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D ata are prese nted from a ncar vertical inciden ce cw VLF sounding sys tem whose 
transmitter is locatcd at Scntin el, Arizona. The configuration of the transmitting ante nn a 
is such that the verti cally polarized g rounchl'ave patte rn has deep nu lls in which receivers 
may be located . The small gro undwave a ll ows t he pola ri zation components of the down
comin g sk.vwave to be measured \\' ith co nsidera ble accuracy. The soundin g system was 
operated at four frequencies in the VLF range. 

The observations show certain st rikin g features. The record s of rece ivers pl aced to the 
east of the trans mi tter arc diffe rent in character from r eco rds of receivers p laced in a co["
re~ponding posit ion to the west of t ile tra nsmitte r. Characte ristic record s of componpnts 
polarized in the pla ne of in cid ence are often very diffe rent from t h ose of co mponents polarized 
normal to the pla ne of incidence. 

Rapidly movin g fcatures often pass over the t ri a ngle of receiving stations causin g 1800 

to 3600 phase changes. 
A model is proposed which can expl ain the observation al feat ures of the data. 

I. Introduction 

It is well known frolll phase records obtain ed over 
both lon g and S b Olt paths (see [or exu,mple Bracewell 
et al. [19 51]; Hargrelw es [1961]) that the D-region 
of the ionospher e shows considerably m ore irregular 
flu ctuat ions at nig ht t lHtn durin g the daytime . Vari
ous investigations hlLVe indicated d ifferent generatin g 
m echanisll1 s dependi ng on t ile observaLional tech
niques that have been employed. }\i(easurements of 
phase flu ctuations over short paths have certain in
h er ent advantages compar ed , [or example, wiLh racial' 
obser vations of m eteor trails s in ce they provide a 
continuous record. Th ey also possess advantages 
over phase m easurements ob tained on lon g paths 
since they provide data from a rai rly small r egion 
of the ionosphere while long-path m eas urements r ep
r esent average conditions over a large area. It is 
the purpose of the present paper to discuss certain 
observat ional features of short-pa UL phase m easure
ments at VLF which have not b een emphas ized pre
viously , a nd to discuss certain ph enomenological 
m echanisms which may offer an explanation of the 
observations. 

2 . 0 bserva hons 

The use of short VLF paths fOl" studying the 
ionosphere is not new. For example a group at 
Cambridge U niversity has made extensive measure
ments in Gre,Lt Brita in [Bracewell et aI., 1951] . 
Th ey used the transmission from GBR at Rugby 

*This paper was presented at the VLF Symposium in Boulder, Colo., August 12, 
19113. 

and were successful in obtaining a wide variety of 
information about the D-region. However, their 
experimental sys tem had severn] inherent drawbacks. 
Fi.rst o[ all, the GBR transmissions are vertically 
polarized and the groundwave p a ttern is horizon
tally isotropic. Consequently, r eceivers close to the 
transmitter r eceived a hrge groundwn,ve component 
whi ch contamina ted their records and m ade the 
skywave diffi cult to isolate and study. Secondly, 
only olle frequency (16 kc/s ) was available, and they 
were unable to carry out many experi.ments which 
fr eq uency di \rersity would have permi ttecl. In order 
to avoid the firs t difficulty, the Na,vy Electron ics 
LabonLtory has buil t two horizontal dipole fLlltennas 
about 9 km long, orien ted in the magneLic m eridian 
and normal to t he magnetic .meridian. A horizontal 
dipole over a conducting plalle has a radiation p a t
tern with maximum signal radiated upward and has 
nulls in the vertically polarized component of the 
groundwave pattern normal to the ,Lxis of the 
antenna [Macmillan, Rusch , a lld Goldell, 1960] . 
Figure 1 shows the average m elLsured groundwave 
pattern for one of the antenllas . The theoretical 
groundwave pattern is also shown for comparison. 
The measurements were made wi th a field str ength 
meter which was installed in a helicop ter and flown 
in a circle of lO-mile radius around the antenna a bout 
200 ft above the ground . The measured null s of}' the 
sides of the an tenna were at least 20 clb clown froJ)} 
the field s trength off the ends . It is no t so easy to 
rule out possible contamina tion from the horizon 
tally polarized component of ti10 groulldwave. '1'110 
vertical component of the mag netic vector would not 
be detected because the plane of the receiver loops 
is vertical. However , a magnetic vector component 
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FIGU RE 1. Plan vi ew of the theoretical (top) an d measured 
(bottom) gr01mdwave mdiation pattern for a horizontal half 
wave di pole close to the ground. 

