 1902 « 1.2
19131923 1917 « 10%.9 Aug. 1917 -~ 154.5
1923-193 1928 - 77.8 Loc, 1929 - 10~.0

1934-1943 1937 - 115.86 July 1938 - 165.3




If this tehavior is maintained, which seems 8 ressonatle assumption
on the basis of the approximately 22-23-year periodicity also imdiceted
by the magnetic polarities of sunspots, the next sunsrot maxiium shouid
be fairly low, as iniicated by the extreme values of 95.7 and 63.5 for
lov maxima in the above tables, and the time variation of sunspot mmbsr
that of & typical low-maximum c¢ycle. Figs. 1, 2, and 3 present the
averaged sunspot numbers of the last three or four low oyeles, taken
for coincident times of minimum, maximum, and first appearance of &
spot belonging to the cycle.

Search for empirical laws governing solar activity have proceeded
gonerally according to two uifferent schools of thought, one holding
that solar activity is a periodic phenomenon, the other considering
each solar-activity cycle as &n imdependent outburst.

Bo Investigations Concerning Periodicity of Solar Activity.

From conaiderations of the solar cycle a3 a periodic phenomenon,
rediction is based upon harmonic analysis of a number of previous
cycles, and synthesis of the results of this analysis to extend the
values to future times. If only the rezent, moro accurate, daza are
used in this analysis, there is risk of ineccurscy in prediction should
any pronoumsed longeperiod cyclic varimtion exist. If the analysis is
extenied to include the data of remote times, their inclusion will
add inaccuracy should there be no very long pericdicity. Anelyses of
sunspot numbers gn the basis of peri cdicig have bean mode by the fol-
loa'nge R. Vi0lf,“ H. Frity 7 A, Schuster § Orpenheim, 3a. ichelson,
3. Hirayama,* H. Kiura K. Turnsr 37438 farmor and Yamaga , 39 G. Yule,
De Alter,13 A, Lougless, lj.c Cluyton.? 2 end C. Anderson. %S

Probtably the test ergument for the validity cf this method of
analysis lies in the good apgreement found tetween the poriodicity of
the principal component dstermined fron inclusion of the very oldest
observations, 11,] years, by #olf uny by britz. und that determirned {rom
enalysis of only the relatively nrocisely known data since 1783 by Clay-
ton, 11.17 yetrs. Roasonably poo: aprosmsut has also bsen foumi for
other periods as determinod by various investigzators, 32,42 where period-
icitios have been found within the followins lizits by two or “wore d1f-
ferent researches;
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of particu%ar interest is the J&-yoar recurrence of hiri maxime noted
by A, Sc!mster:5 which he traces back to Chinese records near the begine
ning of our era, the unusually hizh maximum in 1837 being ascribed to
coincident phase of the partials of pericds 4.38, 4.80, 8,38, and 11,125
years, that in 1870 to coincident phase of all of these as well as the
partial having a 13.5-year period. It is of interest in this respsct that
the last maximum, in 1937, which ecccurred af'ter Schuster made his analysis,
was one of the highest on rocord.
letarl‘s obteined e fundemental period of 252 vears for the seories of
sunspot nunbers, and pointed out thet this was very nearly equal to 21
orbital periods of rotation for Jupiter, 8;} for Saturn, 3 for Uranus,
amd 15 for leptune, in possible substantistion of . planetary theory for
the origin of solar-activity variation. claytor'*'-' ‘Htained a I\mdamt;ntal
sungpot periodicity of 89,36 years; beginnine '.vitu;.xinimum eceurring in the
year 1793, which Jolfer welghted as 8 on a scile of 10, and advancingz all

valuos by 89.36years, falrly pood ropresentation was obtained for later
cycles.

Anderson's amlysis43 resultod in the deteraination of a furdamontal
pericc of 312 years. liis anelysig i.. .10 rocpecl possessed an important
adventage over precoding enalyses in that it was based upon reversal of
nlternate sunspot-munber cycles; analysis of sunspot data since 174D ra-
sulted, upon syrthesis amd oxtension to earlier times, in remarkably ac-
vurats location of maxiia uni pinima between 1610 anc 1749. It is unfor-
tunete for purposes of such analyses that accurate separation of the sun-
spots near times of miniwm into their proper half-cycle ic only possibdle
for rocent years, sincs the ensuirns ambiguity :ay well affect the accuracy
of such analyses to & considerable cezros.

