
OH THI~ 

ARHIVAL ANGLE M I C R O W A V E S 

Thesis by 

Clayton YelTin Zieman 

In Parti~l Fulfillment of the Requirements 

For the Degree of 

Doctor of Philosophy 

California Institute of Technology 

Pasadena., California 

1949 



T11.e author desires to express his gratitude to Dr. 

William H. Pickering under whose sympathetic direction this 

research wa.e carried out, and whose encouragement played 

such an important part in its completions to Dr. Ira s. 
Bowen, Director of the Mount Wilson Observatory tor giving 

permission to install the transmitter on the observatory 

grounds1 to Dr. Seth B. Nicholson and Mr. Joseph Hickox, 

both ot whom assisted in the installation and alignment of 

the transmitting equipment, and who were principally 

responsible for turning the transmitter off and on; to 

Mr. Ed.ward Phillips who so generously permitted the use of 

some of his personal receiving equipment and, finally to 

Mr. w. H. Douglas who made available the records ot the 

u. s. Weather Bureau in Los Angeles. 



Abstract 

This research describes a preliminary eiiort to measure 

the effect of the atmosphere on the refraction of microwaves. 

Variations in the structure of the lower atmosphere cause 

small changes in the index of refraction, and these small 

changes might alter the angle at which the wave front 

arrives at the receiver. 

To measure the minute variations in the arrinl angle, 

a transmitter, radiating at a frequency of 9520 megacycles 

was placed on Mt. Wilson. The radiated energy was focused 

by means of a metallic lens, and the shift ot the diffrac­

tion pattern of the lens as measured in its focal plane, 

was ta.ken as a measure of the change in the angle of 

arrival. This shift was determined by detecting the position 

of the upper null of the diffraction pattern. There were 

changes in the position of this null and these changes were, 

in general, consistent with the meager meteorological infor­

mation available. 

Variations of the order of one tenth of a degree were 

noticed. These changes are larger, in all probability, than 

can be accounted for by calculations based on ray theory. 

Reflections from nearby buildings and trees could conceivably 

influence the nature ot the diffraction pattern, but the 

exact nature or their effect would be extremely difficult to 

calculate. 
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I. Introduction 

From the time that it was first proved practical to 

transmit intelligence by means of electromagnetic waves, the 

question of the propagation of these waves has been the sub­

ject ot a vast amount ot theoretical and experimental re­

search. 

In 1909 1 by meana of function theory, Sommerfeld suc­

ceeded in obtaining a solution to the problem of a dipole 

radiating over a plane of finite conductivity (1). Even 

today his original solution is the subject of critical 

investigation (2) (3). 

Until rather recent years, the frequencies used in wire­

less transmission were relatively low, and the associated 

wave lengths were, as a consequence, quite long. Though the 

transmission of longer wave lengths was influenced by fac­

tors such as reflections from the ground, diffraction around 

obstacles, and the constitution of the ionsphere - to 

mention but a few - it was insensitive to variations in the 

struoture of the lower atmosphere. Consequently little work 

involving the effect of meteorological variations 1n the 

troposphere on the propagation of radio waves was done. 

It had been realized early that anything which could 

change the value of the dielectric constant of the medium 

through which the waves propagated would affect their 

velocity in the medium and would, therefore, alter the path 

of the raye associated with the wave fronts. In 1913, 

:'.Ticcles (4) published a solution dealing with the path ot 



the rays ot an electromagnetic wa:ve traveling •in a medium 

disposed in concentric spherical shells of continuously 

Ta.ry!ng refractive index•. He brought out clearly the 

&rru,logy between this situation and a familiar problem in 

optics. He showed that the ray would be curved and he ob­

tained the polar equation tor it. 

In 1927 :Baker (5) published an extenaiTe treatment on 

the tracing of rays of an electromagnetic wa:ve through an 

atmosphere whose index of retraction followed certain Taria­

tiona in lte vertical structure. (It ia remarkable to note 

that the work of 13aker could be applied without essential 

change to present day theor:,.) l3aker pointed out the Ta1Jt 

difficulty involved in the computation of the track or the 

ray, and he showed that to calculate it accurately, it would 

be necessary to know the refractive index of each level the 

ray would reach with an aoouraoy to the fifth decimal (6). 

Thus, while thought had been giTen to the question ot 

the propagation of radio wa.Tes through media with a Tariable 

index of refraction, no particular occasion arose to con­

sider in detail the nature of the changes in the refractive 

index of air - other than those changes due to the number 

and nature of the ionized particles found in it. 

ks progress in radio transmission developed, useful 

wave lengths became increasingly shorter, and it was the 

accepted opinion that the horizon was the limit or their 

pr-dctical utility. The occurrence of phenomena associated 

with the reception of signals beyond the horizon waa attri• 

buted to the effects of diffraction. 



The first realization that effects other than diffrac­

tion might play an important role in the propagation of 

very short waves beyond the horizon aeeme to have occurred 

to Joua.ust (7). He noted that, in the course of hot days, 

there was a very strong transmission during the night be­

tween two ehort wave stations about 205 km apart. One of 

these stations was in France, near Nice, the other was on 

the island of Corsica. The straight line joining the two 

stations passed more than 100 meters below the sea. The 

usual explanation ot the longer range by diffraction effects 

seemed to him to be unlikely, especially in view of the 

excellent correlation between the intervals of strong trans­

mission and certain ohe.racteristio nriations in the daily 

We'lther. He stated that the occurrence of this phenomenon 

could be explained only by the effect of the lower atmos­

phere on the range ot very short radio waves. So tar as 

could be tound, this was the first direct reference to the 

effect of the troposphere on the range of very short radio 

waves. 

!n 1933 Schelling, Burrows, and ?errell published a 

paper on the propagation of ultrashort mLves (8). In the 

course of their analysis of the effect of the atmosphere on 

the ray path, they established and introduced a technique by 

means of which the refractive effect of the atmosphere was 

te.ken into account by increasing the radius of the earth to 

such a degree that the rays, though actually curved, 

appeared as straight lines. This wae an important contri­

bution because in the subsequent development ot the oompli-



cated mathematical methods applicable to the solution ot 

the wave equation in a medium of varying index of refrac­

tion some such coordinate system is generally introduced. 

Often the transformation is one in which the surface of the 

earth becomes a plane and the rays have some curvature 

relative to it (9) (10) (11). 

Roughly then, though some work had been done on the 

effect of the lower atmosphere on short wave propagation, 

no impressive instances of any extreme effect had been 

noted. 

