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ON LONG=TLERM FORECASTING QF THE CRILICAL FREQUENCTES OF THE
TONOSPHEHE AND OF CASES OF DISTURBANCES IN IT

il G, Mo Barteney

Presented by Academlcian b, A, Vvedenskly

The generally known circumstence that the attenuation of
radio waves On Passage through the jonesphere is less, the shorter
the wave, compels selection, for winterrupted radio communi.cablon,
of the shortest wavelength which, while c¢lose to the eritical wave=
length, is sbill capable of being reflected from the ionized layers
of the atmosphere. Lhis wavelengih, termed the optimum, is also
the most advantageous with respect to obtaining the best possible

yransit of the wavese

The correlations thet hgve been esbablished between phenomena
on the sun, on the one hand, end the vars.ations that take place in
the ionosphere and the esrbh's magnetic field, on the obherhand,

make it possible to predict geomagnetic and ionospheric disburbances,

eritical frequencies and working wavelengths for radio communica- .

tion, to the extent that we are able to forebell the development of

golar activilye

The condition of solar activity is characterized by the follow- .

ing different indices, which correlabe pon-uniformly with the phen- | i

omena transpiring on the earth: the Wolf numbers, the areas occupied ;
by sunspovs, prominences, and faculae, the impulses of soler ac~
tivity and the relative intensity in the sunspots and on the solar %

surf.‘a.cej;f the Balmer series of nydrogen lines.

The non-uniform degree of correlation is due %o the character

B
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Judgon, in his peper "Compardson of dabta on ionosphere, sun=
spots end terrestrial nagnetilsn! [2], and also Smith, 01lliland
and Kirby [3], using the cr:\:bicél—ﬁequency measurenents of the
Washington lonosphers stabion from 1933 to 1937, esteblished a good
correlation == practically a strict one == between the Wolf numbers
and the critical frequencies for the B, Fl and F2 layers for noon,

and for their diurnal minima.

By now the ionosphere stations of the world have accumulated
enough experimental maberial to drew conclusions on the variation
of the critical frequencies for the iornosphere during the enbtire
1l~year period. The Washington ionosphere station has the fullest
experimental data (Table 1), and regularly publishes the results of
its measurements in the journal W errestrial Magnetism and Atmos-

pheric Electricity"e

Table L
Year T é F A 7
1933 5.5 2.6 198 3 ) 13 5o9
193k 6425 3615 3475 3,08 11 9oly
1935 648 3435 Le23 3462 18 3605 :
1936 10 3e7 5496 L8 20 7946 ")
1937 LLAE 3.8 62 5.68 35 1132
: 1938 11.2 3,75 6,68 5.2 L0 109 |
! 1939 10,2 3.6 Bk L8 3B 92
} 1940 806 345 5422 Le25 32 68 i
i 1911 7.5 337 ks 3.3 2k LB
! E@ 1912 T 3 TR VR RN ¢ |
b 1943 607 294 L9 362 18 15
o 19k 7 286 ka8 329 16 L
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Figure 1 ghows the curves cheracterizing the ganlennual
veriation in the critical frequencies ohserved ab Washington and in
the numnber N of magnetic storms according to ‘the Sverdlovsk catialoge
Phe maximum velues for these have been taken at 100 percent. The
curves of distribution of the meen values for the eritical frequen-
cles E’ and the number of magnetic storms T are similar to the curve
of solar activity, expresaed as mean values of the Wolf nunbers W,
but this resemblance of the curves in the pre-maximun from 1933 to
1937 is not fully mainbained afber the maximume This results from
the fact that besides the primary cause, being the process of soler
oubburst, there is also another cause thet influences the characber
of the atmospheric ionization curves. This second cause consisbs in
the tact that as the processes develop, the active zones of the sun
move from the high solar latitudes towards the equator, in comnection
with which Uthe radiation from these active areas towards the plane
of the ecliptic (and consequently also towards the earth) is more
considerable during the epoch of declining activity than during the

epoch of its risee

The remarkable fact should be noted that not all of the max-
ima of the ll-year curve of criticsl frequencies coincide with the

maxima of the Wolf nurberse Lhe maximum number of magnetic storms

also lags by about a year. The curves of critical frequencies F Fdf
of the noon values for the F2 layer and of the frequencies EE for -
the E layer coincide with the maximum of solar activity, but the
minimum values of early morning critical frequencies ‘p;\ and

