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This p aper attempts to relate t urbulence t heo ries to radio meas ure men ts on vhf 
ionospheric fo rward scatter circui ts . T o t his end , t he single scattering descrip t ion of the 
electromag net ic respo nse of electron de ns ity irregu la ri t ies and t he corresponding trans m is
sion express io n a re e valuated . Statistical distr ibutio ns of sig nal levels a re fo und t o agree 
wi t h a scat t ering model. The several t heo ries for t urbule nt mixin g of t he electron density 
a rc then s umma ri zed . A t urbule nce mix in g model is co mpa red favo rab ly with exp erim e ntal 
data on absolu te signa l levels a nd t he ir diurn al a nd seasonal va ri a ti ons. Sca tteri ng heights 
in t he ionosphere responsible for the signa ls a re a lso consiste nt wit h these t heo ries. Fre
q ue ncy a nd distance depe nd ence scalin g la ws a rc co mpa red bricfl y \,yith t he da ta. The 
scatter signal behav ior dur in g s udden ionos pher ic di sturba nces is also expla ined . No 
atte mpt is made to co mpa re meteori c a nd t u rbu le nce scatter co ntr ibu t ions to t he meas ured 
qu a ntit ies in t his pa per. Approximately t hir ty refere nces a re give n. 

1. Introduction 

The chance observaLion of un explicably high fLeld 
s trengths beyond the optical horizon at m icrowave 
frequencies [1)2 gave the first hint of "scatter propa
gation ." Subsequent experiments showed that the 
r eceived signal w as w eak but significan tlygr eater 

I
'than that pred icte. cl by . round earth diffraction 
t heory [2]. The fie ld s trength decreased slowly with 
distance and was observed to fade abou t its mean 
value several tim es [} second. These observaLions 
uggested a statis t ical theory of scat tering from 

turbulent fluct uations of Lhe tropospheric refractive 
index [3, 4] ; a theory which has been developed and 
ifi tted to increasin gly refin ed experiments [5]. 

It was inferred from Lhe fadin g of ionospherically 
'reflected skywave signals thaL simila r refractive 
irregulariti es must also exist in lhe lower region (E 
and D layers) of the ionosph ere. This cvide nce plus 
t he reality of tropospheric scatter suggested that a 
r imilar propagation mode might be sustained at 
frequencies above the maximum usable frequency 
(MUF) by scattering from turbulent co ncentrations 
f free electrons in the ionosphere. Such a m ech

anism was immediately observed at vhf for ranges 
extending to 1,500 km [6], thus providin g an im
portant new mode of radio p ropagat,ioll . 

The phenomenon of ionospheric scatter propaga
tion has also evin ced a growing scientific in LcresL. 
IThe basic . theoretical problem combines electro
magnelic Lheory, probabilisLic descrip Lions of ran
~om signals, and turb ulence theory in an essential 
fni:xture. On t he experimenLal side, radio wave 
represent an accurate, reliable tool for s tudying 
turbulent conditions at high R eynolds numbers in 
the ionosphere. 

I Contribution from Space 'I'echnology Laboratories, I nr., Los A ngeles 45. Calif. 
A.n ab breviated version of t his paper was published in J . Geophys. Research 
"1, 2230 (Dec. 1959) . 

2 Figures in brackets indicate the liicratul'e references at the end of this paper. 

This paper is presented as a linkage between the 
turbulence theories and t he radio m eas urements. 
It atLempLs to point up the important assumptions 
and questionable approximations in the presen t 
transmission express ions by way of empha sizing t he 
accuracy of t his linkage. At the same t im e, brief 
accoun ts of t he experim ental da ta and theoretical 
models are given in Lhe in terest of acquainting the 
radio physicists and turbul ence theoreticians with 
the implications of t Ile basic results in the opposite 
field . The present paper is preliminary in that it 
ant icipates som e resul ts of a thoroughgoing com
pa rison of t heory and experim ent for ionosph eri c 
scatLer propagation, which is to be pr epared shor Lly. 
Th is paper does not consider Lhe contribut ion of 
small meteors to t he background scaLter signal. 