In 1934 the situation changed abruptly. Ross Hull, 

an associate editor of ~.s.T., in the course of transmit­

ting with a new directive antenna established contact 

(using a wave length of 5 meters) with stations 100 miles 

away (12). This was an unbelienble happening. To his 

credit it must be stated that, though he was enthusiastic 

about the antenna, he realized that other factors must play 

the dominant role. 

He instigated what seems to be the first intensive, 

large scale investigation into the meteorological conditions 

in the lower atmosphere. He wae especially interested in 

correlating the effect of these conditions on the propaga­

tion of short waves beyond the horizon. It was established 

that periods of long range communication were always associ• 

ated with certain fairly definite meteorological conditions -

in particular, with temperature inversions that existed in 

the regions up to about 2500 meters above the surface of the 

earth (13) (14). 



Unfortunately, Hull W'dS accidentally electrocuted in the 

course ot his experiments and was unable to summarize and 

interpret the greater part of the data that had been a.ccumu-

lated. An account of the results of Hull's work wa.s recent­

ly given by Friend (15). 

With the development of extremely etticient ultra­

short-wave transmitters and receivers, and with the extended 

use of such devices in World War II, it soon became am.ply 

crvident that there wa• still much to be learned about the 

propagation ot these waves. 

On numerous occasions •radar vision• extended for 

several hundred miles along the surface of the earth, and 

in at least one instance, on the Indian OOean objects were 

visible at a distance ot about 1500 miles (16). Such un­

orthodox efteeta and their importance to military tactics 

stimulated a new interest in the study ot propagation at very 

high frequencies. llminent scientists ot all nations took 

part in a broad program ot intensive investigation; and, as 

a consequenoe, great progress has been ma.de, during the last 

five years, in understanding the meteorological factors in 

the propagation ot extremely short waves (17). 

In spite of the tact that a vast a.mount of' data has 

been accumulated relating very short wave propagation to the 

weather, the whole problem ia of such complexity it cannot 

yet be said to be solved (18). 



It the earth were devoid of an atmosphere the path of 

the 

would be straight lines; and, barring the small effects due 

to diffraction, the practical limit of useful short wave 

reception would be the horizon. 

Because the atmosphere is present, and because its 

structure changes in the vertical direction, the effect is 

to cause the index of refraction to decrease slightly with 

increasing height. Tb.is decrease in the index of refraction 

is attributed to the tact that temperature, pressure, and 

water vapor density vary with height. 

It is generally assumed that, under "standard" conditions 

the decrease of the refractive index is linear with height 

and is given by (19) 

-6 ,H = -0.039 x 10 units per meter (2.1) 

Because of this decrease in the index of refraction the 

upper portion of the wave front travels slightly taster than 

the lower portion with the result that it is tilted forward 

by a small amount as it progresses, hence, the associated 

rays are bent slightly downward. The bending of the rays 

under normal conditions.is extremely small. 

The expression for the refractive index of dry air 

is given by (20) 



-6 
( n_ •l) == 79 "I t> :x: 10 

J. 

n1 _ index .of refraction of dry air 

p -= preesure in m1111 bars 

T - temperature 1n absolute degrees 

(2.2) 

!L'he atmosphere normally contains some water vapor a.nd. 

the water vapor molecule has a permanent dipole moment which 

reacts with the electric field. The retraotive index of 

water ya,por is given by (21) 

5 -6 
(n2 •l) = (~ T 318 X 10 e, ) x 10 

:&." ~ 
n2 refractive index ot water vapor 
e partial pressure ot water vapor in millibars 

T absolute temperature 

Since the right sides ot (2.2) and (2.3) are additive 

ihe final result for the index ot retraction for a combina­

tion of dry air and water Taper is g1TtH1 by 

5 -6 
(n-1) = ('79~ -1½' -t 2,8±2 lO ~ e ) x 10 (2.4) 

n = refraoti Te index ot atmosphere 

P ~ total atmospheric pressure in millibars 

T = absolute temperature 

e _ partial presaure ot water Tapor in millibars 

The aboTe formula is claimed to be fairly accurate up 
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to frequencies in the region of 10 0 000 no/aec (22). :8x:ten• 

sive diacu~siona of this torr:.!l"'J.l.a. appoar in the li teratu:re 

(23). 

In the actual problem of ultra-short ,rave propagation, 

it is not ousto~k~ry to use the index ot refraction directly 

but to use inetead a quantity known as the •modified index 

ot refraction•. Tb.is quantity is de31gnated by the symbol 

Mand is termed °h'J adding to the left of (2.4) the tem 

h/a and multiply-1ng by 106• Therefore, 

M ; (n-l + h ) X 106 (2.5) 
i 

n - index of refraction ot the atmosphere 

h - height above the earth in meters 

a _ mean radius ot the earth in meters 

In the actual evaluation of n-1 the second term in the 

right member of (2.4) is veey small in comparison with the 

remaining terms and it is usually neglected. Since l is -a 
-6 approximately equal to 0.157 x 10 when a is measured in 

meters 

1I - ?9l? -- + T 

5 
3.8 X 10 e -t-O.l57h (2.6) 

'.r 
By means of the above formula it is possible to oalcu• 

late Min terms or meteorolo~ical measurements ma.de at a 

given height. 

Many measurements ot M ma.de throughout the world show 

that, when Mis plotted against the height, certain 
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Figure 1. Types of 11 Curves 



characteristic curves are the usual result. These are out­

lined and classified in Figure l (24). 

The expression for the lit curve contains a. term invol­

ving h, and under standard conditions the effect of this 

term is to cause M to increase with height. Under some 

conditions, however, the change inn with increaeing height 

is sufficiently negative to overcome the increase due to h, 

with the result that there is ~n inversion in the slope ot 

the M curve. 

The type of M curve in which this inversion occurs at 

a considerable height above the ground (curve e, ~ig. 1) 

is fairly common in the coastal regions of southern Cali­

fornia and the structure of these curves has been quite 

extensively investigated in the vicinity of San Diego (23). 

The base of the inversion layer may occur up to heights ot 

5,000 feet and the inversion may be 1,000 feet in thickness. 

The physical reason for the large negative change inn is 

attributed to two conditions (26)1 

1. The condition of increasing tempereture with 

increasing height - temperature inversion 

2. The variations of humidity, or vapor pl"'es­

sure, with height 

The individual effects of eaoh of these conditions, 

together with numerical values for the contribution of 

each to the lapse rate of the index of refraction have 

been discussed in detail by Sheppard (27) (28). While 

each or the two causes mentioned is an important factor, 
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it is stated that tha lapse rate of vapor presaure is of 

the greater significance. 

The proper conditions for a temperature inversion occur 

frequently in southern California in the coaatal regions. 

