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I. lIntroduction

2, Scope. The purpose of this report is to present an engineering
method of evaluating sky-wave field intensities in tne high frequency
hand fovr any transmission distance ¢p to ahout In,000 kilometers,
Field intensity recordings were statistically znaiyzed in order to study
daytime abhsorption, day-to-day variations, and absolute magnitudes,
Based upon the anaiysis, 2 proposec prediction method was obtained which
should give relatively accuraie sky-wave tield irtensities for the vre-
quencics and distances considered. Succeeding sections show the method
of analysis of absorption, the method of analycis of ahsolutc magni~
tudes, the method of analysis of day-to-day variations, the pronosed
fi2ld intensity prediction method, and summarizing corclusions, Al
necessary equations used in the prediction metnod are represcnted in
nomngrans,

h. DATA. The data analyzed consis*s of '‘monthly med:an receiver input
voltages at one hour time intervals throughout the day and mass plots
showing hourly median receiver input veoltages ia 2 decibel class inter—
vels for the days of the month. The circuits analyzed arc listea in
Table |I. This table snows the 2erioa for which Lhe dJata was zvziiavie,
the distarce between the transmitting and receiving station, the wave
frequency, and type of data. Tnese records were continuous over a peri-—
od of at least as long as one year. The circuit distances range from
90 (0 15,000 kilometers and the frequencies from G.7 to 20 megacycles
por cz2cond, Eighty-three circuit years of montnly median hourty median
receiver input voltages were used in the daytime absorption anmalysic,
Data fo- 36 circuits, including information about transmitter output
powers, transmitting antenna ga‘ns, and receiving system input charac-
teristics were used in theanalysis ofabsolute magnitudes. The receiving
cystem installations ~ere so dg¢signed as to make estimations of absolute
magnitudes possible. Forty-three years of massolot data was used in the

anaiysis nf day~tn~day variations of hourly median field intensities.
Other data not shown in the table covering a period from 1937 to 1944
was used in studying the relationship between daytime absorpticn and {2
ronth rurning averaqe sunspot numter.

c. THE METHOD OF ANALYSIS. This anzlysis isbased upon tne assumption
tha*t at high frequencies sky-wave field intensities can oe computed by
georetric optical methods., Various authors show the applicability of
,2y thcory at these frequencies.! Sky wave propagation is a geometric
rather than a diffraction prcblem since each place on earth at distacces
greater than the skip distance is accessable by georetric trajectories
A method such 25 a residue series would be wore apoiicable if a larje
number of geometric rays existed all having the same order of intensity.
1t has been shown hy L. E. Beghian that, for high frequencies, only 2
few rays are required and that under conditiors of absorption the first
ray approximates the field strenqth obtained by assuming all possible
r2ys.? Wwhen several raypaths exist having the same crder of magnitudes,
it 1s necessary to evaluate the field by summing the contribution of all
the rays. Occasionaily for lonq distances, the error in assuming that




the field intensity can be rcpresented py onerey alone can be relatively
large Since ray intensitiesof equal magnitudes arepossible along several
ray paths.

2. The Analysis of Sky-wave Absorption

a. GtneRAL. (i) In the ionosphere, gas molecules are ionized into
electrcns and positive ions principally by the action ov ultra-violet
solar light. A passing radio wave sets electrons in vibratory mction.
The electruns randomaly collide with gas molecules and lose part of the
energy of vibration during collisions. The absorption of a radio wave
per unit path length depends on the coilision frequency and the number
of electrons per unit volumc, both of wnich vary with height above earth.

i2) Ouring davligil hours, themajor.ty of sky-wave absorption at high
frequencies occurs in the lower & region. This region is known as the D
reaion although it isnotcertain that it is ohysically distinct from the
€. The coitision Trequency 1S high while the ion density is low sc that
a radio wave is absurbed but not greatly refracted. This type of absorp-
tion is called pon-deviative absotrption. The geometric ray theory
approximation :s applicable for frequencies not tooclose to the coltision
frequency, the ionosphere approximating apartially reflecting dielectric.

{3) During tha night hours, the ionosphere acts as an almost totally
reflecting dielectric at high frequencies. The effects of the passage
of radio-waves through the 0 and E layers arenegligible, since the ioni~
zation nf these layers is very smal!., A small but notneqligible absorp-
tion occurs upon reflection at the F2 layer particularly near the max—
imum usable frequency. Tiis absorption occurring at the same time as
wave refract.cn isknown as devtarive a2bsorption. The F2 lzyer collisica
frequency is low due to : w molecular density so that non-deviative
absorption within the iayer 1s nagligible.

14} For long wave lengths, the geometric npt-cs approximation is not
va id particularly during daylight, The i10onusphere can be considered as
a conductor at these frequencies. A large number of modes are possible
which have the same order of intensity.

b. TuEoRry. Equations for sky~wave absorption have been derived by
many theoretical investigatorc. One methca of de-iving absorption
eaquations, shown by Bremmer in "Te-restriai Radio Waves," is indicated

below.3 The geometric-optics approximation focrcky-wave field intensities
is 3ppl eable W an absording reaize i@ w1 3et 2 tivy 1 T Yo areat, (20 apsordir G
region the indox of rafraction is ~omeiov o & 7 1 o v yreseyficed forr 3f Inelit-

v

Law. In the matheratical o3, 1ior avpreaeir @ A tntan T, Af chy s|ant rOarinnet . o
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wave, 2~ exrinertial ter~ agcears accounting for tne attenvation ger unit leng?n
2long ~re pain~ trajectony . Tnis atten,ation factor can oe aritien ase

b}
Adttenuatton Factor e lf' Ig(u)ai Equation
]

where R i3 the wave numper, /X; A being ihe wave length
Iylp) is the imaginary part of the refraction index

dl is a gifferential distance tlong the path trajectory

When the valus for the refractior Index is substitutea in the equation
abovs and the differential dista.ce along the ray patn is replaced by
the differential dlstance p2rpendicular to the earth, this attenuation
factor can be written in the following form: |See 3re~mer, pages !7%
2~z 177), 'z
-n ssc wir 2 ae

AF =g ¢ fﬂ (r) wert Equation 2

ahere C is tha velocity of light

r is the distance from the center of the earth
N is the number of hops

@ is the wave angular frequency

¢ is the angle of inciaence st the innosphere

@., is the critical angular frequency

y(r) is the collisional frequency

The expression within the integral siar is indeperdent of wave fre-
quency Yor frequincies exceeding the collision frequancy This approx-
imation is valid for waves reflected by the € o F2 layer after passing
through the D or E layer, The integral expression represents the nui-
ber of cctlisions between molecuies and e!2ctrons situated in 2 vertical
column e«<tending through the entire lcwer layer. it corresponds to non-
deviative abscrption. The expression, N SeC ¢, can ue approximated by a
constant multiplied by the distance between the re-eiver and the trans—
mitter. When this is done and . ‘ing %bat ail the otner torms in the
exponential expression can de conyidered constant, the aitenuation fac-
tor can be writien in Echersleyt's form:

AF =g 1Y Equation 3

where @ is a constant for particular ionizatior conditicas
f is the wave frequuncy
d 1s the transmission distance between the recziver and trans—
mitter

Tris fom of apsorption factc- has been used in the absorption calculat-




tion methocs for long distance circuits. 1t should be noted trat the
effects of the earth's magnetic fielc are not 1nciyded in the formule,

C. AFPLETON'S FQuATION. “1r t. V., Aupleton derived an expression
for the total non-deviative b layer adbsorption under the condition that
the frequency of rhe transumitted wave was nuch areater than the colli-
sion frequenc,.'! This equa‘ion written :n terus ot an ionosphere re-
flactin~ -aefficient tor vertica!l inrinence follcws:

wrely o cos iy

=lod ¢ w1l —

Equation 4
Pl bw, 't
where p is the refliection cnefficicnt

€ is the electronic ¢herie

M oic the mrss O the electror

~ is the veiocity of !ignt

No is the electrun a=nzity =t tue -2xioum ionizatior of the layer

when the sunts zenmitn arils is> zerp

Vo is the co'lininnal freuws . 1t tre neignt of maximun ioniza-

tion

H is the scaie heiaht

¥ is the zenith angle of tYe sun

@ is the ancular frequercy of the :roprgated radio wave

@7 is the anqular gvre~naanetic frejuency due to the longitudinal
component of the =artr!'s maqret ¢ fiela

This equation, based corn & “tiprar distiiv.tion of Jonization, shows the
vertical incidence ansorrtion for nme 1. n1ry comporert ~f Tvo glect 1o~
magnetic wave. Tne anscroticn cariec pire *t, aite ¢ " V¢ and lnverse-
ly with the saucre of tr syt ~f tre v au ‘o gel . nd *ne dcngitudine:

component of tne nyro-treaqgency.,

d. EFFECT OF THE EARTH'S TLELH UPON ARSCT~1ION. Theoretical equa-
tions show the effect of the eartnis field ,on apsorntion. T“he ratio
of absorption in the preserce of *nre earthts magnetic flela to anworp-
tion in ahsence of the earthts ncunetic fiwld is egual to tne ratio of
the 1maginary components of tne reste-cive y.dices Ot retraction, Iris
theoretical ratic, plotted 1t -igures 4o 2nd 47, iSs niver ny the foi-
fowing equation:

2 4
‘v p— 4
(et ont e T E Gt e
In(p} ? . . .
- =2 & . Lguatior o
lI,-r(F"I;l:c .