2. Statistical Behavior of the Signal 

Ra ndom fad in g of th e rece ived signa'! is one of Lhe 
principal reclsons for identifying ionospheric scatte r 
propagation with electromagnetic scatterin g from 
turbulent irregularities. A typical ti me history of 
the ampli tude R of the complex vol tage x+iy induced 
in the receiver by the incident electromagnctic field 
is shown in figure 1. Statistical analysis of actual 
records show t hat the probability t hat the amplit ude 
exceeds a given level is approximately described b~' a 
R n,yleigh distribu Lion [7, 8]. This suggests t hat the 
process R (t) is Lhe vector amplitud e of two orthogonal 
(phase quadrature) Gaussian random processes. On 
t he ot llCr hcLnd, if the received signal were produced 
by a large number of independent scattering contri
butions, one would expect the signal components to 
be distribu ted in a Gaussian m anner by the Central 
Limit Theorem [9]. This line of reason ing indicates 
that scattering theory provides IL reasonable (though 
no t unique) explanation for Lhe statistical distribu
tion of the experimental data. 
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FIGURE 1. Typical amplit11de ve1'sns ti m e j'eeoTd oj ionospheTie 
scatter pTopagat·ion signal ampli tude 10getheT wilh c01'1'espond
i ng time---displaced vee lOT voltage diagram s which aTe assu m ed 
to descri be the process . 

To be more precise abou t these ideas, it is im
portant to set down their corresponding analytical 
expressions. The joint probability distribut ion for 
the Gaussian random processes x(t) and yet) is, 

where 

(x2) = (y2) = (J2 

(XY)=(J2p. 

When eq (2.1) is transformed to the politI' coordi
nates (R, ¢) of figure 1, and the phase averaged out, 
the amplitude distribution becomes: 

This expression reduces to the R ayleigh distribu t ion 
if the component correlation p is assumed to be zero. 
However, this assumption is probably not justifi ed 
for electromagnetic scattering- as it is for electrical 
shot noise- and the more gener al expression (2.2) 
may explain interesting anomalies in the experimental 
envelope distribution data [10]. The data generally 
seem to emphasize larger values of R (relative to the 
mean) more than the Rayleigh distribution predicts, 
with corresponding reductions in the occurrence of 
small values. This behavior could also be explained 
by: (1) Admixture of a steady signal component
perhaps due to partial ionospheric refl ections above 

I 
the lvIUF, or (2) trends in the aver age signal , which 
would produce larger apparent deviations from the 
meitn level when viewed over a fini te data sample .\ 
On the other hand, such anomalies may represent I 
the effect of meteor-reflected signitls. 

One can also discuss the joint amplitude distribu
tion for two amplitude processes Rl and R2 [5]. 
These could refer to signals received at two adj acent 
aerials, such itS are often used in divers ity receiving 
systems. Rl itnd Hz co uld itlso refer to two time
displaced records of the same circuit signals, as' 
shown in figure 1. Dual process distributions intro
duce additional statistical parameters J.I., which 
represent the (time, space, etc.) correlations between 
the com ponent processes Xl, Yl, X2 , Y2. The purely 
probabilistic predictions of such distribu tions have 
been confirmed on tropospheric scatter circuits [11J 
but have yet to be studied carefully for ionospheric' 
scatter. 

In general, one Citn say that the statistical predic
tions of scattering theory are consiste nt with the 
experim ental data . This agreement is neither exactl 
nor unique, bu t it is satisfactory. The real problem 
in scatter theory is to predict successfull y the statisti
cal parameters, (J , p, J.I. , etc., as functions of thel 

variables which are experimentally controll ed: radio 
frequency, path distance, time of day and season, etc. 
No theoretical estimates fo1' the correlation coeffi
cients p and J.I. have been puhlished, with the excep
tion of certain calculations for tropospheric scatter 
[5], which may or ma~T not be applicable to iono 
spheric circuits . Research to date has been focused 
exclusively on the average power, which according 
to r q (2.2) is 

(2 .:3 ) 

