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The Problem 

Study propagation mechanisms in the vlf and If ranges. Specifically, determine the laws 

of variation of field intensity with distance, time, and location and examine the re• 

liabili ty of curves and formulas currently employed to pre..lict vlf and If field intensities. 

Results 

The variation of vlf field intensities with distance was recorded in an airplane to dis­

tances of 7600 km. It is found to be in closer agre1::ment with Pierce's vlf pred iction 

formula than any other existing formula. The observed interference pattern is satis­

factorily explained on the basis of a ray model of propagation. Several graph ical 

methods of analysis have been applied to the data and values have been obtained for 

reflection coefficient and phase change on reflection at the ionosphere and for the 

height of reflection of vlf sky waves. 

Recommendations 

1. Make additional recordings of vlf signal intensities by airplane, under the following 

conditions: (a) using improved instrumentation to obta in continuous recordings and 

greater accuracy; (b) recording signal to large distances to obtain propagation paths 

over land; and (c) continuing simultaneous record ings of multifrequency transmissions 

from the same general location to obtain ionospheric reflection coefficients, phase 

change on reflection , and height of reflection . 

2. Conduct further investigations of methods for obtaining (a) actual height of reflec­

tion and phase change on reflection and (b) reflection coefficients. 

3. Continue study of effects of season of the year, direction of propagation, attenua­

tion over land vs attenuation over water, and latitude effects on variation of vlf field 

intensities. 

Administrative Information 

Work was performed under <;R 06-401, NE 12000-839.7 (NEL M2-1) by members of the 

Signal Propagation Division. This report covers work from July 1954 to December 1955 

and was approved for publication 28 January 1957. 

The authors wish to acknowledge the valuable assistance of H. F. Bates, J. E. Pohl, 

J. A. Silkwood, and flight personnel of the Fleet Airborne Electronics Training Unit, 

Pacific, in obtaining the flight data, and of personnel of the Naval Rad io Station, 14th 

Naval District, for maintaining a special transmission schedule during the period in 

which the measurements were being made. 
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Introduction 

Many early investigaton hc,ve recorded vlf field 

intensities at fixed distances from the transmitter and 

used these data to establish empirical formulas for 

predicting vlf propagation . Primarily, the formulas 

represent average figures for all daytime conditions 

or all nighttime conditions and do not consider the 

variations in absorption that may occur. More re­

cently the phase interference between modes of 

propagation has been token into consideration. This 

interference phenomenon con be observed at a fixed 

distance from the transmitter by recording field in­

tensity for varying frequencies. It con also be ob­

served by re' 'Jrding field intensity as a function of 

distance from a transmitter where the read ings are 

obtained so that variations of field intensity with 

time ore minimized. An ideal method of doing this is 

to record field intensity in on airplane as it flies to or 

away from the transmitter. 

Weekes 1 (see list of References at end of report) 

hos obtained data using an airplane to 850 km from 

the transmitter and used the data to obtain height 

of reflection and reflection coefficients values. Bud­

den~ has applied a waveguide analysis to daytime 

airplane data extending to 3600 km. It is the pur­

pose of this work to further investigate vlf field in­

tensities out to 7000 km from the transmitter, using 

an airplane. 

A ray theory analysis is applied to the inter­

ference pattern measured within 1 o·X> km and values 

ore obl·oined for the I; R II compor. nt of the ion­

ospheric reflection coefficient, the phase chor,ge on 

reflection, and height of reflection of sky waves. The 

ray theory is also applied to the interference pattern 

observed for both daytime and nighttime data out 

to 6000 km. Comparison of the data with existing 

vlf field intensity formulas is mode. 

Instrumentation 

To measure vlf signals, a Novy P2V patrol 

plane was equipped with a URM-6 receiver. The 

12-kc i-f output of the receiver was displayed as an 

oscilloscope presentation from which the peak de­

flection of Morse-keyed signals could be visually ob­

tained and recorded by an observer in the aircraft. 

The gain of the receiver-oscilloscope combination 

was frequently recalibrated from a known voltage 

injected into the receiver input through a dummy 

antenna. 

The vlf receiving antenna was a vertical whip 

mounted near the intersection of wing and fu se lage. 

Prel iminary exper imental tests were made to make 

certain that th is antenna had no appreciable response 

to fields of polarization other than vert ical. In leve l 

fl ight, signal reading was independent of a ircraft 

heading in both the near and far vlf fie ld s. The 

measured signal strength decreased considerab ly 

when the aircraft was banked. Fl ight paths on rad ial 

courses from the vlf transm itter in the reg ion domi­

nated by the groundwave and one-hop skywave had 

amplitude maxima and minima occurring at ident ica l 

ronQes for altitudes of 1000 and l 0,000 feet. From 

these tests ii was inferred that the measuring system 
in the aircraft was responding only lo the vertical 

component of electric field under conditions of level 

fl ight. 

