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Variat ions in the app arent flux and position of the radio source Cyg nus-A \\'e re recorded 
at 53 and 108 megacycles per second using a two-element , phase-sweeping in terferometer 
located at Boulder, Co lo. An ionospheric sounder operating at E llsworth, Tebraska, 
provided, for a few hours each day, simultan eous ver t ical-in cidence measurements on the 
ionosphere at its intersection with t he line of sight from Boulder to t he radio sta r. Ampli t ude 
scin t ill ation s obse rved at Bou lder over a t welve-month period a rc co mpared \\'it h ionog ram s 
t aken at Ellsworth. Posit ive correlation is found between amplitude scin t illations and 
spread F, while no significant corre lat ion is found wit h sporad ic E. 

Detai led analysis of th e scin tillat ions ind icates t hat the probabili ty d ist ri bution of t he 
a mpli t ude can be r epresented by t he Ri ce proba bili ty dist.ributioll fun ct ion. The zeni t h­
R.ng le dependence of t he a mpli t ud e scintill ations docs no t agree with a t heory based upon 
isotrop ic ion osp lleric inhomogeneit ies. 

T he root-mean-squarc value of a ngul ar scint ill at ions is propo rt ional to t hc squa rc of t he 
wavelength, in acco rd with a t hco ,'y of d iflraction by ionospheri c irregu la ri t ies. Co mpar ison 
of angular scin t ill ations wi th ampli t ude scin tillations ind icates t hat, for elevation augles of 
15° to 50°, t hc region of the ionosphere responsible for scint illat ion lics ncar t hc bordcr be­
t wee n t he Fres nel a nd Fra unhofe r diffraction reg ions for both frequ encies. 

Slow, irregu la r a ngul ar vari at ions are com monl y observed in t he daytime at bo th 
freque ncies . These v a riatio ns a re attr ibuted to lens- Ii ke ionospheric irregularities having 
dimensions as la rge as 200 kilom eters. 

1. Introduction 

It h as been recognized s i Ilce 1950 that t he apparen t 
fluctuations in in tensity of discrete rad io sources 
arise in t he ionospbere. In a mal1ner analogous to 
the twinkling and d ancing of visible stars, t hese 
"amplitude scintillations" arc accompan ied by" an­
gular scin tillations" , which are fluctuations in the 
apparent position of t he radio source. 

Radio-star scintillations offer a convenien t means 
for studying the irregular stru cture of the ionosphere. 
The F region is generally believed to play an impor­
tant role in the production of scintillations, but our 
knowledge of the effect of the E regio ) is confused by 
incomplete and apparently conflicting evidence. One 
of the purposes of the experiment r eported here was 
to improve our understanding of the ionospheric 
conditions and levels responsible for scintillations. 
The experiment was designed to be particularly 
sensitive to any r elationship between scintillations 
and tb e E regi011. The r esults have indicated little 
or no such rela tionship , but do show a connection 
between scintillations and spread echoes in the F 
region . In addition to the comparison of scintilla­
tions an d ionospheric phenomena, detailed analysis 
has been mad e of the scintillations themselves. In 
connection with this, some statistical aspects of 
amplitude scinti]j ations are found to disagree with a 
theory based upon plane-earth geometry and spher-

1 Contribution [rom Central Radio Propagation Laboratory, National Bureau 
of Standards, Boulder, 0010. 

icalirregulariLies whereas t be s tatistict\l v,lri,ltions 
in ,wguhu' scintillations agree with t his theory. 

A third aspec t of tbe experimen t has been the 
observfltion and s tudy of slow angular variations ill 
the apparent position of the so urce. These vflri a­
tions arc du e to refmction by individlmllarge irregu­
Im'ities, in contrast to amplitude and ang ular scintil­
laLions which arc clue to the cliHractioll eHecLs of fl 
number of smaller irregulariti es. 

A descrip t ion of the planning and in trumentfltion 
for the experim ent , along with a brief summa ry of the 
pertinen t literature, has already appe,.red [Lawrence, 
1958]. In addition , two r eview paper s [Booker , 1958; 
Little et al. , 1956] arc available which outlin e present 
knowledge concerning scintillations and which de­
scribe the usefuln ess of scintillation observations as a 
tool for studying the irregular stl'uctm e of the 
ionosphere. 

2 . Description of the Observations 

The radio somce Cygnus-A has been observed at 
Boulder (lati tude 40°7'. 7 N, longitude 105°14'.3 W) 
at frequencies of 53 and 108 Mc/s, using a two-ele­
ment, phase-sweeping interferometer. The phase­
sweeping system permits sim ultan eous observation of 
the apparent flux from th e mdio source and of the 
relative phase of the radio waves at the two antennas. 
Ampli tude scintillations are simply varifltions in the 
flux, while angular scintillations may b e dedu ced from 
the known spacing of the antennas, the gen eral direc­
tion of the radio source, and the variations in relative 
phase of the radio waves. 
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From February 1958 through February 1959 ob­
servations were obtained regularly during the three or 
four hours each day following the r ising of Cygnus-A. 
Figure 1 shows how the time of such observations 
varies throughout the year and indicates the seasons 
during which the effective ionosphere was sunli t. 

The two antennas are separated by 475 m on a 
horizontal, east-west baseline and the resulting inter­
ferometer lobes are of nearly constant spacing over 
the region of the sky in which the observations were 
made. At a radio[requency of 108 M c/s the lobe 
spacing is about 0.4 deg; at 53 Mc/s it is twice as 
great. The measured component of angular scintil­
lations is, of course, perpendicular to the lobes. This 
means that, near the horizon, angular scintillations 
can be observed only in the horizontal direction , 
while at an elevation angle of abou t 35 0 the horizontal 
and vertical components of angular scin tillations are 
observed with equal sensitivity. 

At the time when Cygn us-A is abou t 15 0 above 
the north-east horizon at Boulder, the line of sight 
intersects the E region over E llsworth, Nebraska. 
During the appropriate portion of each day, an iono­
spheric sounder was operated at Ellsworth at 5-min 
in tervals. As the radio source rises, the intersection 
point of the lin e of sight with the E region moves to­
ward Bould er, and the intersection with the F region 
passes within about 100 km of Ellsworth. Figure 2 
is a map of the Boulder-E llsworth area showing the 
plan view of the intersection point for various iono­
spheric heights. The numbers along the curves indi­
cate the local sidereal time (LST) at Boulder. 

3. Instrumentation 

The instrumentation for the scintillation measure­
ments has already been described in some detail 
[Lawrence, 1958], but is bri efly reviewed here. The 
two frequencies , 53 and 108 Mc/s, are observed with 
the same antennas and with similar receiving and 
recording systems. 

Antennas. The two 40-It paraboloidial reflecting 
antennas are modifications of standard 28-ft parabo­
loids manufactured by the D. S. K ennedy Company. 
The 6-[ t radial extensions were designed and con- , 
structed at NBS. The antennas, separated by 475 
lll, are equatorially mounted and equipped with 
sidereal drives for tracking radio stars. The dipole 
feed , with [our reflecting elements, is designed for use 
simultaneously at both frequencies. A lllulticoupler 
permits the use of a single coaxial transmission line 
from each an tenna to the central receiving shelter. 
No preamplifiers are used at the antennas. 

Receivers. At each frequency, the dual receiving 
channels are connected together as a R yle inter­
ferometer [Ryle, 1952]. A rotary phase shifter has 
been added to one channel so that the interferometer 
pattern may be swept across the sky. This phase 
shif ter, usually driven at a uniform rate of 10 rpm, 
converts the system to a "phase-sweeping" inter­
ferometer . A "phase-tracking" feature was in­
cluded in the original design, whereby the inter­
ferometer pattern was servo-controlled to follow the 
apparent motion of the radio source. This feature 
permits the direct recording of angular scin tillations. 
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FIG IJRE 2. The van ation, with local side1'eal tim e at Bou lder, 
of the posl:tion at which the line-of-sight j 1'0111 Bou lde'l' 10 
Cygnus-rl penetrates the ionosphere. 

rrhc three curves a pply 1,0 ionospheric heights of 00, 100, and 300 km . 