3. Electromagnetic Scattering by Turbulen l 
Irregularities 

The basic wave equ ation which discl'ibes radio 
wave propagation th rough an ionized plasma of clec 
tron density N o with stochastic fluctuations oN added 
thereto is: 

-4 

[\72+ F - ro(No+ oN] E = O, (3.1; 

where k = 2'/fI " is the free space wavenumber ane 
ro = 2.8 X I0 - 13 cm the classical electron radius. Th i 
mean electron density No in (3. 1) is usually omitted 
since refractive effects have been found to be negli 
gible [12] . In establishing expression (3. 1), one as 

-4 

sumes that: (1) The stochastic variations oN (r,t 
rearrange themselves in a time which is lon g com 
pared to the period of the radio oscillations, and (2 
that gradients of oN are negligible over a wavelengt 
The latter assumption is clearly the more qu estion, 
able. I 

It is not possible to solve eq (3.1 ) exactly, becaus 
oN (r ,t) is an unknown stochastic function of positio~ 
and time. H eretofore, the Born approximation ha 
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b een u sed exclu sively to describe sin gle scatter ing by 
s uch flu ctuation s. Thi s is essentially a three-dimen 
sional iterative solution of th e wave eq (3 .1 ), which 

) g ives the sca ttered field s tren g th at the receiver R 
in terms of the unperL ul'bed wave Eo(r). 

wll cre 

and 

G (R, r) eik l~'1 
47r1 n=;, I 

~~ 

E ( )_ ..JPTG7.eikj'T 1 r ___ _ _ 0 

o 47r r 

(3.3) 

(3.4) 

wllem Sun is LIlC spectrum of turbulent irregular
i ties to be discussed presently. This express ion is 
probabJ y a valid approximation , at least insofar as 
s iJ1 gle scaLLerin g is th e dominant scatterin g mecha
ni sm . 

P1' is the transmiLlecl power and G1' the tran smitter 
gain fun ction. The in tcgrat ion of (3 .2) i.s extended TR 

over th e common volume V illumin ated b y boLh th e 
transmiLter an cl rece iver. 

REC 

S in ce both th e tran smit ter and receiver are u sually 
many wavelength s from the scattering blobs ill th e FIGl' RI;; 2. 

common volume, one can usc th e far-field approxi-
Geometry fOT analysis of e/ectTo'/lla(jnetic scalleTin(j 

from ionospheTic i1Te(jlllm·ities. 

m ation [5] to express t.l l(' sca ttered field strength as: 

(3.5) 

where the var ious quaJl tit ies arc clefillecl in fig ure 2. 
The orth ogonal random signal component xU) a nd 
yet) of fig ure 1 arc ieknt ifiecl with the real and imagi
nary parts of thi s expression respectively. The r c-

, ce i ved power is compu ted from this expression by 
averaging iLs square and multiplyin g with th e ef
fective r cceiver area. In te rms of LIlC scattering 

~ ~ 

d ifference vector ](= lc1- lc2: 

x < 8N(r,t) 8N(r:t», (3 .6) 

where ARis the actual receiver area. Th e space 
correlation probably vanishes unless rand r' arc 
within several kilometers of one anoth er, and th e 
other factors are relatively weak function s of position, 
so tllat Rj= R;, R2= R;, etc., to a good approxi
mation. Transforming the double in tegral to sum 
and d iffer ence coordinates (r,p), One finds: 

(3.7) 

Trall smission expr essions which have he(,11 u sed 
Lhu s far ill in tcrpret ing experimen lal data acquircd 
on forward scaLter communi ca tion cirr ui ls , however , 
represent lurLher assumplion s, which are well worth 
idenLifying. 

a . Th e ionosplleric irregulariLies are assumed to 
be isotropic,3 so thaL the spectrum SCI() appearing 
in (3 .7 ) depends on ly on the mflgnitucie of th e scat
Lerin g differen ce vecLor. 