IVleasurenl ents we ro made at 14 kc/s. 1'h e pattern is for the vertically, polar
ized ccrnponcnt of electric \·ector. 

in the direction of propagation would be detected by 
the loop and its possible importance depends on 
factors such as soil conductivity, soil dielectric con
stant and distance from the transmitter. Using 
theoretical analyses of the radiation pattern of a 
horizontal wire above a conducting plane by vYai t 
[196 1] and Norton [1937], it can be shown tha t the 
contribu tion from such a longitudinal component of 
the magnetic vector should not be large five wave
lengths from the antenna even during daytime con
ditions so it is much smaller than the skywave at 
night. Many measurements were made in order to 
evaluate any vertically or horizontally polarized 
groundwave at the receiving sites and its contribu
tion was found to be negligible at night compared 
with the skywave. The method used was that devel
oped by the Cavendish group (loc cit) and employs 
a polar plot of the phases and ampli tudes observed 
as the height of the reflecting layer varies through 
the day. If there is only a skywave present, the 
locus of the vector should approximate a spiral cen
tered on the origin as the reflecting layer descends. 
If there is a constant groundwave component present, 
the spiral should be centered on the tip of the ground
wave vector and its displacement from the origin will 
represen t the magnitude and phase of the ground
wave. Because of random variations with time, t he 
method is not very sensitive but indicates that allY 
groundwave component must be very small (see 
appendix). Therefore, by placing the receivers 
along a line normal to the axis of the antenna it is 
possible to measure the down coming skywave 
reflected from the ionosphere at night with very little 
contamination from a groundwave. 
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FJG U RE 2. Sa m ple 24 hT TecoTd of phase of reflected L 1>L and 
converted L 1>11 sk ywave for 1 Nfarch 1962 f rom receivers placed 
i n the n u ll of the verti cally polari zed groundwave pattern . 

The site, Castle D ome, is 67 miles magnetic west of the t ran sm itter. Record 
shows the response d the system to the class 2 fl are of 1 :March 1962. N ote laek of 
correlation bet ween po larization components at night in contrast to perfect corre. 
lation dUl ing flare. 

Since VLF waves are reflected in the lower iono
sphere they can be used as a sensitive detector of 
small changes of ionization in this region . At VLF 
it is difficult to sweep through a range of frequencies 
or use pulsed transmission as is don e at higher 
frequencies , so an alternative was used. In the 
present system continuous wave transmission is 
employed and phase and amplitude are recorded at 
receivers located a short distance from the trans
mitter. This type of measurement is commonly 
made over long paths using standard VLF trans
missions. However, the phase and ampli tude varia
tions observed over long paths are the integrated 
effect from a large area of the ionosphere. It is 
therefore impossible to measure small local features 
in the ionosphere, and it is difficult to isolate and 
study the mechanism of phase and amplitude 
changes. With a short path, not only is the area 
of the ionosphere which affects the signal relatively 
small, but because 01 the small angle of incidence, 
the phase and amplitude perturbations are more 
pronounced. 