However , i t keeps a zero-crossing of t ite in LeJ'­
ferometer pn,LLel'n always 011 Lhe so m ce <L ncl so 
preve nts reco rding of amplitude infol'Il1<1tioll. As 
a result, it is difficult Lo di sLing uish <LuLhcnLi(' angular 
scinLillations from thc r andom behavior of Lhc servo 
loop which accompanies cleep ampliLudc fades. 
Accordingly, all of the observations r epor ted here 
'wer e made in th e phase-sweeping mode. 

The receivers have bandwidths of 500 ](C/s, <tnd 
were operated with output time constants of one 
second. The double-con version superhcterodyne 
system uses inte1'lnediate freq uencies of 3l. 5 and 
7.5 Mc/s. 

Digital reconZer. In order to permit the use of a 
compu ter for processing the data, char t rccordings 
were supplemenLed by simul taneous digital record­
ings on punched paper tape. A simple, m eter-type 
analog-to-digital converter sampled the output from 
each interferom eter once per second, and punched 
th e t wo outputs al ternately on a single paper tape. 
The six-bi t binary code provides a full-scale accuracy 
of l.5 percent, <tpproximately the same as careful 
m.anual scaling of a pen reeording. 

4. Data Analysis 

The following is a summary of da ta-analysis 
procedures. TJle appendices and the following 
p aper by Lhe same au thors, contain a detailed ex­
planation of the procedures ou tlined in this section. 

The observations made in the progress of this 
experiment consist of scintillation records from the 
phase-switch, phase-sweep in terferometer located at 
Boulder , and of ionograms from an ionospheric 
sounder located at Ellsworth, Nebr. 

Ionograms. Vertical-incidence, sweep-frequency 
ionospheric records were taken at 5 min intervals 

for 1 hI' , 1230 through 1330 LST each day during 
the time that t lte my path from Cygnus-A passed 
through the E region (100 km) n ear Ellsworth. 
After t his peri.od, ionograms were made each half­
hour for the next 3 Ill'. These ionograms have b een 
scaled for criti cal frequencies, minimum vir tual 
heights, and for the occurrence of special features, 
particularly for the absence or presence of spread F 
and of the various types of sporn,dic E. Each type 
of information from the ionogram. was converted to 
an appropriate singlc-digi L sC~Ll e and punched in a 
separate column of )1, uniquely identified IB.M card . 
Simul taneous scin t ilhLtion information, described 
below, was later added Lo each cMd. 

Scintillation records. T ile cin tillation records . 
both analog and digital, eonsisL of a sine wave ( "car~ 
rier " ) having t1 frequency dctermi ned by the rate 
of lobe sweeping and an ampli t udc and phase whi ch 
are modula ted by t hc ionosp hcrc. For Lhe present 
experiment several m eLhods were lI sed to extract, 
from Lhe digital r ecords, t he <Lmplitude and p ln1se 
modulation. However , all of t hese methods depend 
upon the fact that thc cnvelope of the earricr is 
nffceted only by ionospheri c <LlllpliLudc effects and 
thaL t he Limes of zero-crossings are affccted only 
by ionospheric phase effects. Intermcdiate poin ts 
on the ('arJ'i er 1'11'e aA'ected by bo t lt . The power 
index 

(~~J) = I P~/~ I 

and lh e amplitude inclex 

h ~we becn co mpuLed Lo mcasurc amplitude effeets. 
P is the power from lh c discrcLe so urce ttnd may be 
read dil'ectl.'~ from t he envelope of the c<Lrri er since a 
square-law deteetor WtLS used in the scinLillation 
receivers. A = ·,/P, fj,nd ~L bar denotes an avcrage 
over the record. Th e reaso n for co mpu Ling both 
of these quantities will be shown in a Jater section. 

The variance of L1le angular scin tilh1tions, 02, was 
computed as a measure of p hase effects. For any 
given elevation angle, if can be deduced from the 
observed value of (J" , thc st<Lncla rd deviation of the 
phase differ ence, a , between the two ray paths to 
the interferometer. Variations in a may b e deter­
mined directlv from the vari.ations in the interval 
of time bet,;'een successive zero-crossings. (See 
following paper by the same authors.) 

The first attemp t to measure ampli tude scintilla­
tions was to assi.gn visually one of five possible cate­
gories to each 5-min section of the scin tillation 
records (see appendix 1) . Those sections for whieh 
there were no visible variations in the envelope of 
the carrier were assigned a "depth index" of 1, those 
for which there were shallow variations in the enve­
lope wer e assigned a depth index of 2, etc. , to the 
depth index 5 for records with amplitude effects so 
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deep that the lobes disappeared. Several examples 
of each of these categories of records wer e scaled 
by hand so tha t an estimate could be made of the 
range in valucs of (ilA/A )2 and of (ilP/P ) associa ted 
with each category (see the table in appendix 1) . 

A second approach was to r ecover P and ex from 
the carrler and then to plot these two quan tities as 
functions of time. The resulting graphs are referred 
to as power plots and phase plots respectively . 
Two differen t methods were used ("zero-crossing" 
and "fil ter ") to make this recovery (see following 
paper ). The power and phase plots may be used to 
compute the qu antities (ilP/P ), (ilA /A )2, and 02, 
and it is also possible to use them to determine the 
power spectra of amplitude and angular scintillations. 

Some of the records, because of large amplitude 
and/or phase effects, are no t amenable to analysis 
by either the "zero-crossing" or "filter" methods. 
These records wer e analyzed using a s ta tistical ap­
proach which does no t give detailed power and phase 
plots but which gives the quan tities P n and CTll, 

quantities which m ay be rela ted to (ilA/A )2 and 02 
(see following paper by the same au thors) . 

5. Results and Discussion 

The relation between amplitude scintillations and 
ionospheric parameters. Figure 3 displays the distri­
bution with elevation angle of the Ellswor th iono­
grams and the coincident scintillation r ecords whi ch 
were used to investigate the correlation between the 
two types of observations. Figure 4 shows a definite 
correla tion at bo th radiofrequencies between the 
depth of amplitude scintilla tion and the occurrence 
of spread F. H ere the Fisher Zr function [Walker 
and Lev, 1953] is plotted at the weighted m ean 
elevation angles of the lO-deg class intervals shown 
in figure 3. The upper scale gives, for each eleva­
tion angle, the ionospheric height a t which the line 
of sight to Cygnus-A comes closes t to the zeni th at 
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The "effective ionospl1Cl'ic beigh t" is the height at which th e linc-or-sight 
from Boulder to Cygnus-A comes closest to t he zenit h at Ellsworth, NebI'. 

Ellsworth. N is the number of samples used in the 
computation of each value of Z" and the vertical 
bar through each point has length 2CTzr , - twice the 
expected s tandard deviation of the correlation co­
efficien t. Each graph is derived using the total data 
sample, Division of the data in to sunlit and dark 
ionospheric groups results in correlations (no t shown) 
which h ave, in general, a value of ZT which is 0.1 
higher (dark ionosphere) and 0.1 lower (sunli t iono­
sphere) than the correlations shown, with COITes­
pondingly larger values of CT'r ' 
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In the ame manner, figure 5 displays the correla­
tion, using the total data sample, between the depth 
of ampli Lilde scintillations and the occurrence of 
sporadic E. Division of the data according to sunlit 
and dade ionosphere, as well as by season, resulted 
in no significant change from the r esults shown. 

Othor ionospheric parameters showed little or no 
correlation with the depth of ampli tude scintilla­
tions. In particular, there was no significant corre­
lation, at either radiofrequency, with joF2, joEs, 
h'Es, or jmIn' Correlation with h'F, the minimum. 
virtual height of the F region, resulted in a Zr of 
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about 0.2 to 0.3 at 53 Mc/s and a Zr of about 0.1 to 
0.2 at 108 M c/s, fl.t F-region effective heights. 