To convert the relative field strength obtained 

in the aircraft to ,ibsolute field strength, the system 

was calibrated in flight. The aircraft was flown al 

a low altitude av.er a ground monitor with known 

calibration or was flown for some distance in the 

field of a transmitter of known rad iated power where 

the field intensity is varying inversely as the distance 

from the transmitter. However, when the data ore 

normalized to one kilowatt of radiated power it is 

not necessary to use either the cal ibration factor for 

the recording system or the radiated power in cal­

culation if the relative received voltage is recorded 

in the near field of the transmitter where it varies 

inversely with distance. The data are plotted so that 

on inverse distance field strength of 69.5 db above 

one microvolt per meter corresponds to a distance 

of 100 km. 

Sources of Data 
The data reported here were obtained on three 

different expeditions. The first, during September 

1954, was a " circle" trip from Son Diego to San 

Francisco, Hawaii, Woke Island, Tokyo, Adak, Kodiak, 

Seattle, to San Diego. The principal station recorded 

was NLK near Seattle, Washington, transmitting on 

18.6 kc. Flight schedules were arranged so that the 

maximum amount of data from NLK could be ob­

tained while the transmission path was sunlit. Other 

stations recorded on this flight include NSS near 

Washington, D. C. (19.0 kc), NPM at Hawaii (16.6 

kc), and NOT near Tokyo (17.4 kc). 

The second trip, in December 1954, was from 

Son Diego to Hawaii and return , the outgoing leg 

3 



being flown in the daytime and the incoming leg at 

night. During th is tr ip four transmissions were re• 

corded simultaneously. Thi,y were 16.6-, 19.8-, and 

40-kc transmissions from Hawaii, l,nd a 30-kc signal 

from San Diego. 

The third flight was a round trip from San Diego 

to Tokyo, the return via Hawaii and Wake Island. 

The outgoing flights were made at night and the 

return flights in daytime. The 16.6-kc signal from 

Hawaii was recorded throughout the trip. On some 

of the incoming daytime flights the 40-kc transmission 

from the same location was recorded simultaneously 

with the 16.6-kc data. 

The accuracy of the data is limited by uncer­

tainties in the values of radiated rower, received 

signal amplitude, and aircraft position. 

The error due to the combined effect of errors 

in aircraft position and received signal amplitude, for 

measurements in the inverse distance field where the 

effect of aircraft position on signal intensity is most 

pronounced, is estimated to be about ± 1.0 db, with 

extreme variation of ± 1.5 db. This estimate of error 

was determined from data taken from NPM on 16.6 

kc during transmissions when variations ir, transmitter 

radiated power were accurately monitored. The 

variation in radiated power level is of the order of 

± 1.0 db. The error in received signal amplitude is 

of the order of ± 0.5 db for most of the data out to 

about 4000 km and is about + 1.0 db or more at 

larger distances where signal-to-noise ratio was poor. 

Near the middle of long over-water flights the air­

craft position was known to about ± 10 miles. This 

positional error is insignificant beyond about 500 km 

from ·,he transmitter in the type of analysis used in 

this report. Therefore the total estimated error of the 

data, in the region where positional error is insig­

nificant, is about ± 1.5 db or ± 2 db. 

This measurement error affects the accuracy with 

wh ;ch the values of reflection coefficient II R II and 

apparent height of reflection h' can be determined 

from the data. The accuracy of calculated II R II and 

h' values are also limited by the insufficient number 

of measurements made for a given distance, espe• 

cially within 1000 km of the transmitter. This type of 

limitation will be discussed below in the section c-;,n­

cerned with the method of analysis. (See refs. 7 and 

9 for definition of symbols.) 

Co,,nparison of Daytime Data with 
Theoretical Transmission Formula 

rigure 1 is a composite presentation of all day­

time data obt.Jined from NPM on 16.6 kc, no, mal ized 

to one kilowatt of radiated power. A smooth curve 

has been drawn through the measured points. The 

straight line represents the theoretical inverse-distance 

dependence of field intensity. The fl ights were 

planned so that the maximum amount of datCJ was 

obtained while the transmission path was sunl it . 

However, on the longest of the three flights (the 

Hawaii to San Diego path ), the data also include 

measurements at the beginning and end of the 

flight, recorded dur in~ the timP.s of transit ion from 

day to night. 

Inspection of figure 1 shows that in general the 

data recorded on the various fl ights are consistent 

within 4 db at any range. There are three major ex­

ceptions. The first, in the region of 500-60V km, is 

presumably due to interference between the ground 

wave and the one-hop skywave. The total field 

intensity is subject to wide variations corresponding 

to relatively small variations in ionospheric height 

and ionospheric reflection coefficient. This type of 

dip will be considered in greater detail in the fol ­

lowing section. 

The second exception is for the flight of De­

cember 19,;4 in the 2700-to-3600-km region . The 

lower fieid strength recorded in this instance may 

be an example of increased ionospheric absorption 

of vlf radio waves. 

The high signal intensity recorded in September 

1954 for the 4650-to-6200-km region is uncertain 

and may have been caused by equipment mal­

function. 