also those abt midnight ‘C ;Y:_ , lag by a year in their m;xijna be- ;‘s:‘
hind the "solar curve! W, and coincide insbead with the curve of the ‘

number of magnebic storms. These facts, remarked by us as early as
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9L for the eritical frequencles and the magnetic storms, and later
ageln, in 1943, for the number of magnetic storms, were confirmed
by S. Ko Vsekhevyatskiy [5) on the basis of his study of 1103 nag-

netic stoxrms in the Slutsk catalog [6] from 1878 to 191400

The emphatic discrepancy be’nwcfn the maxima of the daily val-

wes for the critical frequencies r g and. ‘CE , on the one hand,
h s

and the nocturnal f and minima ;: (early morning) values of
the critical frequenciles, on the other, may be explained by Uthe
existence of two basic components in the solar radiation, both play-
ing a substantial part in the ionization of the atmosphers, namely

the ultraviolet component and that of corpuscular radiatione

During the daytime, when the principal ionizer (supplementing
the corpuscular and other radiation) is the ultraviolet radiation,
coincidenee—oecury-pebween the maxima of the ll-yesr march of the
critical frequencies of the E lsyer and of the noon values of the
critical frequencies for the F layieé;-;;ith the maximum of the curve
of the Wolt mumbers (Fige 1)

=5
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! At night end during the prew=dawn hours, when the derk side
of the perrestrial sphere {g inacessible o the witravioleb radla~
wion of the swn, the corpuscular radiation pleys & gubstentlal :
role in the jonization of the F. layer, which is excellenﬁﬂl:/‘ con~
fi".!‘med by the ll=year merch of the critical frequencies A .: and
: [, (Fige L)e
The 1lag in the maximum of these curves and of the curve of
magnetic storms is due to the same peason: motion towards bhe
solar equator by the sources of corpuscular radiation having low
solid angles (8 - 9 degrees, as was established by M. Gnevichev

and A. 0L [Tle

The remarkable effect of a separation between the curves of
critical frequencies during the day and those in the night, as well
as the coincildence bebween the merch of the curve of the rumber of
megnebic stoxms with the curves of the nocturnal eritical frequen-
cies for the Fy layer, confirm the corpuscular origin of magnetlc

storms. This constitutes an additional argument in favor of the

Chapman-Ferraro theory of magnetic storms [8], according to which

they are caused by a aeutral corpuscular stream ejected DY the sun,
/'/4//!5#77“

and against the theoxy of Khertoert ascribing them to ultravioleb

acting as a disturbing influence on corpuscles of perrestrial origine

Thus, the physical dependence of the 1ll=year march of the

critical frequencies for the ionosphere on the solar actid by of the

same period becomes obvious. But to forecast the ll-year march of
the critical frequencies we must have & quanti’oative esbimate of
the correlation between the values that characterize the ll=year

n X behavier
process on the sun and those that chracterize the momeh of jonization aud
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2 ha w'w
the ‘me2eh’ of megnetlc stormse

The significant sbatistical constants in the study of this
quantitative relation are the correlation coefficient, in the
case of linear correlation, and the correlation ratio,.in the

casa of non-linear correlations

After determination of the corralation coefficient, a
correlation equation is seb up, Dy means of which the criticel fre-

quencies or the number of megnetic storms are compubeds

Before setbing up the correlation equation, we must first
establish a criterion of linearity together with its probable errore
The criterion of linearity makes it possible for us to judge whether
it is sufficient to confine ourselves to a linear correlation equa-=
tion to express the relation between the statistical values of the
Wolf numbers and those of the critical frequencies, or whether it

is necessary for us to pass to equations of higher degree.

The correlation coefficient r and the correlation ratio 17
may differ only slightly from each other for a distribution of W,
£ and Ne In such a case the question arises as to whether or not

such divergence is significant.