Many, but not all, previous observers have found 
scintillations to be correlated with the phenomenon 
of spread-F ionospheric echoes. In the early days 
of scintilla tion study, Ryle and Hewish [1950] and 
Little and M axwell [1951] both found such relation­
ships, while Mills and Thomas [1951] found positive 
correlation with an "F-region index". Later Bolton, 
Slee, and Stanley [1953] reported positive correla­
tion during the winter months; as did Wild and 
Roberts [1956a] for nighttime scintillations, although 
in both cases the ionosonde was located many 
hundreds of kilometers from the point of F-region 
penetration. Both Dueno [1955] and Hartz [1958] 
failed to find correlation with ionosonde data taken 
at points apprecifl.bly far from the optimum for F­
region penetration, although Hartz and, more re­
cently, Dagg [1957] noted that the diurnal variations 
are similar. Briggs [1958], on the other hand, has 
recently s tudied the correlation between scin tilla­
tions and spread F to deduce the patial extent and 
the height of the region responsible for scintillations. 
Wright, Koster, and Skinner [1956]; and Kos ter, 
[1958] have noticed a quite high positive correlation 
with equatorial spread F, but this may be a differ­
ent phenomenon from the spread F at Lemperate 
lati tudes. 

The diul'l1al variations of spread F and scintilh­
tions are gener"lly reported to bc similar, and a 
comparison between figures 6 and 7 indicfl. tes that 
t his is clearly th e case for thc present experiment. 
T llis fact alone migh t explain some of th e corr'ela­
tions which have becH reported. In other cases, a 
disadvantageous locfl.tion of the ionosonde may have 
r edu ced or des Lroyed the correlation, vVe have at­
tcmpted to avoid both pitfalls, first, by removing 
th e average diurnal and seasonal variation from both 
the scin t illation daLa and the spread P observations 
(see append ix 2), and second, by locat ing the iono­
sonde at Ellswolth, Nebr. Althoug h Ellsworth was 
cJlOsen specific ~'dly for E-region observfl.tions, the 
location should provide quite reliable F-region data 
for elevation angles of Cygnus-A in the range from 
25 to 65 cleg above the northeastern horizon at 
Boulder. 

The positive correlation between spread F and 
the depth of amplitude scintillations, as shown by 
figure 4, agrees with many of thc results described 
previously. The location of the ionosonde, although 
not ideal for F-region effects, is quite satisfactory if, 
as has been reported [Briggs, 1958 ; Koster, 1958 ; 
Yeh and S'wenson, 1959 ; and Reid, 1957], the irregu­
larities responsible for spread F occur in patches 300 
to 500 km in la teral extent. The data revision proc­
ess, which removed the diurnal and seasonal varia­
tion from the ionospheric and scintillation param­
eters, insures that any correlation which remains 
must be the result of detailed hour-to-hour or day-

10 10 lO 40 50 60 70 80 

ELEVATION ANGLE OF CYGNUS-A I degrees 
90 to-day correlation between the two variables (see 

appendix 2). 
The correlation, for a given elevation fl.ngle of 

Cygnus-A was generally higher at 53 M c/ than at 
I 108 Me/s. This result might have been anticipated 

FIGURE 5. The correlation between amplitude scintillations 
and sporadic E, as a function of sow 'ce elevation fm' each 
radio fl·equency. 
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since the refractivity of th e ionosphere varies in­
versely wi th the square of the r adio-wave frequency. 
The nearly constant value of correlation, at either 
l'ftdiofreq uency, over th e whole range of elevation 
angles, indi cat es that the patches of spread F cover 
large areas. This resul t h as the unfor tunate effect 
of m aking heigh t determination, by the method used 
in this experiment, impractical. The correlation 
was considerably high er at nigh ttime than in the 
daytime, and this resul t t ends to reinforce the idea 
t hat scin tillations are related to spread F, since 
spread F reftches a m aximum shortly after local 
m idnigh t . It is possible that this varifttion of cor­
relation with local time is partly a result of our 
inabili ty to remove completely the effect of diurnal 
and seasonal trends. It is clear t hat correla tions of 
this type could be found sim ply by comparing tr ends, 
even though there is li ttle, or no, detailed correlation 
present. 

The correlation between scin tillations and spread 
F is significan t, but still far from perfect; however , 
two features of OUI' experimental techniqu e have 
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FIGUR E 7. H ourly average values of scintillation de pth index 
and of the statistical quantity P n , both converted to (Ll A / A) 2 
and to the " noise-to-signal ratio" , k. 

tended to reduce the apparent correla tion. First, 
Ellsworth is not ideally located for F -region com­
parisons ; second, and perhaps more important, we 
have used a spread-F index which depends only 
upon the absence or presence of spread F , no t upon 
its intensity. By themselves, these two effects 
would be insufficien t to r educe an otherwise perfect 
correlation to the observed value of about 0.3 . 
Therefore, i t seems probable that scintillations 
sometimes arise in ionospheric regions, such as E or 
upper F , which do no t produce observable spread-F 
echoes. 

A number of scintilla tion observers have searched 
for correlation wi th E -region phenomen a. Mills 
and Thomas [1 951] found no correlation with 
sporadic E, whereas Dueno [1955] and Bolton, Slee, 
and Stanley [19 53] reported a general , no t detailed , 
positive correlation between the occurrence of 
sporadic E and the occurrence of scin tilla tions. In 
each case, the ionosonde was locftted more than 200 
km from the E -region penetration poin t. 'iVild and 
Rober ts [1956a] found positive correlation with day­
time fEs, but no correlation at night. H artz [1958J 
working in Canada, found a general negative corre­
lation with sporadic E . 

Beca use sporadic E seems to occur in smaller 
pfttches than does spread F , i t is significan t that the 
Ellsworth station was locn.ted at precisely the correct 
place to study correlations at E -region h eigh ts. 
The ray pftth from Cygnu s-A to Boulder passes very 
near the zenith at Ellsworth at the 100 km level and 
is within 100 km of the zenith for elevation angles in 
the range from 10 to 22 deg above the northeastern 
horizon at Boulder . As men tioned previously , 
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the data )'ev) IOn process retfLlns any correlation 
between deLfLiled events but markedly reduces the 
effect of diuJ'nfLl fLnd seasonal trends. The results 
of other workers [Hartz, 1958; Dyce, 1955] as well 
as those shown in figures 6 and 7 indicate that the 
diurnfLl variation of the occurrence of sporadic E 
and the diurnal variation of the occurrence of scintil­
lations are inversely correlated. 

Interim results [Lawrence and Jespersen, 1959] of 
the present experiment indicated fL negative correla­
tion (at E-region heights) between scintilhtions and 
spomdic E. Those early results were obtained from 
only the first six months (Feb. 58- July 58) data, 
and the diurnal and seasonfLl trends had not been 
removed. It appears in retrospect that these corre­
lations were produced by t,he inverse diurnal trends 
in the two variables. They, as well as the present 
results, arc derived from data taken at 5-min 
intervals in the relevant mnge of elevfLtion angles. 
Accordingly, the sensitivity of the result to any real 
rehLionship should be high. 

The present results , shown in figure 5, indi cate no 
significfLnt correlation, fLt either radiofrequency, with 
spomdic E. Although Lhis contradicts the weak 
negfLtive correlation m entioned in the interim report, 
we infer that there is no observable, detailed co n­
nection between sporadic E fLnd amplitude scintilln,­
tions at this h1titucle. 