Figure 2 is a composite plot of the daytime data 

obtained from the stations other than the 16.6-kc 

transmission from Howaii. The same general behavior 

of field strength with distance as indicated in figure 1 

occurs here with one major exception. The recording 

of NLK (Seattle) field strength on the flight from 

Tokyo to Seattle via Adak and Kodiak is consistently 

lower than the other recorded data. These data are 

for the northernmost propagation path . The reduction 

in signal intensity may indicate a tendency for higher 

absorption to occur in the higher latitudes. The data 

obtained from NSS (Washington, D. C.) in the 4500-

to-7200-km region are for a propagation path which 
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passe5 oveI the continental United States. The ap­
parent additional attenuation due to propagation 

over 3800 km of land instead of water seems to be 

ubout 3 db for this case. However, there is some 

uncertainty in the aircraft calibration for this data. 
The older empirical formulas that have been 

used to predict daytime vlf fie;,J intensity E are: 

Austin-Cohen E ex - -- exp [ -(0.00ld/ A0.6)] l ( () ) 
1 ~ 

d sin () 

l 
Espenschied-Bailey E ex - exp [ - (0.005d/ A 1.25) ] 

d 

l 
Baldwin-McDowell E ex - exp (- 0.00001310) 

D 

where 

d = distance from transmitter (km) 

D = distance from transmitter (nautical miles) 

() = subtended range angle at the earth's 
center (radians) 

A = wavelength (km) 

I = frequency (kilocycles per second) 

Kitchen, Pressey, and Tremellen3 show that the Bald­

win-McDowell formula predicts a higher field intensity 

at all distanceil out to 12,000 km at 18 kc. All formu• 
las give a predicted field intensity which is every• 
where below the inverse-distance field. The Baldwin­

McDowell and Espenschied-Bailey formulas use the 

inverse-distance field multiplied by an empirical ex• 

ponential attenuation factor. The signal calculated 

from the Aust;n-Cohen formula, in the case where 
absorption is absent, exceeds the inverse distance 

field by y 8/ sin 8. This factor is negligible for short 
distances and is about 2 db at 6000 km. For a 

formula to represent .:iccurately the daytime field 

intensities recorded out to about 6000 km, it must 

indicate field intensities greater than the inverse­

distance field. The inverse-distance relationship de­
scribes only the field of an antenna over a perfectly 
conducting earth when no energy is reflected by an 

elevated layer. 
However, the distant vlf field is primarily the 

resultant of energy contributions propagated via sky­

wave modes. Pierce, 4 by summing up the unabsorbed 
intensities of individual skywaves, calculates that the 

rms value of the distant field (neglecting the relative 

phases of the component skywaves) should be 4.5 db 

6 

above the inverse-distance value at l 000 km, with 

the difference increasing with distance. Pierce's 

formula is: 

where 

E = 2000,..v/ m ( p cos~ a )
1 

exp (- k()) 
h sin () 

P = radiated power in kilowatts 

a = angle from the ground plane at which 
skywaves radiate from the antenna 

() = subtended range angle at the earth 's 
center (radians) 

h = height of rflflecting layer 

k = attenuation factor 

The attenuation factor k is a function of the 

solar zenith angle, the type of terrain over which 

the signal propagates, and the frequency. 

An approximate relation which is useful beyond 

1000 km is obtained by assuming that cos a = 1 

and h = 75 km for daytime propagation. The equa­
tion then reduces to 

E = 231,..v/ m -.- exp [ - (0. lf)"()J ( 
p )1 12 

sin() 

where 

I = frequency of signal in kilocycles per 

u= 

second 
0.5 for transmission over sea water 

at night 

0.65 for transmission over land at night 

0.9 for transmission over ~aa Willer 

by day 
1.05 for transmission over land by day 

This approximate equation was used to calculate 

the field intensity out to 10,000 km. The results of 

this calculation for 16.6 kc are shown plotted in 

figure 1 and for 18.6 kc in figure 3 where u = 0. 9. 
The results of calculations using the Baldwin-Mc­
Dowell formula for 18.6 kc are also shown in figure 3, 

with the data recorded at 18.6 kc. Since the Baldwin­
McDowell formula predicts a higher field inten~:ty 

at all distances than the Espenschied-Bailey or A..,stin­
Cohen formulas, it may be inferred from figures l 

and 3 that Pierce's formula gives the m'>st accurate 

representation of the daytime field intensities which 
were recorded. 

----" ..... .. 
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Ray Model Concept5 Used In the 
Analysis of the Data 

A simple ray model of vlf propagation was as­

sumed in an attempt to fit the experimental data. 

Figure 4 illustrates this model which assumes that 

the fifl1d intensity at any distance from the transmitter 

is equal to the vector sum of component, resulting 

from the ground wave, 011e-hop, two-hop, and what­

ever other sky waves may be significant. The ampli­

tude of the ground wave is obtained from calcula­

tions of K. A. Norton.5 

The, amplitude of each sky wave can be con­

sidered as the unabsorbed sky wave amplitude multi­

plied by a factor that is a function of the reflecting 

properties of the ionosphere. Figure 5 shows the 

results of calculation of th-, unabsorbed one-hop sky 

wave amplitudd at varying distances as would be 

observed in an aircraft fl)•ing at 10,000 feet alti­

tude. The straight line represenn the inverse-distance 

relationship for one kilowatt of radiated r,ower. The 

dashed line is the amplitude that woli Id be received 

on the surface of the earth from a short vertical 

radiator with a cosine pattern if the focusing effects 

of a spherical ionosphere were n99lected. The solid 

lines represent the unabsorbed signal intensity where 

the focusing factor, as calculated by Pierce,• is in­

cluded in the calculations. The focusing factor is 

negligible within about 1000 km but is very sig­

nificant near the limiting distance for one-hop sky 

wove where it theoretically becomes infinite. The 

variation in amplitude shown for distance less than 

1000 km for the different frequencies resuln from 

destructive interference between the ground-reflected 

sky wave and the direct sky wave received in an 

aircraft flying at 10,000 feet oltitude. 