- P ?
v (_, LI *—2 s

where w IS the anaular trenuenc, .ttt r . 3iu wrv(
g 15 the arquiar gy’ wfrogen,




6 ic the angle between the eaarthts magnetic field and the radio
wave

3 [}
A =iﬂ,- cos’ 6 +-(:!-stn° 6
[ [}

The upper sign refers to the ordinary ray and the lower sign to the
extraordinary ray. This ratio for the iongitudinal case (direction of the
sarthts field paraliel to wave normal} can be written as foilows:

Iylp) o 1
[Intpd gy = 2

()

When the sarth!s field is perpendicular to the wave normal, the ratios
for the ordinary and the extraordinary ray are given by the following
expressions:

2
1+-L

T i (ordtmary ray) ; = ——%— (extracrdinory roy)

3142
3
«

@. ABSONPTION ANKALYSIS INTRODUCED. For the adbsorption analysis, the
effects on the daytime nonthly median receiver input voltages of varia-
tions in ray angle, running average surnspot numbers, gyro-frequency,
wave frequency, and the zenith angie of the sun were studied in a manner
separating the individual variadles. |Initially, the receiver input
voltages for each circuit and for each month were plotted against hour
of the day, as shown in Figure |. The daytime minimum of receiver input

voltage occurs at an hour corresponding to local noon at the midpoint
of the path between the transmitter anc receiver for aftl circuits.,

f. SOLAR ZENITH ANGLE RELATIONSHMIPS, (1) rhe study of the varia-
tinn of receiver input voltages with the sun's zenith angle consisted of
determining the angle at which the daytime absorption starts and ceases,
and the functional re.ztionship tbetween absorption ¢ic the sunt's zenith
angle. The 'sun's 2enith angle s the angle between the perpecdicutar to
the earth at the ionosphere reflection point and the direction to the
sun., The cosine cof this angle is jivenr by the general formula of spher-.
ical trigonometry:

cos ¢ = 8&in I.l stn L: + cos L. cos Lz cos ) Equation §

where I;' is iatitude of the ionosphere reflection point

Lz is latitude of the sun's sub-solar point




§} is the hour angle of the sun referrvd to the ionosphere re-
flection

y is the solar zenith angle
in this anasysis, solar zenith angles wercobtained graphically from con-
tours of equal zenith angles. Thes2 contours, drawn on the same rec—
tangular grid system-used in the Centrai Radio Propagation Laboratory
npn series predictions were computed by the equation above with reapsct
to the sup-solar points for the fifteenth day of the month rom the dec~
lination of the sun and the eguation of time given in Nautical aimanac
of 19043. Since the pcsition of the sub-solar points do not change much
from year-to-year; the contours, Figures 2 through i3, can be used for
any year,

(2) A study was made of the starting and stopping times of daytime
absorption using the curves showing monthly median receiver input voit-
age plotted against the hour of the day. These times occur when the
receiver input voltage curves begin to decrcase at dawmn and begin to
reach their nighitime value at sunset., The analysis for all the cir-
cuits for each month indicates that daytime sbsorption heyins und ceases
at about the srme solar zenith angle. This angle is independent of
month, circuit length, and wave frequency., tigure !4 shows the solar
zenith angle where absorption begins and where it ceases plctted against
wave frequency. Figure 16 is a mass glot showing thefn? availadle cases
plottea cver a five year period. Figure 17 i{s the cumulative distribu-
tion of this mzss ploil data. The arithmetic mean for the starting
or stopping of daytime absorption is' 102.2 degrees. Figure |5 shows the
dawn and sunset time at various heights above the earth, The angle of
102. 2 degrees indicates that daytime absorption occurs between dawn and
sunset at an £ layer iorosphere height of approximately |15 kilometers,

t3) The functional relationship with the solar zenith angle in
Appleton's absorption equation would give zero abscrotion for an angle
of 90 degrees. Absorption is indica‘ed by this an2lysis to >cart or
cease at a zenith angle of 102,2 degrees and to be maximum at a zenith
angie of zero degrees, It is r~ssivle to set the cosine solar angle
relationship equal to zero 2t . ,..2 degrees by multiplying the solar
zenith angle Uy a constant such that the product of the constant and
102,2 would give a vaiue of 90 degrees. Thus, absorption would start
or cease at the observed angle and would be maximum when the sun Is
overhead. Based on the above, the functional relaticaship of absorption
with the angle was assumed td bhe of the following form in this report:

{CcO8 ) = (cos .88IY Equation 7
where a is a constant equai to 90°/102.2° = .881
m is a constant to be obtained from the data
Y is the solar zenith angle

{4) The monthly median receiver ingut voltages were plotted for all
circuits for each month against the cosine of .881 U as shown in Figure




18. In many cases the morning curve is not as symmetricai as tne afizr-
noon cy,ve due to lack of ionospheric support during the morning hours,
A composite curve, Figure 19, is drawn between the valies for morning
and the values for afternoor, From this composite curve,the voltaye
value at C0S .§81 Y equal to zero was taken as a reference, In cases
where this value wac not cbtainable from the data, the reference volt-
ages were obtained by extrapoiating the curves to Cc08 .§81 ¢ equal t>
zerc. Absorpticn values were obtained as the decibel difference betv.een
the reference and voltage values at pzrticular sofar angles. These ab-
sorption values were then plotted against coS .881 ¢ on log paper as
shown in Figure 20. These curves are nearly straight lines. Tre ab~
sorption curves descrihbed above are not exactly useful since absorption
is also 2 function of running average sunspot number and the angle of
incidence at the ionosphere. In order to separate these variadbles, it is
desirable to convert obiique absorption values tovertical incidence at a
particuiar sunspot number. The following paragraphs indicate how the
oblique incident absorption values were converted to vertical incidence
values for sunspot number zero,

9. SOLAR ACTIVITY EFFECTS., In order to study the variation of d2y-
time absorption with average sunspot number, it was necessary to analyze
data covering 2 period of several years, Fiqure 2| shows absorption ard
12 month running average sunspot number plotted against time for four
routes. There was an initial attempt tc analyze the absorption for a
particular value of the surts zenith angle. A higher correlation coefs
ficient was obhtained for the analysis of the absorption at midday.
Tweive month running average midday absorption was plotted against 12
month running average sunspot number for the e¢ight routes tnat had data
over a sufficiently long time pericd. The circuits analyzed cover vari-
ous transmission distances from »» kilometers to 3636 kilometers and
frequencies from about 2 megacycles to [0 megacycles. By plotting 2
month running averages, the seasonal trends of absorprion were removed.
The data shows that absorption varies linearly with sunspot number as
shown in the following equation:

AI = Apl +be) tquation 8

where 8 is the running average sunspot number
b is a constant obtaincd from the experimental data equal to .0037
A, is the absorption at Sunspot Number O

4, ic the =bsorpticn 2t Sunspot Number X

The slope of the linear relation between absorption and sunspot number
is .0037 a: an average for the eight circuits, Table 2 lists the values
of tre slope ¢.d the |inear correlation coefficient obtained from the
least scuares ana'ysis,

he LAYER HEIGHT VARIATIONS. ({i! F. W. G. White mentions that the
variaticn nfabsorption between winter andsummer is less than that expect-
ed by theory based on thesolar zenith angle.4 Figure 22 shows themidday




absorption exi-apciates to a Jery Jegree zencth angle ior the radio cir=
cuit Sctween Wexico City ana foster,  “n.c figure shows the minimur F2
jayer virtuyal reights otserver .t (ouimiona Ltate Uraversit, for tne
same pericd vf time covered by the absorption curves. Tnis pinitmum vir—
tua! height curve is plotted with incretsirg height i1 2 downward cirec-
tion. By cumparing th: moath--to-rmorth 27 ations of midday avsorption
with thc menthily average ©2 'ayer o ddav virtve neigat, it s seer that
the absorptior. appears to toliva "2 'aver welghts ‘nverse.y. Luring the
summer season, the f2 'gyer ne'ghts are eher and, “hys, the ray argles
at tne ionosphere are steeper thin 1,-."a the wenter seasen,  lhi.
tends to decrease absorption {uring tae Suvrer ~oaths relatire the
values during the winter months, explutning the difierence hetweern nin-
ter und surmer absorption not accountahte oy tue zer tr ungle alone.