Although, as noted above, fairly nood agroement oxists amonp & :nnber
of investizators for several poriodicities. all sunspot-mumber cicle perio-
¢icities save tho ono of approxiimately eloven yoars are characterized by
rolatirely low amplitudes, erd poorl: Zefined -hnse relations. tecordinag
to tho particularly therough analysis of Yule, the paso of sven tle ;ro.
~oiicod eleveneyear poriocicity is rather vague; he conalcer; othor 7er o=
dicities so poorly ostellished as to be insignificant, amd t o best ropre
sar- .tion probabl:- tlat of an approximatoly eleven-yser sinusolcal functiosn
-f multiplied by anothsr function of the time, joverring its agplitude,
an. re;rosentative of its socular chanpe. In subctantisl aproement wit:
thuso viows are the reports of Mcholson® arc Larmor anc Yn:naga.& Iz
substantiation of Yule's rezarks corcerni:p, tho irdefiniteness of plass
agsocinted with ovon the approximtoly elevon~yvar periolicity. ".. Glaeise-
‘uerg‘“‘ ims noted a progressive decrease, during tho past thros huidred
crears, in the ratio of the duration of mscending activity to the< of
descenting aetivity during the approxiratsly eleven-year sunspot-muuber
cvcle.

~

C. Statistical Invostipations of Solar-Activity Veriamtion.

Aalyses of tho series of sunspot numbers on the Lasis that each
epproxinately eloven-year cycle ropresents a relatively independent oute
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L. Valdmeier .47’53 Ao Durkoes‘ias o Stawart end H. Panofaky,‘*,g E. Thﬂring,so
J. Stewart and F. Bggleston,” ~*"" W. Gloiuberg.“’ss and W. Brumer,58

buret of solar activity have been made by J. Halm,® H. Ludendorff,

Waldmeler's extensive studies of the behavior of‘sgmspob-mmber

\ cycles have resulted in the following empirioal lawe.

If Ry = maximn smoothed monthly sunspot number of a aycle,
T = tims, in years, from minimm o maximuz,
& tine, in yeers, from maximm to a sunspot number of 7.5
(an average minimim value), -
Rg 2 sunspot number five yeara before the maximam,
§) = sum of the smoothed monthly average sunspot mumbers from
minimam to maximm,

. S = sum of the smocthed monthly average sunapot mumbers from
maximun to minimum, \
Q = 1/6,
then )
log Ry 3 2.69 =~ 2.17T for even cyoles
£).00 g2.02 2

log R,. S 2.45 - 0,107
Wd T e10 40.02 for odd cycles

6 = 3,0 4 0.030 Ry :
$0.6 10,006 for both odd and even cycles

Ry = -11.4 ¢ 0.29 Ry
$6.7 *0.06

Sl = 044 Ru & 2538
£3.2 130

q s 15.64 -« 531 log R:J ¢
()
F 3.0 ¢ 0,230 R'-! r even cycles

24,3 =~ 10.20 log ...
-~ for odd oyoles
3.0 ¢ 0L Ry,

Values found for ¢ lio betwsen the limita 0.I7 and 1,72, with an average
value of J.7.