For a few hours after midnight the breeze is from the land 

to the sea - the cold air flowing down from the canyons 

where it has accumulated during the day. In the early morn• 

ing the breeze may die dmm and lee.Te a etationary mass of 

cool air in the lower regions with a layer of warm air 

oYerhead. The resultant temperature ittVersion generally 

has its base at a height Tarying from 800 to 2,000 feet 

aboYe the earth, and it will persist only so long as the 

atmosphere is very calm. It is normally dispersed with the 
'('° 

ooourence of even a slight breeze (29). 
" 
Another cause of the eleTated temperature inversions 

in southern C&l1forn1a is the phenomenon known as subsi­

dence (30) - a slow vertical sinking of air over a very 

large area. The air in a subsiding layer is usually very­

dry• and when such a nnes overlies a moister layer near the 

ground a sharp moisture gradient is produced which is 

favorable to the formation of an elevated inversion in the 

11 curve. 

Though abnormal short wave reception is in general 

agreement with the inversions in the M curve, there is 

evidenee to indicate that much can yet be learned about 

the pheno~enon of anomalous propagation. Some experiments 

ma.de near San Diego seem to show that the reception of~ 



strong signal over a non-optical nath is more in agreement 

with reflection from a layer than with refraction through 

it (31). 

Cra:w:fordt and Iftun:ford in 1938~ (32) but Appleton and others 

believed it impossible to account for an<ln1alous reception 

by means of an atmospheric discontinuity (33). Experiments 

performed on the Arizona desert seem to confirm the conclu­

sion that strong fields are not always associated with a 

deorea.sing rate of change in the M curve ( 34) • 

Other experiments indicate that signal strengths com­

puted from the observed ll curve do not agree with observa­

tions, and that the temperature gradient has been greatly 

underestimated (35). Royle, in fact, found that the cor­

relation between radio signal strength and the rate of 

change ot partial vapor preesure with height was very poor, 

while the correlation with the rate of change in T with 

height was very good (35). The opposite situation is 

ordinarily presumed to be true. 

further study of the situ.a. tion appears, therefore, to 

be warranted. 



III. Theorz 

It is difficult, if not impossible, to ob~~in an 

exact solution for the wave equation when the medium through 

which the wave propagates has an index of refraction whose 

value depends in some functional manner upon the height. 

Much mathematical labor has been expended upon this 

problem and many useful results h&ve been obtained. An 

exact solution involving propagation through a stratified 

medium was given by Epstein (36) and his results were fre~ 

quently utilized by workers in the field of short wave 

propagation during the war (37). It is conceivable that 

the Epstein solution might be applied to researeh of the 

type to be described. 

When the M curve is of Typed, Figure 1, valid solu­

tions of the wave equation can be obtained under the 

assumption that the radiator is a dipole over a perfectly 

conducting earth {38) (39) (40). The technique of obtaining 

a. solution involves a perturbation method a.nalagous to the 

mathematical device so frequently useful in quantum 

mechanics; the work is, however, ot considerable complexity. 

Solutions for other types of M profiles can be obtained by 

integration in the complex plane (41). 

For the purposea of this investigation, the solution 

of the wave equation is unnecessary because ray tracing 

methods give the desired results. It can be shown tha.t ray 

tracing methods are valid in media in which the change in 

the.index of refraction is small within the space of one 



wave length (42) (43), provided the neighborhood of a 

oa.uatic or a focus is a.voided. Theoretically, also, the 

conductivity of the atmosphere and reflections from atmos-

pherio layers affect the geometry of the ray, but Epstein 

(42) (44) has shown that under usual conditions both of 

these effects are negligible, and that the energy follows 

the ray. The ray is essentially normal to the wave front. 

Specitically the conditions under whioh ray theory is 

applicable may be written as (45) 

1. The radius ot OurTature ot the surfaces of equal 

phase must be larger than the local wave length, 

a.nd 

2. The Tariation of refractive index with height 

must eatist;y the relation 

dn - l 
dh 

where c>( is the angle the ray makes with the local horizon­

tal. 

For wave lengths in the 3 cm. region both conditions 

are normally well satisfied. Assuming conditions 1 and 2 

to be satisfied, the differential equation of the ray is 



Ir the "flat earth" coordinate system is used, equation 

(3.1) may be derived either by utilizing a method developed 

by Epstein (46) 0 or by an application et Fermat•e Principle 

(47). 

The equation is not readily integrable in the form. given 

aboTe, but, if the angle the ray makes with the horizontal is 

not too large, the tirst term. on the right is negligible com­

pared with the second. It is also true that h ~~ a, and that 
• n = 1. Making use of these assumptions, the simplif'1ed 

equation may be integrated (48). It o<. is written for ~-; 

the result is 

The eignitioanoe of the symbols is shown in Figure 2. 

Figure 2 



To apply ray tracing methods, 1 t is necessary ts"..:i have 

some oheok on the horizontal distance traversed by the ray. 

Assumi:ng a linear varia. tion of refractive index with height, 

the proper relation is given to a close approximation by 

X :.::: 2 ,< (h • ho) (3.3) 

~ + i<o 
By applying equations (3.2) and (3.3) a ray may be 

traced through a medium stratified in layers, provided the 

following are known; 

(1) the height ot the layer boundaries above the earth 

(2) the values of Mat the boundaries of the layers 

(3) the arrival angle of the ray at the receiver or the 

departure angle of the ray at the transmitter. 

Since the M values were known at only the receiver and 

transmitter locations, certain logical assumptions concerning 

the variation or YI in the intermediate region must be ma.de. 

The assumptions are that the variation of Min a layer is 

linear with the height and that Mis continuous at the 

boundary of two layers. 

Ray tracing enables one to compare the observed arrival 

angles with those theoretically possible for given H ,Ustri­

butions. The method ia further illustrated in section v. 



•l?-

i!t n,.e Eguiaent and I~s aaa,1pteri1ti21 

To make angle-of-arrival measurements, a transmitter 

(a Sperr3 Klystron, t3-pe 2K39) oscillating at a frequency of 

9520 megacycles was installed in the Snow telescope on the 

Mt. Wilson observatory grounds. The transmitter was modulated 

to produce an audio note whose frequency was approximately 

850 cycles a seoond. 11'.he transmitting antenna was a parabola, 

30 inches in diameter, with a beam width of about 3 degrees 

between halt power points. The power output of the trans­

mitter, as measured by a varistor bridge, was 300 milliwatts. 

The wave waw transmitted with the E field vertical. Choice of 

the Mt. Wilson site was dictated, in part, by the desire to 

avoid a strong ground reflected ray. Figure 3 shows the 

transmitting equipment. A profile ot the propagation path 

ia shown in Figure 4. 

The receiving antenna was a metallic lens constructed 

according to the formulas published by w. E. Kook (49). 