The effect of "antenna cutback" on the distant 

sky wave field intensity, for the case where the an­

tenna is surrounded by sea water, is shown by the 

dotted curve of figure 5. "Antenna cutback" is de­

fined here as the reduction in the intensity of radia­

tion from vlf antennas at low angles. The total sky 

wave intensity is considered here to be represented 

by the vector sum of radiation from the antenna inelf 

and its image. Therefor&, the reflecting properties 

of the earth in the immediate vicinity of the antenna 

affect the shape and magnitude of the cutback of 

the antenna pattern. Calculations for the curve of 

figure 5 are based on the reflection coefficient, of 

sea water at 15 kc as given by Terman. 0 The effect 

of " antenna cutback" on the vertical rad iation pattern 

of an antenna is given by Pierce• for varying dis­

tances. 

The attenuation factor by which the unabsorbed 

one-hop sky-wave amplitude must be multipl ied to 

obtain its actual value is the 'I R : I component of 

the ionospheric reflection coefficient, since both trans­

mitting and receiving antennas were designed for 

vertical polarization. For the n-hop sky wave the at­

tenuation factor would be represented by the vector 

combination of ii R Ii" wit!, terms involv ing the product 

of , I R , 1 R ~ and R 1 ;, assuming the ground-reflec­

tion coefficient is unity. For the large distances and 

oblique angl1ts involved where mu lti -hop rays are 

significant, Budden 7 has shown that the conversion 

coefficients l R II and I[ Rl are small compared to the 

·: R II factor. Therefore, only the !I R 11n term was 

used as the attenuation factor for the n-hop sky wave 

with the ground-reflection coefficient assumed to be 

unity. 

Consideration has been given to the possibil ity 

that the sharp cutoff of the sky wave at limiting 

distance due to the earth 's curvature does not really 

exist, but instead that the sky wave energy continues 

to propagate as a ground wave beyond the earth's 

curvature. This consideration has been incorporated 

in the analysis of data frorn one flight from which 

the amplitude of individual sky waves as a function 

of distance were estimated. The calculated vector 

sum obtained agrees well with the measured field 

intensities. 

The relative phases of the contribut ing rays 

were also calculated on the basis of the simple ray 

model. For a given frequency, the heigh, at wh it:: , 

sky waves are reflected, the changes of phase of 

the wave fronts upon reflection , the distance from 

the transmitter, and the velocity of propagation of 

the ground wave with respect to the sky waves all 

affect the relative phase of the rays. Tlie effect of 

ionospheric height on the phases of the vectors were 

calculated using the geometrical path-length differ­

ences between the various modes of propagation . 

The set of curves in the lower left-hand corner of 

figure 6 is one type of graphical presentation used 

to represent the relation between height of reflection, 

distance from the transmitter, and phase relation be­

tween vectors representing two modes of propaga­

tion. TLese curves represent the ground wave and 

one-hop sky wove. The solid lines represent loci of 

points for which the relative phase is constant as 

7 
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reflectiQJ'1 height and distance are varied, assuming 

that the ground wave and sky wave both propagate 

with free-space velocity. Each curve corresponds to 

a particular val•Je of constant path-length difference 

between the two modes of propagation. If there is 

no phase change on reflection from the ionosphere, 

the vectors will be in phase for integral number of 

wavelengths and out of phase for integral number 

of half-wavelengths. The dashed lines in figures 11 -13 

are for the case where the ground-wave velocity is 

0.14 per cent less than the sky-wave velocity, as 

indicated by Mendoza.11 For greater distances where 

higher-<.,rder hops are of greatest importance, phase 

interference curves between successive higher order 

hops were calculated. 

The appare1,t height of reflection h' is de­

termined from the position of the maxima and minima 

in the data using phase relationship curves similar 

to figure 6, assuming no phase shift on reflection. 

This method was used successfully for distances less 

than 1000 km where only the ground wave and one­

hop sky wave need be considered. At greater dis­

tances, it is difficult to determine which modes of 

propagation are predominant because of the un­

certainty in sky wave amplitudes. There are also 

regions where three vectors must be considered to 

obtain the resulting amplitude. 

In the near region where ground-wave and 

one-hop sky wave predominate, the amplitude of 

the one-hop sky wave can be determined from the 

magnitude of the variation of measured field from 

the ground-wave amplitude. The ratio of the sky-wave 

amplitude to the calculated unabsorbed sky-wave 

amplitude gives an estimate of the reflection co­

efficient II R ii• 

Results of Ray Theory Analysis of 
Daytime Data 

The daytime data that have been analyzed for 

apparent height of reflection and reflection coeffi ­

cient are plotted in figures 6-13. Each of these figures 

shows the approximate time from sunrise or sunset 

that the plane was over the transmitter. Approxi­

mately 3 hours wttre required to fly 1000 km. Each 

figure also gives the direction from the transmitter 

for which the data were taken and indicates whether 

the airplane was flying toward or away from the 
transmitter. Both the 16.6-kc and 40-kc transmitters 

are located in th~ Hawaiian Islands at 158° W longi­

tude and 21.5° N latitude. 