The small groundwave at the receiYer sites makes 
it possible to obtain reliable measurements of the 
phase difference between downcoming polarization 
components of the skywave and of the ratios of 
their amplitudes. The most convenient components 
to measure are those normal to the plane of propa
gation and in the plane of propagation . The phase 
and amplitude of the polarization components were 
measured continuously through the night and the 
phase difference and amplitude ratio were then 
compared with the theoretical resul ts predicted by 
the lull wave solution for a continuous lower iono
sphere computed by a high speed digital computer 
using numerical methods developed by Budden and 
Barron [1959]. The method requires very careful 
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FIGURE 3. Typical phase records at 13 kc /s for a summer night to the east oJ the tmnsmitte1' (top) and to the west of the tmnsmitter 
(bottom) for polarization normal to the plane of pTopagation. 

Tbe middlc record is from the station to th c cast of thc transmitter for polarization parallel to the plane of propagation. 
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calibl'H tion of the experim ental sys tem wi th par
Licuhtr H ttcntion to exact location of the r eceivers 
ill th e groundwave null. 

The experimen tal system h as been operated 
periodically since November 1961. The terminal 
equipn:lent is iden tical wi th that which has corn
monly been used at the U .S. Navy Electronics 
Laboratory for long path n1.easW'emen ts for about 
a decade. The receivers employ phase coheren t 
detection and use a precision crystal oscilla tor st able 
to about fiye par ts in 1010 over 24 hI'. A slow oscil
lator drift is sometimes apparen t in the records, but 
oW' concern in the presen t paper is wi th rapid phase 
chano'es sc.metimes 'obser ved at night. 

A "'sample 24-hr record of both polariza tions 
obtained oyer a 67 mile path in Arizona is shown 
in figure 2. The record of the well-known class .2 
flare of 1 March 1962 h as been chosen for thiS 
pW'pose since the flare provides a conyenient im
pulse for sy'stem dia~nosi s. The apparen t alm~st
complete absence of m terference J?henomena dU~1l1 g 
the flare and during the sunnse-sunset penods 
should be no ted in connection with possible ground
wave and second hop effec ts. In fact, polar plo ts 
of the records during sunrise and sunset indicate 
that the second hop skywave is somewhat less th an 
one-fifth of the first hop at these tim es. The ap
pear ance , of ,figure 2 .is in sharp c<?n tra~t to. some 
records ob tall1 ed at mght on a recen -er 14 mIles to 
the mao'netic east of the transmi tter during June 
and Jnly of 1962. It is the purpose of this paper 
to discuss and in terpret the June- July records. 

Several characteristic features of t he records were 
no ted which must be explainC'd by any accep table 
model. 

1. The amoun t of variability observed on any 
given frequency depended strongly on the location 
of the receiver relativ C' to the transmi tter . In the 
June- July measuremen ts of 1962, the receiver site 
74 miles to the east of the transmi tter exhibited 
much more phase " noise" at 13 kc/s than similar 
sites to the west of the transmi tter. 

2. IV-hen the transmission was in the magnetic 
cas t-west direction and was horiwntally polarized, 
the ph ase of the horizon tally polari zed component 
of the received wave C'x hibi ted much more fluctuation 
than the ver tically pola rized componen t, as shown 
by the records in figure 3. 

3. Occasion ally, large rapid changes in phase 
occurred, and there was a tendency for these changes 
to be approximately 180° or 360°, These large 
rapid changes were accompanied by a sharp drop in 
signal level and they occurred almost simul taneously 
(within a few minutes) over a comparatively large 
hori zontal area (receiver separations of 40 miles). 

4 . There is some evidence that the large r apid 
phase changes are biased toward increasing phase 
(apparent shortening of the radio path) as shown 
by the occasional occurence of records such as figure 
4 in which the phase through the nigh t accumulated 
many cycles. 

