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THE ROLE OF PARTIAL REFLECTIONS IN TROPOSPHERIC
PROPAGATION BEYOND THE HORIZON

Je. Peinstein
Wational Bureau of Standards
Washington, D.C.

1. Introduction

lMeasurements on vhf transmissions in recent years have
indicated ti.at field strengths deep in the diffraction re-
zion are many orders of magnitude greater than values cal-
culated on a smooth earth diffraction theory, even then al-
lowance is made for the refraction produced by the standard
atmosphere.l Of the theories advanced to date in explana-
tion of this effect, the machanism of scattering by inhono-
geneities resulting from atmospheric turbulence has perhaps
been the most successful.2 However, certain discrepancies
in wavelength and angle dependence, together with the fact
that the abnormal fields apvarently exist everywhere at all
times, lead one to seek an explanation solely in terms ol
the model represented by the standard atmospnere.

2., Partial Reflection Calculations

It is well knovn that a discontinuity in the character-
istics of a medium traversed by a wave gives rise to a re-
flected as well as a transmitted wave. Such reflections
have been invoked in explanation of certain tropospheric ef-
fects. Bremmertt has recently stressed the fact that a
cradval change in medium properties prcduces the same effect
in principle, although the magnitude of the continuously re-
flected components 1s then generally guite simall. Since the
atmosphere poscesses a gradient of refractive index, such
partial reflections must occur. By this mechanism it ap-
pears that wave energy may be delivered to areas far beyond
the line of sight of the transmitter. Since the diffracted
field decays exponentially with distance in this rezion, while
the reflections diminish only as an inverse »nower of the dics-
tance, the latter dominate rather rapidly.

“hile it should, of course, be possible to obtain these



reflections from a ricorous wave formulation of the problem
of a dipole in an inhomogeneous atmosphere above a cspherical
earth, the sousht-for modification of the standard mode theory
has thus far not been found. UYe shall return to this question
later, but at present it anpears feasible to estimate the mars-
nitude of the field nroduced by rigans of a hybrid ray and wave
theory along the followinz lines: as showvm in Fig. 1, the
contributions to the field at any receiving point will come
from those vartial reflections originating in areas for wvhich
the equal angle law of specular reflection is satisfied. linen
transmitter and receiver are on the surface of the earth,

this locus is the vermendicular bisector of the line connect-
ing them. Across any differential distance dh along this
locus, we consider the beam incident upon the troposphere to
be 2 plane wave whose ancgle of incidence <« with respect to
the spherical stratification is a function of the zeometry

end of atmospheric refraction. If, further, we replace the
spherical surfaces of constant refractive index by plane
stratification, and talte account of the convergent effect

upon the, wavefront through a coefficient C (&), then it may
be shownh that the differential reflection is

I . ~ dn

the zradient of refractive index. Addins the contributions
all along h with their proper phase,

R =/ E(a) exp (11ha). fr(a)-\fa(a)- c(a). dh (1)
2(12
h(ay)

vhere wne f functions are the effective antenna vatterns;
o, is the minimum an~le of incidence possible, correspond-

ing to a ray leavins the earth at a grazing angle. For the
hypothetiical case of antenna patterns isotropic beyond a
ziven angle a7 and a uniform gradient, an asyntotic series

may be obtained for (1), of vhich the leading term 1s:

o (2)

K
4.kﬁ3

where /8 =yt Ay .

This is valid for —=— << 1, vhere D is the half-dis-
z tance between horizon
points of transmitter and
receliver antennas,



In asreement with our physical ideas, the magnltude of the
rellection depends upon X/Xx, the change in the medium prop-
ertles per wavelength.

Results calculated from this formula are plotted 1n Fig.
2, for the gradient assoclated with the standard atmosphere.
The departure from linearity at long distances 1s caused by
the exponential decline in K at great heights,

A more practical type antenna conslists of a dipole above
a perfectly conducting earth, giving rise to a lobe structure
in the radiation pattern; (1) then takes the form

R4

R KD / o 1kDa?

R= = — sin ¥hy (& - Q&) sinkhz(a—ao) da . (3)
&
0

The gradient K has been taken as constant here, and 1s to
be ziven the value K(Q,) .

The convergence factor has been neglected here, since its ef-
fect 1s small beyond the tangent ray, and 1t is doubtful
whether rhase coherence exists over a sufficlently large re-
glon to yield the theoretical gzain for the latter. As before,
D 1s the half distance between horlizon points of transmitter
and receiver ankéennis; hl, o are related to the physlcal an-
tenna heights, Hl,2 by

th[ D :l (L)
D+ 2ae

1s the effective earth's radlus.

where &g

The evaluation of (3) proceeds by expanding the trigono-
metric functions and making appropriate substitutions so as
to obtain several integrals of the form:

sin

/eika _]_cos WX dx . (5)

X} 2

These may be evaluated by parts to yleld asymptotic series,




similar to that leading to (2). One obtains

rRx K o R (6)

h
1 1 __ 41 and __51'2«1 . (7)
kDao2 Lo

.

In addition, since (6) is obtained from an asymptotic
series, the left-hand sides of (7) give a measure of the
error incurred. Since &g = g_ , (6) will generally be an

e

adequate approximation, except for very high antennas
(h ® D%/a,) ‘ (8)

In this event, which corresponds to a single lobe of the radi-
ation pattern falling within a Fresnel zone at the reflecting
region, the isotropic case 1s approached. Mathematically,
this corresponds to a removal from (6) of a factor hn

for each antenna satisfying (8). oD

Further increase in antenna height will result in a dim-
inution of received signal as a result of the cancellatlion
within a single Fresnel zone produced by the phasc rever sal
in successive lobes.

As a consequence of the specular nature of the reflection,

the angular characteristics of the received signal will be
similar to those obtained with both antennas on a plane earth.

3, The Reconciliation Problem

The mode theory of wave propagatlon due tn a dipole over
a spherical earth is a rigorous wave approach to the problem.
By utilizins separation of variables in the radical and angu-
lar co-ordinates, a series solution is obtained in which the
eirenvalues of a radical wave equation appear 1n the exponen-
tial factor coverning the distance depcndence. Since these



eigenvalues are generally complex,6 an exponential attenua-
tion is obtained. 1In the evaluation of the radical wave
functions, a KB type approximation, or one equivalent to
it, is generally employed. Since it is well known that in
the case of infinite plane waves WKB solutions represent
traveling waves for which the loss in intensity occasioned
by the continuous partial reflections is taken into account,
while the new waves arising from these reflections are en-
tirely neglected, it would appear that the resolution of the
dilerma 1s apparent. PFurther study, however, fails to bear
this out. 1In the mode treatment, the wave functions in
question are employed only to obtain values of their index
for which the functions themselves, or their derivatives,
vanish, The slizht correction represented by the terms neg-
lected in the VB method do not appear to affect these index
values materially. Furthermore, precisely the same tyne of
approximation is employed in the homogeneous atmosphere cal-
culation as for an inhomogeneous atmosphere obeying a re-
fractive index law of the form k2(r) = A + B/p2 . As is
well known7, the modification introduced by the inhonogen-
eity may be expressed in terms of an equivalent earth radius
which is nurely a function of the dielectric gradient at the
earth's surface., Physically, it is apparent that this talees
account of refraction, but the partial reflections which
would be expected to accompany this refraction do not appear
to be present. It should be noted that the physiczl nature
of these two Inverse radius squared terms which appear in
the radical wave equation

2
ViV - anlly.o (9)
with ke(r) = A+ 52 (10)

is distinct. In a homogeneous atmosphere this type of depen-
dence arises when one expresses radiation travelin~ in strai-ht
line rays in_a curvilinear co-ordinate system; on the other
hand the B/r-2 corresponding to the inhomogeneous atmosphere
is responsible for a true bending of the rays. Thus the in-
terpretation of the VKB approximation siven by Bremmerd, for
example, would appear to apply only to this second type of
variation. Furthermore, since partial reflection of thc en-
ersy in a ray bundle only accompanies true bending of the ray,
the preservation of relative curvature which forms the basis
for the various earth flattening approximations can be valid
only when the partial reflections introduced by the supposed-
ly equivalent refractive index profile are nec-li-ible.

i




In the region above the horizon, the field 1s generally
found by applyinz stationary phase methods to the contour in-
tezral representation in which WKB approximations to the wave
functions have been employed. This procedure yields the di-
rect and earth-reflected rays only. How the sum of modes
vhich is employed to represent the field in the shadow region
may be obtained by extendigg the concept of stationary nhase
to include coriplex angles.’/ Since the same (WKB) approxi-
mations are employed in this evaluation, one feels justified
in drawving the conclusion that partial reflections have been
neslected in the usual mode series representation, just as
they are neglected by the two-ray treatment above the hori-
zon. Furthermore, since the introduction of a second term
in the wave function approximation would give rise to the
soucht-for additional paths of stationary phase above the
horizonlO, it is logicel to assume that in the shadow region
the partial reflections will be represented by additional
modes arising from the higher order approximation. thile
these modes will be only weakly excited compared to the stand-
ard first order modes, their characteristic values will be
such as to give rise to far less distance attenuation.

Since it has not proved possible to carry through this
program up to the present, the above discussion is mainly
speculative. Consequently the treatment given in section 2
must be viewed with caution, especially as regards the quan-
titative results which are given.
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INTERNAL RTOFLECTION IN THE TROPOSPHERE AND
PROPAGATION BEYOND THE HORIZON

. Thomas Je. Carroll
National Bureau of Standards
Yashington, D.C.

I. INTRODUCTION

Since the last year of Vorld War II, the outstanding prob-
lem in tropospheric propagation research has been the explana-
tion of the high observed field strengths well beyond the hor-
izons of high-power transmitters, at all frequencies through-
out the vhf and microwave spectrum, in widely separated parts
of the world under vastly different conditions of climate and
terrain., The disagreement between measurements and calcula-
tions based on conventional theory of propagation over a smooth
earth surmounted by an atmosphere with standard refraction
(4,/3 earth) has become steadily worse as the powers and dis-
tances have increased, so that the term "discrepancy" seems
1ike a considerable understatement, ;0 db and more discrepan-
cies of median observed fields above the conventionally cal-
culated value being not at all uncommon beyond 100 miles. Dis-
cussion and references appear in recent annual progress reviews
on tropospheric propagation. 1»2: 3

The leading hypotheses heretofore suggested for bridging
this embarrassing gap between measurement and theory have been
(a) scattering by atmospheric turbulence (Pekerlis, Booker and
Gordon,4 and others), and (b) scattering assoclated with roughs-
ness of the earth's surface (Bullington’). Recently Feinsteinéﬂ
has published a suggestion that partial reflections from the
normal troposphere may be part of the explanation. It 1s the
purpose of this paper to outline an alternative method of esti-
mating the magnitude of partial internal reflections from the
troposphere wecll beyogd the horizon, following the method of
Feinstein and Bremmer®; to show how well this formulation agrees
with the data examined so far mostly at 50 mc and 3,000 mc, and
to indicate why the conventional wave theory for stendard re-
fraction may not be applied too far beyond the horizon.