Brunier 58 has obtalned the followin; lawa:
If 7. = time, in yoars, between time of besinning of cycle (ap-

1 pearance of first spot uelonging to the ovole) and maximum,
Tp = time, in years, betwaern maximua e1d proceding minimum,
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log Ry = 244 = 0.032T;
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Using these relationships, togsther with an estimated Ryy tmsed on the
averaje retio of high to iruedi.afnlv succeeding low maxine for the last
four lo. cycles, A. olmplej" has predicted velues of Ty = 6.6 years and -
Tp = 4.7 vears for the next °unspct cycle, riving times of miniium anc )
maximun at 1944.9 and 1M0.6, Iiis estinated value of 60 for R., although
in reasonebly sood azreement with the low values indicoted by Fiss. 1, 2,
and 3 as representative of recent low cycles, and with the predictions of
Clayton and Anderson on the bLasis of harmonic analysis, is one of the .
lowest values currently predicted for the next surspot maxirum. If tre
ebnor.:.. 11 high ratio of 1.57 bLetween the uaxing occurring in 1370.6 and
1355.¢ were omitted in averazing the ratios between anlternate hizh ernd
low maxiun, and the more probable value 1.35 adopted instead of the
average used by Shapley, ity vould 19 predicted as 88, If the time of
iriception of the new cycle were taken as that of first eppeararce of the
hig latitude spot appearing April Z and 3, 1942, at latitucde 3°1, 58
insteadi of the later date, ch. 20, 1942, used ’bv Shaple, the time of

the noxt maximum would ‘e predicted according to the meti.od 1352, +-ove,
os 1345,3, and the tiue of the preceding minirum would be 1945.5. The . .
latter is in f‘airlg'g;;ood a;reamont with the recent ainimum rear tho

beginning of 1944.°

n idee of the ;ruc”' ol innurent in this method may te obtained
¢ inspection of Firg. 4 end 5, which show graphicelly the rolatione
s¥ ips of s. (a) and (V) above, for which the coefficients of corrole- 1
tion uro, raspectively, -0.86 amd ~0.93, snd of the following teble which
rives tie vnlues of Ry, Ty and T predicted in the sarme manner for the
pust two cycles (the éntu for these cycles, however, btelng used in the

;rezictiony, in comparison with observed values:

& P! T2
Ovsorved Computed  Observed  Computed Observed  Comjuted
73 71 6.6 T2 4.8 4.9
119 111 5.3 5.8 3.6 3.9

The ompirical laws obtalied by W. Gloissborgf’q"‘“ lead to a predicted
vulua of sunspot rmumbor for the nuxt meximunm far in oxcess of those ob-
tulnwd Ly other sethods. Thoir deterairation 1a based upon the ajplice-
tion of prolability laws for a Gaussian error distrilution to the devia-
tiows from uverape fourd for cortoin epproxizatoly constant quantitlos
dotormined from surapol dete. If, in each sungpot-ruzber cycle, |

tr 2 the time, iu nonths, duriug which tho smoothod rolative rumbers
incroase from 1/4 Ry to RL




ey

11

ty = the tine, in months, during which the smoothed reolative numbers
decrease fram Ry to 1/4Ry

tl = the period of l,ow activity, in months, between 1/4& on a waning
evele and 174, an tha foliowine fncrenein~ mmh

( 1), tl“) t. (4) tf(ﬁ) being tho averages of every four

succeuive valuos of Ry, ty , £t tr, respectively, in the
sunspotenumber series,

t,.“) + ocznu“)

4
tr(4) -0t B

"
= 6,4 4o, 4,

o
]
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each of the quantities A, H, and C are found to be nearly constant for the
entire series, being approxirately 55.5, 16.5, and 77,5, respectively,
their distribution being approximately Gaussian, with nearly identical
standard deviations ( 0°® approximately 1.95) in each cass. Using this
value in the expression

heol_

oz

wiere h is the constant of Gauass's law of errors, h is determined as bheing
.36,

Thus the following, probability laws are determined;

1. Ths probability that A lies, in any set of four successive cyclos.
betwoen 55.5 = § and 55.5 ¢ 8§ is equal to erf(0.368 ).

2. The probability that B lie:, in any set of four succissive cycles,
tetweon 16,5 ~8 ard 16.5 48 is equal to erf(0.36 8 ).

3. The probability that C lies, in any set of four succersiva crvcles,
totneen 77,5 =§ amd 77.5 ¢ § is oqual to erf(0.368) where eorf
donotes the eorror {inction.