3, Models 

In the past, attempts have been made to in terpret 
various observational data in terms of turbulence, 
and statistical techniques have been developed 
[Briggs, Phillips, and Shinn 1950] sui table for analyz
ing obser vational data in terms of ionospheric drifts 
on which random mo tions are superimposed . M ore 
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FIGURE 4. Phase record fo r the night of 29-30 October 1961. 
Times nrc in mountain standard time (UT - M Wl' = 7 br). Radiofrequen cy is 23 kc/s,. An osciUator drift amounting to atotal of about threc cycles is eviden t in tbe 

record, but the e"ents of princip le interest are the abru pt phase changes tba t occur pen odlcally Wltb a bIas toward phase lIlerease. 
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rece n Lly Iii nes [1960] h ilS suggested t hat the large 
s(;111e irregulariLies m ay be t he resul t of fr eely propa
gating in Lel'llal gravi ty waves. Such wave trains 
m ay possibly be generated by tropospheric weathcr 
pbenomen fL [Gossard, 1962] . Axford [1962] has 
suggested t hat ionized layers may be created in the 
neighborhood of shearing zones created by internal 
gmvity waves by a modifi cation of the mechanism 
origin ally proposed by Dungey [1959]. Computa
Lions by Storey [1962] indicate that such a mechanism 
should be effective down through the E -region but 
not far below it . The presence of internal waves in 
Lhe neighborhood of the bottom of the t hermosphere 
(about 80 km) has been impressively verified pho to
graphi cally by Witt [1962]. 
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Collision frNlurllcy is a~~unl('d 10 1)(' gin'l1 by OA303XlQ12 exp( -O.1022h) wiH'f(' 
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200 

100 

1<1>11 
0 

300 

200 

100 

0 
65 70 

\ 
\ 

75 80 85 90 

HEIGHT (km) 

.. ............ · 400 
---240 

180 
140 

------- 100 

95 100 

FI G CHE 6. Nad'io phase verSllS height oI the ba.se oI the lower 
layer in a "step" model oI the ionosphere. 

Th e tendency of the large rapid phase changes t o 
be approximately 1800 or 3600 strongly suggests in ter
ference between t wo or more reflectors moving 1'ela
t i ve Lo each ot her either horizontally or ver tically. 
Since the observa bons indicate the presence of a small 
number or discrete refl ectors, one possible model con
sists of a reflecting layer with per turbations moving 
horizontally. R eflecting facets would occasionally 
occur ofr-path producing reflected rays that inter
fere with the on-path refl ection . 

However, there appears to be one important re
quirement that this model Clmnot sH,tisfy. Since the 
phase changes are fLss umed Lo occur only because 01' 
geometrical changes, it crmnot e" plain Lhe striking 
difference in appearance or lh e phase ch fLnges or Lhe 
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base of lhe lower layer in it "s tep" model of the iono&phere. 

Polarization is Jlcrmal to the phllle of propagation. ];'rcqu(ll1cy is 13 kc/s. 
01\1(Ir condition s as in figure 5. 
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FIn URE 8. llJagnilude of ?'ejlection coe.Oicient versus height of the 
base of the lower layer in a "step" model of the ionosphere. 

Polarization is parallel to the plone of propagation. Frequency is 13 kc/s. Pol a rization i, paraliel to the plane of propagation. Frequeucy is 13 kc/s . 
Other condiUon~ a-, in figure 5. Other conditions as in figure 5. 
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FIG U RE 9. Schematic dmwing illustmting why very ab~1tpt 
changes of 1800 or 3600 can occur for certain layer spacwgs 
and electron densities in a "step" model of the ionosphere. 

<l? is the phase angle measured, and e is the supposed phase of a varying com
ponent. 

FIGURE 10. Schematic drawing showing the ei)'ect of a wave train 
of the type discussed by Hines on the electron den sity of the 
lower ionosphere. 

'rhe density of dots rcpresents clectron density. The dashed line represcn ts a 
typical contour of electron denslty. 

polarization component in the l?lane of p~'opagation 
and that normal to the plane of propagatlOn. ThIS 
is probably a fa:tal defect of this ~odel.. . 