~ 47r (0) I(= II(I =T in "2 J (3.8) 

wh ere 0 is th e scaLtering angle between the upgoin g 
and down going rays at the integration po in t r. Th e 
scatterin g process thu s acts like a narrow baJlcl filter 
on the spectrum, emphasizin g Lh e uniq uely important 
waven umber given by eq (3.8) . Th e isotropy as
smnption evidently precludes a discussion of mag
netically -alined irregulari t ies with Lhe resul t in g 
transmission expression . 

b. Th e volume in tcgration (d3r) is collapsed b y 
multiplying V by an average value of the integrand. 
The average scatterin g angle e is usually chosen to 
be that at the pa th midpoint, corresponding to th e 
strongest scatterin g con tribu t ion (i.e. , smallest In. 
The effective volume is set by 0, Lh e transmitter 
gain, and the width of an effective scatterin g layer b 
(see fig . 2): 

(3.9) 

3 Anisotropic correlation functions were used hy Star3S in his extensive analysis 
of tropospheric scatter ciJ'cnits and by Booker in discussi ng the backscattering 
from frc ld-alincd auroral irregularities. However, these techniques have not 
been applied to ionospheric fo rward scattering to date. 
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c. Polarization effects have been neglected, al
though a relatively simple theory predicts a factor S{k) 

-7 

sin2 X in eq (3. 6), where X is the angle between Eo 
-7 

and the scattering direction k2• More precise 
accounts [13, 14] of the vector field response suppor t 
this approximation. 

The resulting transmission equation , 

has formed the only linkage between turbulence 
theory and experiments thus far. Expression (3. 10) 
is evidently a substantial approximation to the actual 
electromagnetic response of the irregularities, and it 
is well to be aware of its limitations. On the other 
hand, a new technique has been developed [5] which 
allows one to remove all of the above approxima
tions- within the framework of single scattering- at 
the expense of complicated integrations. 

The scattering cross section (per unit volume per 
unit solid angle) concept is often employed, viz, 

(3. 11 ) 

However , this approach does not emphasize the joint 
frequen cy-distance dependen ce of (3 .10) which is 
characteristic of scatter propagation . In any case, 
it is quite elear tha t the spectrum of irregularities is 
the basic descrip tion of th e t urbul ent electron density 
variations which is required by the electromagnetic 
theory. 

4 . Turbulence Theories 

Results of the last section show that the spectrum 
of turbulen t electron irregularities is the physical 
quan tity of central interest for scatter propagation. 
110re particularly, one is in teres ted in the spectrum 
at wavelengths 

-T7 471" . () 
.0..=- Sin - , 

A 2 
(4.1 ) 

which lie in the following range for typical vhf 
scatter paths. 

0.2m- 1< K < 1.3m - l , ( 4.1a) 

On the other hand, th e wavenumber K s at which 
diffusion-viscosity effects ought to become impor
tant is within- or at least near- the range of 
interest. 

__ 0 '" -I ( V 3) 1/4 
K s- lOP3 - O.5m (4.2) 

In terms of the spectral ranges identified in figure 3, 
this means tha t one is probably in terested in the 
spectrum for the difficult transition region between 
the inertial subraJlge and the asymptotic dissipa-

INERTIAL 
SUSRANGE 

DISSIPAT ION 
RANGE 

FIG U RE 3. T ypical spectT1lm of dielectric irregularities plotted 
logarithmically versus wavenumber, i dentifying various 
turbulence ranges. 

t ion ran ge . This is unfortunate, since onc probably 
cannot use the dimensional analysis methods which 
have proven so powerful in the inertial subrange. 

To avoid no tational confusion , we use S(K) to de
note the three-dimensional spectrum, which is de
fined as the Fourier transform of the space correla
tion fun ction. 

If the turbulen t irregularities are isotropic, the 
spectrum depends only on the magnitude of the 

-7 

vector wavenumber k, and the entire description is 
mu ch simplified. 

'fhe one-dimens ional spectrum is denoted by r (k ), 
and corresponds to wavenumber contributions to 
the mean square variation . 