....... 

The corresponding apparent height of reflection 

is shown in the lower left s~ction of each figure. In 

determining the height curves of figures 6-10 it was 

assumed the ground wave trovels with free space 

velocity and that no phase change occurs upon re­

flection from the ionosphere. The some assumptions 

were made for the determination of the height curves 

labeled A 1 in figures 11-13. 

Fro'T1 comparison of the height curves of the 

16.6-.<c data two types of results are indicated . The 

data of figures 7, 9, 10, and 11 give height values 

which tend to increase regularly with distance and 

everywhere are with in 3 km of each other. The dote 

of figures 6 and 8 show a partial minimum at 360-km 

r · . .:inre indicating a sudden increase in the apparent 

•.eight of reflection at that distance. This effect could 

be produced by a fast change in ionospheric reflec­

tion conditions either as a function of time. or angle 

of incidence. These data also indicate that at 200 km 

h' is about 3 km greater than it is for the first group 

of data. No consistent diurnal or seasonal height 

variation is evident from the 16.6-kc daytime data . 

In figures 11 -13, the height curves labeled A~ 

are obtained with the assumptions that the ground 

wave travels with a velocity which is 0.14 per cent 

less than free-space velocity and • that no phase 

change occurs on reflection from the ionosphere. The 

height curves labeled 8 are obtained with the as­

s,,mption of a 180° phase advance on reflect ion 

from the ionosphere. The curves labeled 81 cor­

respond to a ground-wave velocity equal to that 

of free space and those labeled B2 were obtained 

using the reduced ground-wave velocity . The two 

sets of height curves of figures 12 and 13 for the 

40-kc data illustrate that there is no single height 

which satisfies the data of any frequency. The height 

curves shown with the 16.6-kc data a·,. considered 

to be the most probable, as the reflectio:i heights ob­

tained are consistent with height of reflection values 

reported by other investigators in ionospheric 
research. 

Figures 14A and 14B show the height curves 

from the simultaneously recorded 16.6-kc and 40-kc 

data of 6-7 August. If the assumption is made that 

both 16.6-kc and 40-kc sky waves are reflected from 

the same actual height, and that the phase change 
upon reflection for both frequencies is the same, it 

is possible to determine these two parameters. The 

dotted height curve of figures 14A and 14B is the 

height of reflection obtained in this way. The asso-
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Figur* 6. Plot of recorded doto, ono-hop sky- 
w«vo omplitvdo and oppornnt hoight of rofloction. 
Doytlmo doto — 8 Docombor 1954. Tronsmittor: 
NPM, 16.6 kc. Plano flying from Son Diogo to 
Howoti; ovor tronsmittor 1:23 hoori boforo sunsot.

$ 6 7 8 1000
OISTANa (KM)

S 6 7 8 10.000

Figuro 7. Plot of rocordod doto, ono-hop sky- 
wovo omplitudo ond opporont hoight of roAoction. 
Ooytimo doto — 7 August 1933. Tronsmittor: NPM. 
16.6 kc. Plano flying from (ond to) tho SE to (and 
from) Howoii; ovor tronsmiHor obout noon.

3 4 5 0 7 6 iO.OOO
DISTANCE (KM)



Ftgur* 8. Plot of rocordtd doto. ono-hop tky* 
wovo omplitwdo ond opporont hoight of ro8o<tion. 
Doytimo data — 10 Auguil 1933. Tranimittor: NPM, 
16.6 kc. Plano Hying from Howoii toward Son 
Oiogo; ovor trontmittor 43 min. oftor lunriso.

6 7$ 10.000

U... - -
Piguro 9. Plot of rocerdod dota, ono-Hep tky* 
wovo ompHtudo ond opporont hoigkt of roHoction. 
Doytimo doto — 10 August 1933. Trontmittor NPM, 
16.6 kc. Plono flying from Son Diogo to Howoii; 
ovor trontmittor 3:33 hourt boforo luntot.

5 6 7 8 10.000

.*• .• .• .V.* .



Figure 10. Plot of recorded doto, one-tiop »ky 
wove omplitude and opporent height of reflection. 
Daytime data — 11 Auguil 1955. Tranimitter: NPM, 
16.6 he. Plane flying from Howoii to Son Diego: 
over tranimitter 55 min. before lunriie.

6 7 8 1000
DISTANa (KM)

6 7 8 10.000

Figure T1. Plot of recorded data, ground-wove 
omplitudoe ouumed »ky-wave amplitudes, and op- 
porent height of reflection. Ooytime data — 5 ond 
6 August 1935. Transmitter: NPM, 16.6 kc. Plone 
flying from Tokyo to Woke ond Woke to Howoii; 
over transmitter 20 min. before sunset. Calculated 
field intensities obtained ossuming the indicated 
sky-wave amplitudes ond a constant height of re­
flection of 77 km from 1000 to 6000 km distance.