' Ve now conSIder the problem of vertIcally movmg 
reflectors. It is interesting to consider what pattern 
of phase fluctuation might occur if 3: partially reflect
ing layer were to descend a short dlstan?e b~low the 
E-region before attachment and recombmatlOn com
pletely dissipated it. Tbe computed phase and 
m fl.gnitude changes resulting from such a. mo~~l are 
shown in fio'ures 5, 6, 7, and 8. For sImphClty a 
"step" modcl has been assumed for the height depend
ence with a region of 4200 electrons/cm3 based at 100 
lun and below it a region of various electron densities 
ext~nding downward to various heights as indicated 
on the horizontal scale of the figure. It is seen that 
the phase of the ..L..L component 1 can rapidly 
change approximately 180 0 in either direction when 
the reflected signals from the two layers are com
parable but out of phase. The dire~tio~ of change 
depends on whether the electron den~lty I~1 .the lower 
region is less or greater than a cer-tam cntIeal value 
at the critical height. Furthermore, the curves show 
that abrupt phase changes are much more pronounced 
on the ..L ..L polarization than on the ..L II polarization. 

1 rrbe symbol 1.. ]ueans "perpendicul ar to th e plane of propagation" and ll means 
Hparall cl." T ho firs t sYlnbo] refers to the transmit~cd wave and th o second 
refers to the receivcd wavc. They apply to the elcctnc ,·ccior. 
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FIG URE 11. Theoretical phase versus height of the base of a lower 
layer in a Ii step" 1110del of the lower ionosphere f.or east ~o west 
propagati on (da shed) and west to east propaqatwn (soltd) for 
polari zation nm'mal 10 the plane of p1·opagatwn. 

Radiofrequency is 13 k c/s . An gle of incidonce for W to E propagation is as
sumed to be 34° in accordance with the patll geometry. 'rho 3° difference in 
angle of incidence causes ncgligible m cdification in the pattern of the curves. 

The abrupt phase change occurs because of inter
ference between the reflected energy from the 100 lun 
level and reflection from the second layer at various 
heio'hts below 100 km. The situation is shown 
sch~matically in figure g. While this model ~an 
account for the difference between the two polarIza
tions it cannot alone. account for the bias toward 
360 0 'increases i~l phas·e or the difference in "noise" 
on records of receivers to the east and to the west of 
the transmitter. 

The model that seems to account for all of the 
observational requirements is a "step" model with 
perturbations of either the lower or upper boundary. 
Suppose, for exa~nple, .tha:t t~e 3:verage electron 
density versus heIght d~stnb\ltlOn IS a step pro~le 
whose lower step is a reglOn WIth an electron denSity 
and thickness such that partial reflection from it is 
nearly equal to and out of ph.ase with the reflec~ion 
from the upper region. If hOrIzontally asymmetncal 
perturbations of ionization were to occur .as shown 
schematically in figure 10 due to the wmd shear 
zones discussed by Hines and Axford it might be 
expected that the height of reflec.tio~ of. the. lower 
boundary would decrease as the lO~IzatlOn ~rreg:u
larity crosses the link. . A~ some tIme ~urmg lts 
passage the electron d~nsIty m the lovv:er regIOn would 
pass through a maximum and begm to decrease. 
After the "bulge" in the lower boundary crosses the 
link, the phase should begin to decrease an.d quic~dy 
return to its original value before the IOl1lZatlOn 
irreo-ularity OCCUlTed. If this phenomenology were 
to ~ccur and if the ionization density in the lower 
region were slightly greater than critical during 
passaO'e of the irreo'ularity, the resultant vector from 
the t~o reflectors "'would trace a locus which could 
completely encircle the ongll1 as the (relatively 
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milloI') ioni zaLion il'1'egulari ty crossed the link. 
FurLhel'J1l ol'e, Lhe direcLioll of LIte 360 0 ph ase change 
,vould be Low(1 l'd incren,sing phase. It should be 
noLed at Llli s point th at al though ionization irregu
lariLies moving horizontally are required in this model 
the in terference phenomenon arises from 2 layers 
rather than from multiple r eflecting facets as con
sidered in the first model discussed. 