Designed to have an etfective index of refraction of one 

half and a focal length ot 400 centimeters, the lens was 

73.5 vravelengths long and it was ttatepped" at appropriate 

intervals to avoid excessive thickness. By means ot bake­

lite separators the lens plates were held 1.85 cm apart and 

the entire etructure was mounted, in vertical position, to 

a long •A• frame. A horn, which could be moved vertically 

by an accurate screw driTe was attached to the 6 A" frame at 

the focal plane of the lens. The position ot the horn apex 



Figure 3 The Transmitter 
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could be read by- Means of a scale attached to the horn mount . 

The lene assembly is shown in Figures 5a and 5b. 
; 

Incoming :rac:Ua tion was focused by the lenllll, interc~pted 

by the ho:rn, and transmitted t0 the receiver by means ot 

coaxial cable. The incoming signal was mixed with the out­

put et a. local oseillato!'o a. reflex klystron (type 723. A/B) j 
/ 

and the SO megacycle beat frequen0y was amplified, detected, 

and the audio note further amplified.. The audio output could 

be connected either to ea.rphtnes 0r to an indicating ampli­

tie~. A circuit diagram of the receiver is shewn in Fig. 6. 

The drawing of the IF amplifier is reproduced in part from 

pag$ 465 ef Radio System Eng°ineering, volume l of' the MIT 

Radiation Laboratory Series with the permission of the 

McGraw-Hill Book Companyo 

Calculations ma.de at the time the lens .was designed 

indicated the width between the principal nullso when 

measured in the focal plane of the lens should be a.beut 

ll omo Numerous tests showed the actual separation betw$en 

them to be 1306 cm11 and that the focta.1 length of the lens 

wa.s closer te 390 cm. Tests also showed that th diffraction 

pattern bad uniform ohareoteristics so far a.s the separation 

et the principal minima. was concerned, but the structure 01 

the minor l obes showed some variations . 

For purposes of illustration, two of the diffraction 

patterns a.re ~xhibited in Figures 7 and a. When the posi­

tion 0f the test oscillator was raised •ertioally by a small 

distance, the diffraction pattern shifted slightly 
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Figure 9 Dif:f'raotion Pa. tt·et'n · of the Lens 
with the Transmitter EleTated 



downward. This is shown in Fig. 9. 

The distance between the two principal minima, subtended 

an angle ot 28 as measured in the tooal plane from the center 

ot the lens. This is equiftlent to a change ot 0.015° per 

millimeter ot distance on the vertical measuring scale. 

Due possibly to a defect in the construction of the lens 

the first upper minimum was much &harper than the lower one. 

It was decided to utilize thia minimum as a means ot locating 

the position of the diffraction pattern in the focal plane. 

Under controlled oonditions its location could be determined 

with great accuracy, and it was.seldom that different ob• 

een-ers would make measurements eh.owing discrepancies of more 

than 2 mm in its location on the scale. Thie would oorresp8nd 

to an accuracy of 0.03•. 

An ettort was made to determine the center of the lens. 

A small transmitter was placed on the root or the east wing ot 

Norman Bridge Laboratory. The reoeiTing equipment wa.a placed 

on the root of the west wing. The receiving horn was set on 

the maximum position of the ditfra.otion pattern of the lens 

(using the amplifier meter as indicator) and the intersection 

of the line between the transmitting and receiving horns was 

marked on the lens frame. 

When the lens was mOYed to the position to receiTe from 

Mt. Wilson, it was first tilted ba.ok to make an angle of 7.5° 

with the Tertical. A theodolite was placed behind the lens in 

such a position that the axis of its telescope coincided with 

the straight line from the transmitting parabola through the 



mark on the lens trame. The point on the scale determined by 

the 1ntersect1on ot the horizontal cross-hair ot the theodolite 

we.a taken aa the maximum point ot the diffraction pattern. 

This point was the 59.6 om mark on the scale. A etudy of 

numerous lens patterns showed that the upper minimum was 

?.1 om above the maximum. The •11ne et sight• poeition ot 

this minimum was. therefore, placed at the 66.? cm mark on 

'the scale. 

When the lens was in position to rece1Te from Mt. Wilaon, 

certain difficulties became apparent. Frequent and rather 

violent tluctua.tiona et the incoming atanal precluded ettec­

tiTe use of the amplifier. These fluctuations might have been 

due to rapid frequency drifts 1n the tranemittins oscillator, 

since it was only partially shielded from the breeae, or they 

might haTe been due to atmospheric oonditione, since what 11 

known n.guely ae •patchiness• of the atmosphere has been 

given·as a probable oauee of suoh fluctuations (~o). Police 

calls on the 30 me band were also bothersome. 

A sensitive pair ot earphones was, therefore, used to 

locate the null position because the nuotuations were not 

noticeable on them. The police calls could be separated 

readily from the desired audio tone. It is, in fact, well 

known that the ear recogniaea pure tones in the presence of 

noise, even when the note is•• weak that it can no longer 

be perceived on an oscillosco,e. In null detection at audio 

frequencies earphones are also superior to meters and ampli­

fiers, and it is believed that in the present case, this type 

ot detection ottered no serious disadTanta.ges. 



To compare the observed arrival angle with values 

obtained by ray tracing methods, it was neoeesary to fix 

the values of certain qu.~ntities: (1) the height of the 

transm1 tter and the receiver, (2) the horlzonta.1 diatanoe 

between them, and (3) the angle formed by the looal hori­

zontal and the line-of-sight from the transmitter to the 

receiver. The first two quantities were determined from the 

official contour maps of the United Sta.tee Coast and 

Geodetic Survey (Ut. Wilson, Altadena, and Sierra. lmdre 

quadrangles, edition of 1941, reprint of 1947). Elevation 

of the receiver wae fixed at ?90 feet~ that of the trans­

mitter at 5800 feet, both measured from sea leTel. The 

horizontal diatance was found to be 7.23 miles. Slight 

discrepancies in the above values were noted when compared 

with other maps of the region. The visual angle to the 

transmitter wac measured with a. theodolite and round to be 

7.5°. :Because of the curvature of the earth., the local hori­

zont~la at the receiver and the tre,nm::1i tter are not to be 

constdered parallel plane3. 'l'he di}J.(;1,irs.l angle behrnen these 

plane~ is about 0.1°. 

To trace the rny it T'TD.s necessar-'.f to determine the 

Ya.lue ot Mat the location of the transmitter and the re­

oeiver and to postul,;,te a possible H curve for the vertical 

region between these two points. Tables for calculating :u 
were available (51) provided that the centigrade temperature, 



the relative humidity. and the height of the location at 

which :.1 was desired ,1ere known. '.:'he required information to 

the extent it existed was m~de available by the United states 

7:eather :SUreau. The U values could also be found at the 

receiver location from a psychrometrio nomogram prepared by 

the :.::.I.T. Radiation Laboratory (52). It should be stated 

that there were always some discrepancies in the M values 

determined by those two methods. 