In order to ofi‘est the prediction of sunspot :umlier by moans of theso
luws, charges in t aro also nssumed to havo a laussian distribution.
Cn the basis of tile assumption, Gloissberg similarly obtairs the follor-
ing "law",

4. The probubility of t (1) changing from one set of cycles to the
next by not more than 8§ 1is equal to eorf (0.16§ ).

Althourh the assumption involvod in this "lew" at firct my seen
recsonal la, ius;ection of the accompanying htl ogrom, Fig. 6, shows thet
tho retual dliatribution of the changes in t is !‘Ar fron that of a
Suussia: cistridution. tiherear applicazion of a X € test to the devia-

R s e

—r

__“J




7‘

7

12

tionus of 4, B, and C about their mean values give values, respectively. of
X% = 2,26, 6.06, ard 15,8, N, the mmber of class intervals, = 14, 4. 13
vwith consequent valuen of p, the probability of obteiningz, by chance, a fit
to the theoretical distrilution as poor &s or worse than the one obtained

being, respectively, (A) better then 0.99, (D) bstter than 0.05 amd su'nuj

worse than 0.99, and (c) better than 0.05, all of which exceed vsunlly s
ceptable fiducial limits, values of A2 obtained for the deviations of +

are so great that neither they nor their correspondingly low wvalues ot‘ D are
even considerzd in any ordinarily used probability tables. loreover, the
changes in ¢ 4) are such as to manifest a soaewhat periodic time voriation
and therefore should not be treated in this mamer. Predictizxi’ baged upon
the above laws, therefore, since all involve the quantity t . Are not
likely to have great accuracy.

Glelssbery, on the basis of the rolations givonyabova, makes the
following predictiens for the next sunspot cycloes

1. The probability that the highest smcothed relative nunmber of tie
coming cycle will exceed 145 is 3¢

2, The probability that in the coming cyrcle the reduced period of risirg
will Le shorter than 32 mouths is 91..

3. It may be expected with a probabillty of 93, tlat the periad of low
activity which will precede the noxt spot cycle will be shorter
than 40 months.

4. Tho probability that the interval from the last sunspot riaximum to
the next will be shorter tharn 11.1 years, thus oceurring vefore
vay 1948, is 19 to 1.

It may be noted that the valus of Ry, wmplied by (1), ubove is &l-
rormally high. If the "most probatle" walue of Ry, corrasponding tec a
;robebility value of 507, is comjputed, this value for the coming cyele
is 216, & value for smoothed reletive su:gpot nunter which has never
l'ef'ore bteen attained.

(The writer is unable to clieck Gluissberp's rumerical velues lor
“law" 4, ud obtains an averipge value of A tri"‘s of 3.08, with O
the staniurd deviation 3 2.85, are 1t & 0.2V4. Usiag these wnlues

Lut otherwime folloming Glelsslerr's procedure, the"most probabi:"
value of ity for the next cycle is given a:z 142 in Uctober 104%

e
-ii“- beirg attaired in July 1u42).

liad Jleisaberz's uethui Leen use: for the values of n(.. for whn
past two suntpot cycles, values in excess of 122.3 and 92.5 would have
tean preticted, taking advantare of tle data of these vitles, with o
probnblllty of 8C4; the "nmost probeble” wilues would lave been.
respoctively, precicted as 191 mie 161 for tho last erd next-to-lest
eycles. Cuserved values were, rexpectively, 119.2 ama 73.)
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Stewart and leot‘sky49 have shown that the relative sunspot number,
at any tine, R, may be exprassed as

R = F(r-s)® u-b(r-a)

where
s = the time of outburst of a new cycle
r = the time, in years, thereafter
F, 2, and b are constants for any one cycle.

This relationship, which is that of & Pearsonian Type III distribution
curve,; rives,

Tine at which meaximun occurs &= v & 5 ¢ %

R = fal o™
e

If a cycle has already passed maximum, therefore, the guantities a, b,
and F may be determined and the resainder of the cycle predicted, If s is
known, and the quantities Ry, v, armd any other valus of R for a given time,
are estimated by other means, or, in case of the last quantity, possibly
known, the shape of the cycle can also be estimated.