3 .1. Nonreciprocal Character of the Records 

The above model appears to explain the observa
tional features listed at the beginning, especially those 
indicfl.tive of interference phenomena. For example, 
th e bias towards increasing phase now appears to be 
rcasonable. However, the most convincing feature 
of the model is its ability to explain the strikingly 
different character of the records rrceived 74 miles 
to the east of the transmitter at Gu Komelik from 
those received 67 miles to the west of the trans
mitter ftt Castle Dome. At 13 kc/s Lhe records at 
Castle Dome were comparatively quiet during June 
and July. On the other hand, the records at Gu 
Komelik showed wild flucLuations in both phase and 
amplitude wiLh many 1800 fl.nd 3600 clmnges biased 
toward increasing phase. T y pical examples of t hr 
phfl.se record s arc shown in figure 3. ltis inconceiv
able that the ionosphere is suffi ciently j nltomogeneous 
from cast to wes t over a period of 1ll0nLhs to <Leco un t 
for such differen t r eceived signals with snch a smflll 
receiver separatio n. ApparenLly t he only l'f'mai ning 
possibility is the nonreciprocal character of cast-west 
propagation at low radio [requencie. This eIrect 
can normally be considered to be quite small . How
ever, flgure 11 shows fl. plot of p hase versus he ight 
of the base of a lower layer ncar the cri tical elecLron 
density in a step model for cast-west propagfl.tion and 
west-east propagation. I t is seen immediately that 
the cri tical height is higher [or west to east propaga
tion since no a brupt phase jump occurs for any elec
tron dens ity at the 92 to 94 km level for cast to wes t 
propagation. Therefore. if the separation of tbe two 
layers is about 7 km, the two reflections would de-

CALIFORNIA 

I 40 MILES I 

F IG URE 12. Map oj the transmitter and receiver sites . 
D asbed line is east·west (magnetic). CD is Castle D ome, Arizona; MW is 

Mid way Weils, Calirornia; and YT(l ) is the Yu ma T est Sta tion, Arizona. 

s tructivcly interfere for west-cast propagation, and 
erratic phase fluctuations would occur while east
west propfl.gation would show fairly minor phase 
fluctuations. Assuming that two layers with this 
separ aLion must have existed in June and July and 
assuming an electron density of about 180 electrons/ 
crn3 for the lower region, it seems probable that the 
lower layer can be identified with the D-layer ob
sened in propagfl.tion over long VLF paths. It 
should t herefore be placed at about 93 km while the 
upper hl.yer must then be placed at 100 km. How
ever, it should be noted from the figures that other 
h eighL differences can lead to des Lruc Li \Te in terfer
ence also. 

180° 

\ 
0400 

135° 

90° 

45° 

0° 

180° 

"-0300 

135° 1---t--\--------=:fJLl.L!.\AA!--- -+\___- --- -I-- ---=i 

9001--t-~~------~-++~\-------I--~ 

45°f--+--------------It-- ---\.,\------I-------J 

o°c---'"'-__________ -L ____ -'!l_----.l 
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(middle) and Y uma T est Station (1) (bottom) showing a large 
and very rapid phase change of 1800 • 
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4. Spaced Receiver Observations 
Spaccci recei vel' experiments show lhltt horizontally 

propagldin g' di sturbances of the kind required by the 
abo\'e model do in fact occur. For these tests three 
l'cC'ci \'ers were placed in a triangle as shown in figure 
12, Ab rup t phase changes o[ about 1800 or 360 0 

were often observed at ltll three recei \Ter sites wiLh 
difrerent arrival times Itt the different sites. Some 
eXltlllples of such disturbances are shown in figures 
13 and 14. As would b e expected, the resulta nt 
vecLor does not always encircle the origin and there 
are many cases when a sharp spike is noted in the 
phase record where the phase changes almost 180 0 

in one direction and then returns to its previous 
value. Sometimes the r esultan t encircles the origin 
at one siLe but not at another so that tbe same 
disLurbance can produce a 3600 change at one staLion, 
a 1800 change Itt another, and simply a perturbation 
at th e third. The horizontal\'elocities of propaglL
tion may b e high [Paulson et aL , 1962] and IH'e orLen 
obselyed to~exceed 100 mph , 