Excepting sprefLd P, the only ionospheric paI'mn­
eter to exhibit significant correlation witit scintilla­
tions was h' F, the minimum virtufLl height of the 
P region. This positive correlaLion was higher at 
53 M c/s than at 108 ?vIc/s and tended, even more 
than did the correlittion with sprefLd P, to be re­
stricted to fL ),fLnge of elevation angles which indicated 
F-region heights. This suggests thn,t the properties 
of the electron-densit~T profile whieh determine h' F 
are r elated Lo scintillations, but do not hn,ve good 
serial cOlTelfLtion over such large distances as docs 
sprefLd F. In addition to titis, the correlfLtion may 
be related to the diurnal and seaso nal variation of 
radio star scinLillations, fL variation which has bee n 
the object of mu ch study [Bolton, Slee, and Stanley, 
1953 ; Hartz , 1958; OfLgg, 1957; Briggs, 1958; 
Koster, 1958; Yeh and Swenson, 1959]. Figure 7 
shows the observed vfLrifLtion in (LlA/A) 2. This 
variation contains fL mixture of both seasonal and 
diurnal effects since only one source, Cygnus-A, was 
used. Theory indicates [Booker, 1958] that, in the 
Frrsnel (nefLr zone) region, (LlA/A)2 is proportional 
to the squ fLre of the distance, Z, between the observer 
and the diffracting screen (see eq (2)) . If h' F is 
related to z, then one would expect a correlation 
between amplitude scintillations and h' F; also, any 
seasonal or diurnal variation in h' F would produce 
a correponcling vi\,ri fLtion in (LlA/A) 2. However, 
hmaxF' is probably a better measure of Z than is 
h' F. In view of this possibility, the observed diurnal 
and seasonal variation in hmaxF, at this latitude for 
the period corresponding to the times that scintilla­
tion data were taken, was used to obtain Z for eq (2), 
and the resulting variation in (LlA/A)2 was com­
pared with the observed variation (fig. 7). At 53 
Mc/s (using the P n curve) the agreement was quite 

good. No comparison WfLS made at 108 Mc/s since 
the available portion of the P n curve shows liLtlo 
variation. The agreement at 53 11c/s shows that 
a hypothetical diffmcting screen which always re­
mains . at the height of maximum electron density, 
and whose statistical properties never change, will 
produce the same diurnal variation in amplitude 
scintillations as is observed at Boulder. However, 
such a model seems quite unreasonable since it 
implies that all the irreg ularities are forced to move 
with hmaxF, and that their intensity, LlN, is inde­
pendent of electron density, N. 

Amplitude . scintillations. The power plots ob­
tained from the "zero-crossing" and "fIlter" methods 
provide a convenient basi for detailed analysis 
of amplitude scin tillations. Using the method 
described by Tukey [1949], power spectra extending 
over the frequen cy range 0.005 to 0.17 cis hfLve 
been calculated from the power plots . Four such 
spectra, together with the corresponding vfLlues of 
(LlA/ A)2, are displayed in figure 8. The ordinate 
value is the common logarithm of the variance per 
unit frequency interval, expressed in units of the 
square of the average power. Since the spectra 
co n,e from. power plots, and these canno t be ob­
tftined for the highly dist urbed records, the two 
upper curves ill figure 8, although they fLre the 
hig hest spectra available, s houJd be taken as typical 
of OJlly modern,te scintillation activity. The two 
lower pectra were derived from dfLta with little 
scin tillation activity, fLnd arc close Lo the noise 
level. 
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FIGURE 8. The figure shows the highest and lowest observed 
amplitude power spectra for each radio frequ ency. 

~l'he lower level at each frequency indicates the background "noise" level. 
The units of I V are the variance per uni t frequency interval oxpressed in units of 
the square of the average powor. 
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E ach pair of spectra in figure 8 was derived from 
simultaneous power plots at the t wo r adiofrequen­
cies. Comparison of these spectra, and of many 
others like them, indicates that there is no detailed 
correlation in the frequency domain. (The quasi­
periodic variation superposed on the spectra is 
caused by the finite length of the data samples 
and should not be misconstrued as an indication 
of correlation between the spectra [Blackman and 
Tukey, 1959].) No correlation is to be expected 
for scintillations which result from a diffraction 
process b ecause the distance, measured in wave­
lengths, between t he observer and the diffracting 
screen is very differen t for the t wo radiofrequencies. 
R efraction, on the other hand, should cause detailed 
correlation. Thus, we conclude that, at 108 Mc/s, 
refraction plays no observable role in the produc­
tion of the amplitude scintillations we observe, 
in contras t t o the observa tions made at lower fre­
quencies by Wild and Rober ts [1956b.]. The lack of 
correlation also indicates that there are no correlated 
instrumental errors, such as migh t b e in troduced 
by variations in t he power-line voltage or by move­
ments of the an tennas. 

E xcep ting the short-period fluctuations which 
are t he effect of fini te sample length , t he power 
spectra follow a defini te pattern. T ypically, log 
TV decreases linearly with frequ ency, up to a fre­
quency of about 0.1 cis, and becomes nearly con­
stan t ther eafter . The negative slope of the decreas­
ing por tion of t he spectrum is directly r elated to the 
"fading period," t, which was used in a previous 
study of the ampli tude scin tillations [Lawrence and 
J espersen , 1959] . (In that study, t was defined as 
twice the average in terval between crossings of the 
average power level. ) Although the upper example 
in figure 8 does no t seem to concur, t he negative 
slopes of pairs of spectra derived fronl simul taneous 
scin tillation records made at the two radiofrequen­
cies, are generally very similar. Such independence 
between fading r ate and frequency is t o b e expected 
for scintillations which arise from a diffraction 
process. 

The power spectra are nearly fla t for frequencies 
greater than 0.1 cis, but the shape of this portion of 
the spectrum is severely influenced by the discrete 
sampling of the origin al da ta. When a function, 
x(t ), is sampled at equal intervals of time, !J. t , then 
the frequencies 2f", ± .i, 4fN ±f, 6j~ ±f, etc. arc not 
distinguishable from the frequency f [Blackman and 
Tukey, 1959] . H ere, iN, the Nyquist frequency, is 
defined as iN= ?fM Thus, if frequencies higher than 

into the spectrwl1 , has been examined and is found 
to increase the general level of t he spectrum by a 
nearly constan t amount . In order to avoid aliasing 
the power spectra, onc would ordinarily use appro­
priate low-pass fil ters to remove the higher frequen­
cies before sampling. H owever , in the case of the 
"zero-crossing" method (see following paper by the 
same au thors), the n ecessary filter would have an 
upper frequency cutoff equal to the phase-sweeping 
frequency and would thus r emove the signal. 

1 'he power plots have also been analyzed in term s 
of ( !J.A /A) 2 and (!J.P/p) , the amplitude and power 
indices [Lawrence and J espersen , 1959] . The rela­
t ion between (!J.A/A F and (!J.P/p) depends upon the 
distribution law obeyed by the amplitude, A , of the 
radio wave. Thirty-one records selected at Tandom 
were used to produce the do ts shown in figure 9, 
where it may be no ted tha t the observed values oJ 
amplitude index (!J.A/A)2 and power index ( !J.P/p) lie 
close to a smooth curve. 

Since the rela tion between these two qu an tities 
depends upon the distribution function of the 
amplit ude of the radio wave, this r esult gives us 
some information about the distribution functions 
themselves. Any par ticular pro bability density 
function of amplitude should produce a single value of 
(!J.A /A )2 and a corresponding single value of (!J.P/P ) . 
The fact that the points on figure 9 lie n ear a single 
smooth curve implies tha t the family of probability 
density functions from which our scin t illation samples 
have been taken can be described by a single param­
eter , the position along the line depending upon the 
value of tha t parameter. 

The solid line in the figure shows the theoretical 
relation which would occur if the observed signal 
were composed of a steady (undiffracted) com ponen t 
and a random component consisting of a number 
(three or more) of independen t, r andomly phased, 
diffracted waves . The probability density function 
from which this curve has been derived was first 
described by Rice [1944 and 1945] and has been 
discussed in terms of its application to ionospheric 
problems by R atcliffe [1956] . This probability 
density function , which we shall call the " Rice 
distribu tion", is really a family of distribution 

.. 
• • ~ '-i./2 

i N are presen t in the data they will contribute their 
energies to lower frequen cies in t he spectrum . ¥­
This phenomenon is frequen tly described as 
"aliasing" or "folding" of the higher frequencies into 

k· t./2 

the r ange of interest of the power spectrum. 
As men tioned previously, the power spectra could 

be computed onlv for records which displayed mod­
erate, slow scin tillations. On such r ecords, most of 
the variance due to scintillations is composed of 
frequencies less th an .iN, and those frequency com­
ponents greater than f N will be largely due to white 
noise. The effect of white noise, wh en folded back 

." .. 