This es ta b11shes the rela tion : 

( 4.4) 

Three distinct physical theories have been de
veloped in recent years to describe the irrcgularities 
of electron density established by the turbulent 
velocity field of neutral ionospheric gases: 

a. Theory of pressure flu ctuations, 
b. Obukhov-Corrsin mixing theory, 
c. Villars-Weisskopf mixing theory. 

Each of these th eories has now been extended in to 
the dissipation regime, and the essen tial resul ts are 
tabulated for convenience in figure 4, together with 
brief references to the many contributors. Wi thout 
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Theory Inertial Range References Dissipation Range References 

L Pressure 
Fluctuations No CLVo)4 k 4/3 k -13/3 

(15) Villars and 
Weisskopf 

( 15) Villars and 
Weisskopf 

o ( 16) Wheelon 

2. Villars
Weisskopf 
Mix ing 

( 17) Villars and 
(dNo'{ 

Villars and 
Weisskopf k 8 k -13 Weisskopf 

(16) Wheelon <Ik) s (Unpublished) 

( 19) Wheelon (1 6 ) Wheelan 

( 18) Gallet ( 19) Wheelan 

3. Obukhov
Corrsin 
Mixing 

(20) Obukhov 
"-J k- 3 D« v 

(24) Batchelor 
k -4/3 k- ll / 3 

o 
(21) Corrsin (25) Batchelor, 

Howells , 
and 

(22) Silverman ~k-23/3 D » v 
(23) Bolgiano Towns end 

(24) Batchelor 

FlCl U HE 'I. S u mmary of spectral models S(lc) for electmn density ineglliarities in the lower ionosphere. 

attempting to plead one case or another in the color
ful but unfortunate cOlltroveJ'sy which has been 
kindled in Lhis llew fi.elel , i t is important to note 
severa l poin ts whi ch now seem rather clearcu t: 

a. The theory of pressme fluctuations has essen
tially been abandoned as a major source of iono
sph eric irregularities [17 , 18]. 

b . Th e two mixing Lheories both agree that a 
(random) convective mixing-diffusion equation of 
the form : 

characterizes the process, wh ere -; (1', t) is the Lurbul ent 
solution of t he N avier-Stokes equations. 

c. The Obukhov-Corrsin theory is patterned 
precisely on th e Kologomoroff theory of the velocity 
spectrum. It essentially disr egarc\ s t he differential 
eq (4.5), assumes that t he input and inertial range 
do not overlap , and arrives at t he followin g r esult 
by dim ensional analysis: 

r (k),,-,k- 513 ( rlNo) 2 lc;;413. 
dh 

(4.6) 

d . Villars and Weisskopf noted tha t the gradient 
of No appears in the bas ic eq (4.5 ). Accepting 
dNo/dh as a legitimate parameter for dimensional 
analysis, one finds: 

(4.7) 

e. In deriving expressions for the tran iLion and 
dissipation ranges, both mixing theories usc approxi
mate analysis which are open to question. 

£. None of the theories discussed here have as yet 
been extended t o include the influen ce of th e earth's 
magnetic field . 

The reader is referred to th e bas ic references 
indicated in figure 4 for cleUtiled arguments and 
precise expresSIO ns. 

5. Signal Level and Scattering Heights 

One can combine the approximate transmission 
express ion (3 .10) with various turbulence models 
Listed in figure 4 to predict Lh eor etically the received 
pov,rer on a particular scatter link. This calculation 
and comparison has b een performed for ionosphere 
forward sca tter circuits so far [17 , 26] only for the 
Villars-Weisskopf mixing model (4.7), whi ch is 
subject to a l'aLil er s Lriligent Lest since it contains no 
adjustable turbulence parameters. Using only the 
in ertial subrange result for illustration , on e has for 
the theoret ical transmission equation: 

1' ~ - p bAnG n 2 2 ,2 (~)5 ~ ,6 (~) (dNo)2. 
n- T R~ 7r1 o 47r c"c 2 dh (5. 1) 

All of the factors in this equation arc known for a 
given circuit, except the appropriate value of 
electron density gradient. This evidently depends 
on the ambient electron density profile at the 
common volume al titude. 