5 . Summary of Results 
In summitry, the model req uiri ng th e fewesL 

assumpti ons Lo ex pl a in tile .Tune- July data appears 
to be one in which Lh e bltsC of tbe nighttime E-reg ioll 
occurs at app roximately 100 km, Below this ll eigh L 
a ledge of elecLron density of approximaLely 180 
electro ns per cm3 extend s dOWnW I11'd to a height of 
abo ut 90 to 95 k ill , Pel'l urb ltLions of olle of th c 
boundaries lut\'ing amplitudes or 2 01' 3 kill , a nd 
mo\·ing 1J0rizontally, thell cause large phase and 
amplitude fluctuatiolls a nd lead to approximately 
1800 or 3600 phase chlln ges w hen th e spacing oj' the 
layers and the electron density are neal' th e criticIl1 
valu es for t he mdiorrequency being usec/ , 

6. Appendix 
The potenLial importance of tbe groundwave to 

the in terpreLatio n of Lhe experilllent1tl evid ell ce prc
senLeel in this paper llllLlees it desirable Lo discuss Lhe 
relative magniLud es or t he l11elLsured field s in Lerm s 
of 11 maximum possible grou ndwave compon ent, 

Figure 15 shows the ampliLude record correspond
ing to the phase r ecord in the middle of fi.g ure 14. 
It is seen that the interferi ng component which 
caused the fade from 0014 to 0039 and reduced the 
signal to almost zero with a corresponding r apid 
phase ch.ange, must have h ad a magnitude of about 
0,5 ,ua-turns per meter. It is therefore of in terest to 
examine the possible magnitude of the groundwave. 

As stated earlier the method used to examine the 
g roundwave makes use of the time variation of the 
skywave to separate it from the constant ground
wave compon ent. The sinlplest way to do this is to 
plot pllase and amplitud e on polar coordin aLe paper , 
As reflection height and absorption vary t hrough the 
clay t he received field vector will rotate in p hase and 
change in magnitude . If there is no grou nd wave, it 
should app roxill1 ltte a spiral centered 011 til e origin, 
If a groulldwave is presellt, t he spiral should be cen
tered on some point of[ th e origi n and Lhe displace
ment rcpresenLs the magnitud e of Lhe groundwave 
vecLor. At night the sig lHtl is Loo erratic lor Lhis 
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F I GURE ) 5, A mplilude record i n microampere-turns per meter 
at Castle Do me corresponding 10 the phase record shown at the 
lop of figure 14. 

Time is M ST. 

technique to be of much value, buL followin g sunrise 
the signal gen erally becomes quite sLable amI very 
meaningful plots can of Len be obtained, The potu' 
plot m ade for the same c/ lt.V and receiver as figure] 5 
is shown in figure 16, U nfortunately, th e plot on 
this occltsion is no t as well beh1tvee! as can genemlly 
be a nLicipaLed so It " best fiL" spi ral (dashed curve) 
has been c1l'ltwn Lhrough the da.ta in order to clarify 
i ts interpretlt tion. It is clear that it is impossible 
to obtain a. groundwave of much more Lhan 0,03 ,ua
Lurn s per Illeter (arrow) [rom Lhis dltLlt, This is 
obviously insufficient Lo inLerfere efIectively wiLlJ th e 
large nighttim c skywave. 
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FIGURE 16. Polar plot of phase and amplitude from 0700- 1800 MST at Castle Dome fo r 24 October 1962. 
The receiving loop is normal to the plan e of propagation. The dashed spiral is a smoothed average of the data plot (solid curve). The arrow represents the esti

matedma:dmUln groundwave component. 
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