FIGURE 9. T he relationship between amplitude and power 
indices, compared to the theoTetical CUTve from the Rice 
distribution. 
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function pfll'ametric in the quan tity 

ampli tude of the steady component 
a= rm s instantaneous amplitude of the random component 

, /2(rl11 s instantflneous amplitude of the steady component) 
= rms instantaneous amplitude of the randoJ~1. co mponent 

Norton et al. , [1955] have defined the quantity 

P = 2/a2= [ rms i~l stantan eous ampli~ude of. the random co mpon en LJ2 
r111S l11stantaneous amplitude 01 . tile steady compon ent 

which has the advantage of being a ratio of mean 
squares . Ie may be thought of as the rms noise-to­
signal rfltio of the radio wave. In the present 
application "signal" meflns the steady component 
unaffected by the irregulari t ies of t he ionosphere, 
flnd " noise" 111 cans the com bin ation of the various 
diffmcted waves. 

The Rice d istribution degenerates into the familial' 
Ra~Tleigh distribution in the limit tl,S le approaches 
infinity, and approaches a displaced Gaussi::ul dis­
tribution as 1c npproache zero. The details or t he 
derivation of this curve have been given elsewhere 
[Lawrence and Jespersen, 1959]. 

The apparent agreement betwee n the amplitude 
seintillfltion records and the Rice distribution means 
that the arbitrary ampli t ude and power indiccs 
may be replaced by the physicfllly more m eaningful 
parameter Ie. (This agreement is also justificat ion 
for the method chosen to produce artifi.cia.l test dil.ta, 
as described in the following paper. ) Each depth 
index nfltul'fl.ll~T covers a considerable range of valnes 
of le. Extreme and average values arc flpproxirnately 
as shown below. 

k 
Depth index 

min max avg 

1 O. 04 O. 12 O. 05 
2 .05 . 13 . 07 
3 . 13 .30 .20 
4 .28 . 35 . 31 
5 .47 > 3 1. 41 

The family of Rice distributions a defined by 
Rice [1944 and 1945] applies to the amplitude 01 the 
radio wave and is thus quite convenient for the 
study of communications signals. For radio-star 
observations it is usual to employ a squar e-l aw de­
tector flnd thus obtain records which are lin ear in 
power . The Rice distributions, G (P ) , plotted in 
terms or power, are shown in figure 10. Th ese curves 
accurately match the observed distributions of 
chart deflect ions . On these curves the long tail 
which exists for large values of Ie is particularly 
noticeable. The corresponding large deflections of 
the record are indeed prominen t, and ma:v easily 
give the erroneous impression that they arc caused 

by some speci'11 mechanism unrelated to random 
diffraction . 

Many simultaneous pairs or reco rd s at 53 Mc/s 
and 108 .Mc/s have been used to compare tbe values of 
(LlA/A)2 at the two frequenc ies. Booker [1958] bas 
pointed out tha.t, in t he Fnwnhofer region (i .c., in 
Lhe I' tl. l'-zon e region, where (LlA /A)2 is independ ent or 
the distance between the observer and the d iA'racting 
sc reen) , (LlA/A)2 should Vil1',\" as the square of the radio­
frequency, while in the Fresnel region (i .e. , Lile near­
zone region ) the variation should be as the four t h 
power o[ Lho J'L"eq uency. Figure 11 seems to indicate 
t hat , for values 01' (LlA/A) 2 less t han about 0.2 flt 53 
;-'[c/s, we 'I.re on t he border beLweell t hese two regions. 
For Ifl.l'ge VtLILIes (not shown in the fig.) (LlA/A) 2 ap­
pr'oa,ches Lhe R;l.yleigh limiL (0 .274) ind ependent or 
I'l'cq uenc.v [Lttwl'ence and Jespersen , 1959]. This is 
expected, sin ce the Rayleigh . limit represenLs the 
case where all 01' Lhe ignal (undifl'racted compon ent) 
h,I,S bee n removed. 

As h,l.s been indicated, the noise level may be esLi­
J11'I.Lod from t he powcr spectra. This estimn,Leci level 
Ims been used to COlllpute the contr ibution o[ noise to 
the valu e of (LlA/A) 2 as a function of (LlA/A) 2 at the two 
freq uencies . The ob ervcd values of (LlA/AF were 
then corrected for noise effects and these are the 
values plotted in fi gure] l. 

A rough indication of Lhe diurnal variation , mixed 
with an unknown a mount 01' seasonal variation , of 
amplitude scintillation s comes directly from the sub­
jective depth indices. The lower curve in figure 7 
was drawn by smoothing the hourly average values 
of depth index, and convertin g the resul t to (LlA/A )2 
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FIGU RE 10. The Rice distribution junction plotted in terms oj 
power. 
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FIGU RE 11. Amplitude scintillations at the two Tadioj1-equencies . 
The expected wavelength dependence lor Fraunholcr (A') and Fresnel (A' ) 

d iffraction is shown by thc solid Jines. 

by n'leans of the table (see appendix 1) . These 
curves are certainly too low b ecause of a limitation 
at the high end of the scale of depth index . Index 5 
h as been used to describe records in which the scin­
tillations were "so deep that the lobes di sappeared" . 
Since many different degrees of scintillation activity 
are included in this category, the effects of the most 
violent scintillations are not properly represented 
in the lower curves of figure 7. In order to assess 
the importance of this saturation ciIect , a portion of 
the data has becn analyzed by the more elaborate 
procedure of evaluating P n (see following paper) . 
The results , whcn tmnsformed to equivalent val­
u es of (LlA/A ) 2 and then averaged by months, 
are shown by the upper curves in figure 7. These 
curves give a more accurate cstimate of the true 
variation of (LlAI A )2. The data used in this result 
were a composite of two groups centered around the 
elevation angles 15 0 and 35 0 . 

Figure 12 shows the elevation-angle dependence of 
(LlAIA ) 2 as computed from P n ' Only data from 
August 1958 to February 1959 are involved h ere. 
For comparison , a curve proportional to sec3x, the 
cube of the secant of the zenith angle, is included on 
the same figure. The observed variation does not 
agr ee very well wi th the sec3x curve which is pre­
dicted by a theory based upon plane-earth geometry 
and spherical irregularities [Booker, 1958] . How­
ever , most ob servers agree t lmt the irregulllrities ar e 
alincd along the earth's magnetic field and ar e 
therefor c no t spherical. Also at the elevations con­
sidered , the curva\",ure of the earth is not negligible. 
Perhaps the most importan t reason for the dis­
crepancy is that (LlA/A )2 approaches som e constant 
value independent of frequency, and hence, for 
large scin tillations, any theoretical elevation-angle 
dependence should be modified to include this eff ect. 

Using the noise-to-sign al ratio , k, which indicates 
the fraction of incident energy that suffered difl'rac­
tion in the ionosphere, we can make a rough compari -
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FIGUHE 12. Th e variation, with source elevation above the 
northeastern horizon, of the amplitude index f or each radio­
frequency. 

The hroken Jines show a theoretical elevatioll a ngle clepelldence proportional 
to L),e cube of the secant of the zc nith angle. 

son of our resul ts with those of other observers. 
Interpolating between our two frequencies, we find 
that, for a given elevation angle, the value of k ob­
served at Boulder is 2 or 3 times greater than the 
value observed at 80 Mcls at Cllmbridge, England 
[Hewish, 1952]. Since m easurem ents at College, 
Alaska [Little et aI. , 1958] have shown little or no 
dependence upon zenith angle , direct comparison 
with the Boulder r esults is less m eaningful. The 
value of k at College was consisten tly 2 or 3 times 
greater than that at Boulder , even n ear the horizon, 
despite the fact that the College m easurements were 
made at 223 Mc/s. (The Boulder and College ob­
servations were made when the relative sunspot 
number was about 190 ; for the Cambridge 0 bserva­
tions it was 85.) 

Angular 8cil1t~llation8 . 'When normalized to ac­
count for the spacing of the interferometer lobes, the 
phase plots can b e used to calculate power spectra 
of angular scintillations over the frequency range 
0.005 to 0.17 cis. Figure 13 shows examples of such 
spectr a . The ordinate value is the common loga­
rithm of power density, or variance per unit fre­
quen cy interval, in units of tenth s of a minu te of 
arc, squared . H ere, as with the corresponding 
spectra of amplitude scintillations, the reader is r e­
minded that spectra can be obtained only for moder­
ately disturbed records. R ecords con taining intense 
scintillation activi ty cannot be used to derive spectr a. 