(2) The diurnal variatinn of minimum monthly meadian F2 iayer virtuval
heights tor earh ront» are <hown in F.qures 23 t!rough 4. These fia-
ures reoresent the average F2 layer virtual teiqnl at ail iconosphere
stations as reported by thc Naticra! Fureau Cf 5tancards in che Central
Kadio Propagation Laboratory F teriec - pcorts for 1045 through [94R.
Based on this analysis, f2 layer v'rtual he ghts du not appesr to have a
regular variation pattere thrcughoutl the so'ar ¢ycie or between geo-
magnetic 2ones. Fiqures 2% through 34 may therefore be used to approxi-
mate the minimum F2 layer virtual neight 2t any ascarzphic locat.on at
any time. Figure 3B shows that, in some !orations  the mipicum FD> rayer
virtuai height increaseswhiiein others 1t decrerses 2r 1eTairs constant
as the moving average sun<pot nurper pcreases,  “izure 25 shows the
average heights odtained fromthe contours ard the cpserved nion FZ layer
heights at washington, L. (. for five voars. ‘he monthiy median ¢ laver
virtual heights donotvary arecatiy frorm month—to-morth, Figura 27 shoes
the minimum virtual € layer heichts as coserved (n dacs rot iy, L, O, in
June and December of 194A piotted acarrct houar of tha Gay,

(3) Only F2 layer and E layer trarumission moaes are cunsideres 1
this report. £ layer transmissinn mpaes are acs ~ed to be reflected

from a |10 kilometer virtua’' heicnt., . a4y r transmicaion croges *Cr
egquai antenna radiations probabiy 1°J cetagen the F) oand tae £ moass in
intensity. Generaliy, rays that penetrete the ¥ tayir weot e reflected

by the F2 layer and Fi rayer o5de  jrobab'y are w~a (s "~ ragn tude
than the F2 layer moges,

1. CONVERSION TO VERTICAL NCITENCE v Ataorrt.cn ads assumed 10
be directly propertionat to the an3.e ¢ neaaence at ¢ O k.iometer
height, These angle¢s were based .n wnn- “efloctel rays dDetween a
curved earth ard a curved 1onospNaTe. N nvenience inoaralysils, 4ne

secant ot the angle at 01 v leretoc ana ro 2tled 1o the anale petween
the ray and ground. figufe <F <«bim "By zecant 0of the ang e of inci-
dence for thevaricus 'ayer heiguts »ao e’ e ot greas 2ir7 . distance
ang ang:e between the ray an~g the 3 .10, to vecant factors for morti-
hop modes are equa! to the secant fa.* + ‘or s.rq o hyp r~les of the

same radiation angle =3't p'ing by 1o o e ¢ onnaphere caflectTare,




For tne various possible propagation modes rcflected from the £ ~nd F2
layers, the secant factors at u 100 kiirometer heigh® were obtained ot
tha radiation angles determined by the number of ionospheric reflections,
the vi,tsal layer height, and transmission distance. ™aximum usable
frequescy curves were plotted for the transmission path for the period
of the data from thc observed critical frequencies shown in the Ceatral
Radio Propagatinn Laboratory F Series. These curves, seeFigure 39, show
which sky-wave modes were possibie at certain hours and frequencies.

{2) The oblique incidence absorptionc were converted into vertical
incidencec absorptions by dividing by the secant factcors., The layer
heights corresponding to the particular loca! time at the ioncsphere
reflection point were determired from Figure 23 through 34, which give
the average layer heights for each month of the yesr. Since both the
solar zenith angtesc and th: !ayer heights were obtained frcm charts in
terms of latitude and local time, the secant fauio-s for Fi ‘ayer modes
wers obtained at corresnonding solar 2e. ith angles. in addition to
dividing the obhlique inc idence absorptions by the secant factors, they
were divided by the solar activity factor given in Equation 8 to convert
the vertical incidence values to stnspot numher zero,

{3) The vertical incidence absorption at sunspot number zero for each
monih and for &ll the circuits was then plotted against the cosine of
.881y* Figure 40 shows a typical plot of this kind and indicates the
mathematics used i1 obtaining the vertical incidence apsorption for sun—
spot numher 7ero from the cbligue incidence absorptiun at a known sun~
spet number, These curves zre more linear than the piots of oblique
incidence absorption against the same function of solar zenith angle.
Secant factor variations due to ionospheric layer height variations are
accounted for, In this analysis, no account is made of the chai -« in
antenna r:diation due to hourly changes in iayer heights. It is fe.:
that apparent absorption variations due to differences in antenra
radiations that occur from hour-to-hour dd not cause large errors when
afl the routes arc considered as a group. Some of tne circuits have
nigher total antenna gains at lower angles than at higher angles, while
other circuits have upposite characteristics.

{4) The plots of vertical incidence absorption against the cosine of
.881Y were extrapolated to the value of cosine .88y equal to {, the
sub~solar absorption forvertical incidence 2tsunspot number zero. These
values should not vary with season since the effect of height variations
have been accourted fo.. Table 3 shows that residual seasonai fluctua~
tions ere neqligidble. The effect of transmission distance upcn these ver-
tically incident values should also have been rerovea. Figure 4i shows
the vertical incidence absorption plotted against transmission distance
for those values of frequency for which data is available at several
distances. No appreciable variations were noted with transmission gis-




tance., The exponéﬁ?—ﬁf the relationship between vertical incidence
absorption and CO8 .881 Y varied somewhat beiween circuits. These
exponents are pictted as 2 mass plot ayainzt the nonths of the year in
Figure 42. Figure 43 shows the cumulative distributiun of the exponents
for all the observations from the data, plotted on normal probability
paper, Figure 44 shows the exponents plotted against wave frequency,
Table 3 is a summary of the seasonal var:ations of the exponents. !t is
noted that the seasonal average values are very ~earily alike and that the
composite median for all available observations is 1,30, (Figure 43},

15) For distances greater than £000 kilometers, the conversion of
oblique incicence absorption to vertical incidence was performed in a
slightly different manner. The average of the layer heights hetween
2000 kilometer points from the transmitting and receiving locations was
used in determining the radiation angles above the ground plane for
various probable transmission modes. For these modes, the solar zenith
angles were getermined at points corresponding to the positions of iono~
sphere reflections., The average of tie €08 .881 ¥ for these reflection
points was taken as the value for the circuit. The oblique incidence
apsorptions were Givided by secant factors for the most probable wudes
and by the solar activity factor to transform the values to vertical
incidence and sunspot number 2ero. Figure 45 shows the secant factors
at a {00 kiivmeter height plotted against distance for various number
of hops for a reflecting layer height of 300 kilometers. Figure 38 was
used to obtain the secant factors in this report, the secant factors for
multi-hop mcdes being equal to that for single hop modes of the same
radiation angle multiplied by the number of hops. The vertical incidence
absorption values at sunspot number zero were then plotted against the
average cosine of .881 y as in the case of shorter routes. The subsolar
absorption values at sunspot cerc andslopes are included with the values
for shorter routes in Figures 41, 42, 43, and a4,

jo OBSERVED EFFECTS OF THE EARTH*'S MAGNETIC FIELD. (1) Since ab-—
sorption is a function of both wave frequency and gyro-frequency, it is
desirabic to analyze the relationship hatween checorption and wave fre--
quency in a manner eliminaiing the effects of ths magnetic fieid. The
Appleton equation for the ordinary ray indicates that absorptinn varies
inversely with the square of the sum of the wave frequency and the lonc~
itudinal component of the gyro-frequency. Iheoretical equation b shows
iluw absorption values can be obtained in absence 0t the earthts magnetic
field. These absorption values should show a consistent relationship
with wave frequency since the magnetic t:eld ettect has been removed.
In this report, the reiatinnship b:tween absorption and wave fre.uency
was studied in absence of the magnetic field and by A more approximate
method.

(2) Figures 46 and 47 can he used to ~onvert absorption to values in
apsence of the earth's field., These curves show the relatioiship
between absorption with and without the presence of the ez2rtnt's field
for both the ordinary and the 2xtracrdinary rays. I1a order {0 u3e these




curves, the angl!e hetween the eartn's magnetic field and the ray direc—
tion must te known in addition to the gyro~frequency.