7 8 1000
OISTANCi (KM)

8 10.000



Figure 12. Plot of recorded data, ground*wave 
amplitude, and apparent height of reflection. Doy- 
time dole — 6 August 1955. Transmitter: NPM, 
40 kc. Plone flying from the west to Hawoii; over 
transmitter 20 min. before sunset.

100 6 7 8 10,000
DISTANCE (KM)

)t of recorded data, ground-wave 
apparent height of reflection. Day- 
August 1955. Transmitter: NPM,

5678 1000
DISTANCE (KM)

6 7 8 10,000
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Figure 14. Calculation of actual heignt of reAection and phase change on reAection from two simul ­

taneously recorded frequencies. 

ciated phase change on reflection is also indicated 

in figures 14A and 148. 

Wait and Perry0 give theoretical results of vlf 

refledion coefficient as a function of frequency. In­

spection of their calculated curves of phase c:hange 

upon reflection indicates that in general it does vary 

with frequency. However, the variation is small for 
' ionospheric conditions which may be assumed to exist 

during a summer day. Therefore, the assumption of 

equal phase change on reflection for 16.6 kc and 

40 kc appears reasonable. 
A second method of analysis has been used to 

obtain the actual height of reflection and the phase 

change on reflection. It is based on the assumption 

that these two parameters are relatively constant 

between successive maxima and minima of the data. 

This method of analysis is also a gro!-"hical one in 

which is used a family of curves showing height of 

reflection as a function of path-length difference be­

tween ground wave and one-hop sky wave for a set 

of ground distances. These curves are shown in 

figure 15. The path-length difference along the ordi­

nate is shown both in kilometers and in half-wave­

length increments for 16.6 kc, which is furthi,r divided 

into degrees representing a phase advance on re-

14 

flection. The distance curves corresponding to the 
pcsition of maxima and minima are traced on a 

transparent overlay, the overlay being advanced 
one-holf wavelength for successive maxima and min­

ima. The intersection of successive distance lines gives 

the required height and phase change values. Figures 

16-18 are the resulting overlays for the daytime data 

of 6 and 7 August. Figure 16 is for a free-space 

ground-wave velocity and figures 17 and 18 are for 

a ground-wave velocity of 0. 14 per cent less than 

free space. 

If the assumptions that this analysis is based 

upon are completely adequate, all distance curves 

would have a common intersection giving the proper 

value of height and phase change. In general, the 
points of intersection of adjacent distance lines are 

dispersed. Since the distance lines are nearly of 

the same slope, especially for 40 kc, relatively small 

errors in the location of maxima and min ima would 

produce some spread in the points of intersection. 
From the theoretical work on vlf reflection coefficients 

by Wait and Perry0 and by Budden7, it appecrs that 

the assumptions this analysis is based upon are rea­

sonable if the gradient of ionization at the lower edge 

of the ionosphere is high. 
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Figure 16. Resulti,.g overlay, from onoly1i1 boHd on the oa­

aumption of equal height of reflect ion one equal phoae change 

on reflect ion, between succeuive maxima and minima. 
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figu, • 18. Resultine overlays from analysis based on the a1-
1ump•·ion of equal height of reflection and equal phase change 

on reii· -ction, betwun succeulve maxima and minima. 

Figures 19-26 show the reflection coeffic ient 

values determ ined from the data, as a func tion of 

angle of incidence measured from the normal to 

the reflecting layer. The angle of incidence was ob­

tained assuming a 70-km reflecting height. The upper 

and lower limits represents the estimated experi­

mental error. It appears that a quasi-Brewster angle 

effect exists for all reflection -coefficie.-t curves with 

the possible exception of the results from the 6 

August data shown in figure 24. The nearly identical 

reflection -coefficient curves of figures 21 and 23 are 

from data obtained on successive days, at the same 

time of day, and in the same direction from the trans­

mitter. The other reflection coefficient curves were oil 

obtained from data taken at various times of the 

day. The 16.6-kc and 40-kc coefficients are both less 

on 6 August than they were on the following day. 

Also, 40-kc reflection coefficients are less than the 

16.6-kc coefficients when both were measured simul­

taneously . 

Assuming the height of reflection and refl1:::tion 

coefficient values from the data of 6 August for 

distances within 1000 km of the transmitter, the field 

intensity from 800 to 6000 km was calculated, using 

the ray model concepts discussed in the preceding 

section. The amplitude and phase relation of the 

various sky-wove hops as a function of distance was 

determined and the resultant vector sum of the 

various modes was then computed. The phase rela­

tion was established by assuming a constant reflect ing 

height of n km with no phase change on reflection. 

This is the height of reflection value at 930 km for 

the 6 August data of figure 11. The amplitudes of 

the various modes of propagation used are shown 

in figure 11 . The amplitude of the n-hop sky wave 

out to n X 1 o :i kilometers was obtained by multiply­

ing the unabsorbed n-hop i,,tensity b·, R :". From 

n X 1 o :i kilometers out to the limiting distance for 

the n-hop sky wove, the amplitude was determined 

by inspection with several different sets of amplitude 

curves assumed. From the limiting distance on, the 

amplitude was established by assuming the sky wave 

traveled as a ground wove around the curvature of 

the earth. The vector sums for each set of ampli! fo 
curves were obtained. The crosses indicate the re­

sultants of the vector summation wh ich most closely 

agree with the data. 