To construct the M distribution required postulating an 

Y curve that experimental inveatiga.tion had shown to be quite 

typical of southern California (53). Inversions in the M 

curve are of the eleva. ted type. Lo"t1er and Upper segments a.re 

linear and vary at the rate for a •1standard" atmosphere, 

that is, there ia an increase of about :56 11.1 units for ea.ch 

increase of 1000 feet in elevation. The inverted segment is 

also linear but it has a variable negative slope. The base of 

these inversions is often follnd to be bet~een 2800 and 4200 

feet above sea level. 111e thickness of the inver~ion layer 

is most :frequently of the order of fiOO feet. 

After the II ourva 't'ta.e postulated the ray associated with 

t,1e observed arrivc'1?,l angle -was traced back to the transmitter. 

By comparing the total distance traversed by ray, and its 

angle of departure from the transmitter, with known values, 

it was possible to check the obeerved anglee with theoretical 

ones. 

:.t1empera ture inversions between the receiver and tra.ns­

mi tter were much less co:rri.mon tr.an bad been anticipated. In 



fact, such invdrsions occurred on or1ly two da,ya. on Hay 25 

at 8 A.M. PST the temperature at llft. \'Tilson was 61 ° F the 

d.,....,. po1· nt "l!.lo ·;;,.. At ..... ... d ~h t ' -6° ~., th ...... v .,,, .i:aoa ena ·1.o e ·-empera 1;ure was o • 1.•, e 

de-\'i point 52°. These values give E to be 524. 7 and 369 .o 
at 1!t. Wilson and 1?aaadena respectively. Had the ],I change 

been :1atanda.rdtt ita value at irt. Yrilson would be 549. A ams.11 

inversion could therefore be placed at aome point above the 

ground. A logical H curve would seem to be the one shown in 

Fig. 10. 
h-:::: 5800 f"t. 

h-.:::: 3800 tt. 

h-:::: 5300 ft. 

}l:::: 369 h =:- '190 ft. 

:ing. 10 :.Postulated M Curve 8 A.L. (I'='S'.l') Hay 25, 1948 

At 8 A.:·r. the obserred position of the upper null. read 

6G.3 cm. on a line of sight 1 t vi.tould read 66.? em, corre­

sponding to a depression of 0.00°. '1.'he incoming ray 

appeared to be arriving at an angle of 7.56° above the local 

horizontal at the receiver. 



From 3.2 with o( 0 :::: 7.56° (0.13194 radians) 

o( l -= ~ 0.017410 + .000181. ::: 0.017591 

o<,-::: 0.13263 

By (3.3) ____ 5_o_2_o ____ = 3.59 miles 

(.2647) (5880) 

Through the eeoond layer 

P<. )..~ ~ 0.017591 

o().: o.1s25a 

)(';).~ o.?14 m.1 

Through the third layer 

p(
3 
~ { 0.0175?6 + 

D( 
3 

-==~ 0.0l '1720, 

o( 
3 
~ o.l:S312 ---

)(3= a.s6 m1 

e000015 t '= 'i 0e01"1576
1 

., 
.000144 

~-:: 3.59 + o. 171 + 2.86 -= "I .16 mt 

It seems EtTident trem the aboTe that a ra:r arr1T1ng at 

7.56° would not likel.7 baTe had the transmitter as its point 

ot origin, if the U distribution were that assumed. 

Further calculations are s\llm!lrlrised for the purpose of 

comparison in Table V - 1. Thia table shows that the 

inversion has slight effect upon the calculation of possible 

angles of arriTal and that eubatantially the same calculated 

angles are obtained it the U eune is taken as a straight line 

connecting the two known Taluea. 
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Table V • l 

Calculations ot Arrival Angle 

8 A.M. (PST) May 25, 1948 

Assumed 
Type ot Arrival Angle 
u CurTe at Receiver 

3 LS.near 
Segments 7.se• 

Straight Line 7.56 

standard ,.s& 
3 Linear 

Segment, ?.53 

Straight Line ?.53 

Standard T.53 

3 Linear 
Sepenta 7.52 

straight Line ,.sa 
Standard 7.52 

s Linear 
Segments 7.51 

Straight Line 7.51 

Standard 7.51 

Calculated 
Angle ot Departure 

from l'ransmi tter 

Distance 
Spanned 
Miles 

'1.21 

,.22 

7.19 

7.21 

7.22 

7.26 

Computations made with T&riations in the form of the M 

ourYe between the two known points result in no eigniticant 

change from the n.luea of Table V - 1. 

On the morning et Jfay 25 the temperature inversion 

persieted. At 10 A.M. the readingsat Kt. Wilson were 65° F 

with a dew point of ~8° FJ at Pasadena the readings were 



588 F and 52° F, reapeotiTely. These Talues yield 532.6 

tor Y at Kt. Wilson and 364.9 for Mat Pasadena. Mat 

Mt. W1laon was still below the Talue ot 545 based on the 

•standard• rate ot increase. Age.in a theoretical angle of 

7.51° was poasible. 

Weather observations were made at Mt. Wilson at three 

hour interYals, hence, the theoretical calculations could be 

compared with the obserYed Yalues only at scattered 

intervals. 

The results tor the period of' obeern.t1on on Nay 25 

a.re summarised in Table V • 2, page 

A com.parieen of the aotual readings shows a reasonably 

oonst.ant nlue tor the arrinl angle during the early 

period ot the obsenationa with a tendency tor the angle to 

approach more closely the 11ne-ot-a1ght T&lue ae the morning 

passed. 

Neither of the aboTe taota is inconsistent with known 

meteorological data. Suoh nriations might be expected, tor, 

as the day progressed, conditions causing the inversion would 

likely disappear and the ray would approach the line-ot-sight 

path. 

The foregoing example illustrates the difticulties, 

discussed tu.rther in the conclusion, to be oTercome in 

research of this type. The Yariationa are Te't'Y small, and 

there is a sizable discrepancy between the observed arrinl 

angles and those calculated on the basis ot a logical M 

diatrioution between two known points. 