{3) Two space angles in a spherical coordinate system determine the
direction of any 1ine, The variation and tne dip determine the direc~
tion of the earth's field. Fiqure 48 snows the variation of the earth's
field white Figure 49 shows its dip. The angle of incidence at a 10C
kilometer height and the bearing of the great circle path petween the
transmitter and receiver at the ioncsphere reflection point determine
the direction ot a2 ray at the absorption height. The variation and dip
of the earth's fieid and the bearing of the graat circle path are deter-
mined graphically by using an overlay and charts drawn on the National
Bureau of Standards recxengular grid system, Figure 50 is a bearing
chart which has bdcen devised at the Radio Propagation Unit to determine
the bearing from north for any point along the great circle path between
any two points on tne eartht's surface,

{4} A transparent piece of parer is placed on a world map, Figure 83,
and the positions of the transmitting and receilving stations are marked
in addition to drawing a line over the equaior. This overfay is then
placed on tne great circle chart, Figure 84, and moved horizontally with
the equatorial lines coinciding until the transmitting and receiving
tocetions fie on the same great circle or proportional distance betwzen
adjacent great circles, The great circie 1s sketched on the ‘rarspar-
ency to the point where the great circle path crosses the equator, The
transparency is tnen placed on the Radio Propagation Unit BeerH;'Chart
vith the equatorial lines coinciding and the point where the great
circle patn crosses the equator is placed or one of the two equatorial
polar points, The bearings are found in either directior at sny point
along the great circle path., It 2 point on the great circle lies over 2
secticn of the hearing chart marked £ {or W) <he bearing is found for an
easterly (westerly) direction. The overlay, i1s then olaced over the dip
and variation charts to fing these values at the path midpoint, The
over'z2y is also usea to find the 3yrc-fregquency at the ionesphere re-
flection pocint. Figure o1 shows tne gyro-frequency chart drawr on the
same rectangular qrid. The values are obtained from the measure¢ total
earthts magnetic field at the surface from the Hydrographic Office
Charts o 1945 extrapolated to & 1J¢C kilometer height by Schmidt'is
equation.®

{5) Since the directions of the earth's fiela and the ray path are
known, the angle between the two can be determined by the general for-
mula of spherical triqonometry or from the D!'Scegne Nomogram, Fiqure n2.
All the varianbles reauired for the determinatior of *he factor reiating
absorption in presence of the earth's field with cbsorption in the ab-
sence of {he earth's field are known since the ang!c hYetween the ray
direction and the earth's field is known in 3adition to the gyro-frequency
and the wave frequency. In this analysis, separate factors are deter-
mined for both entry and exit Since the angle between the earth's field
and rzy differs for the upaoing and downccming parts ot the ray paths.
The average of the factors for entry and exit were used to corveri




apsorption to that expected whcn the earth's field is not present,
Figure 53 shows this absorption in absence of the earthts magnetic
field at vertical incidence plotted against the wave frequency tor
ordinary ray transmission. The curve includes absorption values tor all
four seasons. Monthly mecian values for eéch individual circuit are
shown by dots.

(6) Due to the complexity required in determining the angle between
the earthts field and the gecmetric rays, it is desirable tc use 2
method which clfosely approximates the effect of the earth's field but
does not require the determination cf the angle., Various apgroximations
were irvestigated. The data indicates that wnen absorption ic glotted
against the sum oi the wave frequency and the total gyro-frequency that
a consistent relationship is obtained. Figure 54 shows the equivalent
vertical absorption for sunspot number 2ero and solar zenith angie zcro
piotted against the sum of the wave frequency and the gyro~frequency for
atl four seasons of the year. The individual dots represent monthtly
median valuas fcr each circuit. Figure 55 shows the same curve when
the yearly average values are used. Least{ squares straight linec based
on the yearly averags valyes are drawn an all these plots, The slope
of these |ines shows that absorption varies closely in an inverse
squared relationship with the sum of the wave frequency and the total
gyro-frequency. |t is noted that few experimentd! points were available
beluw about 5 megacyles and , thus, the reliability of the curve is less
at these |ower frequencies. Thus, the data shows that vertical incidence
absorption for a salar zenith angie of zero degrees and a sunspot number
of zero can be related to the sum of the wave frequency and the gyro-—
frequency by the following equation:

Corstnnt

Frequency Function = 3
(f +Fy)

Equetion 9

where [, is the gyro-frequ ncy

f is the wave freguency
d is a cor~tant

k. RAD10 PROPAGATION UNIT EQUATION. The statistical analysis of the
monthly median receiver input voitages indicates that absorption fits a
formula similar to Appletonts converted to obiique iné iderce,

Cn sec ¢ Icos nv)'u +bg)

A in decibels = 5
(F+fy

Equation 10

where 3 is the sun's zenith angle
a 1s a constant = ,881
b is a constant = ,(0u?
£ is a constant = 615,
s is a constant = 1.3

1n oD




1 is a constant = 1,98
f is the wave frequency
f; is the qyro-frequency at 2 10C kilometer height

n is the rumber of ionospheric reflectluns

¢ is the angle at 2 100 kilometer height between a perpendicular
to the earth and the ray path

S s the 12 month running average sunspot number

!t should.be noted in the above equation that the total gy ro-fregquency
Is used instead or the longitudinal component and that this gyro-
frequency is the value at a |00 kilometer height.

3. Analysis or Statistical varistion of Hourly Median Sky-wave Field
intensities,

a. GENERAL. The mass plots of the hourly median receiver input
voltages were used in studying the day-to-day variations over manthly
and yearly time pericds, Figurv 64 shows a typical mass plot., The
dots show the number of days that the hourly median voitages lie within
2 decibel class intervals over the month, Separate studies were per-
formed for day and night hours. These studies indicated that when 2
sufficientiy long time period was used both the nighttime a2nd the day-
time day-to-day variations were similar for each circuit and are prac-
tically indcpendent of wave frequency, transmission distance, ana hour
of the day.

b. NIGHTTIME DAY=TO-DAY VARIATIONS. [n the analysis of nighttime
voltages, the statistical study was made at the night hour at which the
monthly median value was the highest. The data was plotted in histo-
grams, indicating the number of cases where the voltage fell between 4
decite! intervals, as chown in Figure 65. Cumulative distribution plots
were made for eacn month for alt the circuits. These distributions were
piotted both on normal probabiltty paper and on Rayteigh coordinaie
paper, as snown ‘. Figures 66 ang 67. The number of cases within 4
cecibel class intervals were also pletted against tne months of the
year. Fiqure 68 shows one of these plots vhich were used in analyzing
the yearly trend of t.e mouthly median values., For each circutt, the
cumglative sums of ali the ceses within 4 decibel class intervals for
the zntire yvar were plotted on Rayleigh coordinaie graph paper. These
curves are shown for each route of this report, Figures 69 through 72.
Comparing the virivus figures, it can be roted that they are nearly
linear between percentages exceede. 90 percent of time und |0 percent
of time. Receiver input voltage in decibels referred to the yearly
median were plotted against percentage of the time the voltage is ex-
ceeded, Figure 73 i5 a cumulative distribution that includes all the
circuits. The decibei values referred to the median for each circuit
were read from the cumulative distripution plots at particular percent-
age values and these were plotted as a composite. The composite is
nearly a straigut line with a slope approvximating that obtained by .ot
ting a Rayleign distribution on this paper. There are approximately i3




decibels between the cxceeded |0 oercent of the time and the exceeded
00 percent of the time values, Figure 74 shows the cumulative distri-
bution of the decibel differences between the exceeded |0 percent of the
time and the exceeded 90 percent of the time values for each nircuit
vhen tnese are taken on a yearly basis. This figure is useful in show-
ing the percentage of circuits having particular decibel differences
between the |0 percent cxceedea and the 90 percent exceeded vatiues.

€. DAYTIME DAY-TO0~DAY VAP|ATIONS. (1) The daytime voltages were
anaiyzed in a similar manner, 1lhese again chow considerable differences
if individual routes are examined on 2 monthly basis, But, again, if
the data for a pariod as lcng as a year is used in aralyzing the day-to~
day variations, the routes appear similz-, For the daytime :oltages,
there were 140 separate anilyces. !n ove, the data was analyzed at four
six hour intervals; 6 a. m., noon, 6 p. m., and midnight. For 2ach
circui* at these nours, the decibel differences hetween the monthiy
mdian and percentages exceeded 10, 30, it, and 90 percent of thz time
were obtained from Lhe mass plots by counting the number of cases above
and below the monthly median values. The average differences between
these percentages tor all the civcuits at tne four hours of the day
were conmbined into compcsite plots at acoroximately the same wave fre-
quencies. Fiqure 75 shoums this composite cumuiative distributicn for
particutar wave frequency values.