In figure 5 we reproduce a suggested typical 
noontime profile of electron density for the lower 
ionospher e from refer ence [26]. The sharp lower 
boundary at 70 k111 is cons istent ,,"i th vH reflection 
data, and the upper portions agree moderately well 
with ro cket data. According to both mixing theories, 
large gradient portions of tbe profIle ougb t to give 
rise to more intense turbulen t irregularities and 
hence stronger scattering. A s]larp gradient at 70 
km would r eproduce the strong daytime signal 
contribution . The power levels measured on the 
Cedar Rapids-Sterling path [7] require that this 
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FIGURE 5. Possible noontime profile oj electron density in the 
lower i onosphere which is consistent with various mdio 
measurements from reference [26). 

gradi ent be approximately 

dNo l e - Z7 ~2 ,000 -3 pel' km, 
G l, 70 cIn 

(5.2) 

which represents a very fas t rise to the modest total 
electron density at this height. It would be interest
ing to see if the Obukhov-ColTsin theory gives a 
smaller number. 

A weaker gradient at approximately 85 km is 
suggested in figure 5, and should also contribute to 
the scatter signal. Th e gradient at this heigh t is 
thought to be 

dNo[ e 
dh ~3CO - 3 pel' km, 

85 c In 
(5.3) 

corresponding to a signal some 10- to I5-db weaker 
than the 70-km contribution . It is interesting that 
both of these signal components are found in the 
short pulse measurements of Pineo [27J. In general, 
he finds un equal signals from two levels separated 
by a bout 15 km. Further evidence for weaker scat
tering from an upper layer comes from the long range 
NBS experiments [28], 'I\Thich compared 36-YJ:c sigu aJs 
over 2270 km with 50-Mc signals received on a 
I240-km path. Earth screening on the lon ger path 
obscured all volume clements below 87 km in these 
experiments, and t he (frequency-scaled) received 
signal was some lO-db weaker than the shorter 
circuit, which presumably could exploit both the 
70- and 85-km ranges. Further evidence for this 
dual strat ification comes from the vertical incidence 
pulse backscatter measurements made at h£ (see 
[26J for l'cferencrs). 

6. Diurnal and Seasonal Variations 

The signal level of a vhf scatter circuit exhibi ts 
large changes during each day, year, and s unspot 
cycle. Experimental data for the NBS 50-Me Cedar 
Rapids-Sterling circuit [7J is shown in figure 6, to-

gether with the long range N ewfouncUand-Azores 
path. The first record is typical of most vhf paths 
and shows a lO-db rise from morning to noon, fol
lowed by a I5-db drop to postsunset values. The 
corresponding meteor co un t is strongly peaked at 
0600 and is essentially negligible between noon and 
midnight . This suggests that t he afternoon and 
early evening is under s trong solar control. 

A theoretical explanation [26J for the afternoon 
signal drop is offered by turb ulent mixing theories 
through the mean profile gradient factors, since the 
mean profile is under very strong solar control all 
day. The noontime signal is contributed by the 
70-km level (sec. 5) and the afternoon deeay sllO'l'1n 
in figUl'e 6 ought to reflec t the iyay in which this 
sharp gradient is erased by recombination at sunset. 
The rapid drop observed corresponds to the very fa st 
recombination rates at lower levels . On the other 
hand, the decay of th e upper gradient is found to be 
much more gradual, and in fact should produce 
measurable scatter signals all night. The noon-to
evening I500-km signal drop in figure 6 presumably 
corresponds to the shift of scattering height from 
the 70- to 85-km levels, which is confirmed by pulse 
measurements [27J. The comparative absence of a 
steep signal drop on the long range path is again 
consistent with a slow recombination of the upper 
gradient. This line of reasoning forms quite a satis
factory explanation for the existing data on diurnal 
variations. The basic key to this agreement is the 
rela tionship be tween tUl'bulen t in tensity and the 
mean profile provided by the mixing th eories. 
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~ 15'--'--"--'--'---'--'---'--'---'--'---'---
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L OCAL TI ME AT PATH MIDPOINT 

F I GURE 6. Diurnal var'iati on of power on two vhf scalte?' paths 
fro m reference [7). 