2. The Physical Idea

The fundamental physical notion concerning internal reflec-
tion from the normal troposphere may be expressed as follows,
following Bremmer and Feinstein: At a plane horizontal inter-
face at some heirht above the earth, let the index of refraction




belo be n, and that above be n-dn (fig. 1). If a plane wave
strikes the interface from below at a glancinc anpele a, then

in addition to a transmitted wave above, movins by Snell's law
sainevhat more horizontally, there will also be below the inter-
face a weak reflectcd wave traveling dovnward at the samc glanc-
inrs angle a internal to Lhe medium where the incident wave was
traveling. The marmitude of the infinitesimal reflection co-
efficient (fleld strength) dR is dn/2«<, for.sgall flancing
angles. A quite reneral derivation by Bremner®” 1s given for
the "scattering coefficient per unit thickness" of a plane
stratified medium in the z direction, for plane waves, namely,

1 d (sin«).
® 3 *°F “Tar
For small glancing angles, Bremier's formula reduces to dn/2¢2,
and for normal incidence to the well-known dn/2. (It should
perhaps be noted that if the interface be enlarged to a finite
layer through which the index decreases continuously by a total
amount A n, then the layer as a whole will totally reflect be-
low the layer back into the medium of greater index all waves
with slancing angle less than the critical value ag =V 2An ,

independently of the precise law of decrease of index in the
layer.) Tor interfaces et which only infinitesimal chances oc-
cur, as well as for layers of finite thiclkness at glancinr ang-
les greater than critical, the internal reflection is only par-
tial, of course. At glancing angles pgreater than critical, the
partial reflections for a finlte layer are wavelength dependent,
because destructive interference effects set in as soon as the
path difference between reflections from the top and bottom of
the layer exceed S half wavelength. (See for example the tables
of liillington in calculated for linearly graded layers.)

The term "internal rfglection" is used here following the
authors Eckart and Kahan™~ who have calculated this effect at
normal incidence, and use the terms "internal"” and "external',
resvectively, to distinguish between the reflections from a
continuously graded medium, and the reflection at a discontin-
uity of index. 1In optics the term "total internal reflection”
is usually avplied to describe reflection in the medium of
greater lrdex at an angle of incidence greater than critical.
Perhaps it would be desireable to use the term '"partisl inter-
nal reflection" vhen it 1s desired to emphasize the nontotality
or the wealmess of the reflection. Friend, on the other hand,
also calculating the reflection effect in a linearly graded
medium at vertical incidence, uses no qualifying adjectives be-
fore "reflection coefficient”,

It 1s contended in this paper that the entire difficulty

with conventional theory applied too far beyond the horizon for
the normal troposplicre arises from the neglect of the weals,
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though omnipresent reflected waves of Fig, 1 at large distances
beyond the horizon, for which the glancing angles on the normal
troposphere are sufficlently small to make the effect noaneg-
ligible. :

Fig, 2 shows a diagram of the earth bulge between two well
separated transmitting and receliving points T and R, a distance
D = 24 apart. (D is necligibly different in what follows from
the distance as measured along the surface.) Because it is be-
lieved necessary to take the lobe structure explicitly into ac-
count from the bezinning, the distance 1s measured between the
transnitting and receiving locations themselves., o is the el-
evation angle of the earth's surface at each location from the
line Joining the transmitting and receiving locations on the
surface of the 1dealized earth. Along a vertical line over the
riiddle of the path, the normal troposphere 1s idealized a
plane stratified medium with index decreasing by 1.2(10)~9 per
foot near the surface, which will reflect radiation from T to
R, according to the equal angle law, from each slice of the at-
mosphere in which the index decreases with helight., If z 1s the
height of a reflection point Q at angle of elevation «L over the
middle of the path, then the path difference

2

The corresponding phase difference is kdq?, where k = %g'.

Adding up the partial inter nal reflections over all layers from
the surface z, up to great heights, a formula very similar to

Feinstein's equation (1)6 results, namely

R - Ep

dn exp (ikd«?) ¢ f
W — T (@) fg ()

20 « (1)

where Ep 1s the resultant internally reflected field from the
troposphere, and Efs is the free space field at the distance
2d. The first factor in the integrand gives the plane wave re-
flectlion coefficient for a layer of index change dn for a plane
wave at glencinpg angle . The second factor is the phase fac-
tor giving the phase delay of higher layers relative to lower
layers, and the last two factors give the transmitting and re-
ceiving antenna patterns, including the lobes resulting from
surface reflections in the neiphborhoods of T and R. Two lobes
of the vertical nattern of the transmitting and receivins an-
tennas are sketched in Fig. 2.

Por a deeper insight into the validity of (1), the rcager
)

should study the portion of Brermer's paper (section 7 of
leadins up to (23), vherc a more thoroush treatment is riven.

11




Brermer describes the vrocess of obtaininr~ (1), for dipole an-
tennas, and nerlectinr~ the earth, as a decomposition of the
outmoing radiation into plane waves at various angles, the
nroduction of new nlane waves b7 the plane stratified medium
(in this anplicatlion the troposphere over the middle of the
path), and the comblnation of these vaves at the receivin~ an-
tenna. The only physical approximation in (1) is the nerlect
of convergence or diverrence factors by treating the normelly
stratified troposphere as if it were plane over thc middle of
the path.

3, Estimating The Integral

(a) Wave Length Dependence and Lobes20

All Peinstein's published approximationsé’7 to the inte-
gral (1) implied that the tropospherically reflected fields
were proportional to the wavelength A, in apnarent contradic-
tion with observations on wavelength dependence of tropospher-
ic scattering at S,X, and K bands by the NIL rroup, and seemed
also to imply too rapid a decrease in coin;- from vhf to micro-
waves, (This A factor arises from the phase factor of the in-
tegral, because the first factor, the reflection coefficient,
is indevendent of freaquency. Two points,S and Q on the verti-
cal at midpath,define what mav be called a Frespel half-wave
layer of the troposvhere if TCR exceeds TSR by e Such a
heirht increase chan~es the phase factor in (1) by, and this
thickness ¢S will be the maximum {or vhich the reflections can
add together without destructive .interference. As shovn to the
left of Fig. 2, the Fresnel half-wave layer thickness well a-
bove TR is E%a.) If the most important part of the rcflection

be considered to be that near the lobe naximum rather than just
above the horizon, then a compensating factor favoring micro-
waves over vhf seems to enter. The anrles of elevation of the
interference lobes which were so thorourhly explored experi-
mentally during the war in connection with radar coverage pat-
terns, depend essentially on the heirht of the antenna in
wavelengths above the reflecting earth. The main contribution
to the integral (1) comes from layers where the glancing angle
acan be made small enourh in the denominator to compensate
for the smallness of the index lap rate (1.2(10)-8 per foot in
the normelly stratified troposphere), and still are favorably
situated with respect to the antenna petterns. These physical
arsuments almost force the conclusion that the main contribu-
tion to the integral comes from the tropospheric layers at nid
path, above the horizon of each entenna and helow the lowest
lobe maximum of the lower antenna. Thus it was reasoned that
the low angles of the lobes for hicher frequencies with result-




ing smaller glancing angles against the troposphere stratifi-
cations could compensate partly or completely for the smaller
thiclmess of a half-wavelayer for the hizher frequencies.

The integral (1) containing only the exponential factor
would be a Fresnel integral, familiar in diffraction problems,
and the result would trace out a Cornu spiral in the complex,
plane. The factor fT fR serves as a modulating factor, so that

the integral and itsqgranhical representat ion could well be
called a modulated I'resnel integral or a pulsating Cornu-like
spiral. Because the successive half-wave layers make contrib-
utions of ovpozite sizn to the total result, the famililar
Fresnel-lilze arguments of optics have been employed to esti-
nate that the total result may be of the order of magnitude of
1/2 the reflected field from the half-wave layer of maximum
contribution. These arguments will be outlined in section 5
below. Accentine this, the estimate of the integral becomes

R=1/2 | 2 Ak fpl(a) fprla) KN fp(a) fpla
/ l:__k p(a R(a]z‘[BTkr TCL; R )] (2)

Tha 242
max max
where K= dn , assumed constant over a particular half-wave

layer. Yhen the naxirnum layer occurs at great heights, the
velune of K decreases exvmonentially with heirht in the upper
troposphere (see section 6 below).

(b) Special Cases

Several svecial cases of (2) hove been used in comparing
the formula with mezsurements. On Fig., 2, «p is the ancle of
elevetion of the lowest tronsnitter lobe z2bove the ~round, ap-
prozimately A where hp is the transmitting antenna height.

hhT
The mener=l exnres-ion (2) leads to sinple approximations in
several spcci2l cases vhere it becomes easy to estimate at
what o the meximum of the square bracket expression occurs.

Case a. Long Distonce, Low Lobes (Equal Antenna Ileights)

If the listance is sufficientl longz thot o, is much big-
ger then g7 = qrs then the maximum contribution will occur
practically at the level in the atmosphere where the lowest lobes
marima intercsect at mid path, and the value of fp = fR = 2 may
used, correcponding to twice the free space value of the field
strencth obtained at lobe maxime, and Amax = Ao+ AT giving

KA KN

T NS, 03~ Zrag ¥ a3 (3)
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Case b. Long Range, One Antenna Low, Givinpg Hipgh Lobes

In this case, the pattern factor £ in (2) for the "high" an -
tenna may be put equal to 2, but for the "low" antenna (ar or oy

> d,), the maximum of £ must be computed separately.

a3 max
Putting f zero below the horizon and using the simple flat earth
approximation above, namely f = 2 sin kh(a-&y), the maximun of

f occurs at = a and
a—z- max %

R = _—-—.Z_KA' (}-I-)
27X o=dR

If for AR, the angle of elevation of the lowe st lobe of the
receiving angenna above the horizontal we put A s then ()
becomes EHﬁ

(Kn
R:%Eé_. (La)

In this approximation, it may bc noted that the wavelength has
disappeared; in other words the high angle of the lowest lobe
of the low antenna discriminates against the lower frequenciles
so as to cancel exactly (in this approximation) the advantage
the lower frequencies have because a half-wave layer thiclkness
1s proportional to the wavelength,

Case ¢c. Both Antenna Heights Low and Equal

By "low" is meant «, = @ &, i.e., high lobes compared to
the angle determinedey tge earth bulge. If both the anten-
na pattern ?unctions f are approximated as zero below the hori-
zon and 2 sin k h (& - &,) above, then the maximm value of the
square bracket in (2) can be shovmn to occur at dpmax = 3@0, &and

the value of R becomes

R = KA A
5k az? ag (5)

If the lobe angle ap is put equal to ’A, this becomes
4h

= 8 Kwn?




llote that the wavelencth appears in the denominator of this e:x-
pression.