As a criterion of linearity, Blackman [9] has proposed that
the correlation be considered linear if the rat.io between the

measure of linc-:ardyc and the probable error of the measure of L

linearity is less than 3, iees if

z (1

..__-45
%
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The measwre of lineariby is represented by
< :-_722"'/'2’ ' (2)

The probable error of the measure of linesrity is approxi-

mately equal to

% :% \/ZE:-Q?-)’:-CI-H%D ,‘ (3)

where n is the full number of observationse

Thus, to accomplish the bask set, that is, o forecast the
critical frequencies £, we must find the correlation coefficient r
between the curve of sunspot distribution W and the curve of criti~
cal=frequency distribution £, and then, if we are not convinced that
the regression ('}/he ferm “"regression currently adopted in the
gbatistical literature waé introduced by Galton. It is not entirely
apt. It would be clearer if we were to write, instead of the words"
leurve of regression' or Mequation of regression", the wordss ‘
Weorrelation cux‘ve““or gorrelation equation!) of the statistical
set S (Wh s £ s mpg o n) is linear, we inust determine the cor=
ratio _e_p_g(\'z) . Tor this we construct correlation curwves of the
paired distribution of the Wolf numbers W and the eritical frequen=
c_ies of the Ty lgyer: ‘the noon value f (Fige 2), the midnight value
"1:‘,_ (Fige 3), the diurnal minimun value r;: (Fige L), the noon
value for the E layer EE (Fige 5), and the number of magnetbic
storms N (Fige 6)e The absolute values have been plotted on these

curves, teking the maximum as unity .

De s _ .
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In contradistinction to the 1aw of full distribution of
statistical elements (cf« Fige 1), the concept of paired distribu-
tion is used in this case; that is, in studying the distribution
of one stabistical element -- in this case r;:?_ gtCe == bhe dis-
tribution of another statistical element is considered, i.eo W

(Figso 2-6)e

Tn making a combined study of two or more sta.tistiéal ele-
ments, when only 2 amall number of observatlons is involved, the
series of distribubions is investigated, bubt with a fairly large
number of observations, disbribution tables of the distribution of
those values is studied instead, which makes it possible to make a
complete study of their distribution and of the relation between the

~d T -
paired means W; and -pF,LH > TEh s ‘CE\r\ sNpe

As is commonly known LT.O, 11, 127/, for a small number of obser-

vations the correlation coefficient s

Y

D - ; . i
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For a sufficiently large number of observations
| ; — . — ~ ,
_ M.u_ _ FZHhL(Wh V‘)('Fg—ﬁ)“(w-m‘)('p "@) <5)
WE NE S 0, Wy O=@-0% 4/ Zm(ﬁ--ﬁ)?— (F-p¢

h

r

The coefficients of correlation between the Wolf numbers and
the values of the criticel frequencies for the & and F2 layers, as
observed by the Washington ionosphere station, and the number of

magnetic storms, were computed by formula (L), and the standard

deviations O‘M and J_F were also determined.

x The results of the computations are presented in Table 2.

—

;‘ N
’ 0.8

XA
0.4
0.2 \
. W
Table 2 i
r O‘W d:f‘
W and f{}z 0.974 38l 198 ‘
W and rl’;E 0,881 38, 1,032 i
W and frF“Z 0495 380l 06975
W and £y 06925 386l 0394
W and N 00931 38 QJ.L 10@2
- 10 -

-
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g the correlation coefficlents and Llke=

On thus determinin
wlse the corrukabion ratloes according to formulae which (et [ '.L],

{117 end [1Z]') are of the forn

o Ve E i
Nt ™ T Y LS 0 Wm)=(7-4°
h

for the correlation vebween W and [, and of the form

:w Vb 20 (g B9 1)
lew ™ (zw -3 (F-p°

for the correlation between f and W, we then proceed o find the

measure of linearity zeba (C) and its sbandard error signa sub=7 eba

(0-5') , according to the expressions (2) and (3), which enables

us bo seb up a criterion of Linearity under the condibion of (1),

LINEAR CORRELATION
Having thus established measures of the correlative relation

petween the above stabistical elemenbs, we now proceed o establish
the correlation equations necessary to discover the dependence

petween the separate pairs of series: W and f.‘F2 , W and f§2 N
m
Wand fp ,Wandf,WandN.
2 BIA

Our specific task now reduces down to the followinge Given

the tables:

-1l -
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art - Sanitized Copy Approved for Release 2012/04/23 : CIA-RDP82: 00‘039‘R00620'01700 od :
: X 08-4 <