Hewish [1951] has shown that for m eter wa ve­
lengths, the scale of the ionospheric irregularities is 
the same as the scale of the ph ase irregularities on the 
ground whenever the rms phase variations are less 
than 1 radian. That this is generally trne for our 
d ata is shown by the fact that the sbape of the power 
spectra of the angular scintillations are similar for 
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records taken simul tfl,neouslv at Lhe two l'<1.d iofre­
q uencies , H owever, as in 'the Cfl,se o f 11.mpli Lude 
scintillations, t he h ig h-fr eq ueney end o f Lhe power 
spectra is at times masked by Lhe presence of noise 
which is fold rd back in to the spectrum, F igure 13 
shows t he highesL and 10wesL observed levels of the 
p ower specLm for angular scin t illations at t he two 
frequen cies, As for ampli tude scint ill ations, tbe 
lower two curves arc indicative of t be noise leveL 
The correspond in g vH.lues of t he varif1.n ce of t he 
ang ular scinLillaLions, 8L , are given for each of the 
spectra, 

The shape of the spectrum va,r ies suffLcientl.I' ['rom 
da~T to day to obscure any vfl,riation in spectral shape 
which may be related to the elevation angle of th e 
sou rce, In spection of sim ul taneo us power spectra of 
angular scintillations at 53 and 108 NIc/s indicates 
that the deta il s of the sp ectra do not coin cide, The 
geneml shape m ay var~~ from hour to h our, usually 
in the sa.me wa.y on both r adiofrequ encies, 

Inspection o f the phase plots of records taken 
simultaneo usly aL th e two radiofrequeneies indicates 
(except for a special case to be descr ibed) t hat ther e 
is no detailed con elation , H er e again , w here dif­
fr action is involved , no co rrelation is expected. 

F orty-one pairs of simul taneo us phase plots (r epre­
sen t ing moderate scin tillation activi ty) wer e used to 
compar e 82, t he mean squar e angular scin tilla tion at 
the two frequencies, Figure 14 displays this fr e­
quency dependen ce or ang ular scin tillations. 
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F I GUR E 14. l'I!{ean squme ang,tla?' scintillation at the two 
md iojTequenC'ies, 

'r hc solid line is the theoretical wuvelength de pe ndence, 
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Thco l'~~ [Bookrr, 1958] ind icates t hat th rre sho uld 
br a fo ur th-powe l' wavelengt h dcpe nden cc fo r 82, and 
OLlr daLtt fits t his qui Le well , H el'e t hcre is no tcnd­
rllcy to appr ofLch H, limi t ing valuc which is ind epen d­
ent of frequency, since 82 depends upon t he num be r 
or io nosph eri c irregular it ies which Lhe md io wave 
passes through , eaeh irrrg lilari t~~ in t rod ucin g a cer­
L:1.in phase cha nge depe nde nL upon t he freq Ll enc." of 
the in cidr nL wavr , 

F igure 15 shows t he cleva Lion-a llgle dependence o r 
82 at the two frequencies c1. nd figul'e 16 gives the 
seasonal (an d /or diurnal) depen dence or 82 over a 
limited portio n of t be yefl. r , Both of these CUl'ves 
are based upon (J'd (see followin g paper by the sam e 
au thors) which was t hen transfo rmed to th e appro­
priate value or 82 Sim ple theory indicates that 82 
should vary as sed/2x and t his seems to b e true in 
fig ure 15. 

Relationships between amplitude and angular scintil­
lations. About t wo hundred scatter d iagram s of the 
instan taneo us power, P , versus the instan taneO Ll S 
phase, 01 , luwe been examined . I n n o instan ce is 
there a n indication of a detailed correlation between 
these two qua ntities. This is the r esult to b e ex­
pected if a diffraction process is involved, However , 
a defin i te correla tion does appear for th e m agnitude 
of power and phase variations averaged over 10 min 
in ter vals. 
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F IG U R E 16. The seasonal and/or diurnal variation of rms 
angular scintillation. 

Theory [Booker , 1958] indicft tes that the stft ti stical 
relft tion between amplitude and angulftr scintillations 
depends upon the observer's distan ce from the iono­
spheric disturbing region . In the Fraunhofer region 

(J) 

whereas in the Fresnel region 

(2) 

L is the ionospheric irregularity size and z is the 
observer 's distance from the disturbing region. These 
results ftre vftlid only for rms phase scintilla tion s less 
than 1 radian. From (1 ) it is evident that the rela­
tion between (~A/A)2 and (ji is linear, wi th slope pro­
pOl,tional to (L/"AY in the Fraunhofer region. In th e 
Fresnel region the rela tion depends upon z, th e ob­
server 's distance from the disturbing r egion, and, 
fur thermore, a plot of (~A/A)2 versus (j2 should coin­
cid e for two differen t radiofrequencies . 

Figure 17 shows the relation which was ob tained 
by fit ting a lin e through t he observed scatt er of 
poin ts . Because (~A/A)2 incr eases wi th zeni th 
angle, the horizontal scale corresponds to a non­
linear scale of increasing z. The curves diverge, 
indicating a dependence on A, but they are ftlso 
nonlinear , indicating a depend ence on z. 'Ve must 
conclud e that our observa tions were not completely 
within either the Fraunhofer or the Fresnel regions, 
but in the transition zone. 

50r--------,---------,--------,---·-----, 

40 

CJ) 30 
z 
<! 
;; 
<! 
cr 

..~ 

x 

I~ 20 

10 

O ~~~=z==== __ _L ______ ~ ____ ~ 

o 0.0 8 0.16 0 .24 0.32 

(4: )2 

F IGU RE 17. T he observed relationship between mean sq1tare 
angular scintillation and amplit11de index . 

Examination of the spectra of the power and phase 
scintillations from a given r ecord indicates that th ere 
is no detailed correla tion between the two, but that 
they have the same general shape, viz, steep at t he 
low-frequency end, and leveling off toward higher 
frequen cies. This is in agreement with other 
observations that the r ate of fading of th e amplitud e 
and phase are similar for a given record [Ryle and 
H ewish , 1950J. 

S low, irregular angular fluctuations. In addi tion 
to the angular scin tillations described above, slow 
irregular phase variations having autocorrela tion 
times of some minutes have been observed at bo th 
frequencies. Figure 18 shows two typical examples 
of these irregulari ties as observed simultaneously at 
the two radiofrequencies. If one were to r emove 
the slow variation from them they would look like 
ordinary scintillat ion records in which no irregu­
lariti es are presen t. Figure 19 shows one of the slow 
irregular structures m easured for a period of 1 hr. 
This figure is a composite of consecu tive r ecords 
of the type shown in figure 18. It should be noted 
that th e steady angular vari a tion of the r ftdio star , 
du e to its diurnal mo tion , has been removed, as i t 
is from all phase plots. Since no a ttempt has been 
made t o determine the absolu te phase of the in ter­
ferometer sys tem, the zero levels are arbi trary on 
these diagrams. 

The slow angular variations show high correlation 
between records t aken simultaneously a t the two 
frequencies. Forty-seven pairs of records, each ten 
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ELEVATION OF CYGNUS-A ABOVE NORTHEAST HORIZON, DEGREES 

13 14 

<J) 
W 
W 
a: 0.4 

" W 
0 

z ' 
0.2 

0 
iii 
a: 
:::> 
0 
x 
w 

a: 

'" ...J 
:::> -0 .6 

" Z 

'" 1230 1240 1250 1300 1310 1320 1330 

LOCAL SIDEREAL TIME 

FIGURE 19. A sixty minute record exhi biting slow irregular 
angular variation. 