Figc, 7 through 11 present compariszon of twelve-month running-average
observed sunspot rumbers for the last two cycles with the predictions of
Clayton, and of Anderson, values obtaired for these cycles by the Brunner-
Snapley method, and "most probable" values obtained by Gleissterg's method.
Similariy, predictions by these various methods are given for the next
tro cveles.

'

L lleliopgraphic-latitude Variations of Solar Activity.

For conditions influencing racio transmissicn which may Ve considered
es depenient upon particle emission, rather than lipht emission, from the
sun, knozledge of the heliographic latitude of the spots is important.

Carri:ir,tonco discovered the dependence of sunspot latitude on the
phase of ths cycle in 18554 lotable later investigations concerning their
letitude variation were made by SpBrer®l, 4. taunder®?, and waldmeier.65,C4

“aldmeleor has iven the followings empirical laws reletinr the averare
smeothed beliosraphic latitude of the sunspots to the aceraro smoothed rela-
tive sunspot nurterg ’

if. as Lafore,

Ry, = the averaje wnoothed maximum sunspot nunber for the cycle

g , = the averare w&avothed heliosraphic latitude of the sunspo:
zonue 50 solar rotalion periodsg hefore sunspot naximunm

- )
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A.. = the nveraze smoothed heliographic latitude of the sunspot
zore &t sunspot maximum

2 the averupe smoothed heliographic latitude of the sunspot
zone 50 solar rotation periods after sunspot mAximm,

211 SUISPIL HAXITAT
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then

1§ ]

(T {1755 4 1.74) 4 (0.0330 & 0.0189). R,

(3.19 & 1.3€) 4 (D.0699 & 0.0143) . Ry

.,
"n

o= (5-44 & 0.35) & (0.0427 £0.0089) . 2y,
51 1

.o interesting relntion between the sunspot latitude and tho ..peed of
solar r\.tc.’cion has been noted in a recent paper by '7, Gleissberz.t® Ir At
roprese. t5 the tiine during which tho averapge heliographic latitude of the
spots, 7, cianges by 19, it my Lo shown that the values of A t sin 27, ns
Given by ! aldmemr's e“nirxcul levis, o..mroxirmte a constant value of 3.
Since 1‘ e Teer |, cavas st .oun by LewtonS€ that the dependence of the
sun's siueriul deily :no‘cion, € » on the hellographic latitude, ﬂf, can be
representod by

€=a-1bsin? g,

where ¢ ad b oare . ..'ivo constents, a:d the varistion of € for one de-
rree of latitude nmay 1o teken os npprodmtel*r proportional to sin 2@, one
any conclude thet the speed of shifting of the sunspot :elts toward the
sgnator is nearly proportional to the predient of “ic sun's rotational
volucity, provided that tho two yThenomona are assoclatod with each other.

voreover, if A t may bo considered proportioral to tho diffecential
1
fé%. then, from the constancy of A t sin Zﬂ, by integration,
log tun £ 5 ~X t =5 oz 3,
whory t is the tire fro: the momont when g = 30°, Using lozarithms to the
buse 19, anc substituting tho velue A t sin 24 2 §, tho constant ¢ is
uveterained us 0.05, and the above cjuation may also be used for the pre-

¢iction of surspot latitudes.

IvV. conclusions

Survey of the munerous emplricul laws for the prediction of relative
sunspot ruaber oS w :easure of soler ectivity, and of averape heliographic
letituce of tho sunspots as a nossure of the locatlon of this ectivity,
iniicates that at prosent there aro insufficient solar date to permit eny
tut rough estimetes concerzing future solar activity for long~cistant
fut:re timos. Prsctical predictlon, thercfore, must at present consist of
estiwating the future coirse of solur activity as well as possible,




15

preferably by several of de independent methods indicated in this report,
{the methodg g{ grzxderson, Waldmeier,ss Brunner,56 and Stewart and his
» ]

colleagug§4 being especially racomended), with revisions of

initial predictions based upon the accumiletion of more recent data,
made as frequently, and contirued for as long as is practicable for
the purpose for which they are desired.
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Ry = SUNSPOT NUMBER AT MAXIMUM
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