Declassified in Part - i
in Part - Sanitized Copy Approved for Release 2012/04/23 : CIA-RDP82-00039R000200170
. e Co—————— o o . n ——




Declassified in Part - Sanitized Copy Approved for Release 2012/04/23 : CIA-RDP82-00039R000200170008-4

sesesnere esressrorvseneseelW
Wl’ Wa, w3 L] . E,
Table 3
rd .fd }-‘d .-|0.cl'nvl’nolttonctcblifps
1021., j:‘22, E23 5
veesececel
nl,na,n3 Qessevessetensarte 0e s,
Vj" II."I‘..".'I‘I‘.....W
| PR PRI .,
: Table U
: ~d —d ~d Ed
i‘ i‘ .C.I“.".I...O'l...‘...
szl, de, F23 Fos,
nl, n2 ’ n3..........................n
W Woeeessessesasessersrsnceasasoeh
T
A I A
l.’ "2’ 3’
nl, nz;nao-c-n.-n‘ooao-.onoun.--o-o
Wy, Wo, W3..........................Ws,
-E f'\ f‘ on.oa-n-cno----o-.uloo-oc Tableé
Ey, Ba, s,
n n n3..........................n

Wl s W o WB-..................WS,
N N, W Table 7
:L’ 2’ 3‘|'l¢.
.‘l‘l.l.'l"..‘l....“n
nl, nz, ns...

[
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Required, to find the equations:

:
F2w " CP (w)a
£

F i = @ (W),

£

F i = ),
g o= 0 (),
NW = Cp W),

which, as is commonly known [10, 11, 12], may be expressed in the

following wav:

=T s i), |
W F !
2 2 W |
A aF ar 1
‘ = ,
FHF, W
11 -
™ ='£M+r7f~£w(W-W),
FW F ]
2 2 !
- - 7% - |
f = f "‘I‘O—-—(W"W):
EW E W
N, =F sy, .
Ty ;
4
- 13 -

i
i

i

i 1

{ ; : 1
i

H
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We agswne that the inlilal values of the full means :f.‘F2 )
i‘E s T and W are equal to their mexima (cfs Romanevskly fLQ] y Do

380 and Mitropol! skiy 52_7, pe 213, end algo Table 1), and subatin~

tube these initial values, togebher with the values for v, f_f_‘ , and O‘W

(cf. Table 2) in equations (8) to (L2)e
We thus obbaln!

(a) the noon values of the critical frequencies for the T,

layers
fg,w = 5,77 + 0,05 W,
2
(o) the midnight values of bhe critical frequencies for the
Fs layer:
) .
£ = 3,52 + 0,0237 W,y
¥ 2w

(¢) the diurnal minimum values of the critical frequencies

for the F2 layers

m -
Tﬁ;aw = 3,1 + 0,024 W,

(d) the noon valvues for the critical frequencies for the E

layer:

'fE = 2,725 + 0,01 W,

(e) the number of magnebic storms:

T o= 12 + 0,247 W,

" Dedlassified i - ized Copy. ' ) ‘ o
ified in Part - Sanitized Copy Approved for Release 2012/04/23 - CIA-RDP82-00039R000200170008-4 " 7.
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Check computations were made by these formulee, end on this
besls theoretical forecasting grephs of the Ll=year cowrse of the : f \
eritical frequencies and the number of magnebic storms were prepared ‘)
(Figse 7-1l)s On the same grephs the mean values of the experimentally ' :

determined criticel frequencies were alse plotted,

As may be seen from these forecasting grephs, there is satis-

factory coincildence between the experimentally determined points and

the theoretical curves, which enables us to make reliable forecasts
of the oritical frequencies and of the number of magnebic storms for

any year of the ll=year epoch, if the Wolf number W is knowne

"

\M‘""-o-

Declassified in Part - Sanitized Copy Approved for Release 2012/04/23 : CIA-RDP82-00039R000200170008-4 i ‘ i i i



Declassified in Part - Sanitized Copy Approved for Release 2012/04/23 : CIA-RDP82-00039R000200170008-4

Sueh prognoses may be made for any point on earth having an
lonosphere station thet has assembled enough experimental material

to congtruct the correlation equations.