108 Me!s; lIOO a.m., October 17, 1958. 

minutes long, showing slow irregular variation at 
the two frequencies, have been examined to deter­
mine tbe average total angular excursion for each 
frequency. The ratio oJ the average excursion at 
53 11c/s to that at 108 11c/s ranges from 2: 1 to 6: 1 
with the average 4 .1: 1. A four-to-one ratio would 
be expected if ionospheric refraction were responsible 
for the angular excursions. The close agreement 
between the observed ratio and the theoretical 
ratio expected for refraction , together with the high 
cross-correlation, indicates that these slow angular 
variations are due to ionospheric refraction. Tests 
with a target transmitter were made to eliminate 
the possibility that equipment malfunc tion might be 
responsible 1'01' these slow angular variations. Tbe 
negative results of the e tesLs, together with the 
frequency dependence of the variations, indicate 
that the effects are of ionospheric origin. 

Examination of the amplitude variations oJ pairs 
of records for which there were slow angular scintilla­
tions, indicate tha t there is no correlation between 
the amplitude fluctuation on the two frequencies , 
nor is there any long-period variation in amplitude. 
In fact, the amplitude scintilhttions seem to be un­
afl'ectecl by Lhe presence of the low angular 
scin tillations. 

This lack of cOl'l'cla tion suggests that the iono­
spheric ilTegulari ties respon sible for Lhe refraction 
are acting as prisms, or as \veak lenses who e focal 
lengths are long cO ll1pHl'ed with t]le observer' 
distance from them. For the case of a prism we can 
usc th e observed to tal angular excursion to es tim ate 
the amount by wbich the electron-content of the 
ionosphere deviates 1'1'0111 its mean value. Smith 
[1952] has shown that it pri sm will introduce an 
excurs ion in apparent directio n given by 

/:;,8 = __ e2_ dn 
27rm.f2 dx 

Here cln/dx is thc gnlCli ent , Lransvcrsc to Lhe line 01' 
sight, in electron cOllLcnt pel' un it column along the 
line of sight ;! is t.he J'acl iofreclLlency; e is th e charge 
of fln electron; an d m is the mass or an elec t rOll. 

A typical angular excu rs iOIl at 53 J\ Lc/s is ,1,bou t 
0.5 deg. If' we assume th,1,t such (\, gradi ent is 
maintained over n, portion of th e ij'j'egu l al' iL~ ' equal 
to, sa~-, 10 km, then from the above formula, the 
total electron-content vari,ttion is <1, few percent of 
the mean value. 

Figure 20 shows the seasonal and /or diurnal varia­
tion in the rrequenc~T of occurren ce of these irregu­
larities. The ordinate value is the percent of obser­
vations which exhibit slow irregular variations, 
relative to the total number of cases available for 
each month . Th e shape of the curve suggests that 
the variation is more diurnal than seasonal, since 
the peak is cen tered about two seasons (fall and 
winter) . Furthermore, in the months from :May 
to December the data were taken during dayligh t 
hours. The shape of the curve seems to indicate 
that the irregularities build up rapidly as the iono­
sphere becomes illuminated, and tben gradually 
disappear. 
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FIG U RE 20. The seasonal and/or diurnal vanalion in lhe 
f l'equency of occurren ce of slow i1'1'egular angular vW'ia­
lions. 

Th e total angular excursion is found to decrease 
as the source rises , while the probability of observing 
these slow irregularities seems to increase. Since 
ordinary amplitude [md ph ase scintillations decrease 
as the source rises, the slow irrcgularities are most 
likely to be seen on records for which the ordinary 
scintillations are small, (L\A/A) 2 less than 0.06. 
However, they have occurred on several occasions 
when (6A/A )2 was as large as 0 .20 . 

It is reasonable to assume that the elevation­
angle dependence in the probability of occurrence 
of the slow angular variations results from the fact 
that at low elcvation ang-I es ampli tude scintillations 
are most severe and are likely to limi t the ability of 
th e "zero-crossing" method to recover the slow 
phase variations from the data . 

The variation in the total angular excursion with 
elevation angle probably arises from the changing 
path length through the ionosphere, although there 
is some possibility that the structure of the irregu­
lal'itie~ries rapidly with latitude. No attempt 
hiLS yet been made to check these ideas quantita­
tively. 

At the low elevation angles of 10 to 20 deg, the 
di s tance which thc lin e of sight moves through the 
ionosphere in a period of 20 min (typical of the length 
of time during which anyone irregularity is observed) 
is of thc ord er o f' 200 km. This distance may be 
assumed to bc indicative of the horizontal size oj' the 
ionospheric irregularities in the appropriate direc­
tion if ionospheric drifts are neglected. 

Examination of' the distributions of ionosphcric 
parameters scalcd f'rom the Ellsworth ionograms 
reveals no significan t difference between times of 
slow angular scintillations and other times . A 
possible exception is a marginally significant increase 
infoF2. 

Vitkevich and Kokurin [1957 and 1958], using a radio­
astronomy technique, observed large-scale angular 
variations with no corresponding amplitude effects. 
Other authors h ave apparen tly observed a similar 
phenomenon [Bramley and Ross , 1951; IVhi teh ead, 
1956; Jones et aI. , 1957]. The la rge-scale travel­
ing disturbances which Munro [1950] has studied are 
possibly related to the disturbances observed here. 
Satellite observations made at the Boulder Labora­
tories of the National Bureau of Standards [Little 
and Lawrence, 1960] have also disclosed the presence 
of these large-scale, ionospheric irrcgularities. 

6. Conclusions 

After removal of the diurnal (and /or seasonal) 
trends from the data, amplitude scintillations still 
correla te with spread F. Th e variation of correla­
tion with elevation angle of the source is small , 
indicating that spread F is in patches whose sizes 
are at least 400 km. No significant correlation is 
f'ound between amplitude scintillations and sporadic 
E. This result is particularly interesting since th e 
experiment was designed especially to measure and 
detect possible E -region effects on scintillations. 

The distribution of flux: received from a scintil­
lating radio source closely matches the theoretical 
distribution to be expected from the superposition of 
several randomly phased, diffracted waves upon a 
constan t, undiffracted wave . The zenith-angle de­
pendence of these amplitud e scintillations does not 
agree with a theory based upon isotropic ionospheric 
inhomogeneities. At Boulder, the fraction . of the 
radio-star energy diffracted by the ionosphere is 
about twicc as great as at Cambridge, England, but 
less than half as great as at College, Alaska. How­
ever, the Boulder and College observations were 
made when the relative sunspo t number was abou t 
190; for the Cambridge observations it was 85 . 

The root-mean-square value o[ angular scint il­
lations is found to be proportion a.! to the squ are of the 
wavelength, in accord with a theory of diffraction by 
ionospheric irregulari ties . 

Comparison of amplitude scin tillations with angu­
lar scin tillations indicates that, for eleva t ion angles 
of 15° to 50°, the region of the ionosphere responsible 
for scin tillations lies n car the border between the 
Fresnel and Fraunho f'er diffraction regions for both 
freouencies. 

Slow irregular angular variations having autocor­
relation timcs of 5 to 20 min are commonly observed 
at both frequen cies. These varia tions occur chiefl~T 
b:v cla:v and are attributed to large (of the order of 
200 km) lens-like ionospheric irregularities whose 
electl'on conten t per unit vertical column varies b.v a 
few percent from tJ ; e mean value. The resul ting 
angular disrlacemfDt of a radio source is frequently 
0.5 deg at [3 Mc/s, a nd varies as the square of the 
wavelength. 

7 . Appendix 1 

Amplitude scintillation index. A visual estimate of 
the depth of sc intillations can be made from a pen­
recorder trace of the interferometer output. Figure 
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21 shows 12-mi n sections of two typical scintillation 
records . Th e modulated sine wave is formed as the 
in ter['erometer lobes sweep past the discrete source 
(Cygnu -A ) at the ra te of 10/min . Th e amplitude 
of the sinusoidal trace is proportional to the flux 
received from t)le discrete source; the fluctuations in 
the envelope are ionospheric scin t illations. The 
depth of these amplitude scin tillations \vas classified 
by eye into 5 categories as follows: 

D epth 
index 

1 
2 
3 
4 
5 

Appearance of r ecord 

No scintillations. 
Shallow scin t ill ations. 
Med iu m sc inLillat ions. 
D eep scinti ll ations. 
Scint ill at ions so deep t hat 

the lobes disappear. 