(2) 'n .he other anaiysis, the variations ware obtained at a sol»r
zenith angle of 60 degrees. The zenith angle of 60 degrees was cioser
to have oata turaughout the year fur a large number of circuits. Large
zenith angles are not possiblieatall locations for the entire year, The
receiver input voltages were grouped into 2 <ecihe! class intervais for
for hotn morning and afternoon fcr each month for all the circuits.
Figure 76 is a typical histogram spowing the number of instances at 2
decibal class intervals referred to the monthi,; median for both moraing
and afternoor at a solar zenith angle of 60 degrees for « circuit for
one month. The cumulative distributions were calcuizted and plotted,
From the plotted cumulative distribution curves for each circuit and
each month for mornitq and afternoon, the decihe! differences between
the medisn value were read at percentages exceede:®! i, 5, 10, 3C, 70,
90, 95, and 99 percent of the time, These re.c averaged for all the
months c¢f the year with dcth mcrning and atternoon values included.
Figures 77 an¢ 78 are cumulative distributions for each circuit on tbhis
yeariy basis, Figure 79 is a composite for all the circuits. The com-
posite curve for 21| the circuits durinag dayligh: hour3 again nlots
nearly linearly on Ruyleigh coordinate perer. The aecilet difference
between tho exceeded | and 90 percent cf the time values is |4 deci-
bels, nearly that expected for a Rayleigh distribution. The decibel
differences between the 10 and 9u vercent values were plotted for atlt
the reutecs “or the solar zenith angle for €0 degrees as a cumulotive
distritution on Figure 80.

d. SumMAry, [}) Smith and Harrington iu Central Radio Propagation
Laboratory Repor. | - ¢ show that the distrihution of day-to-day hourly
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median field intensities over long time perinds is roughly ncrmai in
decibels, betwecen exceeded 10 to 90 percent of the time vatue.. They
show a 12 decibel difference between the exceeded 10 anu the exceeded
90 percent of the time values 2s a median for the circuits analyzed,
The standard deviation of the Approximate normal distribution was oiiown
to be abcut 5 decibels, Figure §1 shows a ncrmal distribution with a
5 decibel standard deviation plotied on Rayleigh coordinate paper,
Short term variations in sky-wave fieid intensities, appear to follow
the Rayleigh distribution, given by tne tollowing equat:on:

2

P= zooe-'““({-) Equation [}

where F Is the instantaneous field intensity
E, is the median field intensity

P is the percentage of the time the instantaneous value is exceeded

(2) As irdicated in the preceding paragraphs, both daytime and night-
time hourly median receiver input voltages plot nearly finearly on
Raylieigh coordinate paper with abouf the same slope 2s exp2cted from a
Rayleigh distribution. Thus, the day-to-day varistions over a period
as long a3 a year have approximate Rayleigh distributions, A Rayieigh
distribution is the same as the distribution for the magnitudes of a
complex variate with equal standard deviations along two rectangular
axes, The work of Ray S. Hoyt of the Bell System on prohability thecry
for two dimensional normal distributions can be cited.® iIn his ;933
paper, he shows cumulative distributions for the magnitudes for various
values of a function, b.

AN
T e, /s,

where §; is the standard deviation along the U axis

Equation |2

S, is the standara deviation along the V axis

When the standard deviations along two" rectangular axes are egual, the
value of the function is equal to zero. When one standard deviation
greatly exceads the other, the function is equal to 1. Cumulative
distrioutions for b values of 0 and | are also shown on Figure 81.

{3) The day-to-day variatioas over as short 2 period as a month
vary from month-to-month and between circuits, Many of these variations
can be accocunted for by variations in jonospheric support, Figures
showing the critical frequencies for transmission by various sky-wave
modes are usapie in 8nalyzing reasons for many of these variations,
The extent of ionization of the layers of the ionosghere aetermines
which modes are possible, Many of tne variations can be traced to solar
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activity., Figure 82 shows the nighttime monthly median rcceiver input
voitages for MiT receiving XEWN at two night hours. Night values remain
high betwean early 1946 and midyear 1948, the peak of the present solar
cycle, This is preobably due to the fact that the ionosphere is suffi-
ciently ionized to consistently support the F2 two hop transmission
mode, the predosminate sky-wave mode for that circuit.

4. The Analysis of the Absolute Magnitude of Field Intensities

a., GERERAL. The ~bsolute magnitudes ot the sky-wave field intensi-
ties were anatyzed by using the measured data and circuit information.
Treoretica! receiver input voltages were compared with observed data
valuees in microvolts receiver input. Measured instantaneous output
voltages, recorded on continuous ksterline-Angus type recorders, were
calibrated in-terms of receiver input voltage at the receiving stations.
Hourly mediar values vere computed at the receiving locations “rom the
instantaneous recordings. Information about the transmitting and receiv-
ing antenna gains, the transmitting antenna radiated powers, and the
receiving circuit input characteristics was obtained directly from the
various transmitting and receiving statinns, Measured antenna gains
vere available for a few of the cirruits. The antenna gains were calcu-
lated in this analysis from standard equ :ions such as shown in Radio
Propagation Unit Report No. 7 for linear thin wire antennas, accounting
for imperfect earth conditions ano 2ssumed antenna lcsses.® Table 4
shows thke transmitting antenna gains and the receiving antenna effective
heights for various raciation angles above the ground plane, Mismatch
losses based on rthe input circuit characteristics were included in the
receiving antenna effective heights.

b. THE CALCULATED RECEIVER INPUT VOLTAGES., °(1) The measured and
calculated receiver tnput voitages were compared for niaht hours, Fecr
daytime hours, the absolute magnitude can be obtained frcm the night
values by accounting f~r the daytime absorption losses. The receiver
input voltages were calculated for various possidle ray paths for assumed
lossiess refiections at the ionosphere. These values show what the
receiver input voltage would be if the only losses are thcse due to
free space distance attenuation and ground reflections.

(2) The free space loss 2long a ra3y path is dependent upon distance
detween the transmitter and receiver, the virtual layer height, and the
aumber of hops. These sare calculated for various assumed loyer heights.
The analysis incdicates that within o very close approximation that the
ratio between the distance along a ray path and the distance aicng the
turved earth between the transmiiter and receiver is indeoendent of
layer height for equal radiation angles. Thus, tne free space field
intensity or any ray can be gitven as 2 function of the radiation sngle
and the transmission distance alone, The incident field intensity in
free space for a refersnceinverse distance field intensity can he given
by the following equation:
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where B is the incident field intensity in free space
lo is the reference inverse distance field intensity

P is the transmission distance

D is the distance along ray path

f (4} is the functional relationship between the transmitter dis-
tance, the ray distance, and the radiation angle

8 is the angle between rayv and ground plane for an inverse distance
fieid intensity of 300 millivolts per meter at one kilometer

Figu - 56 is a nomographic solution for this equat jon.

{3) Ground reflection losses were caiculated for randomly polarized
sky-waves for various angles with the ground for three types of earth,
good eartn {€ =10, o=10"2 mhos/m), poor earth (e =4, o =10"3 mhos/m),
and seawater (¢ v+ 80, o =5 mhos/m}, as shown in Figures 57, 58, and 59,
Equal amounts of energy are assumed in the horizontally and vertically
polarized fields. These reflection losses are given by the following
equation:

R} + R}

+R,
2

L =10 loflo Equation 14

where L is the earth's reflection loss in decibels
R, is the magnitude of the vertical polarization reflection

cosfficlent
R, is the magnitude cf the horizontal polarization reflection

coefficient

C. COMPARISON BETWEEN MEASURED AND CALCULATED VALUES. The theo-
retical receiver input.voltages based on free space an. ground reflection
losses alone were caiculated for the various probable ray angles for al!l
the circuits with sufficient circuit information, These thzoretical
values and observed yearly peak nighttime receiver input voltages agreed
clasel; fsr most of tne circuits. The yearly peak receiver input voltage is
tne niyeitime value exuweded 10 times during the month that the highest val-
ues were opserved, Tapic 3 Shows the comparison petweencalculated values and
vaiues observed for varlous percentzgis of the time. The statistical
analysis indicates that the calculated voltage based on f-es Space and
ground reflection !osses alone is 3.i decibels above the yearly median
value of the composite of all.circuits during the night hours. This 3.
decibels value can dc assumed to be a factor to obtain median field
intensities from calculatec values during the night hours. Ouring the
day hours, the additional daytime absorption loss must be subtracted,
The 2.4 decibels value may contain additional losses due to magneto-
lonic sptitting and layer reflections. For many circuits, this value
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may be loo large. These circuits have 2 single predominate sky-wave
mode throughout the entire year, Table 6 shows comparisons between
calculated and measured receiver input voltages.

d, CONVERGENCE GAINS., |In comparing theoretical and observed vaiues,
theoretical ionoschere convergence gains were considered. Figures 60
through 63 show convergence gains ccaputed for reflection of electro-
magnetic waves from a smooth ionosphere as indicated by K. A. Norton.7?
The observed differences between the calcuviated and measured values
indicated that the convergence gains i\ ould generally give too high
received voltages and, t-us, the effects of convergence gains were not
incltuded. If the magnitudes along »ny ray path are determined by areas
only a few Fresnel zones in diameter, convergence gains which are based
on reflections over a wide smooth reflecting area are probably not
applicable., Scattering and wave divergence at the ionosphere were not
corputed.