? O,s_ - / \\\\MN
10 T
0

1933 1935 1937 1939 1941 1943

Figure 11,

NON-LINEAR CORRELATION

We now proceed to determine the non-linear correlation equa~
tions. Except for the normsl distribution of statistical elements,
little work has been done to develop the theoreticsl basis for
solving this problem. In this case, therefore, various empirical

rules for finding curvilinear regressions are often usedjand if

- 15 g =
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where, according 4o the criterion of lin

should be enployede

! of
We thus obtain for the ascending (A) brench of the cycle

ionlzation of the 12 layer, al noon:i
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For the ascending branch (A) of the Ml=year march of the

{W- (2{}@" (w>}+

(N 023 2 (W), (i (W) .
(CP;:;9 ) W 9 @) % ) ((p @, > ®, ( | j} v
N @R) [ i (i) - Wig,. (W)
g@:ws W ey G0 }
(R=0,1,2,3,.., Py b= O b 2 )

For the numerical expression of the equabions (20) to (23)

number of magneblc storms, we have:

(NWM (WH’

Ccp (co Q)

+

s0 obtained, we calculate the coefficients Ak and the polynomials
(W); and guiding ourselves by correlation table 1, we set up Table
8, below, which enables us to caloulate the basic totals (cf. bottom

line of Table 8)e

(see following page for Table 8)

Such tables were set up for each of the curves on Figures 2,
3, L and 6, the branches of which, for the sake of precision in es-
tablishing the regressions, it is convenient to express as a non-

linear function with the aid of the Chebyshev polynomniala

Expressing the totals through scalar MS [14]:
Znh””(@o@o) Znhw11=(w) = (W@,
2i nhw2 = () = (¥ @ ), 23 = (P) = (P Qo)

A - = OF o), Pk - G = (E0)
7T - () = (3, > 2T (B0,

:EZt: nh333ﬂ1 = (?i?ﬁ),
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we calculate the cosfflclents of the polynonlal. (18) and of the

polynomials CPL(W) for formulae (20) to (23)

Figure |2 Figure =

L | e I
5 0,0 02 X 7 00

0oz fé‘l—.'ocp(m TQ“P(W)'

As a result of this caleulation we obtain, in place of

)E(ormulae (20) to (23), the following compubational equations for

non~linear correlations:

(B) E; W 0,576 + 0,2 W * 0,268 W s (2L)
2

(1) P 0,16 * 0,38lW + 0,108W2 , (25)

(3) ;rltlzw = 0,LBl *+ 0,680 - 0,09l (26)

(H) Eij = 0s6MT ¥ 0,30 - 0,018W° (27)
2

(8) ﬁw = 0,289 + 0,810 = 0,208 (28)

Verifying calculations were made on the basis of these formuilae,
and from such calculations the theoretical graphs of the ll-year march
of the critical frequencies and magnetic sttorms were then plotted

(cfo Fige 12 = 15)e The values experimenbally found were also plotted

- 19 -
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on these graphs. As may be seen fprom the skebtehes, there Ls satis-

factory coincidence of the experimental curves with the theoretical

ones, which gnables us to make relisble forecasbs of the critical

frequencies and numbers of megnetic disturbances for any year of the
1l-year periods
Figure 14 F\%U\\'e [,

X ]

ﬁ;=¢@n F.=pM)

F—'t'gu re |\ b,

] = @)

Comparison of the results of the calculations obbained by

using the linear correlation equations (cfs Figures 7-11) with the
results using non~lineal equations (cf+ Figures 12-16) prove the

superiority of the latter. Put the accuracy is not so much increased
in the latter case to make us abandon the use of the less cumbersome

linear correlation equations in solving the problem of making fore=

caste in firsb a.pproxima@ion, which is adequate for practical pur-

pOSeSa
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As experimental maberial sccunnlates at the Soviet lonoasphere
stations, the method of forecasting we have get forth may galn accept-
ance on the territory of the USSR; and it s proposed to devote one
of the subsequent papers to its elucidatione

DEVELOPMENT
SEGIION FOR SCTENTIFIC TREARHENIS RECEIVED BY THE EDITORS

OF £ (FIOBLENR) 6 RADIO THEHNSHENY MG IVEER/MS), JUNE 1947,
OF THE ACEDEMY OF SCIENCES USSR.
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