Very good agreement between the data and 

the calculated amplitude exists out to 4000 km. Be­

yond 4000 km the calculations give results which 

17 
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Figure I 9. Daytime reAect ian coefficients, 16.6 kc, 

8 December 1954. 
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Figure 20. Daytime reAectian coefficients, 16.6 kc, 

7 August 1955. 
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Figure 21. Daytime reflection coefficients, 16.6 kc, 

10 Aug1·1t 1955 (a. m.). 
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Figure 22. Dayt ime reflect ion coeffi cie nts, 16 .6 kc, 

10 August 1955 (p . m.). 
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Figure 23 . Daytime rnflect ion coefficients, 16.6 kc, 

11 August 1955. 
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Figure 24. Dayt ime reflect ion coefficients, 16.6 kc , 

6 August 1955. 



,. 

1.0 

0.9 

0 .8 

0.7 

0 .6 

ii II II 0.5 

0.4 

0.3 

0 .2 

0 .1 

1.0 

0.9 

0 .8 

0 .7 

0 .6 

11 11 11 0.s 

0.4 

0.3 

0 .2 

0.1 

I I I 

I I 
I 

I 

~ I I I 

I I 

I 
I 

I 

I I 

I 
I ' I 

,, .. tt,1' I 

I I 
..:,: i✓ 

40 so 60 70 80 90 
ANGLE OF INCIOENCE IDEGIIEESI 

Figure 25. Daytime reflection coefficients, 40 kc, 

6 Augu•I 1955. 
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are too lo ,.-. This may be because the data beyond 

4000 km were obta ined on the previous day when 

different ionospheric cond itions could have ex isted . 

The agreement of the calculated results w ith the data 

indicates that the ray theory concepts used in this 

report are useful for explain ing the field intensities 

observed at large distances. 

Results of Ray Theory Analysis 
of Nighttime Data 

The data of figures 27-31 were recorded simul­

taneously during the nighttime flight from Hawaii to 

San Diego on 8-9 December 1954. The 16.6-kc, 19.8-

kc, and 40-kc transmission :.. were from Hawaii and 

the 30-kc transmission was from San Diego. The height 

of reflection curves shown in each of the figures was 

determined by the method dimmed in the section 

entitled " Ray Model Concepts Used in the Analysis of 

the Data." It is assumed for the analysis of this night­

time data that no phase change occurs on reflection 

from the ionosphiere and that the ground-wave ve­

locity is equal to the velocity of propagation in free 

space. 

In order to determine which modes of propaga­

tion combine to produce the major maxima and 

minima, it was necessary to estimate the amplitude 

of the various sky waves. These estimated sky-wave 

amplitude, are shown in the figures. The continua­

tion of the sky wave beyond the limiting distance as 

a ground wave was not considered for the nighttime 

data. The phase curves in the lower part of figures 

27-31 indicating the in-phase and out-of-phase rela­

tionships between two modes of propagation are 

labeled according to the modes for which they are 

calculated. 

Beyond the region where the ground wave and 

one-hop sky wave are dominant modes, it is difficult 

to determine which modes of propagation are re­

sponsible for the various maxima and minima. The 

major difficulty is that of finding a set of amplitudes 

and phase relationships of the various modes as 

a function of distance which is consistent for the 

several frequencies. It is difficult to find even a self­

consistent variation of phase and amplitude as a 

fvnction of distance for a single frequency, especially 

'or the 40-kc data of figure 30. Part of the difficulty 

is due to the time variation of ionospheric conditions 

throughout the night. The simple assumptions lt,)On 

which this ray theory analysis was based appear to 

be insufficient to explain the apparent inconsistencies. 

20 

The amplitude curves for the variou s modes and th e 

height of reflect ion curves are a prel imi11 a ry represen­

tation and are not intended to repr r.:: sen t complete ly 

the vector relations of th e contr•outing mod es. 

Comparison of the height urves for the var ious 

frequ encies indicates a genera l tendency for the 

height to increase to a max imum near the midd le of 

the flight and decrease near the end . This may be due 

to a diurnal var iation in height of re fl ection , or may 

result from the form of model used and the assump­

tions involved . 

The amplitude and phase information of the 

individual propagat ion modes deduced from the 16.6-

kc data of figure 27 were used to calcu late the re­

sultant vector amplitude as a function of distance . 

This calculated curve is shown in figure 31 together 

with the measured data for compar ison. The height 

curve used for the calculation and shown in figure 31 

differs from the height curve shown in figure 27 be­

tween 3000 and 4000 km. The curve of figure 31 rep­

resents the results obtained when an attempt was 

being made to keep the nighttime reflection -height 

variations to a rr.inimum. The similarity between the 

measured and the calculated results again indicates 

that ray theory analysis is useful for explaining the 

variation with distance of vlf field intensities. 