It is possible that such a formula as (5a) may alfford an
exnlanation of Smrth's observation of the experimental wave-
len~th depcndence of scattered fields, "A comparison of the 3-
er1 ond 10-cm sicnals relative to their expected free-space val-
ues oroved the chiorter wavelenzth field to be some lgﬂto 12 ¢éb
hirher in level than the 10-cm radiation" (p. 93 of =?). De-
tailed comparison of (5a) with Smyth's data has not yet been
comnletec becausc it is not yet lmown vhether the antenna heights
of the data to wvhich Smyth's remarks refer qualify as being
"low" in the snese of case c.

l.. Comparison /ith lleasurenents

2. Lower vhf I'requencies

It is important to emphacsize that applied to the normal at-
mosphere, the above formulas have no adjustable paraneters what-
ever, and are subject only to certain mathematical and physical
approxinations which will be discussed in the next section. The
most powerful evidence at the present time for believing the es-
sential truth of this explanation of distant tropospheric fields
is the remarkable order of masgnitude agrcement with data which
has lons been 2 puzzle., Fiz. 3 shows agreenent with data in the
j0- to 50-mc band. T“ach of the points represents the average
field stren~th over a recordins period of six months to a year,
All but one of the points are the saie as those showvn by Bull-
in~ton in his paner of Juanuary, 195012. The only additional
point is the RCA data at 66 miles, talen from iten h3 in 12a,
A1) the data are reduced in the manner de scribed by Bullington
so that the s rcfer to transmitting antenna hei~ht of 500 feet,
and receiving antenna height of 30 feet. The tvo lower curves
are dravm beyond line of sight for conventional single mode dif-
fraction theorv, usins geometrical earth radius, and 4/3 earth
radius to correct for normal refraction. Finally, there 1is
plotted the curve marked "Internal Reflection" from (4a) at the
lar~er ran~es vhere it lies above the h/3 earth curve. (Strict-
17 cpealiine, this curve should be labeled "Half the reflected
field from the half-wave layer of maximum contribution.') Only
order of narmitude ac-reement is to be expected because the
points represent averazes over manyv months of fluctuating non-
optical fields which fade by nany tens of decibels over long
and short periods. The improvenent of the internal reflection
curve in explainin~ the averare fields beyond about 100 miles
compared to the li/3 earth curve is apnarent.

b, llicrovaves

The other data to which quantitative curves have been com-
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pared is shown on Fig, h, fOI 3,000 mc. The solid points repre-
sent data published by liegaw 3. He describes these as repre-
sentinp the averaze data obtained on six runs across the North
Sea during a six-week period during the summer of 1949, after
all data were thrown out for periods when superrefraction was
thought to be present, as judged by meteorological data or the
radio records. legaw states that 90 per cent of all the obser-
vations used lay within ¥+ 5 db of the plotted points. The
square points on Fig. h represent lMegaw's estimate of Katzin's
Carribean observation of 1945, for conditions of negligible
superrefraction., Confirmation of the slope of these experi-
rental curves has also been reported by Katzin from later meas-
urements in the Pacific 14, TUnfortunately, liegaw did not pub-
lish the antenna heichts to which his observations refer. He
interpreted his points in terms of his new theory of scattering
from atmospheric turbulence. The curve marked "internal reflec-
tion" has been computed using assumed antenna heights of 100
feet., (Somewhat more refined formulas than those of the preced-
ing section were used for this curve, corresponding to the well-
knovm but tedious complication in lobe calculations that vhen
the lowest lobe lies close to the horizon, the effective reflect-
ing plane becomes the tangent to the reflecting point, and the
effective height of the antenna becomes the height h' above this
reflecting plane wvhich is less than the height h above sea level
at the antenna.) The calculated curve is subject to slight al-
teration when the true heights of the experiments become known.
The alterations will affect the close range part of the calcu-
lated curve, mainly, rather than the long-ranze part vhere the
earth bulge determines the effect almost entirely. Also shown

is a conventional 5/li-earth curve dravn from the value 6 db a-
bove free space at the lowest lobe above the horizon to distances
well geyond the horizon with the slope of conventional theory,
2¢3 b", Beyond about 50 miles, the S/A-earth curve fails ut-
terlyﬁzo follow the experimental slope of Katzin and lMegaw, which
is of the order of0.2 db/mile, very similar to the slope of the
internal reflection curve. (A 5/li-earth curve is shovn here,
because the convenient Booker and ‘Jalkinshaw methods use this
value rather than h/3, in order to approximate the refractiodn

due to)"dry" atmospheric zases, with no contribution from water
vapor.

c. Additional Experimental Evidence

The third major item of experimental evidence favoring the
hypothesis of internal reflection as the explanation of observed
distant tropospheric fields cones from the experiments on height
main, or rather the lack of it, as noted by Smyth and the NEL
group,15510 Katzin ang the NRL sroup,L17 Straiton and the Univer-
sity of Texas groug 10 and others. The observations concerning
height rain in 15- 8 can be sumarized as follows. 'hen the ob-
servations are made in the "scatter rezion", i.e., at distances
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and heights such that the diffracted-refracted wave is unob-
servable, then the observed signal is independent of antenna
height, for heipghts greater than a few feet at K band, or
greater than about 100 feet at vhf frequenclies. This set of
facts receivesa very simple explanation in terms of the inter-
nal reflection of the lowest lobe of the radiation pattern by
the tropospheric stratification. The resultant partial reflec-
tion from the normal troposphere is pictured above as being de-
termined by a half-wave layer high over the midpoint of the
path, at a height between the lobe maximum and the horizon of
the lower of the two antennas. The underside of the lowest lobe
is the most important region, because here the glancing angle

of the radiation against the tropospheric stratification is as
small as possible, subject to condition that the reflections
shall occur on a favorable.part of the effective vertical an-
tenna patterns, the lobe maxima, FHeight gain practlcally ceases
above heights which bring the lowest lobe close to the horizon,
so thatap or dp «a,.

The fourth type of evidence strongly supporting the inter-
nal reflection hypothesis is the diverse time, geographic,cli-
matic, terrain, and frequency distribution of the accumulated
data from high power transmissions. Quantitative data in sup-
port of the idea have been mentioned so far coming from vhf
data in northeastern U. S., overland 19lJi-1916; overwater S-
band data from the Carribean (1945), the North Sea (1949), the
Pacific (1946), and Southern California (194);- ); overland
microwave data from Arizona desert (19L47); overland uhf data
from Iowa (1948-1950)+9. Normal tropospheric stratification
here suggested as a cause for the observed nonoptical fields
is basically due to gravity itself, wvhich is omnipresent. The
earlier suggested explanations in terms of scattering from at-
mospheric turbulence or earth rouchness can scarcely play as
widespread a role in the explanation of the data as can reflec-
tion from normal tropospheric stratifications. :

5. Discussion Of The Integration

The fundamental integration over the whole atmosphere for
the internal reflection is that of (2) (vhen applied to a gen-
eral stratifigd medium, this perhaps could be called a Bremmer-
type integral®), 1In the foregolng development, an estimate of
the integral has been made without direct integration by argu-
ments similar to the famous methods of Fresnel for surming Fres-
nel zones in diffractional optics, methods generally successful
in optics, though admittedly nonrigorous. This choice has been
forced for mathematical as well as physical reasons. Iiathemati-
cally, even if idealized sine function lobe patterns are used
for antenna patterns above the horizon, and zero below, the in-

17




tegral has proved intractable so far to the author.

a. !lathematical Integrations

Feinstein®,7 has published several results. For a very
hish antenna, so high that a single lobe covers a height in-
terval small compared to a half-wave layer, he estimates the
interral by replacing the sinusoidal fluctuations_of a lobe
within each half-wave layer by the average value 2 , The dif-
ficulty in utilizinc this result lies in the enormous antenna
heisht in wavelengths which would be required to realize its
conditlion exper imentally, verhaps microwave freguencies and
airplane heichts, All the extensive data are groundborne. For
"low antennas", Feinstein” cives an asymptotic calculation for
the case of idealized lobes above the horizon which indicate a
small factor h/xoD in the result for R, where h is an effective
antenna height and D the distance, and &, is the cutoff angle.
This result seems to give too small an absolute value for R
for explaining averapge fields at least, and as well to imply a
height gain for R in a helght recion where the data seem clear-
ly to have none. Also 1t implies no wavelength dependence re-
sulting from the hish ansle lobes associated with the "low" an-
tenmna. The physical meaning of these results is as yet unclear
to this author, and may be the subject of a joint cormunication
at a later date. At present, it may be that the smallnesg of
Feinstein's result and (its linear wavelength dependence 7)
is a consequence of the idealizations of the model he employs.
His antenna pnattern functions as used in his (3) may be taken
as amounting to replacing the earth bulge by a plane wedze TPR
(Fiz. 1). Such a model for the earth bulge gives equi-spaced
lobes, with perfect nulls, and of course, no reflections from
the low-lying atmosphere between P and the earth's surface. If
the intepration of (1) for the case of a normal static atmos-
phere with unequally spaced lower lobes, imperfect nulls, and
some account of radiation below the horizon, does glve a much
smaller result than the estimates marked "internal reflection"
on Figs. 3 and |, then the experimental average values will
have to be explained in part, at least, by the time variability
of the atmospheric index model. Even so, it may not be necessary
to Invoke the particular type of time variability envisazed by
the hypothesls of omnipresent atmospheric turbulence.

It should be pointed out that there is a striking mathematical
similarity with the papers of Epstein and lMillinrton in the 1930's,
in which the earth bulge was arproximated by an opague knife edge
and Huygens' principle was used to estimate the field beyond.

For these authors there was no question ahout intemel reflec-
tlons, but rather of an integration of waves from Huyzens' sec-
ondary sources from the unobstructed sources above the equiva-
lent kmife edge. Millington closed his treatment of the issue

(p. SL40) on the rather unsatisfactory note that perhasps Kirchoff's
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rigorous forr of Huyzens' principle would not give the d'5/2

power law decrease below the horizon, as did Epstein and 11111~
ington's application of the simplest form of Huygens' princi-
ple. The matter appears to need re-examination.

b, Physical Zstimates

In this paper, the difficult integration has been avoided by
using elementary optical arcuments. The entlre atmosphere a-
bove the middle of the path is divided into half-wave layers

whose thiclmess ﬁﬁ decreases as we go upwards. The half-wave
«

layer of maximuri contribution will lie somevwhere between the
horizon and lowest lobe maximum of the lower antenna. The sign
of the contributions from adjacent layers will be alternately
+and -. If we add the contributions of the layers not in the
sinusoidal order of nature, but rather bezin with the largest
+ zone, then the larpgest nerative, next the second largest pos-
itive, then the second lar~est negative, and so on until all
layers have been added, then we have a series of terms of de-
creasing marnitude and alternating sign Rl - R2+R3 - + Rg
------ , to which the famous Fresnel sumation arguments
may plausibly be implied to infer the estimate E% for the sum.