Table V • 2 

Arrival Angles tor the Morning ot !11'8.y 25, 1948 

Calculated 
Departure Observed Possible 

PST Scale trom Angle of Angle ot 
(AM) Reading Line ot Sight Arrival Arrival • 

7110 66.3 -0.4 '7.566 

7112 66.4 -o.s '1.54 
'7115 66.4 -o.3 '7.54 
'1t20 66.4 -o.3 ?.54 
'712'1 66.4 -o.s '7.54 
7130 66.4 -o.s 7.54 
'1135 66.2 -0.45 '1.57 
'1a40 66.a -o.,a ,.rn 
,,4& 66.S -o., 7.56 
'h50 66.a -o.s 7.5'7 ,,,s 66.S -0.4 '7.56 
8100 66.3 -o., 7.86 
8105 66.3 -o., '7.56 '1.52 
8120 66.3 -o., '1.56 '7.51 
8128 66.1 -o.a '1.59 a,ao 66.4 -o.s '1.54 
8137 66.4 -o.s 7.54 a,,s 66.S -o., 7.56 
8155 66.S -o., 7.56 
9102 66.3 -o., '1.56 
9tl0 66.6 -o.a 7.53 
9115 66.6 -0.1 7.51 
9125 66.6 -0.1 7.51 
9130 66.3 -o., '7.56 
914:0 66.5 -o.a 7.53 
9145 _ 66.4 -o.3 '7.54 

10100 66.!5 -0.2 '7.53 7.51 
10105 66.6 -0.1 7.51 

Here the tranami t ter was turned off 



VI. FYrtner QJ:lsern$1ons 

Daily observations of the angle-of-arrival, under a 

variety of weather conditions were made between l!a.y 5, 1948 

and July a, 1948. Weather conditions seemed to have no 

noticeable effect on the quality of the audio note heard 

through the earphones, and no difficulty was ever experienced 

with ita reception. 

On the Tast majority of days, the waTe front arrived at 

the receiver at an angle which would indicate the atmosphere 

had little, it any, influence upon its inclination. Two 

notable exceptions occurred and they will be tabulated 

below. 

Observations ma.de on June 2, 1948, between the hours of 

8146 and llaOO A.H. are typical of days when the null point 

remained essentially at its line-of-sight location. Varia­

tions in its position were very small and might well be due 

either to a change in direction of the ray or to the limita­

tions of the equipment. Results of the observation were 

independent of the mode of oscillation of the local oscilla­

tor. 

On June 2 rain during the early hours had stopped by the 

time observations began. The ground and roof were still wet 

and a thick tog obscured the foothills. Mt. Wilson was not 

Tisible. The signal was very strong and the null was well 

defined. At 8&30 A.M. the temperature at Pasadena was 

56° F and the dew point was 54° F. Mat the receiver was 

calculated to be 3?2. At Mt. Wilson the dry bulb temperature 



wae 42° F and the dew point was 42° F. These values gave 

Mat Mt. Wilson to be 551. From these M values it is evi­

dent that the change in M corresponds closely to the change 

which would take place in a "standard• atmosphere. By 

11 A.M. the M value at Pasadena had become 366 while at Mt. 

Wilson 1 t had changed to 565,. a. difference of 189 1r uni ts. 

The M values are tabulated in Table VI - 1 and the observa­

tions are summarized briefly in Table VI - 2. It can be seen 

tha.t the observed angles are not inconsistent with the 

meteorological data. 

Table VI - l 

H Values for June 2, 1948 

lit. Wilson 

Time (PST) To C 

7100 A.M. 5 

71:SO 

8130 

9130 

RH% 

100 

10100 '7.23 100 

10:30 

11:30 

12130 P.M. 

1100 100 

K 

550 

554 

558 

Pasadena 

RH% M 

98.0 375 

94.5 372 

366 

15.0 78.0 

15.o ao.o 

366 

368 

366 15.0 78.0 



-·:37-

Table VI - 2 

Angle-of-Arrival Data. June 2, 1948 

Time Observed Calculated 
{PST) Position Departure :from Angle ot Angle of 
lu 11 gt DYJ.l_ .liDI at, '1i&bi, AE&:iDJa -· AE£!I&:li 

8145 66.6 -0,1 7,51° 
8155 66.9 +0 .• 2 7,47 
8157 66.9 -+0.2 7.47 
9102 66.8 +0.1 7.49 
9108 66.9 +0.2 '7.47 
9113 66.9 +0.2 '7.47 
9126 66.9 +0.2 7.4'1 
9130 66.9 +0.2 , ... , 
9a45 69.9 +o.a '7.47 

10,00 66.8 +O.l '1.49 
10111'7 66.8 +0.1 '7.49 
10132 66.8 +O.l 7,49 
10135 66,8 +0.1 '7.49 
10145 66.9 -t0.2 '1 .,, 
10158 66.8 +0.1 7.47 
11,00 66.8 +0.1 7,47 

In thie table, and in those to follow-, a plus sign 

indicates that the null point is above its line-ot-aight 

nlues and a minus sign indicates that the null point is 

below its line-of-sight value. 

7.51° 

7.49 

'7.49 

Observations on June 10 and 11, 1948, were of particu­

lar interest. On each afternoon a pronounced depression in 

the position of the null point occurred and no clue for such 

a ra.dica.l oha.nge could be found in the ca.loula.ted M value. 

On June 10 at 7145 A.:M. the sky was clear. Mt. Wilson 

was visible but there were isolated clouds at the level of 

about 4500 feet and a haze covered the valley. The M 

values as calculated for the day a.re given in Table VI - 3 • 
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Table VI - 3 

K Values for June 10, 1948 

Kt. Wilson Pasadena 

Time {PST) T° C Ri11% M ~ C RH% u: 
7:00 A.M. 12.8 43 529 

7:30 16.7 78 369 

9130 20.6 63 366 

10,00 15.5 52 541 

10130 24.4 49 359 

11130 24.4 49 359 

1100 P.'M. 16.1 67 554 

1:30 25.0 49 361 

4100 15.5 69 549 

4130 25.6 42 354 

The above values, thoUgh soattered, tend to show that 

Mat Mt. Wilson increased continually until about 1100 P.M. 

and then decreased. 