Recent published data [29J on correlation of vhf 
scatter signal strength and sunspot number demon
strates a strong solar control over a 6-yr period. A 
good explanation is again provided by the relation
ship b etween turbulence intensity and the mean 
profile (gradient), since the latter is clearly under 
consistent solar control. 
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7 . Frequency Dependence 

The ba ic Lransm ission eq (3. 10 ) depends upon 
the radio frequency through: (1) The Lurbulence spec
trum S(K), and (2) Lhe effecLive receiving area AnGll . 

To avoid confus ion on how the seco nd effect is ac
counted for , it is convenienL Lo compare received 
power on two different frequen cies for scaled anten
nas, viz, equal Gil fa ctors. The definiLive experi
ments by the NBS group [10] on frequency depend
ence actually used carefully scaled rhombic antennas, 
so as Lo insure identical illumination of the scaLtering 
layers and similar antenna r esponse. With this con
vention, the frequency variation is that due to the 
spectrum plus a ;\2 factor which represents tb e physical 
scaling of the receiving aerial size. If the spectrum 
is expressible as a simple inverse power (n) of wave
number in tile rclevan t turbulen t range, one would 
predict a (scaled antenna) frequency scaling law [30], 

const 
P n= 1"+2 ' (7.1 ) 

The most r ecent experimen Lal daLa is LhaL reported 
by Blail' [10], u ing 30,40, 50, 74 , and 10 ~Ic . H e 
finds that the exponent n in eq (7 .1) is variable, 
ranging from 7 to 10. This variation is both diurna l 
and seasonal, so that it is clangerous to quote a 
mean value. During late afternoon hours, however, 
when scattering from turbulence is presumably tlte 
dominant mode, the exponent n is dofin itoly higher, 
and a value of 8 to 9 may be representative. Com
paring this w ith the turbulence results tabulaLeci in 
figure 4, the Obukhov-OolTsin inerLial range result 
gives j -S.6, which is definitely too low. Th e Villars
Weisskopf inertial result j -7 is occasionally correct, 
but the corresponding di ss ipation behaviorj- lS is too 
high. Thej- VB diss ipation result for cl > > II g iven 
by Batchelor, Howells, and Townsend [25] describes 
some of the records. On Lhe balance, however, one 
finds that none of the theories give a saLisfactory 
explanation for the imporLanL frequency exponent 
variability. 

Earlier experiments of frequency dependence [7, 31] 
indicated a higher exponent scaling law between 50 
and 100-:\1c, than that measm ed between 30 and 
50Mc. Because the scattering process acts like a 
narrow band filter on the spectrum (sec. 3), it was 
suggested that the viscosity transition wavenumber 
of the ionosphere (4.2) did, in fact , divide the wave
number range of experimental interest (4. 1). The 
steeper slope approaching the diss ipation range and 
the smaller inertial slope seem.ed to explain the data 
rather nicely [16]. However, tlw newer data [10] 
indicates that such a dichotomy does noL exist, and 
that the exponent is constant over t he wavenumber 
range employed at any g iven hour- even though the 
slope itself shows diurnal and seasonal variaL ions. 

8. Distance Dependence 

If the tLU'bulent spectrum function S(K) is expres
sible as a simple inverse power (n) of wavenumber in 

the relevant range, two factors which depend on path 
length cl occur in the basic transmission eq (3. 10), 

p constant 
n (B)n+1 m sin 2 

(8 .1) 

If a denotes the mean radius of the earth, th e distance 
R2 from the average sca LLering po int to Lhe receiver 
is g iven by 

( d) (d)2. R~=a2+(a+ h)2-2a(a+ h) cos 2a ~"2 for a» d. 

(8.2) 

Th e scattering angle is a more compli cated funct ion 
of distance d and scattering llC igh t h [16]. 

B tan -. 
2 

l - ('os (!l)+~ 2a a d 2h 
--. ----:( '---cl")-- ,......, 4a +([ fo r d « a. 