(See Born's "Optik", pp. 1L5-1l6, for a statement of the argu-
ment. Mote also the sentence before & li6 on p. 151 for the
implied limitations on the rigor of the argument.)

A pictorial arzument for estimating the Integral (2) pro-
ceeds as follows. Starting hish in the atmosphere, each half-
wave layer will contribute half a revolution to a developing
spiral in the complex plane as & decreases from r. The spiral

will unwind to a maximum radius at each maximum of fr fR, and
shrink to a minimum at each minimum of fr fR. The largest turn
of the spiral will be contributed by what has been called the
half-wave layer of maximum contribution below the lobe maximum.
The final shrinking of the spiral will be contributed by the
weakly 1lluminated lavers below the horizon. The total result
will be the closing vector between the beginning of the spiral
at oreat heirhts and the end of it well below the horizon. For
comparison to observed average fields, the averase value of the
closing vector has been estimated as some not-too-small fraction
of the diameter of the laraest turn and the value of 1/2 for
this function has been used in drawing the curves, from the
earlier argument of this section., This amounts to saying that
on the average, at least, the total reflected fleld will be a-
bout half that from the half-wave layer of maximum contribu-
tion, even in an atmosphere wherc the index is completely con-
stant in time, and the lobes are all perfectly regular (though
not eguispaced) as from a perfectly smooth curved earth. (Even
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minor and slow time variations in the atmospheric index dis-
tribution or cormonplace imperfections in the regularity of
lobes over a ground surface could reasonably be expected to in-
crease greatly the expected resultant field repre sented by the
closing vector of the spiral., Similarly for any small layers
in the atmosphere with a lapse rate of index || or more times
larger than normal and sufficient to give total internal re-
flection to energy striking it near grazing. Such deviations
from a normal static troposphere are outside the intended scope
of this paper.)

To surmarize, the agreement of the curves marked "internal
reflection" on Figs. 3 and !. with the points should probably be
regarded as the most iImportant basis for the assertion of this
paper that a half-wave layer of the normal atmosphere gives in-
ternal reflection of the order of magnitude of the average ob-
served fields well beyond the horizon. The arguments Justify-
ing thee2 curves as estimates of the resultant internal reflec-
tion from the entire troposphere seem plausible physically, and
have no adjustable parameters vhatever, except for the diffi-
culty of performing the integration over all the normal tropo-
spheric stratification.

c. Murther ‘Jork

Continued study of both analytical and physically reason-
able solutions of the integral (2) over all the layers seems in-
dicated. It must be remembered that the pattern functions T

and fR cannot be written down analytically by any lnown means

now, including radiation above and below the horizon. Also,
the lobe patterns are never perfectly formed above the horizon,
and any analytical treatment should somehow be formulated to
see vhat effect this will cause on the final result if the re-
sult is to be used to interpret experimental data. It should
also be remembered that, especially at the higher microwave
frequencies , the pattern factors fr and fz are partially un-
der control of the experimenter who chooses the sizes and “ver-
tical tilts of the antennas,

6. The Index Gradient At Large Eeights

Recause for distances beyond about 200 miles the most im-
portant reflection comes from levels above 5,000 feet, it is
neccscary to take note of the fact that the normal index pro-
file dccreases less rapidly at large heisht than at the sur-
face. (This correction gas also been incorporated in Fein-
stein's published curves®.) For the normel troposphere, the
index of refraction n is well represented as a function of
height h by
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(n-1) = (ng, - 1) e ﬁ% . , (6)

where no is the surfasce value at h = o, and hg is the so-called
scale height of the troposphere, in the nomenclature of Fock,
who uses the value hg = 7.5 xm22, Stickland seems to be the
first investigator in recent time to note that the form (6)
fits the data well over very large ranges of height23. Dif-
ferentiation of (6) gives

B2 R=x e h/hs (7)
The values of X corrected to the height of the layer of maxi-
mun contribution at the larzer distances are the ones to be
used beyond a few hundred miles in the formulas of section 3.

7. The Failure Of Conventional Theory

For ten to fifteen years it has been customary to assume
that the single mode diffraction theory using an effective h/3
earth's radius could be accurately corrected for normal trop-
ospheric refraction indefinitely beyond the horizon. It now
appears that this is true only out to the point where the /3
earth curve falls below the internal reflection estimate, i.e.,
to about 100 miles on Fig. 3 (50 mc) and 50 miles on Fig. L
(3,000 me). The theoretical arzument is deducible from Brenm-
mer's paper®. He shows that for any plane stratified medium,
the Hertz vector , which is an exact solutlion of the wave
equation for a stratified medium, can be expressed as a series
of successive approximations

e (o) 4 1) 4 (2, (3)

where1T(°) is the famous WKB approximate solution, and the
other terms Tr{n) represent the contributions of additional
waves produced by the stratification and suffering n partial
reflections between transmitting and receiving points. The
physical meaning of the WKB solution ar{o) is thus shown to

be its complete neglect of all partial reflections. Brem-
mer's expression for W(1l), which can be written down from
his (23), is, when applied to the troposphere, almost equi-
valent to Feinstein's expression (2), and may therefore be
identified with the internal reflection curves on Fizs. 3

and Jj. (o), the WKB approximation, may be identified with
the u/3-earth curve., The point where the two curves Cross is
therefore an indication of the range at which the first order
correction equals the value of the zeroth order VKB approxi-
mation used to start. As with any successive approximation
method, when this happens the zeroth order approximation should

no longer be trusted, and a new, more accurate mnethod of solu-
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tion looked for. The identification of the li/3-earth curve
with the WKB approximation of Bremmer appears entirely proper,
because prior to orld War II, at least, the only justifica-
tion whatever for the use of the effective earth's radius no-
tion well beyond the rizon was the argument given by Eck-
ersley and Millington<Y¥ in 1938, based on their phase integral
method, a particular form of the WKB method. (See especially
section 8 of 2U,)

The apgreement with data on Figs. 3 and I suggests that we
should use the effective earth's radius notion beyond the hor-
izon to give the effect only out to the region where internal
reflection iIn the troposvhere becomes dominant; beyond this
range, one should use the partial reflectlions method of Brem-
mer as first applied by Feinstein. This necessary change from
wave to ray methods 1s already familiar at short ranges within
the horizon, where wave modes become increasingly clumsy to
compute with, but where simple direct-and reflected ray meth-
ods are simple and practical. In fact, only once has the wave
calculation been pushed very far within the horizon. By sum-
ming 17 modes, Van der Pol and Bremmer succeeded in accurately
computing by wave methods the field at a range slightly closer
than the first lobe maximum. Never has this been repeated, nor
need it be, Vhile one will welcome a rigorous quantitative
wvave solution for the normal troposphere marked "internal re-
fraction", it is hardly likely that such a solution will re-
place the simple partial ray reflection calculations vhich fit
the data so easily. The mode solution will almost certainly
be very complicated, but a few cases should be coniputed to
satisfy our theoretjcal consciences at least., It 1s not yet
certain why l'iller25 did not find a limitation to the valid-
ity of the effective earth's radius notion in his critical re-
examination of the rigorous wave theory, but perhaps the use
of the same model of the atmospheric index profile as Eckers-
ley and Millington is part of the explanation. This profile
misrepresents the index profile at great heights because it
approaches a value 0.8 at great heights rather than unity.
Discussion of entirelvy independent work in Russia on the val-
idity of the effective earth's radius notion beyond the hor-
izon by Ponomarew (at Wwedensky's suggestion) and by V. A. Fock
will be deferred to another paper.

8. The Bilinear ilodel For Standard Refraction

The model of the troposphere usually chosen to represent
standard refraction in the wave ecuation is a linear decrease

of index of (12)10'6 rer thousand feet, prolonged indefinitely.
Since the surface index starts with a value of (n-1l) of (350

3 SO)(lO)'é, the linear model cannot possibly make physical

: r
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sense above about 30,000 feet at which time the index of the
model will have decreased to unity, appropriate.to a vacuum.
This nonphysical behavior of the linear model at great heights
has not hitherto been thoucht to have importance. The prop-
erties of the wave solutions for the bilinear model have been
extensively treated by Furry and his collaborators in vol. 13
of the Radiation Laboratory Series (pp. 140-174), in quite
another connection, the study of low microwave surface ducts
over the ocean. The treatment is wulte general enough to be
applied to a proposed bilinear model for standard re fraction,
in which the index is supposed to decrease at the standard
rate up to about 30,000 feet, and to remain unity thereafter,
The bilinear model seems to possess most of the propertles
(except ease of calculations) which ve should expect to have
in a rigorous wave theory of standard refraction which will
fit the facts at great distances. Chief among these proper-
ties are: (a) It possesses riany higher order modes vhich

have lower attenuation than the dominant mode of the linear
model; (b) In several numerical examples for microwave sur-
face ducts, it is shovmn that such slowly-attenuating modes
can dominate at certain larger distances over the mode of
higher attenuation dominant at shorter ranges; (¢) As the
break in the bilinear curve moves to infinity, the character-
istic values of the bilinear model do not go over into the
values calculated for a linear model. This seeming peculiar-
ity of the bilinear model, which was once colloguially knovm
as the "“skeleton" in the Rzdiation Laboratory closet, now
seems to have important practical significance. Some exper-
imental support has been found for the bilinear model which
will be described elsewhere.

9., Implications For Practice

Some rather striking consequences appear to follow from
the above notion that high measured tropospheric fields from
powerful transmitters at distances of a few hundred miles are
perhavs due to weak reflections from the ever-present strati-
fication of the troposphere itself by gravitational forces.
Once we adnit that the cause of these wealz fields is always
present, then the possibility must be admitted of reliable
comiunications over these rances throughout the vhf and micro-
vave spectrum, wvhen sufficiently high power and antenna gains
are employed. The chief question which then remains to be
answered experimentally is the possibility that other super-
imposed effects such as duct transmission, elevated layers,
scatterinz from turbulence or insects, or from surface rough-
ness, may so interfere with the wealk internally reflected
sirnal as to impair its usefulness by severely limiting the
useful bandwidth., MNone of these obstructive effects seem par-
ticularly frequency sensitive, however, and the mere fact that
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these weak tropospheric fields fade badly, as do all weak sig-
nals, need not make us unduly pessimistic about the practical
possibilities. It must be remembered that liesaw has made
field measurement out to 360 miles at S band, without super-
refraction, usins an estimated 30-db more svstem gain than
used by Katzin and the Carribean in 1945 vith conventional S-
band radar ecuipment. Note also the very recently published
statement by Gerks on p. 1382 of 19.