During the first fn hours of observation an inversion 

could be placed in the M cune and a alight bending of the 

raya might be expected. From 10 A.M. the M Yariation appear­

ed to be essentially norma.11 the arrival angle might be 

expected to be normal. This day was characterized by an 

intense •smog• which began to blow in about 10 A.M. The 

data tabulated in Table VI - 4 show the observed angles for 

this day, and it will be noticed that while there ia a 

qualitative agreement with the expected results during the 

early morning hours, there is a violent departure from the 

expected results during the early afternoon. 
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Table VI • 4 

Ansi1-of.::.A.r1u1 YeasuremEUJt1 June J.Q, 12,e 

DeTiation from Observed 
Time Scale Line-of-sight Angle ot 
(PST) Reading Position Arrival 

7&28 A.li!. 66.6 -0.1 7.519 

7132 66.6 -0.1 7.51 
7140 66.7 o.o 7.50 
7155 66.S -0.2 7.53 
a,oo 66.7 o.o 1.eso 
8105 66.6 -0.1 '7.&l 
81:.SO 66.8 +0.1 7.49 
8145 66.8 to.1 '1.49 
9156 66.8 +-0.l 7.49 

10100 66.9 +0.2 7.47 
10111 66.'7 o.o 7.50 
10tl5 66.4 -0.3 '1.54 
10115 66.4 ... o.3 ,.54 
10120 66.4 -o.5 7.54 
10130 66.6 -0.1 7.51 
10145 65.9 ... o.a 7.62 
10150 66.0 ... o.'1 7.61 
10155~ 66.3 -0.4 7.56 
11103 66.4 ... o.:.s '7.54 
11107 66.4 ... o.5 7.54 
11112 66.5 -0.2 '1.53 
11120 66.7 ... o.o '1.5 
11,25*if 66.8 1-0.1 7.49 
12:05 P.M. 65.9 -o.a 7.62 
12110 65.9 • ... o.a 7.62 

1100 65.9 -o.a 7.62 
1105 65.7 -1.0 7.65 
1110 65.7 -1.0 7.65 
1112 65.7 ... 1.0 7.65 
1:15 65.9 -o.s 7.62 
1&30 65.6 -1.1 7.66 
2100 66.0 ... o.7 ?.61 
2105 66.0 -0.7 7.61 
2110 66.0 .. o., 7.61 
2&15 66.0 -o.7 '1.61 
2120 66.l -0.6 7.&9 
2s30 66.3 -o.5 7.58 
2145*** 66.4 -o.3 7.54. 

~Smog now blowing in thick 
~~ Smog now extremely thick 

~* '.i"ra.nsmi tter turned oft'" 



A breeze was beginning to thin the smog and the null 

point was returning slowly to its normal value. Results ot 

June 10 (together with the next day) mark the greatest bend­

ingot the ray observed, the magnitude being about 0.1°. 

This is a much greater bending than any expectation on the 

basis ot ray tracing through an M layer. 

To lend support to the tact that bending to the extent 

indicated was poesible. observations for June 11, 1948, a.re 

eumma.rizecl. Again the morning wa.s clear and quiet, with a 

blue sky and a haze in the yalley. A dense smog drifted over 

Pasadena during the late morning and lifted in the mid 

afternoon. The tabulation of the Y values appears below. 

Table VI - 5 

M Values for June 11, 1948 

Mt. TTJ'ilson Pasadena 

Time (PST) T° C RH% M T6 C R.Hat /0 1( 

7:00 A.LI. 13.3 58 542 
7:30 20.0 56.0 357 
8130 21.6 52.0 357 
9&30 22.6 49.0 356 

10:00 18.4 48.5 540 
10:30 23.8 46.0 355 
11:30 25.6 45.0 358 
12130 26.6 43.6 358 
1:00 P.H. 17.8 61.0 554 
1:30 26.6 43.0 357 
2:30 26.0 44.0 354 
3&30 26.0 40.0 352 
4100 18.9 50.0 546 
4130 23.8 50.5 360 
The above table shows that the M values of June 11 

bear no noticeable similarity to the values listed in 

'l'a.ble VI • 3. 
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Table VI - 6 

Angle-of-Arrival Measurements June 11, 1948 

Time Scale Deviation from 
[PST) Reading Line-of-sight Observed 

Position Angle 
0 

7145 A.Ir. 66.3 -0.4 7.56 
7&55 66.9 -t0.2 7.53 
'7 I 5'7 66.9 +0.2 7.53 
8106 66.9 -t0.2 7.53 
8107 66.8 +0.1 7.52 
8s35* 66.8 -+0.1 7.52 

10115 .... ~ 66.6 -t-0.2 
10118 66.7 o.o 7.50 
10,20 66.7 o.o 7.50 
10125 66.7 o.o 7.50 
101~0 66.7 o.o 7.50 
10157 66.5 .... 0.2 7.53 
11,00 66.4 -o.3 7.54 
11102 66.5 -0.2 7.53 
11105 66.5 -0.2 7.53 
11110 65.9 -o.a 7.62 
1111~ 65.9 -o.a 7.62 
11115 66.0 -o.7 7.60 
11117 66.0 -0.7 7.60 
11,20 66.0 -0.1 7.60 
11125,f"('"I(" 66.1 ... c.6 7.59 
12137 P.M. 65.8 -o.9 7.64 
12140 65.8 -0.9 7.64 
12145 65.9 .. a.a 7.62 
12152 65.8 .. o.s 7.62 

1100 65.9 -o.a ?.62 
1108 65.? -1.0 7.65 
l;O? 65.8 ... o.9 7.64 
1120 65.6 -1.1 7.66 
2t32 65.6 -1.1 7.66 
2&35 65.9 -o.a 7.62 
2:45 66.0 -o.7 7.60 
2147 66.l .. o.6 7.59 
2:50 65.'1 -1.0 ?.65 
2152 65.9 -o.e 7.62 
S:00 66.0 -0.7 7.60 
3105 6&.8 -0.9 '1.64 
3&11 65.9 -o.s 7.62 
3122 65.9 -o.a 7.62 
3:50 65.8 ... o., '7.54 
4100 65.9 -o.a '7.52 
4110 66.0 -0.1 7.60 

(i{ere the transmitter wa,s turned off) 
*At this tirne some measurements were ma.de with the 

theodolite for the Snow Telescope was visible 
~~smog is now beginning to make the mountains invisible 

**~By now the smog is extremely thick 
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Table VI - 7 

Angle-of-Arrival Hea.surements May 27, 1948 

Deviation from 

rime Scale Line-of-eight Observed 
PST) Rea.ding Position Angle 

'7 :20 A.M. 66.3 -0.4 '7.56° 
7&30 66.3 -0.4 ?.56 
7135 66.2 -0.5 7.58 
?:45 66.2 -0.5 7.58 
7:50 66.3 ... o., 7.56 
7156 66.3 -0.4 7.56 
8100 66.4 -o.3 '7.54 
8105 66.3 -o., 7.56 
8135 66.4 -o.3 7.54 
8:40 66.4 -o.3 7.54 
8150 66.3 -0.4 7.56 
9100 66.3 -0.4 7.66 
9#10 66.2 -0.5 '7.58 
9:20 66.3 -0.4 7 .56 
9a30 66.3 -0.4 7.56 
9:35 66.4 -o.3 7.54 
9140 66.2 -o.5 '1.58 
9150 66.2 -0.5 '7.58 

10100 66.3 -o., 7.56 
10,10 66.3 -0.4 7.56 
10120 66.3 -o.4 7.56 
10125 66.4 -0.3 7.54 
10:36 66.3 -0.4 7.56 
10:42 66.3 -0.4 ?.56 
10147 66.4 .. o.3 7.54 
10150 66.5 -0.2 7.53 
10155 66.4 -0.3 7.54 



A comparison of Table VI - 4 with Table VI - 6 shows 

the general similarity of the observations on these two 

days. Though smog was present on other days, it seemed 

to cause no noticeable effect on the null position. 