For example, the record s in figures 21a and 21b have 
been assigned depth indices 3 and 5 respectively. 

t.PI P 
D epth 
ind ex 

min max avg 

] O. 04 O. J3 O. 09 
2 .06 . 1'1 . ]0 
3 .14 .35 .23 
4 .30 . 39 . 35 
5 .44 .75 .57 

The estimated depth index for each 5-min period was 
inserted upon the appropriate IBM card . 

Many of the scintilla tion records were supple­
m ented by simul taneous digital r ecordings on 
punch ed paper tape. A random sample of 108 Mc/s 
digital record s was selected for each depth index and 
subj ected to detailed analysis on an electronic com­
puter. This analysis yielded both the power index 

t:"p =jP-Pj 
P - J5 

and the ampli t ude index 

where P is the power received ['rom the discr ete 
source, A=·/J5 is the am.plitude o[ this radio signal, 
and H. bar denotes an flverage over the r ecord. The 
results fll'e sUl1imal'ized in the [ollowing table: 

(t.A I A)2 

min Inax avg 

O. 0008 0.007 1 O. 0025 
.00 J6 .0083 .0045 
. 0092 . 0LJ.48 . 0238 
. 0:~77 .0575 . 0512 
. 08:38 .3237 . 1689 

FIGU RE 21. Twelve-minute samples of typical 108 N[cls phase-sweeping records. 

'l' he modulated sine wave is formec] as the interferometer lobes swcep past the sow·ce. The amplitude of the record is proportional to the flu, reec h'cd from the. 
source; the fluctuations arc ionospheric scintillations. 
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8 . Appendix 2 

Correlation oj amplitude indices with ionograms. 
The IBM cards containing the simultaneous iono­
spheric (Ellsworth) and scin tillation data are referred 
to as "statistical index cards". T ests for correlation 
between any two parameters, x and y, on the cards 
may be performed easily on IBM statistical machines. 
The statistical-sor ter output consists of a bivariate 
distribution table, each variable, x and y, b eing 
allowed a scale of one through nine, zero b eing Te­
served for cases where there ar e no data. These 
ten-by-ten distribution arrays are then punch ed onto 
IBM cards for processing through a compu tel' pro­
gr am which determines th e correlation coefficient 
b etween the two variables. The normalized corre­
lation coefficien t is defined in the usual m anner as 

l' xy-x y (1) 
ITx ITv 

where the variance IT~ =~-X2. For independent 
data which are normally distributed, t he standard 
deviation of the correlation coeffi cient is 

1 -1'2 

IT T= .../N' (2) 

where N is the number of samples. If the data are 
not independent, but possess a significant serial 
correlation over an interval n samples in length , then 
N in (2) should b e replaced by N ln. A vislH1.1 inspec­
tion of the data indicates n to be approximately 6 
for data tak en at 5 min intervals, bu t nearly 1 for 
da ta tak:en at h alf-hour intervals. For the correla­
tion coefficients reported h er e, th e standard devia­
tions h ave b een calculated using these values of n . 

The distribution of the data is approximately 
normal for most of the ionospheric parameters but 
for scin tillations it is strongly skewed tow ards the 
high depth indices . Figure 22 gives the distribution 
of scintillation index for each radiofrequency, both 
b efore and after revision of the data. The methods 
of, and r easons for, data revision will be discussed 
in th e following paragr aphs. In order to assess th e 
errol' in troduced by using (2 ) wi th sk ewed data, a 
n10re sophisticated anal.vsis [Cramer, 1954] was 
undertaken. This calculation, involving high er order 
moments of the actual distribu tion, was made on a 
typical correlation coefficient taken from our data. 
The difference in ITT amo unted to less t han 0.001 ; 
h ence (2 ) h as been used in all subsequent calculations 
of ITT' 

In cases wher e 11'1 > 0.5, or where N is small, there 
is some advantage to use of the Fisher ZT function 
[Walker and Lev , 1953] and its corresponding stand-
ard devia tion IT . T• Z T is defined as 

(3) 
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FIG U R E 22. Freq1tency distribution of observe4,. scintillation 
index. 

and ITzT is obtained from the formula 

1 
IT - ---. Z,- .v'N- 3 (4) 

In the present case where correlation is small and 
N is large, ZT and IT' T are practically equal to l' and 
ITT respectively, and they can be used interchangeably. 

The geometry of th e experiment indicates that 
any correlation b etween ionospheric and scintillation 
parameters should vary wi th local sidereal time 
(LST ) as the ray path fro111 Cygnus-A moves through 
the different effective ionospheric l evels over Ells­
worth. Also, scin tillation activi ty is found to 
decrease with increasing elevation angle (increasing 
LST ) of the source. Consequently, the statistical 
index cards were divided into groups according to 
t he elevation angle of Cygnus-A. Figure 3 gives 
these groupings as woll LS a complete distribution 
table of the cards as a function of th e elevation angle 
of Cygnus-A. Figure 3 a lso gives the r elationship 
between the elevation angle of Cygnus-A, local side­
r eal time (LST), and effective ionospheric h eights. 
The average elevation angle of each major (10°) 
group h as been computed and is used for plotting 
th e correlation coefficients in section 5. 

Early correlation studies, reported previo usly 
[Lawrence an d J espersen, 1959], consisted primarily 
of bivariate correlations as a fun ction of LST, and 
used only six months' data . With the cessation of 
recording, the thirteen months (F ebruary 1958 
through F ebruary 1959) of available data were 
placed on statistical index cards . These data were 
then tested for correlations, but with few consisten t 
results. By contrast, t he previously reported 
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res ul ts [Lawrence ftnd J espersen , 1959J of correlation 
of a portion of the data had appeared internally 
consiste n t. Prom in en t diul'l1al and/or seasonal 
effects in the full year's data are presumably 
respon sible for this difference. 

Di vision of the data in to two classes, sunli t and 
dark ionosphere, proved helpful and indicated that 
complete removal of diurnal and seasonal trends 
would be worthwhile. To determine the trends, the 
hourly average value of each variable was plotted , 
except that in th e case of spread F' and sporadie E 
the frequency of occurrence was used, as shown in 
figure 6. The hourly average values of scin tilla tion 
depth index, converted to (tlA /A)2, appear in figure 7. 
These grapbs are referred to as diurnal curves, 
although ea,ch con tains an unknown amoun t of 
seasonal variation. It is impossible to distinguish 
with certa,inty between diurnal and seasonal effects, 
since only one rad io source was used. 

The IBM 650 computer was used to sub tract thc 
appropriate ho urly average from each numerical 
valu e on tbe statistical index carei s, and to normalize 
the rema,lnder to it scale of one through nin e. Th e 
resul t ing cHrd s are rcfelTed to as " revi ed s tati tica l 
index card s", fw d have been used in all tbe correla­
tion results reported h ere. Figure 22 shows the 
effect of this revision upon the distl'ibu tion of t he 
scin tillation indice. This redistribu tion canno t, of 
course, remove t he effect of skewn ess in the orig in al 
dep th indi.ce , H.S thi s was It resul t of limi ted equip­
men t sensitivi ty. 

The da ta in final form consist of several Lhousand 
revised stf1tistical index carei s. Tll e extreme exeur­
sions of the in osp heric and scin tillation indices from 
their average value for any pa,rticular local t im e, 
now nppear fl,S extreme values on a scale of one 
through nin e. ~ifost of the data are clustered a,bou t 
the median of the scale and so they contribu te little 
to the correla tion coeffi cien t. Thus tbe revised 
va,lues are in it form whi ch may be tested for detailed 
correla tion bctwecn individu al events, regardl ess of 
t rend s in the averages of the or igin al variables. 

This cxperim ent could not have been performed 
without the cooperation 0 1' several people. Among 
them are E. R. Schiffm acher and H. A. Erickson 
who were responsible for the main tenance and 
operation of the scintillation receivers, R . F. Carle 
who esLablished and operated tbe ionosonde at 
Ellsworth , and .Mrs. C. I. Enfield who assisted with 
the analysis or the data . This proj ect was supported 
by the Ballistic ~ifissiles Division of the United 
States Ail' Force under D . O. AF 04 (647)-134 . 
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