5. Proposed Prediction Method tor Monthly .edian Sky-wave Field
intensities,

8, GENERAL. The proposed prediction method is designed for distances
up to abou* 15,000 kilometers for short wave frequencies. Th:s field
intensity values obtained are for tne in.ident waves from the ioncsphere
and do not include ground reflected components at the receiving location
and are median unabsorbed field intensities less ionospheric absorption.
An unabsorbed field intensity is that expected during hours of darkness.
These vaiues given in this report are for a reference antenna which
radiates asignal of 300 millivolts per meter at | kilometer. Unabsorbed
field intensities for any anterina can be obtained from those based on
the reference antenna by accounting for the difference in radiation
between the actual transmitting antenn2 and the reference antenna. |If
the antenna gains are calculated with reference to the gaia of a short
dipoie with one kilowatt of input power (300 millivoits per meter a¢
one kilometer), and the 2:tenna radiated powers are given reterrea to
one kilowatt, the unabsorbed field intensity for any antenna in decibels
is the transmitting antenna gain plus the transmitter power added to the
median unabsorbed field intensity of the refereice antenna. Vnabsorbed
field intensities for the reference antenna are odtained from the free
space distance zttenuation along the ray vaths, ground reflection !osses,
and an experimental factor which converts these theoretical! values to
median vatues. These values are cal!cu!cied for angles above the ground
piane which are determined by the minimum virtual fayer heights, the
transmission distance along the earth's surface between the transmitter
and receiver, and the number of reflections between the ionosphere and
the ground, Sky-wave field intensities must be computed in slightly
differsnt manner for short and long distances., The method for distances
short enough that the ionospheric char-~teristics at the path mid-point
determine propagation conditions is shn first and then the method for
longer distances is described.

b. UNABSORBED FIELD INTENSITIES. (1} ihe unabscorded or nighttime




ircident down-coming sky-wave fieid intensities can be calculiated if
tre transmitting antenna output power and gain, the ray angle above the
ground plane, and tne distance betvecrn the receiver and transmitter arc
known., The ray anole datermines the antenna radiation, the inverse dis-
tance losses, and the ground rc“lection losses (for routes with more
than one ionosphere refliection point).

t2) A graphkical procedure is followed requiring various charts drawn
on the same rectangular grids as the Central Radio Propagation Ladoratory
monthly predictions. The layer height is found first and then uysing the
layer height, the transmissiondistance, and the numver of hops; the
radiation angte is determined from a nomogram, Average F2 layer minimum
virtua! heights can be found for the required time and geograpnic loca-
tion for any month from liqures 23 through 34. Figure 83 is a world map
and Figure g4 is a great circle chart used in determining the position
of the great circle path between any two points on the carth.

{3) An overiay is required in addition to these charts in order to
determine F2 layer heights for any hour referred to any reference longi-
tude. A transparency is placed on the worid map and marks are plazed
over the position of the transmitting and recelving stations. A hori-
zontal line isdrawn over the equator line onthe wor!d map and a vertical
is drawn at the longitude for which the hours of time are desired to be
based, If it is desired to have the hours in Eastern Standard Time, the
vertizal tine is drawn at a longi‘ude of 75 degress west. This overiay
is now placed cn the great circle chart with Lhe equatorial [ines coin-
ciding. Tne overlay is moved horizontally until the transmitting and
receiving locations lie on the same great circle contour or at propor-
tiona! distances between adjacent qreat circles. Tne great circie is
sketched in and the path midpoint is marked, using the dash-dotted scale
of the grest circle chart as the distance scale. The overlay is now
ready for use in astermining the layer heights for any month for an)
hour referred to the time referencé for the particular circuit. This
overlay is placed on the F2 layer minimum virtual height chart for the
requi red month, The equatorial line on the overlay is aligned with the
equatorial i1ine of the height chart and the vertical reference line is
piaced over the desired hour of the day. The F2 minimum virtual layer
height is read at the path midpoint.,

(4) The radiation angle for any assumed number of hops can now be
determined since the layer heights and transmission distances are known.
Momogram, Figure 85, is used in this determination., Figure g6 ix a
nomogram that can be used for single hop modes. These nomograms are
based upon sharp reflections and a curved earth, The siicer of Figire
85 is olaced ina horizontal positior at the layer height with the trans-
mission distance scale of the slider set at the left vertical reference
linc of the nomugram at tre transmicsion distance. Thus, the radiation
angle can be read directly corresponding to any number of hops fer any
height., In this method, all E layer refiections are assumed to cccur
at i) kilometers whiie the F2 layer reflections occur at heights based
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cn the average »f fcur years! nhseriatrinneg,

(5) Knowing the radiatrc, angte for the proubable mode, 4 is now
possible to find tre unst.orbed field tntensity. Nomngram, Tigure -£,
shows the free space fieid *u. !e r=teren « antenna. This nomogram is
entered with the raciaticn anjle ana ihe *sarumission distance to oStain
the free space field for eny 2y pa.h. The unzansdrhed fieid intensity
for the refererce anterna includes additiona! iosses due to intermediate
ground reflections ond ar axjeriments! seac*ar converting the cazlcuiateg
values to medizan value¢: womeygrir, Tiqures H7 through 53, are used tc
determine the ground :eflecticn tosses over three types of terrain, good
earth (€ =10, o =1977 ahos/m , oo, eartk (< =24, 0 =310"3 mhos/m),ans
seawater (€ =80, o =+ mhos/m}, for ary nuwamer of around reflections for
any radiation angle. ihe crave. rnn fae¢rn: hetween calculated and
median values was shown 1o be . decive. fhys, in cummary, the un-
zbsorbed field intensities for tnhe referunce antenca are obtained by
finding the minimum vir‘uz, izser neignts trom a nomogram, finding the
radiation angle correspondinz to any ~unter of hops ¥rom 3 nomogram, and
then finding the free space field intersity from another nomogram. The
unapsorbed field intensiry, ~» n. ht+ 7o tield wntensity, for the refer—
ence antenna is equal to the {ree spa.e value for the particular trans-—
mission distance and angie 2pove the gqround, less the ground losses at
the intermediate ground r~flec*tioss for that jadiation angie and lecsc
the factcr of ... decibeis, Hareraisy, 7~ne tay path alone determines
the sky-wave field intensi1t\ for rost distances since the ionospheric
conditions limit the nuahzr . ¢ poscinie ray paths and the anterna radia~
tion i3 generally stronger & onq cne ray natn in addition to the greund
retlection fosses efrecting the ~¢-ennth ,f multiple hop rays.

C. DAYTIME FIELD INTENS!THES tt) The daytime incident sky-wave
field inteasities are ohtained from unehsorned field irtcnsities by
subtracting the dayiimc abssrption. / gra hical &' hod, based on the
semi-empirical forrula ¢ the statis‘.cai ana‘ysic .3 uzed to calcuiate
the absorption. It ic required to know the sclar zenith angie at the
path micpoint, the ruinning average sunsiyot numher, the angle of incidence
at a |00 kilometer height, the rumher of ref oCtions between the g ound
and the fonosphere, and the gyro~frequeiicy, These are obtained graphi-
caliy from the standard rectanauiar qrids mentioned previcusly. The
angle of incidence is excressed in a relztionship with the radiation
angle determined b, the transmission distance, the iayer height, and tne
rumber of lonospheric hops. The ruoning average sunsSpot number s
predicted while the wave freaguency ;5 w<ually known.

(2) The solar zenith angie and gyrw-frequency are obtained by using
an overlay; the solar zenith crqle cra-t<, i.qures 2through |3 and the

gyro~-frequency chart, Figure =|. b avertay, which was discussed in
preceeding paragraphs, i< placed o satas fepith angle chart for the
required month with the equatusial ¢ n- _ryncidinrg and the vertical
reference line set at the desired cur.  he solar renith angle is read

at the path midpoint.
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{3) In order to simplify the graphical method, a2 new function is
defined. This function, called the absorption index, I, is given by
the following formula,

I = (cos .681¥) (1 +.0087 §8) Equation {5

where S is the running average sunspct number
¢y is the solar zenith angie
I Is the absorption index

With the value of solar zenith angle obtained in the preceding para-
graph and the pgredicted running average sunspot number, the index [
can be ottained from the nomogram Figure 87. The index is read at the
intersection of the absorption index scale with a straightedge placed
between the solar zenith angle and. the running average sunspot number.