These rather intriguing possibilities form an interesting
cornment on how experiment and theory, working tozether, are a
great help to each other, each preventing the other from
going astray. Zver since the war, experimental results have
been confounding the theory. Now that the theory seems about
to catch up with the facts, the understanding of the cause of
the discrepancy will probably accelerate sharply the building
of higher powered equipment to see what it can do. An histor-
ical remark seems pertinent: 1line-of-sight limitations on
the range of radio stations prematurely predicted on the bacsis
of incomplete theory seem to have been a feature of radio
history since the very beginning of liarconi's experiments.,

10, Conclusion

Although not all the puzzles are yet understood, enough
diverse facts and theory have been pieced together to make it
appear probable that partial internal reflections in the nor-
nal troposphere itself are responsible for the observed slow
rate of decrease of field well beyond the horizon of hizh
powered transmitters throughout the vhf and microwave frequen-
cy spectrum. This conclusion, when confirmed, has important
practical applications. Additional data now available for
testing the new theory, additional theoretical developments
now foreseeable, and additional crucial experiments should
be able to buttress or weaken this conclusion relatively
gquickly,
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stract of the URSI-IRE program held at Ithaca, October 8-
10, 1951, results only if the earth re flection is neslec-
ted, and the thiclness of the half-wave layer above the
intersection of the horizons is taken as proportional to

JX 4, as it would be over a plane earth, instead of E%: ’

vhere &y is the glancing angle of the cut-off ray at the
horizon. The true wavelength and distance dependence is

now believed to be much more complicated then mentioned
in the abstract, and is believed to-be much riore plaus-
ibly represented by the discussion of section 3 of this
paper.
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THE EFFECT OF UNIPFCRM LAYLERS ON THE
PROPAGATION OF RADIO WAVZS

L.J. fnderson and J.B. Smyth

Havy Clectronics Laboratory,
San Diego, Calif.

Introduction

Almost everyone vho has studled anomalous prona~ation
in the troposphere will agree that the controllin-~ factors
are temperature and humidity profiles alon: the propagation
path. FHowever, when one tries to correlate propagation
data arcainst refractive index orofiles as computed from tem-
perature and humidity data, one immediately encounters the
difficulty of a lar~e scatter of points. 1In this case, one
is often tempted to attribute the scatter to unknovm influ-
ences vhich have not been taken into account.

In the opinion of the authors and many others, much of
the difficulty lies in the fact that uniform horizontal
stratification is rarely achieved. Since stratification is
one of the first assumptions made in any theoretical ap-
proach to the problem, it is apparent that nonuniformity
may render the theory inapplicable to most field data. It
therefore seems essential, when attempting to compare obser-
ved data with theory, to eliminate all data for vhich hor-
izontal uniformity cannot be proven. S

The data presented in this paper have been selected with
this requirement in mind, and although the data are not too
numerous, it seems that their selection has resulted in mat-
erially improved correlation and agreement with theory.

The data were obtained on a 90-mile propagation link
along the coast of Southern California. The transmitter
and receiver heights were both 100 feet, and propa~ation
was entirely over water. Fig., 1 shows the general location
of the path with respect to the coast line. The meteorolor-
ical situation for this area has been adequately described
elsewhere- and consists of a layer of cool, moist marine air
of varying thiclmess overlaid by a warm, dry layer. This
results in an elevated inversion the height of which varies
from day to day over a range from the surface to 5,000 feet.
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The propagation data presented consist of field strength
observations selected from continuous recordings made at G52,
100, and 550 mc, The meteorological soundings were taken by
means of an airplane which made a number of ascents and des-
cents as it flew along the nath, Generally, about six such
soundings were made within the space of an hour. A total of
|7 days of such data were obtained. After eliminating all
days in which the individual soundings d4id not show essential-
1y uniform stratification, a total of eight days was left.

Fip. 2 shows the soundings taken for each of these days.
A1l soundings taken on a given day are superimposed to show
the degree of uniformity existing.

To illustrate the scatter obtained when uniformity con-
ditions are not observed, two sets of propagation data are
plotted against single-sounding meteorological data. In the
first set, the meteorological data were obtained at a point
near the south end of the propagation path by means of wired
sonde equipment. 1In the second set, meteorolosical data
were obtained by a wired sonde located at the middle of the
path. Fileld strength observations in both of these cases
were taken in the same way as outlined above.,

Correlation of Field Strength with Layer Heicht

Fig. 3 is a plot of the height of the top of the inver-
sion layer as measured by the La Jolla wired sonde against
the maximum field strength at 550 mec observed during the hour
when the sounding was made. The scatter of points in this
case is falirly larze. The correlation coefficiént is 0.57,
which 1s barely significant., A definite trend is discernible
with hisher field strengths occurring with lower layers, hut
little else can be deduced from the data.

Fig. || is a similar plot using the wired sonde at the
rniddle of the path. In this case, the correlation coefficient
is 0.78 which is somewhat better than that in Fig. 3, but
still not very satisfying. Since one would expect the least
effect of nonuniformity when soundings are taken at the mid-
point of the path, it is apparent that this is about as ~ood
a correlation as we can attalin usines a single-soundin~ data.

In both of these cases only those data were msed In which
the refractive index change throush the layer was hetween 30
and 50 units. This selection eliminated some of the scatter
due to varying inversion strength.
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Figs. 5, 6, and 7 show similar plots at 52, 100, and 550
mc, resvectively, in which the meteorological data were ob-
tained by airplane soundings, and only those days showing uni-
form stratification have been plotted. The observed data are
plotted on solid dots, It is immediately apparent that the
correlation in these fizures is much better than that obtained
with single-sounding data. Although only eight points were
available, the shapes of the curves are readily apparent.

Calculated Fields

1. Reflection from Smooth Layers

In Figs. 5,6, and 7, the field strengths calculated on
the basls of a single reflection from the layer at the mid-
point of the path are shown as open circles. The reflection
coefficient for smooth layers may be obtained from the rela-

tion:
- sinhZpw(sin « - Ysin® & - sin2
sinhepmw(sina + /51n2 - sine

. — Ah 20 -
where: A p = 1.07 ~ and sin<g = 2bB

& 1s the grazing angle of incidence of the
wave on the layer,

Ah is the thiclmess of the reflecting layer,
and

A B 1s the change of refractive index through ‘
the layer.

For layer heights below 500 feet, the midpoint lies be-
low the horizon, hence it is necessary to use a multi-hop
mechanism. In this case, reflection from the layer was con-
sidered to occur at the critical angle. The fields were cal-
culated using height-gain values at the point of reflection
and assuming unity reflection coefficient. The multi-hop
calculations are plotted as open triangles on Figs. 5,6, and
7. It will be observed that the assumption of a smooth layer
yields pood agreement with the fields observed on 52 mc. The
agreement is almost as good at 100 mec. At 500 mc, however,
the smooth layer fields depart radically from observation for

30




layer heights above 1,700 feet,

2. Reflection from Sinusoidal Lavers

It has often been observed, when {lying above the cloud
deck which forms the base of the elevated inversion layer,
that the lajer exhibits Helmholtz waves as would be expected
from the difference in density between the two air stratal,
The amplitudes of these waves appear to be of the order of 100
feet, and the wavelengths vary from a few thousand feet to
several miles. The presence of such waves would cause the re-
flecting stratum to depart radically from the smooth case con-
sidered above, for wavelenzgths small compared to the amplitude
of the undulations. Rigorous mathematical treatment of the
reflection of electromaznetic energy from sinusoidal surfaces
is extremely complex, if not impossible. However, certain
approximations can be made which greatly simplify the »rob-
lem., In Fig. 3, consider a portion of the stratum as shown
by the curved line and a plane wave incident at an angle a
with horizontal., If one consliders that an appreciable amount
of enerpy will be reflected only from the portion of the sur-
face vhich makes an angle with the incident radiation less
than that required for total reflection, then one can solve
for the fraction of the total sinusoidal surface from which
reflection occurs.

Admittedly, this concept is approximate, but since the
reflection coefficient falls off very rapidly for angles great-
er than 8 , the avproximation would seem to be reasonably
good. TIor computing the fraction of the total surface from
which such reflection occurs,we use the following:

Assume the layer shape is 2z = a sin bx

%% = ab cos bx = © for small angles
then = 1 -1 (x=8 where =2 x 10-3
X = ¢ cos ( ab) y2 A8
= 1 ‘1 x d = 211’
X0 = = cos (_EF) an L 1

thus: %2-%1 _ 1 (cos~! E% -cos~1 SJ%) .
a
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Since most of the energy will be reflected from these
elements at angles other than & , it is also necessary to
take into account the diffraction pattern of the individual
elements. This 1s accomplished by using the familiar relation-
ship

I sin? ¥
I, ¥ 2
where , g em(*2 - X1) 8in « sin 6 ,

A

To calculate the maximum intensity of the main lobe of
the diffraction pattern, we use
Imax _ (X2 - x1)2 sin

I, ~ A D

where D is half the propagation path length.

This gilves us the fraction of the total incident energy
which 1s reflected at an angle o« , which is the optimum for
reception.

The method of calculating the energy reflected from such
8 sinusoidal surface will then be to compute the height-gain
at the midpoint of the path for various layer heights over the
range of 500 to 3,000 feet, and to reduce these values by the
fraction of energy reflected from the sinusoidal elements as
calculated above. Since the received energy is a sumation
of the energy reflected from a number of such elements, the
reflected wave is no longer a coherent wave front, and hence
we assume that these individual wavelets arrive at the re-
. celver with random pause.

In Figs. 5, 6, and 7, the points marked with X's denotd
the fleld strengths computed in this manner. It will be ob-
served that these values lie below the smooth layer calcu-
lations except In the case of the highest frequency (550 mc).

At thils frequency it anpears that the layer 1s becoming
rough. For these calculations, the best agreement with ob-
servation 1s found using the shape factor a/L==0.00h where
2a is the total ampllitude and L is the wavelength of the un-
dulation. For example, if 2a is 100 feet, L will be approx-
imately 2% miles, which i1s of the order of magnitude of ob-
served undulations.
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1. J.B. Sayth, L.G. Trolese, Proc. I.R.L., vol.
1168-1202; November, 19l.7.
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FIELD STRINGTHS RECORDED ON ADJACENT FM CHANNILS

AT 93 }iC OVZR DISTANCES FROM LO TO 150 MILES

3.S. Vickizer and A.li. Braaten
RCA Laboratories Division,
Riverhead, L.I., WN.Y.