Figures 32 and 33 show the most recent night­

time data obtained. No analysis into components of 

the distant field intensities has been performed using 

this d ... '..1. It is introduced primarily for the purpose of 

illustrating the variation in nighttime v:f field intensi­

ties as compared to the daytime field intensities re­

corded . Comparison of the 16.6-kc data of figure 32 

with those of figure 27 shows a great similarity in 

signal amplitude as a funct ion of distance. This illus­

trates that perhaps there is not very much difference 

between winter and summer nighttime vlf propagation 

conditions. However, there is quite a bit of difference 

between the data of figure 33 recorded during the 

night of 27 July 1955 and the data of figure 32 

recorded during the previous night. These data were 

recorded in opposite directions from the same trans­

mitter and may represent a difference in east-to-west 

and west-to-east propagation cond itions. Unfortu­

nately, the amount of data is insufficient to decide 

between thi~ poss ibility and that of erratic night-to­

night propagation conditions. 

The reflection-coefficient values determined from 

the nighttime data are shown in figures 34-39. These 

values were determined in the same way they were 
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Figure 27. Plot of recorded data, 
estimated sky wave amplitudes, and 
height of reflection.

Figure 28. Plot of recorded dato, 
estimated sky wove amplitudes, ond 
height of reflection.
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Figur* 29. Flot o< r«cord»d data, 
ottimatod tky wove ampiitudot, and 
height of rafloction.
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Figura 30. Plot of rocordod data, 
Mtimotod iky wove ampiitudot, ond 
height of relUction.
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Figur* 31. Compari»on of rocorded 
data with colculotioni basod on ray 
theory.
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Figure 32. Plot of recorded doto 
and one-hop sky-wave omplitude.
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Figur* 33. Plot of recorded data 
and one-hop sky-wave amplitude.
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Figurs 34. Nighttime reflection coefficients, 16.6 kc, 
8 December 1954.

Figure 35. Nighttime reflection coefficients, 19.8 kc, 
8 December 1954.
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8 December 1954.
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26 July 1955.

ANGLE OF INQDENCE (DEGREES)

Figure 39. Nighttime reflection coefficients, 16.6 kc, 
27 July 1955.
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determined for the daytime data and as explained 

in the section entitled " Ray Model Concepts Used in 

the Analysis of the Data." The angle of incidence 

was obtained assuming a 90-km reflect ing heigh t. The 

upper and lower limits indicate the estimated bounds 

for the reflection coefficien t values. In gene.-al , th e 

nighttime results appear to be less consistent than 

the daytime results. They are a,so less reliable than 

the daytime resu lts, probably more so than the upper 

and lower bounds shown would indicate. The two­

hop sky wave becomes significant at about 500 km, 

interfering with the determination of the reflection 

coefficient at angles more ob lique than about 7() 0
• 

At shorter d istances, there are an insufficient number 

of measured po ints to determine accurately the posi­

tion of maxima and minima or the ir amplitudes. The 

best 16.6-kc data are those for 26 and 27 July but 

the reflection-coefficient curves for those dates are 

the most irregular . It is reasonable to expect irregu­

larity in nighttime reflection -coefficiem results since 

vlf propaaation conditions seem to change more 

rapidly during the night. There seems to be a tend­

ency for the reflection coefficient to decrease with 

increasing frequency, as with the daytime results. 

Conclusions 
Comparison of the airplane data with various 

empirical vlf field-intensity prediction formulas indi­

cates that Pierce's formula gives the best estimate for 

the frequencies measured. 

Ray theory appears to be applicable to vlf 

propagation out to 6000 km. It is useful for explain­

ing the major variations of signal intensity as a func­

tion of distance for both daytime and nighttime 

conditions. However, at large distances the ray 
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model becomes increasingly difficult to use in practice. 

It is necessary to make many sim plifying assumptions 

to obtain a model fo r which the parameters can be 

eva luated from the measured data . 

Application of ray theory to vlf measurements 

within 1000 km is quite satisfactory. The method used 

to obtain the actual height of reflection and phase 

change on reflection from the simultaneously meas­

ured multifrequency data appears justified and gives 

useful results. The method used to obtain the reflec ­

tion coefficients is also useful. 

Not enough data have been ob tained to draw 

any definite ,;onclusions concerning the variation of 

vlf field intensities with season of th e year, direct ion 

of propagat ion, attenuat ion over land vs over water, 

or latitude effects. 

Recommendations 
l . Make add itional recordings of vlf signal in­

ten si ties by airplane, under the following cond it ions: 

(a) using improved instrumentation to obtain con ­

tinuous recordings and greater accuracy; (b) record ­

ing signal to large distances to obtain propagat ion 

paths over land; and (c) continu ing simul taneous re­

cordings of multifrequency transmissions from the 

same general location to obtain ionospheric reflection 

coefficients, phase change on reflection , and height 

of reflection. 

2. Conduct further investigations of methods for 

obtaining (a) actual height of reflection and phase 

change on reflection and (b) reflection coefficients. 

3. Continue study of effects of season of the 

year, direction of propagation, attenuation over land 

vs attenuation over water, and latitude effects on 

variation of vlf field intensities. 
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