(4) The sky-wave absorption is a function of the absorption index,
sum of the wave frequency and the gyro-frequency,and the radiation angle.
The distance factor, sec ¢, is uniquely determined by the radiation angle
and can be implicitly given in a relaticnship with this angle above
ground. The absorption can be found for any single anp transmission
mode from the absorption index value, the rzaiation angle, sum of wave
frequency, and the gyro-frequency from nowogram, Figure 88. This pro-
portional nomogram requires two settings of a straightedge. A straight-
edge is placed dbetwaen the absorption index valve and the radiation
angle value anda mark is placed on thecentral index line. The straight-
edge is then placed between this point and sum of the wave frequency and
the gyro~frequency ang the absorption is read on the apsorption scale,
The arsorption for multi-kop routes is equal to the absorption for one
hop routes multiplied by the number of hops,

d. MODE DETERMINATION., The exient of ionization can be used to
eliminate mprobanle modes. !t has beer shown that the maximum frequency
usable over routes of various lengths is proportional to the secant of
the angle of incidence at the ionized layers. This relationship has
been incorporated into Nomogram, Figure 89, which can be used to show
whether or not a layer will support a2 radic wave at various angles
referred to the ground plane, The monthly predictions issued by the
Central Radio Propagation Laboratory for the F2 4000 MUF and the E 2000
MUF are used with thic nomogram. The siider of the ncmogram is set in
a horizontal position at the Iayer height with eitner the F2 4000 MUF
value or the £ 2000 MUF value (read from the predictions ai the path
midpoint) on the slider beiny set at the left vertical index line. The
maximum possible radistion angle is read from the angle curves at the
wave frequency on the frequency scale of the slider. The value of mini~
mum F2 layer virtual height used is ¢that found in the preceding para-
graphs, while the £ layer neight is assumed to be 110 kilometers. Thus,
the qreatest angles for E layer and F2 layer transmission can be simply
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determined., In order for a F2 layer transmission mode to be possitle
during the daylight hours, *he waves et that radiation angle nust te
sbie to penetrdate the £ layer, Tris nonogravm cen aiso he used to find
these [ iayer penetration frequencics, Ire alider is set at a (10 kilo-
meter heiant and it is slid horysontally untit the £ 2000 MUF is at the
left vertical index line. ke & 1xyer penetration frezuency for a F2
layer transmission mode is read on slider at the angle for the F2 layer
transaission mode. A F2 layer mode nusi penetrate the E layer and not
exceed the F2 laver maxinum usavlie frequency. ULuring the night nours,
it is only necessary to find the maximum radiztion angle for F2 layer
modes.

e. LONG DISTANCES. For path tengins exceeding 4070 kiloreters, there
are certain modifications necassary in tne field intensity method. The
ahsorptior index cannot % re-y 2t ‘he patn rnaagoint, An average ah-
sorptinn index must be seu. Ine <olar zenith angle is read at uniform
intervais alonyg 7he areat circle gath Setwecn ooints 2000 kiloreters
from each end of the path, ihe absorotion index is foung coriespunuing
to these solar zenith angles znd averuged for long distaaces, the
obliquity factors appeai -o S& nectt, Endc-*wdc*l ¢f the number of hoos,
Thus, the absorption can be <olved for any anglc which is srohahle.
'hese angles are again determined i+om NMomogram, Figure 8h, which shows
radiation angle coiresponding *oar, transmission distance, luoyer height,
and number of hops. The layer height chosen is taken to he the average
of the heights along the arect circle pat® hetween 2050 vilamets: £ ints
from th2 ends of the paths., Paths witrn, & lower runher of hors :cwer
radiation angte) are favored, due *o0 arsurd toflection lossas, prréicy-
Parly sover guor grosnd,  hod .iras. |igute 3§, caragain $e o5¢d t2 scter-
mine the maximum radiatior angle and to deterrine the £ la.er penetra-
tion angle for the wave ‘requenty. fThere are occasians anen ] !iyer
propagatior is improhable 2 ary anale far 3 alven aave - an [
critical frequercien are roca frorm tte ond:al oty Prs ~n Lancras
tory predictions for the reaquired ostn 2t 2320 «7' 2ter pnints from
the ends of the path tor e »2 fr,er ond (00 batloreter polints from
the ends of the patt for the b 1ayer, e lover value at the tao path
ends determines the maximum usabie {requ=¢ iec,

f. ExampLES. Several rircii*~ of tris reper® were used 0 SKhCw ~Cme
parisons between ohserved ~onthly “edian receiver input voltaaes 2nd
calculated values vo arned )y tre PIo00SEd a3~ 10" meIndd, he
results are given oOn riqures u. * a1 oun 93, A carpie ol the recuirvad
caleculations fur the propased predictiLg nethod i< 2iven in Tante 7.,

A fiow chart of the reGuired calcutaticns ic smpan in Jure G4,
6. Conclusions

. ARSOHRPTION. It is he'ieved *h:t  ire axgerineatal data was 2vaiile
able than in preceding anaizses >f the sone Sype.  In this report, the
rethod differs fron gthery "n snpt an o .

hod . 4 is mede to 2ccount for
varijations in ionosoreric layer reiin's, “ne anamglous ansorptior

variation hetween scas. - is acco vt 1 fr- Sy 12yer heigrt variations.
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The secant distance factors are ccmputed for ionosphere angles of inci-
dence at a 100 kilometer height, roughly corresponding with the theoreti-
cal absorption height, The gyro-frequencies are aiso computed for this
100 kilometer helght. The analysis of the measured data shows that the
foliowing semi-~smpiricai equation, similar In form to Appletonts, can be
uysed to account for deytime absorption at frequencies greater than adbout
3 megacycies per second.

615.5 n sec ¢ [1 + .0037 8) [cos .s81¢)"*%°

(f o f,]"”

The effect of solar activity on absorption is based on the calculiations
for eight circuits, the correlation coefficients ranging from .603 to
.949. The correlation coefficient of the relationship betwsen wave fre-
quency and absorption is .9424, based on the 83 circuit vears of data.

b, Davy—ro=D1v VARIATIONS. Forty-three circuit years of mass plots
were available for the study of the long statistical variations of
hourty median field intensities. The difference in the day-tc-day dis-
trivutions for a period of a month is Quite large between different
months and circuits. When the day-to~-day analysis is made for a year,
the gistridutions become mcre nearly 2like. The variations that occur
from month—to-month are usually explainable by scms physical cause, such
as variation of icrospheric support. WNhen the data i1s analyzed over a
long time persod, both the dayand nsght voltages have distributions that
agree at least rougnly to the Raylesgh distribution.,

C. AmSoLUTE VMAGNITUDES. Thecretical nighttime receiver input volt-
ages based on distance and grouna retlection losses alone agree closely
with jearly peak nighttime ohbserved voltages for most of the circuits.
Monthiy median houriy median nighttime voltages were obtained from the
theoretical peak voltages hy 2ccounting or the difference between peak
and mecian hourly median values bhased upon the statistical analysis of
the day-to~day variations. Although the antenna gains could not be cal-.
culated with great ccuracy for some of ine circuits due to non-standard
anrtenna installations, it is nelieved that some of the discrepancies are
avcraged out since many circuits areusedin this analysis. No arbitrary
tneoretical factors are reqoirdd in computing monthly median nighttime
vol tages.

d. FIELD INTENSITY METHON, AS indicated by the examples, this field
inteasity calculation method is reasonably accurate for 50th relative
and apsolute values. Absorption variaiions, which cannot de accounted
for by variations of the solar zenith angle alone, are accounted for by
variations in ionospheric tayer heights instead of presently used
arbitrary seasonal ractors. There are no arbitrary theoretscal factors
tn this method. It is easy and fast to perform since al! operations are
graphical,
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CIRCUITS AND TYPE OF DATA AN..LYZED

MONTHLY MEDIAN

MASS PLOTS OF

TRANSMITTING|RECEIVING |DISTANCE [FREQUENCY{ YEAR| HOURLY MEDI AN |HOURLY MEDI!AN
STATION STATION Km Mc/s RECEIVER INPUT| RECEIVER IN-
VOLTAGE PUT VOLTAGE

wwi NBS % 2,08 1946 x

wwi NBS 55 2,06 1947 b

wwl N8S 55 2.06 1948 X

wwWi NBS b5 2,06 1949 x

wwi NBS 55 4,27 1946 X X
wwl N8BS 55 4,27 1947 X

wwi N8BS 55 4,27 1948 x

wwi .BS 55 4,27 1949 x

wwi V¥BS 59 5.89 1944 *x

wwi NBS 59 5. 89 1945 x

MWL 8BS b5 5.89 1946 X

wwi NBS 55 5.89 1947 x

wWi NBS 55 2,89 1948 X

viwl NBS 55 5.89 1949 x

KHDG Coilege 150 3.02 1947 x
KHDG College 150 3.02 1548 x
KHDG Coitege 150 3.02 1949 x
WOXR NBS 360 i.96 1946 x x
CFRX NBS 552 6.07 1946 x x
CFRX NBS oh2 6.07 1947 x X
wWv MIT 281 5.00 1946 X x
wwy MIT 581 5.0V 47 x x
WV MIT 581 5.00 1948 x

wwv M1 81 5,00 1949 x

wwv Mt o84 10.00 1946 x

Vv MIT LI 10,00 1047 x x
WLW NBS 591 V.70 | 1946 x x
WB XAL uB6S (7] 6.08 1346 x x
Wg XAL Lsu 1176 6.08 1646 x x
AV LSU 1617 5.00 1346 x x
WWy LSu 1617 L..0 1547 x x
WWY LSy 1617 5.00. |1948 X x
Wy LSy 1617 5.00 19049 x x
Wy LSv 1647 10,00 1946 x x