Field strenscths of KE2XCC (93.1 me, Alpine, N.J.) and
WBZ-F1i (92.9 mc, Boston, llass.) have been recorded for more
than a year at two locations (Hauppauge and Riverhead) on
Long Island. The distances from Alpine to the receivers
were 1,0.5 and 67.2 miles, while from Boston they were 150.L4
and 127.l miles., Statistical analysis of data for the eve-
ning hours reveals a broad seasona2l trend toward hicher in-
tensities in the summer, with larger over-all variation on
the longer transmission paths. Based on analysis of one
summer month, refraction effects appeared to vary indepen-
dently in the two directions. The ratio of field strenpgth
between the near and distant transmitters, analyzed with
respect to time, was found to approach a normal probability
distribution at Riverhead, and a Rayleigh distribution at
Hauppauge. During periods of violent fading, hourly median
field strengths of WBZ-FIl varied over a range of 23 db at
Riverhead and 19 db at Hauppauge. For the same periods,
the ratio between Riverhead and Hauppauge fields varied ov-
er a considerable range and occasionally became less.than
unity.

(Abstract)
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REFRACTION OF RADIO WAVES IN ARBITRARY
LTI 0SPHERE-RAY-TRACING PICTURE

lling S. Viong
Viright-Patterson Alr Force Base,
Dayton, Ohio

A development following Hartree, etc., is carried out of
ray tracing using REAC differential analyzer. Ray families,
on 2li-inch by 32-inch paper, are obtained for an atmosphere
with a single n profile (index of refraction versus altitude
curve), and for an atmosphere with three n profiles over
the region of interest. The n profiles used were measured
up to 10,000-foot altitude.

The varistion in radio field strensth with separation
between airplanes as measured in a recent ailr-to-air propa-
gation flipht is correlated with a variation of ray density
based on index of refraction data taken durins the flight.
This was a flicht which encountered a radio hole followed
by its anti-hole (region of enhanced and interferings sigznals)
within the geometrical horizon, and then a second hole and
anti-hole at an anomalously larze ranse beyond the horizon.
The second anti-hole is accounted for by an anomalous-ranse
layer near the ground and one in which the re fractive crad-
ient has a negative value nearly equal to 1/(radius of earth).

In some respects the correlation is strilzing between
ray-tracing picture and observed radio datsa.

(Abstract)
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SOME CHARACTZRISTICS OF TROPOSPHERIC SCATTERING™

A. H. LaGrone
University of Texas
Austin, Texas

Three oproblems are considered in this paper vhich are Iim-
portant in determining the effect of scattering on distant
radio fields.

The first problem is the attenuation of radio signals
caused by scatteringl. Booker and Gordon? supnosed second-
ary scattering to be negligible, and proceeded to develop the
general equation for scattering without including this com-
ponent. This paper shows thelr assumption to be valid by
determininz the total power scattered per unit macroscopic
element of volume relative to the power incident on the vol-
une.

The second problem is a volume integration to determine
the total scattered signal reaching a receiver point3. An
equation is developed in terms of the propagation parameters
which will zive this total signal.

The third problem is that of cross polarization“in the
scattered wave., 1In working on the second problem, it was
noted that a difference in polarization existed in the .scat-
tered sirmal which came from different elements of the scat-
terin~® volume. A system of dipoles at right angles to each
other was then assumed, and equations developed for determin-
ing the scattered signal received on each of these dipoles.
lume~ical ezamples were computed and are compared with field
measurements of the cross polarized signal.

(Abstract)
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THE DIELECTRIC PROPERTIES OF ICE AND SNOW AT 3.2 CENTIMETRES

AS RELATED TO THE REFLECTION COEFFICIENT OF SNOWN-COVERFD SURFACES

V.A. Cuming
National Research Council
Ottawa, Canada

A study has been made of the reflecting properties of snow- and
jce-covered surfaces at a wavelength of 3.2 centimeters. In making
this study, two lines of investigation have been followed. 1In one,
controlled laboratory measurements were made of the permittivity and
loss tangent of ice and snow of varying density and crystal structure
over the temperature range 0° to -20° C, using waveguide techniques.
In the other investigation, direct measurements were made, on an out-
door range, of the reflection coefficients of a flat metallic surface
covered with snow.

As a result of the measurements using waveguide techniques, curves
have been obtained of snow permittivity as a function of density; and
of snow and ice loss tangemt as functions of temperature, density, and
crystalline structure. To a first appraximation, the permittivity ep—
silon of snow of density rho is given by epsilon equals epsilon zero e
to the rho over rho zero power; where epsilon zero and rho zero are the
dielectric constant and density of ice, and epsilon is independent of
temperature in the range 0° to -20° C. The permittivity of ice was
found to be 3.15.

The loss tangent of ice was fouﬁd to vary considerably with tem-
perature, having a value of 27 X 107" at 0° C, and a value of 6 x 1074
at =20 © C. The loss tangent of snow, on the other hand, was found to
vary over wider limits, being a function not only of density and tem~
perature, but also of crystalline structure.

When these results are applied to the study of reflection coeffi-
cient, two facts are evident: the magnitude of the first reflection
at an air-snow boundary is greater than was thought previously, and
the attenuation through snow is also greater,

These conclusions are borne out qualitatively by the results ob-
tained on the outdoor range. The measured reflection coefficients
were found to be dependent to a considerable extent on snow tempera-
ture, and the effects of multiple reflections were not as great as had
been anticipated. Several interesting curves of reflection coeffi-
cient versus grazing angle have been obtained for flat metal surfaces
covered with snow,

(Abstract)




RADIC V/AVE PROPAGATION OVIR LONG DISTANCH

AT 100 KC

Capt. Oscar Goldberg
Rome Air Developrnient Center
Griffiss Alr Force Base,
Rome, N. Y.

and

Dr. Richard H. i/oodward
Pickard and Burns, Inc.
Needham, lass.

With the assignment of the 90- to 100-lkc band to long-
distance navigation systems, the interest in obtaining fairly
precise propagation information for these frequencies has
rapidly increased. Because of the lack of a suitable method
of computing the level of received cormposite sisnal at var?-
ous distances from a transmitter, it was decided to obtain
this information experimentally.

This work will be done in two phases., The first phase,
using a continuous wave transmitter at 100 k¢, has been com-
pleted and will be reported here. The purpose of this por-
tion of the work was to determine when one could receive a
signal which would be useful above the normal atmospheric
interference. The second phase, which will employ the trans-
mission of "short" pulses, will enable one to separate the
various modes of the received signal, and so determine its
composite characteristics more precisely.

Since the beginning of July, 1950, a transmitting station
at Allaire, New Jersey, latitude L0° 10' 30" N and longitude
71,0 81 36" W, has been radiatingz continuous-wave signals at
100 ke from a 300-foot antenna., Transmissions were on once
a week between 8 o'clock (1300 GCT) Tuesday morning and 8
o'clock Vlednesday morning. The radiated power was approxi-
mately 800 watts. The transmitter sequence consists of an
"on" period for ten minutes and "off" period of five minutes
during which time the noise field intensity was measured at
the nmonitor stations. The transmitter was placed in opera-
tion and reliable and routine monitoring commenced in Septen-
ber, 1950. Recordings were made until the end of July, 1951.
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As a check on the proper functioning of the transmitter,
the radiated siznals were recelved and recorded at short
ranges, first at Red Bank, New Jersey, and later at Adamston,
New Jersey. These and other short-rancse rieasurements made
with Model AN/URN-6 field intensity meters -ave field inten-
sities corresponding to 150 mv per meter at one rnille from the
trancmitter., Variations from this value were applied as
corrections to the received signal lecvels.

The monitor receiving statlions were located at universi-
ties in North Carolina, Indiana, Iowa, MNebrasla, Colorado,
and California. These sites are shown on Fig. 1. This map
is a copy of the FCC map of the United States showing ground
conductivities. The signal and noise field Intensities were
recorded continuously on Esterline-Angus recorders for a 2&—
hour period every week. The monitor station recelving equip-
ment consisted of a 59-foot Lingo mast antenna connected
through a suitable coupling unit to a modified National liodel
IIRO receiver. A bandwidth of 1.2 kc at 6 db down and 10.l. ke
at 60 db down was used. The IF signal was introduced into a
special detector, filter, and cathode follower circuit, which
operated the Esterline-Angus recorder. These circuits had
an integrating time-constant of about 5 seconds and an output
that was logarithimatically related to the receiver input.
The receiving equipment was periodically calibrated with ref-
erence to standard sicnals from a llodel 605-C signal genera-
tor. The antenna constant for the mast at each installation
was determined by comparing the measured voltage induced at
the receiver input by the AN/URN-6 field intensity meter.
Because of the poor signal-to-noise ratios at Stanford, a
receiver having a bandwidth of S cps and a special loop an-
tenna were used for measuring field intensities,

L sample record showing the signal sequence as received
ig shorm in Fig, 2. This tape cshows the variation of signal
and nolse as a function of time,

In general, sky-wave field intensities vary with the time
of day, season, and latitude of the point of reflection in
the ionosphere; they also vary with the sun-spot cycle, geo-
marnetic activity, and sudden ionospheric disturbances which
are associated with solar activity. Since the characteris-
tics of sky-wave propagation are determined by the distribu-
tion of ionization density in the upper atmosphere, viiich in
turn depends upon solar ultraviolet radiation, it was con-
venient to consider sky-wave propagation in terms of the in-
tensity of ultraviolet radiation. This is related to the co-
sine of the sun's zenith distance X. In this way, threc in-




dependent variables, time of day, season, and latitude, may
be replaced by a single independent variable, cos X, as shovn
by the equation

cos X = sin 8 sin(F + cos & cos¢p cos t (1)

where § is the sun's declination, ¢ 1s the latitude of the
point of reflection, and t is the hour angle at the point of
reflection,

Although the processes by which the ionization is pro-
duced and sustained, especially at night, are not well under-
stood, and the concept of the ionization varying with cos X
at night has no physical significance, it has been found ex-
perimentally that the observed field intensities, and pre sum-
ably the ionization densities, do vary in a regular fashion
with cos X. Because it was convenient, and previous experi-
ence with the Low Frequency Loran observations has demon-
strated its usefulness, the analysis with reference to cos X
has been adopted for the ground monitor data in this study
of radio propagation at 100 kc.