SI n 2a 

(8.3) 

:\. graphical evaluation of 8 versus cl for various h is 
given in reference [16]. By combining all of the 
above express ions, it is possible Lo e tablish the nri
ation of received power wiLh distan ce predicted by 
any turbulence model (n). However, one should also 
note that earLh screening horizon limitaLions have the 
eHecL of rais in g tbe lowest scaLLering midpoint as the 
distance is in creased. Insofar as tbe s trongesL scat
Lering cenLers are 10caLed aL the lower h eighL (sec. 6), 
t his verLical inhomogeneity musL be refiecLed in an ad
ditional distance dependence of Lhe m.ean signal level. 

The experimental data now available is probably 
not accmate enough for a decisive test of the theories. 
The early data [7] u ed sllccessive measmemen ts of 
50-~Ic signals at 491, 592, and 811 km, wllC'rea one 
would have proferred simultan eous daLa over longer 
paths. The hipbome DSIR experiments [31] on 
41 ::VIc gave limiLed resulLs in terms of defining the 
distance scaling law [30]. R ecenL (unp ublished) a ir
borne receiver experimenLs made by the Lincoln 
Laboratory group ouL Lo 3000 km on 50 ~[c should 
provide a valu able basis for testing Lho various Lheo
reLical results. 

9. Sudden Ionospheric Disturbances 

A. sudden increase in the flux of ionizing radia tion 
from the sun increases the electron densiLy raLher 
quickly in the lower ionosph ere, which in turn in
creases the nondeviative absorption of radio waves 
which pass through the D region [33] . This prompt 
absorption is calleel a sudden ionospheric disturbance, 
and affects both totally reflected short wave (hI) 
signals and the partially reflected waves responsible 
for (vhf) ionospheric scatter propagation . A typical 
set of simultaneous signal ampli tude records made on 
a shortwave circuit at 6 M c and Lwo adjacent scatter 
links at 28 and 50 Mc is reproduced in figure 7, from 
r eferen ce [7] . The shortwave link drops out im
mediaLely, while the 50-Mc scatter link increases 
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FIG U RE 7. Transient behavior of power on three frequencies 
taken FOIn nfel'ence [7J. 

gradually until the recovery cycle of the transient D 
region begins. The 28-Mc link shows a mixture of 
the two effects. Viewed in a qualitative way, these 
data lend strong support to the notion that iono
sphereic scatter links are under direct solar control 
much of the time [29]. 

One can construct 4 an analytical explanation for 
the transient amplitude behavior shown in figure 7. 
Nondeviative absorption of a radio wave of frequency 
f can be represented approximately by a multiplica
tive factor [33]; 

'Yfh exp-p 0 dyN(y, t)v(y), (9.1) 

where h is the reflection height. N (y ,t) is the in
stantaneous value of elect.ron density at the ray path 
integration point y , and v is the collision frequ ency 
at the same point. The totally reflected shortwave 
field strength is modified by the factor (9.1) alone, 
which is very large because the carrier frequency f 
is relatively smnJl. The rapid realization of this 
absorption loss indicated by figure 7 indicates how 
rapidly the electron density profile is modified by the 
burst of solar ionization. 

If one is to believe the turbulent mixing theories, 
the field strength of an ionospheric scatter circuit 
depends both on the transient electron density profile 
and its gradient, viz , 

. ""' [dN(h , t)J2 , 'Yfh p - dh exp-p 0 dyN(y , t )v(y). (9.2) 

• A . D. Wheelon, unpnblished calculat ions. 

Because of height-dependent recombination rates, 
etc. , rapid changes in the flux of ionizing radiation 
produce substitlltial modification of the basic elec- 1 

tron density height profile. Careful analysis shows 
that transient modification of ionization gradients 
in the D region can explain the signal increase of 50 
Mc shown in figure 7. (The exponential factor is 
negligible at such high frequencies.) On the other 
hanel , the 28-~1c signal ought to suffer significant 
absorption, and the competition between enhanced 
gradient scatt.ering and this absorption can be ex
plained with the theory. A possible explanation for 
this type of behavior is thus provided by turbulent 
miAing theories and standard absorption expressions. 
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