The measurements ot May 27, 1948, were ma.de in a 

drizzle of rain with a heavy fog blanket all around. The 

rain stopped about 10 A.M. but the fog continued to be 

Tery heayY. The Talue of Kat the receiTer throughout 

the morning was approximately 370, but unfortunately the 

weather readings trom Kt. Wilaon were not aTailable. Since 

there appeared to be a significant departure of the null 

point from its line-of-sight Talue, the readings are dis­

played in Table VI - 7. (This set of readings was con­

tinually checked by Lt. E. F. :Barker, USN) 



VII. conclusio; 

No ready explanation appears to exist for the marked 

refraction observed on the afternoons of June -10 and 11, 

1948. The values of 1T recorded at these times display no 

oharaoteristics which would permit the placing of an 

inversion in the M curve. Bending of the order of 0.1° 

could be accounted ror qualitatively it a sharp inversion 

of 50 M units a.tan elevation of 3000 teet above sea. level 

is assumed. 

It the inversion took place within the apaoe of 100 feet 

and if the M curve were standard in the lower and upper layers 

an arrival angle of ?.60° ia feasible. M variations of this 

kind are not impossible in southern California (54) but 

appear inconsistent with the conditions observed on the 

above days at the receiver and transmitter. 

It is also possible to postulate two regions consisting 

of media, with different indices of refraction, separated by 

a plane surface. If the upper region is dry air application 

of (2.2) gives n equal to 1.ooom~. This value ia obtained 

by taking the surface of discontinuity at 3000 feet above 

sea level, p = 898 millibars, a.nd T = 12° c. 
The value of n thus obtained is in very good agreement 

with that usually given tor dry air. Application of Snell's 

law indicates a ray could be bent by 0.1° if it entered a 

region whose refractive index was equal to 1.00046. This 

represents a change inn - 1 or 21 x 10·5 a much greater 



increase than any that has been recorded in the available 

literature. Rather sharp changes inn do occur at heights 

ot about l km, but these changes appear at most to be of 
-6 the order of 50 x 10 • 

The ordinary partial pressure due to water vapor 

in the air ia given as 1% of the total pressure (55). This 

would mean the vapor pressure at 3000 feet might be expected 

to be 9 mb. 

It this value ie doubled to 18 mb and an abrupt tempera­

ture inversion of 5° C is assumed application ot (2.4), with 

P ::: 915 mb, gives n: = 1.00034. It would seem necessary te 

assume beneath the dry air a layer of damp air with a partial 

vapor pressure ot about 40 mb and an abrupt temperature 
0 

inversion of 5 C to account tor ao large a change inn. The 

temperature inversion might be possible, but it is not known 

whether such large npor pressures exist. It seems highly 

unlikely. 

It is possible that the size of small spherical moisture 

drops suspended in the air is a factor in the value of the 

index of retraction of a moist air. An effort to relate the 

drop size to the index ot retraction is, at present, only 

partially suceesstul. 

It is seen from the foregoing that it is difficult to 

account tor the results of the observations on certain days. 

Retlection from buildings and trees and radiation scattered 

from nearby objects could have had some influence on the null 

position. Strong reflections were present in the region of 



the receiTer. A emall hand carried horn was used to probe 

the Ticinity around the receiver and marked echoes were 

picked up from all directions. Because it was thought that 

some of thie radiation might enter the aide of the receiving 

horn, thereby changing the diffraction pattern, the lens was 

ooTered with a large sheet of aluminum. When so covered no 

audible tone wae received. !his would indicate that refleo­

tione from the aide were not influencing the pattern but that 

the enera received waa passing through the lens. 

This would still leave the possibility that the pattern 

could be influenced by ground reflections from points between 

the transmitter and the receiver. Hewner, this does not 

appear to be toe likely. The line of eight clears by at 

least 400 feet all obstructions lying directly beneath it. 

A ridge, about 1.7 miles from the transmitter r1aee tea 

height of 4,100 teet. Thie ridge might be a point of reflec­

tion. It liea 5° below the line ot sight and, since the 

angular width of the major lobe of the transmitting parabola 

is 6°, the radiation striking this point would not be intense. 

No strong reflections should, therefore, arise. 

About three quarters of a mile from the transmitter, the 

beam passes through a depression, the left side of the 

depression being the slope of Kt. Harvard. The line of sight 

clears the ground below by about 600 feet, and the ridge 

along the slope of lit. Harvard by an equal amount. It would 

not appear that thil Tioinity could be the origin of a strong 



r fleet d ray. 

Furthermore, the slope is COT red 1rregttlarly with trees 

of various height and th rocky ground i • quite rough. At 

a frequency t 10.000 me and a g:raa1ng angle ot 2° • an appli• 

cation ot the Rayleigh oriteri n (56) for roughbees shows 

that diftue reflection r&sulta 1t the 1rreplaritt s or th 

terrain oe d heights ot the ~rder ot? o • A Ytew from 

th transm.1 t t r toward the rec ei Y r 1 s ab.own in Figur 11. 

So tar as is known, this 1s the onl.y' attempt to mea.eur 

atmospheric retraction trom n elevat d site. TWo other 

ettorts, both t~o 1 w el yations, to measure arrival nglea 



are described in the literature (5?) (58). 

The results tend to show that the effect of the atmos­

phere is ordinarily negligible but that at times effects are 

noted which are difficult to explain since they would in­

Tolve a more abrupt reversal or the lapse rate or the index 

ot rerraotion than ie, at present, belieTed possible. 

The importance ot ma.king simultaneous meteorological 

measurements must be emphasized, since the location of the 

inversions 11 at a height at 1ih1ch no information was avail• 

able. Keteorelogioal conditions are, unfortunately, beyond 

contrel and only repeated. obael"'f'ations can indicate whether 

bending ot the -.gnitude given above again oocura. 

Some dieadYantages ot an elevated site are apparent. 

The path ot the radiation through an inversion is too shorts 

and the approximations made in integrating the ray equation 

are less nlid tor increasing values ot the elope of the ray. 

Obaerva.tiona are, ai present, being made with improTed 

equipment and the results of these obeervations will, no 

doubt, provide further informtion on the atmospheric 

refraction of microwaves. 
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