In analyzing the data (see Fig. 2) the recorded voltages
have been averaged visually over 5-minute periods, scaled off
on a logarithmic scale, which is referred to voltage calibra-
tion markers, and tabulated. The resulting measured voltages
have been multiplied by the antenna constant for the particu-
lar monitor station to give the measured field intensity in
mv per meter. The noise intensity is measured during the 5-
minute period between transmissions. For each of the two 5-
minute periods before and after the noise measurenent, the
measured signal-plus-noise intensity is corrected for the
noise contamination on the asswiption that the observed in-
tensity is equal to the square root of the sum of the squares
of the noise and signal intensities. Root-mean-square aver-
ages of the nolse and signal intensities have been calculated
for half-hour perliods. The records from the short-rance mqn-
itors at Watson Laboratories, and lster at Adamston, have
served as checlis on the proper operation of the transmitter.

Some LO plots showing the half-hourly averages of the
received signal intensities as observed at the monitor
stations have been plotted. Fig, 3 is one exemple. In order
to condense the information, the half-hourly averages have
also been tabulated with respect to cos X. The root-mean-
square averages for fall, winter, and spring have been plot-
ted agzainst cost X. Figs. li through 13 show this information.
The results of the analysis of the ground monitor data are
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are expressed as root-mean-square averages. The amount by
vhich any single observation differs from this average can-
not be predicted, but it can be estimated from the probable
error. If the distribution of the deviation follows the
gaussian normal law, as 1t does within acceptable limits,
then there are as many deviations that are greater than the
probable error as there are deviations that are smaller. The
standard deviation is shown by length of the straight line
through the circle which shows the average value.

One interesting factor is the symmetrical nature of the
curves about the axls of cos X = 1 (when the sun 1is at 1its
zenith). The field intensities increase in the morning and
afternoon as cos X approaches zero (when the sun 1s on the
horizon). 1In the evening, as the sun sinlts below the hori-
zon with negative values of cos X, the lonization density in
the absorbing regions decreases and the observed field in-
tensities increase. In the early morning, as the sun ap-
proaches the horizon, the field intensities decrease with de-
creasing negative values of cos X, The-fact that in gener-
al the curves for negative as well as positive values of cos
X are symmetrical with respect to the axis of cos X =1 Iin-
dicates that the conventional concept of an ionization den-
sity that steadily decreases throughout the night fails to
give a true picture of the lonosphere as 1t is reflected by
low frequency signals. The similarity of the curves for dif-
ferent seasons indicates that the variation throusgh the seas-
ons is due primarily to the variation of solar ultraviolet
light intensity, and that the field intensity at any time of
day or season can be predicted with satisfactory rellability
from a knowledge of cos X and of the general variation of
Tield intensity with cos X.

The data from the ground monitor stations ylelded first
the averapge daytime and nichttime field intensities rece ived.
Since riost of the early work on low frequency propagatlon has
been expressed in terms of the Austin-Cohen formula, it seem-
ed appropriate, first, to compare the observed averages with
the field intensities derived from that equation.

If the appropriate value of 7 and the measured field
intensity of 150 mv per meter at one nautical mile are sub-
stituted in this equation it becomes

_ 2 [ o - 0.
€ - _Ydl 2 & - 0.00087d (2)

and ylelds the fleld intensitles for the 6 monitor stations.




The agreement with the observed daytime intensities was only
fair, since the Austin-Cohen formula was derived from daytime
observations over seawater at very low frequencics (most of
them below 100 kc). The equation obviously gives no infor-
mation concerning diurnal and seasonal variations or the ef-
fect of ground constants.

The nighttime signal will be predomlnantly affected by
the sky-wave signal. The intensity of the sky-wave signal
depends on the intensity Eo, at unit distance, the length dg

of the sky-wave propagation path, the antenna gains, and the
lonospheric and ground reflection coefficients Rs and Rp.

FPor vertical transmittinc and receiving antennas, the follow-

ing equation expresses the intensity of an nth—hop slky-wave
signal with reasonable accuracy:

o= B R wg )

where ¢ 1is the angle of take-off, Ry is the ratio of the in-

tensity of the wave reflected from the ionosphere to the in-
tensity of the incident wave, and Rg is the corresponding

ratio for the wave reflected from the ground. The ionospheric
reflection coefficient can best be related to the cosine of
the sun's zenith distance at the point of reflection and on
the frequency. Observations at 100 k¢ indicate that the aver-
age lonospheric reflection coefficient is 0.15 during the day
and 0.6 at night. The actual variation of the reflection co-
efficient with the cosine of the sun's zenith distance is
shovn in Fig. 1lj. The theory of reflection at the ground is
well developed and the value of the ground reflection coef-
ficient can be readily determined if the ground constants are
knowvn., Examples of ground-wave, sky-wave, and composite field
intensities computed for typical day and night conditions are
compared with the averages observed at the monitor stations and
are shown in Figs. 15 and 16. The circles are average data
for the individual monitor stations.

The observed sky-wave field intensities and the ionospheric
reflection coefficients at 100 kc depend upon the height at
which reflection takes place and on the gradient of the den-
sity of ionization at and below that height. The distribu-
tion of ionization in the upper atmosphere depends in a com-
plicated fashion on the intensity of ultraviolet radiation
which is assoclated with solar activity and solar flares; it
may also depend upon geomagnetic and ionospheric activity,

In an effort to find the variation of the average field in-
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tensity with these quantities, the average daytime and night-
time field intensities for each weekly period of observation
and for each of the 6 monitor stations have been plotted a-
zainst the days of the vear. The I character figures of ion-
ospheric storminess as observed at Vlashincton, D.C. and the
geomaznetic X character fizures as observed at Cheltenhan,
farvyland, are also to be shown for these same periods (Figs.
17 and 18). Although in one case the peak of geomagnetic and
jonospheric activity is accompanied by a dip in the nizght-
time field intensities, no consistent change is associated
with other peaks of activity. Furthermore, there seems to

be no tendency for the intensities as meacured at the differ-
ent monitor stations to rise and fall together, as they might
be expected to do if the density of the ionization over a
large area increased or decreased, or if the reflecting layer
rose or fell under the influence of ultraviolet radiation or
geomagnetic activity. The fallure of the average day and
night field intensities, as observed at the different monitor
stations, to vary consistently and systematically, indicates
that over periods of a few hours the field intensity at any
station 1s controlled less by the ionosphere reflection co-
efficient than by the random effects that result from a rough
ionosphere. Apperently the interference patterns vary slowly
and therefore do not cancel out over the day or night.

In addition to the ground monitoring, flight tests were
made to obtain supplementary data which would serve to link
the ground data tosether. A total of thirteen flight tests
performed entirely either during the day or night were made.
These round trip flights were to distances of 2,200 n. miles.
Most of the flishts were made in a C-5ly aircraft with an In-
sulated tail fin which served as an antenna. The antenna was
connected through a couplinz unit and coaxlal cable to one of
two field intensity meters. Zarly test measurements vere
made manually with a Model TS-535/UP field intensity meter.
Later tests also used the Stoddard AlN/URM-6 field intensity
meters with Esterline-Angus recorders. These field intensity
meters normally have a bandwidth of 40O cps., but for record-
inz eignals at great distances the bandwidth of one of them
was reduced to 15 cpns by the addition of a crystal filter.

On most of the flicshts the field intensities were recorded
simultaneously by two field intensity meters. The calibra-
tions of the field intensity meters were checked periodical-
ly by calibration signals, and the antenna constants vere
meacured on the ground before each flipht. The agreement
between the curves ottained with individual meters demon-
strates the reliable performance of the equipment. Received
field strength variations as a function of distance, terrailn,




and season were obtained (Figs. 19 and 20). Flights were also
made over water.

The effect of noise was showvm as a function of cos X also.
Flgs. 21 and 22 plot the signal-to-noise ratios observed for
the various distances as a function of cos X.

Only representative samples have been presented herec. The
complete data are available in s report published for the
U.S. Air Torce by Pickard and Burns, Inc. entitled "The Eval-
uation and Analysis of 100 k¢ Radiation Data®. Copies of
these reports are available from the Rome Air Development
Center, Griffiss Air Force Base, Rome, N.Y.

The second phase of this 100-kc propagation program is
aimed at learning the corposition of the received signals at
long distances, This will be attempted by the transmission
of pulses short enough to provide mode senaration, It is
planned to transmit pulses of not more than 50 microseconds
in length. A l-megawatt, 100 kc pulse transmitter feeding a
1,200-foot vertical mast are being modified for this purpose.
It is proving rather difficult, nevertheless, to radiate this
"short" pulse with any appreciable power. At the rece iving
sites as yet undecided upon, it is planned to record the amp -
litude, phase, time-delay, and polarization of the individual
modes.,
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Fig, 17

Variation of daytime field intensity
from week to week

Fig, 18
Variation of nighttime field intensity
from week to week
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THE EFFECT OF SPORADIC E ON TELEVISION RECEPTION ¢

Ernest K. Smith
National Bureau of Standards
Washinzton, D.C,

For several years now reports of long distance reception
have been coming in from television viewers., liost frequently
these receptions have spanned distances of around 1,000 miles,
Trere has been conciderable speculation as to whether these
anomalous receptions were tropospheric in origin or trans-
mitted via the sporadic-E region of the ionosphere. A con-
sideration is made here of the type of evidence leading one
to conclude that transmission paths up to 500 miles can,
roughly speaking, be attributed to tropospheric propagation,
while sporadic E accounts for those transmissions of between
500 and about 1,600 miles. The importance of these receptions
to television service in the United States lies not so much
in the service gained through the long distance receptions
themselves, but in the possible interference to a station's
fringe area from distant co-channel stations.

To itemize some of the differences expected to be found
between tropospheric and sporadic-& transmission, it may be
noted first that skip distance does not apply to tropospheric
propagation, while it does apply to sporadic-E. 1In terms of
frequency, tropospheric phenomena will be more influential
as frequency increases, while the sporadic-E reflections will,
of course, decrease with increasing frequency. In ternis of
transmission distance, it rmay be expected that signals sup-
ported by the troposphere will decrease with path length,
whereas those due to sporadic E will be most numerous at |
distances of around 1,000 miles. Thic last value is reached
throurh consideration of the fact that although the skip dis-
tance curve would give us an increasing number of possible |
recentions up to the maximun distance for single-hop propa-
sation, transmittin~ and recelving antenna radiation nulls
for 0° elevation have an opposite effect, Lxtraordinary
tropospheric nropacation over long paths must necessarily
be dependent on conditions obtainin~ over a large extent of
the path, wvhereas sporadic-E transmission would depend on
the ionospheric conditions over the path midpoint only. As

+ Research performed at Cornell University ’
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snoradic & can be a hishly localized phnenomenon, if niidpoints
fcr a4 short time interval form a tizht cluster on a map, spor-
adic-2 rather than tropospheric propagation is indicated.
Purther evidence that sporadic L is responsible for anomalous
rceceptions is obtained +vhen reception midpoints are found
falline close to the location of an ionosphere sounding sta-
tion and when, at the time of the television receptions,

o

sporadic E is identified on the ionosphere sounder.