(Continued on next page;

TABLE 1|




CIRCUITS ANL TYPE OF DATA ANALYZED (CONTINUED)

MONTHLY MED!AN [MASS PLOTS OF
TRANSMI TTING| RECEIVING| DISTANCE | FREQUENCY] YEAR [ HOURLY MEDIAN |HOURLY MEDIAN,
STATION STATION Km Mc/s RECEIVER INPUT| RECEIVER IN-
VOLTAGE PUT VOLTAGE

Wy “Su 1617 10.€0 1947 X X

W LSy 1617 10,09 1948 X

wwv LSy 1617 10.00 1949 X

WYy LSu 1617 15.00 1946 X x

wwy LSy 1617 15,00 1947 x X

wwy LSu 1617 i5.00 1948 X x

wwy LSy 167 15,00 1949 X

Wwwy LSy 16i7 20,00 1947 X X

Wivy U of ¥R 2494 5.30 1946 x x

wwy U of PR 2494 .00 1947 x X

Wy U of PR 2494 5.00 1948 x

Wwivy U of PR 2494 5.00 1949 x

WAV U of PR 2494 10.00 i944 X

wwv ot PR 2494 10.00 1945 x

WV U of °R 2494 i0.00 1946 x X

aWY U of ¥R 2494 10.00 1947 X X

wWh/ U ot FR 2494 10,00 1948 =

Wwy U ot PR 2494 10,00 1949 x

why U of PR 2494 15,00 1946 x x

whv U of Pk 2494 15.00 1947 X X

wey U of PR 2494 1,00 1948 x

WWy u of PR 2494 in,00 1949 x

WY U of PR 2494 20.00 1947 X x

Wy Churchill 2523 10.00 1946 x

WV Churchill 2523 10. 00 1947 X

Yy Chyrchi ll 2523 i5.00 1946 X

VLY Churchill 2523 .20 1947 x

XEWW NBS 3000 ¢.50 1945 x x

XEWW NDS 3000 9.5C 1546 x x
CXALG Huancayo 3194 11,83 1946 X Y
CXAl9 Huancayo 3191 11,82 1647 x <
CXAl9 Huancayo 3194 11,82 1948 x
CXAl19 Huancayo 3194 11,82 1949 x

v Ft Read 2n58 10,00 1946 x x

A

tContinued on next page)

TABLE 1
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TIRCUITS AND 1YPE OF DATA ANALYZED (CONCLUDED)

MONTHLY MEDIANIMASS PLOTS OF
TRANSMITTING| RECEIVING] DISTANCE! FREGUENCY| YEAR | HOURLY MEDI Ax IHOURLY MEDIAN
TATION STATION Kin Nc/s RECEIVER INPUT{ RECEIVER IN~
VOLTAGE PUY VOLTAGE
Wwy Ft Read 3bz8 15,00 1946 X X
XEWY MIT 3536 9.5 1944 X X
XEWW MIT 3626 9.50 ‘945 X« X
XEWYY MIT 3636 9.50 1946 x X
XEWW MILT 3636 9.5 1947 x
XEww M T 3636 S.00 1948 x
XEWW MY 3636 9.50 1049 x
Wy Stan“ord 3980 5,00 1946 % X
WWV Stanford 2980 .00 1946 X x
Wy Stanford 3980 1,00 1946 X x
wwy Colleqe 5269 10.00 1946 X
wwyv Coitege 5269 10,00 1947 X
wwv Coltege | 5269 10,00 | !1948 x
GLH Riverhead 5337 13,52 1946 X .
wwy Huancayo 670 10.00 1946 x X
wwy Huancayo 9670 1o.00 1946 X x
GSD Coltege 6707 11,75 1946 X
GLH U ot FR 6750 13,52 1946 X x
Wy Maui, Th 7684 10.00 1947 x x
wwv Maui, TH 7684 15.G0 1947 X x
KWE Komu ro 8228 15,43 1947 X
viY Stanford |12,630 12,02 1946 x x
N-N Huancayo 145,689 12.80 _ 1946 x Y 4
WWVH Hiraiso 609y 5.00 i949
WWYH Hiraise 6099 10,00 1949
WWVH Hiraiso 6099 15.00 1949
wwy niraiso 10,765 5.00 1949
wiv Hireise 12,745 10.00 1949 Median Fie!d inten—
YWy Hirziso i0,76% 15.00 1945 sities available for
wwv Hiraiss 10,765 20,00 1949 parts of some months
WAVH Fukuoka 7042 13.00 1049
WWVH Fukuoka 7042 15,00 1949
WWvH Sapporo €047 10.00 i949
WWVH Sappors 6047 15.00 1949

TABLE




SOLAR AGTIVITY
EVALUATION OF b WHEN A~ = Ao( 14bS)
WAVE FREQ- TRANSMISS | ON b CORRELATION
UENCY Mc/s DI STANCE Km COEFFICIENT
2,u61 55 .00225 .837
4,270 55 .00385 .603
5.89 55 .00348 .949
5.00 581 .00617 .924
6.08 591 .00305 .848
10,00 1617 .00360 613
10.00 2494 00500 936
9.50 3636 .00209 875
1) 02049
average b -00369
TABLE 2

SEASONAL VARIATIONS [N, m, THE
ZENITH ANGLE FUNCTION AND RESIDUAL ABSORPTION

EXPONENT OF THE SOLAR

m
Ax s Ao (cos .881y}

SEASON NUMBER OF AVERAGE SEASONAL ABSORPTION EX~
YEARS DATA m PRESSED AS A PERCENTAGE
OF THE YEARLY AVERAGE
‘ Spring 8t .33 100.0
Summe r 78 1.34 100.8
Fall 69 1.33 99.5
Winter 8l 1,31 99.5

TABLE 3
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SAMPLE HOUIRIY MEOIAN RECEIVER INPUT VOLTAGE PLOTTED AGAINST COS .88 ¢
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EXAMPLE Ol OBLIQUE INCIDENGE ABSORPTION DATA
REDUCED TO VERTICAL INCIDENCE AND SUNSPOT ZLERO
LOUISIAMA STATE UNJVERSITY RECEIVING WWV, MARCH 1@

12 Month Moving Average Sunspot Number
Solar Activity Facwer = (L4 0027 x 134)
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GROUND LOSSES FOR MULTIHOP PROPAGATION
OF
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SAMFLE DISYKIEUTIONS OF HOURLY MEDIAN INPUT VOLTAGES AT NIGHT

MONTHLY OISTRIRUTION

1 NORMAL PROBABILITY COORDINATES
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~ERCENTAGE OF TIME ORDINATE VALUE IS EXCEEDED
Figure 65
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ODUCIBELS RIFLRIED TG YEARLY NEDIAN DECIBILS RLFEMED TL YRANLY MSDIAN

DTCINELS REFEMAFD TO YIARLY HEDIANW

CUMULATIVE DISTRIBUTIUN UF NIGHTIIMF HOURLY MEDIAN RECEIVER INPUT VO TARES
ON A YEARLY BASIS
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CUMULATIVE DYSTRIBGUTION OF NIGHTTIME HOURLY MEDIAN RECEIVER INPLT VOLTASES

ON A YEARLY 8AS!S
WIXAL TO NBS - 6.08 Mc/S - 591 Ku - 1946 WY TO LSU = 8 MC/S = 1697 K = 194647
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CUMULATIVE DISTRIBUTION OF NIGHTTIME HOURLY MFDIAN RECEIVER INPUT VOLTAGES
ON A YEARLY BASIS
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HESTDLAN SHOWING DISTRIBUTICH OF HOURLY DI 7FC Lol NPT S 0LTA 1S
106 SOLAR ZENITH ANGLF = 60°
NAS RECEIVIn WN1 & MC/S SEPTEMRER 1946
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Figure 76
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CUMULATIVE DISTRIBUTION OF DAYTIME HCURLY MEDIAH RECEIVER INPUT VOLTAGES
OK A YEARLY BASIS. SOLAR ZENITH AMGLE = €0°
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CUMULATIVE DISTRIBUTION OF DAYTIME HOUPLY MEDIAN RCCEIVER IMPUT VOLIAGES
ON A YEARLY BASIS, SCLAR ZENITH ANGLE = 60°
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