The data utilized in this study were taken from the file
~f lictener reports of Redio Clectronics magazine.

‘nese data contained u56 reports of receptions of sta-
tions on the various TV channels over distances greater than
200 niiles. These reports were submitted by 103 per sons and
covered the period from lay 22 to September 25, 1950. The
crosses on Fig. 1 mark the locations of the observers. Cities
w7ith operating television stations are shown by circles. The
channel numbers of operatin~z television stations are shovn
for each city.

Shovn in Fig. 2 is a histogram of the number of reports
fallinc in the various class intervals of distance. The vast
riajority of reports is seen to fall in the 500- to 1,600-mile
sroupine and to consist almost wholly of receptions of low
band (5l- to 88-mc) stations. In the 200- to 500-nmile range
it me7 be noted that there are receptions of high band (174-
to 216-mc) as well as of low band stations, and that there
is a decrease with distance such that reports on both bands
are negligible by 500 miles. This shows a rather sharp div-
1sion between one group of reports in which the tranamission
distance was less than 500 miles and the other group with
distances greater than this value. The former group is be-
lieved to be troposvhere-propasated, whereas sporadic E could
be resvonsible for the latter.

“hen the number of reports in the two distance divisions
noted are plotted by channel as shown in Fig. 3, two diffi-
culties arise. In the 200- to 500-mile grouping at the top,
the number of reports appears to decrease with increasing
channel frecuency. The reverse would be expected for tropo-
spheric transmission. In the 50C- to 1,600-mile grouping,
channel li. rather then channel 2 received the greatect number
of reports. However, there are more stations on channel i
than on any other channel, end also more low-band than high-
bend stations. If the number of reports for each channel is
prorated by the number of stations operating on the channel,




the distributions seen in the two lower charts are obtained.
The high-band values now exceed the low-band ones for the
200- to 500-mile range as would be expected for tropospheric
transmission, and the values decrease with channel frequency
in the 500- to 1,600-mile range as would be expected for
sporadic E+,

In Fig. l} is seen a chart of the number of reports per
day for the period. The low-band reports are plotted in the
upprer histogram; the few high-band reports in the lower one.
The number of hours of vertical incidence sporadic-E reflec-
tions at Washington, D.C. obtained at frequencies above 5-
and 10-mc is shown in the center histogram. As the separa-
tion of the average midpoint from the Washington, D.C. ion-
osphere sounder 1is almost 1,000 miles, the day-by-day cor-
relation between low-band reports and sporadic-E is about
as good as could be expected. On a monthly basis, however,
it should be noted that the greatest numbers of low-band re-
ports occur in the months of June and July. These are also
the months of greatest incidence of sporadic E over Vashing-
ton, D.C,

It will be noticed that there are several days of ex-
cecptionally larse number of low-band reports, July 156, in
particular, has ;0 reports. It is seen in TFig. 5 that on
July 15 the midpoints form a dense cluster between Lake ['ichi-
gan and Lake Erie. This looks like _a sporadlic-E cloud of the
type reported by Ferrell and Gerson<., It is interesting to
note that the cloud appears to have persisted for about four
days from July 15 through July 18. This period was by far
the most striking of any found, however, and 1s chown here
as a sample of wvhat can happen.

Shovn on the upper map in Fiz. 6 are points representing
the locus of all possible midpoints bectween the 103 observers
and the television station cities. The circles on the two
maps represent the locations of lonosphere sounding stations
from which overhead sporadic-E data might be available. The
five U.S. stations reported in the CRPL F series -- Boston,
washington, Baton Rouge, White Sands, and San Francisco --
are seen to lie along the periphery of the country, and are
therefore not ideally placed for propinquity with transmis-
sion-path nidpoints. 1In map (b) (Fig. ©0) the midpoints of
the reported receptions are presented, and a somewhat south-
westerly shift of center of mass of the points compared to
the theoretical distribution above may be noted. Also there
seems to be a certain number of the midpoints located close
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to the Washington ionosphere sounder. Upon exanination, {our
of these are found to fall upon the scme day, June 27.

The location of these four midpoints is shovm in (a) of
Fig. 7 with the location of the lonosphere station at Vash-
ington. In (b) of Fiz., 7 is a plot of sporadic E recorded
at Washington, D.C. (solid curve) along with the occurence
times for the midpoints plotted at their equivalent vertical
critical frequencies. The coincidence 1s seen to be rather
striking.

To swmiarize the findings, then, it is seen by the dis-
tribution of reception reports by distance that two distinct
tvpes of proparation are indicated for transmissions greater
than 200 miles. One type seems to disappear at around 500
miles, which happens to be the point at which the other type
becomes noticeable. This second groupinz contains about 90
per cent of reports over 200 miles. ‘"hen plotted as number
of reception reports per station operating on the channel,
the distribution by channel shows a predominance in the high
band for the 500~ to 1,600-mile group as would be expected
for sporadic E. When compared to sporadic E at Washington,
D.C. on a day-to-day basis, the low-band reports and spor-
adic E were seen to have similar seasonal distribution. Not
so the high-band reports, which 1s as expected as they appear,
with a single exception, in the 200- to 500-mile group. The
path rnidpoints of the day for which the maximum number of
receptions were reported are seen to form a tizht cluster as
they would if reflected from a slowly moving sporadic=-E
cloud. A coincidence test for a day when four of thq recep-
tion paths over 500 miles in length resulted in midpoints
near iashington, D.C. showed excellent simultaneity with ob-

—

served sporadic E in three of the four cases.

'/1th the hope that sufficient evidence has been pre sent-
ed to show that the 500- to 1,0600-mile grouping ic essential-
1y sporadic-E propagated, a brief loolk at sporadic-E distrib-
ution as deterriined from ionosphere soundinc stations will
now be talen,

"Intense sporadic E" as used in Fig. 3 is defined as that
producing vertical incidence reflections at freguencles above
"mc, this value being chosen because it 1s the hifhest one
for which data are available in any quantity. The five loca-
tions are those listed above. It 1s noticecable that although
considerable variation in shape and level exlsts among the
stetions, the well-lmovn features such as the dominant June-
July maximum and the liarch minimum are distinpuishable in al-




most all the cases.

In order to increase the size of the sample and alco to
get a more generallv representative distribution for the Un-
ited States, the ordlnate values for the five locations Tor
each month are surmed up.

The resulting chart, rig. 9, is conslderably smoother
and nmore systematic In its trends. The summer peak shows a
steady clinb .durinc the three years shovm. This fits in
rather well with the theory of inverse relationship of spor-
adic E with sunspot cycle3. As the nex: sunspot minimum is
not expected until 195l or 1955, it may be expocted that spor-
adic E will increase for the next two summers at the same
rate. This past summer's data, which have just been analyzed,
indicate a peal of some 400 hours ror June, 1951,

The diurnal curve shovn in Fig. 10 was constructed from
the data for five stations in the same manner as the seasonal
distribution chart, The general form is very similar to that
found by liimno~ in 1937,
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A STUDY OF WINDS IN THE IONOSPHERE BY RADIO METHODS

J.H. Chapman
Canadian Defense Research Board

Yinds in the ionosphere have been studied by a method due to Sele
Mitra using the fading of radio echoes at spaced receivers (Proc, IKE,
London, 111, 43, p. Lll; 1949). A mean daily wind variation of nearly
semi-diurnal period and about 4O meters per second amplitude has been
observed at a nominal height of 110 km (Region E), The wind variation
is consistent with the explanation that it is due to tidal oscillations
of the atmosphere. A wind variation consistent with that expected from
lunar atmospheric tides has also been detected at this level,

The winds in the F region appear to increase in velocity with an
increase in magnetic activity, A similar effect is not observed in the
E region except during severe ionospheric disturbances.

(Abstract)

ON THE QUESTION OF THE MAGNITUDE OF THE LUNAR
VARTATION IN RADIO FIELD STREMNGTH

T.N. Gautier, 1,3, Harrington, and R.W. I‘necht
Central Radio Propagation Laboratory

Eight years of continuous recordings of the field strength of sta-
tion WIW, and nine years of recordings of station W8XAL, both located
near Cincinnati, Ohio, were examined for a lunar variation. The record-
ings were made at Washington, D.Z. approximately 600 km away., The trans—
mitted frequencies were 700 and 6080 kc, respectively, In the case of
WD, nighttime values of hourly median field strength were used. In the
case of W8XAL, midday values were used. In neither case was the ampli-
tude of the lunar semi-diurnal harmonic obtained by the analysis sig-
nificantly greater than the probable error. The probable error in each
case was approximately 0,3 db.,

(Abstract)
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THE LOWZR E AND D REGIONS OF THE IONOSPHERE AS DEDUCED

*
FROM LONG WAVE MRASURBMENTS

J.J. Gibvons, Il.J. Nearhoof, R.J. lertney, and A.H. Waynick
Pennsylvania State College
State College, Pennsylvania

A diurnal and seasonal model representing the E and D regions of
the ionosphere above State College, Pennsylvania is presented. This
model consists of a Chapman-like E-region and an electron D~region.
Approximate 150-kc wave solutions including coupling are obtained for
this model. These wave solutions, of course, exhibit the well known
reflection condition corresponding to an N value of around 3,000 elec-
trons per cm’. It is shown that the effect of the coupling is to cause
a wave traversing a coupling region to excite a new wave propagated in
the direction of propagation of the incident wave and also a back scat-
tered wave propagated in the reverse direction. The back scattered
wave will appear as a reflected wave originating in the coupling region.
The forward scattered wave due to the downgoing wave from the upper
npreflection" level also must be considered in calculating the polariza-
tion of ionospherically reflected waves.

Tt is shown that, in the case of 150-kc waves, tge coupling effects
occur in the neighborhood of N 2 300 electrons per cm”, which corres-
ponds to the "classical reflection" level for the "ordinary'" wave, The
coupling effects become greater as the v associated with the coupling

N value decreases toward »-=u, for the nighttime models. This results
in stronger split echoes and greater departure fron circularity in the
polarization ellipses,

The effect of the D-region is to introduce absorption and phase
delay on the "ordinary" and "extra-ordinary" waves traversing it.

Tt is shown that the differences in phase path and absorption ex-
perienced by the ordinary and extraordinary waves give us two additional
parameters with which to deduce the properties of the D-region, since
it is these differences which help to determine the polarization of the
down-coming wave. The experimental results to be expected from this
model are compared in detail with our 150-kc polarization, absorption,
and height results. The predicted experimental results are compared
qualitatively with the actual experimental results at several other
frequencies.

(Abstract)

* The research reported in this paper has been sponsored by the
feophysical Research Division of Air Force Cambridge Research Center
under Contract AF19(122)-=Lli.
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