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The very low ground conductivities encountered in arclic areas, and the particular
ionospheric conditions prevailing at high latitudes, can lead to rather unusual radiation
and propagation conditions. In order to determine the magnitude of these effects, field
intensities from transmitters located in the Labrador and Greenland areas were measured
both on the surface of the earth and during several aireraft flights over this area. The
many factors involved in If propagation are considered and ecalculated field intensities
compared with experimental values. Under conditions where the initial portion of the
propagation path is across icecap or permafrost, the attenuation observed is very great,
and when the propagation path extends out over sea water, the field intensity recovery
taking place after the coastline is crossed is very marked. Estimates of skywave field
intensity appear to agree with the observed results provided the radiated field pattern is
suitably modified by the antenna cutback factor which accounts for the presence of a
finitely conducting curved earth. These vertical patterns based on work by Wait, along
with the field intensity flight data, indicate that the siting of low-frequency stations several
miles or more inland in arctic regions may cause a great increase in total transmission

path loss.

1. Introduction

During July and August of 1957, field intensities
were measured from If transmitters located in the
Labrador and Greenland areas with primary em-
phasis being placed on transmissions from Thule,
Greenland at 98.5 ke and transmissions from Goose
Bay, Labrador at 82.05 ke. The effective radiated
power as a function of antenna current was obtained
from each of the transmitters by observing the
inverse field produced by the transmitter. All the
field intensities presented are normalized to a trans-
mitter radiated power of 28.7 kw. The actual
field intensities on the surface were obtained by
means of a 30-in. loop and a field mtensity meter
which was calibrated by a signal injected in series
with the loop. The aircraft measurements were
performed using the antenna on the aircraft them-
selves, which were in effect top loaded monopoles.
The effective height in each case was obtained by

=} N < .
calibrations on the ground before takeoff by com-
paring the voltages from the antenna with the field
intensity obtained by means of a loop positioned
approximately 100 ft from the aircraft.

2. Observed Field Intensities

The location of the transmitters and the sur-
rounding terrain involved in the various flight paths
are shown in figure 1. The field intensity observed
for the groundwave along the Thule to Goose Bay
path over the permafrost and icecap is shown in
figure 2. The x’s represent observations taken very
close to the path, while the circles represent observa-
tions made at various other locations in the Thule
area. It is interesting to note that even at distances
less than 10 miles, the intervening terrain has an
appreciable effect on the observed field intensity.
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In particular the two cireles which lie on the inverse
distance line at 5, 2, and 7.6 miles were for line-of-
sicht paths where there was a valley between the
transmitter and the receiver. The next cirele at
8.7 miles represents the field observed also on a line-
of-sight path, but behind a glacier of about 1 mile
extent in an open valley toward the transmitting
site. It can be seen that this small icefield caused
a 3-db decrease in field intensity. A similar abrupt
decrease in field intensity was also observed when
measurements were made on the edge and several
miles out onto the main icecap. The two calculated
groundwave curves were obtained from data by
Wait [1]! and it can be seen that the surface field
apparently follows the groundwave curve for the
poor arctic land up to a point where the glacier is
reached. Beyond this it begins to approach that for
ice in a manner as would be anticipated from the
mixed path theory as has been described by Milling-
ton [2] and Wait [3, 4].

Figure 3 shows the field intensities observed during
flight 1 and it is interesting to observe the rather
smooth slow variations which occurred over land till
the coastline was reached at Hopedale. From here
until Saglek was reached at some 300 miles from the
transmitter the field intensity varied quite rapidly
as the aireraft flew over the rather rough coastline
and it is believed that these variations were caused
by coastline effects [4]. The very deep null in the
vicinity of the Button Islands appears to have been
caused by interference between the first hop skywave
and the groundwave. The rather large recovery in
field intensity out to the vicinity of Cape Dyer is
apparently caused by the decrease in over land trans-
mission caused by the path swinging out over the
Davis Strait. From Cape Dyer to Cape Atholl,
the field decreased in a rather smooth manner and

1 Figures in brackets indicate the literature references at the end of this paper.
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Ficure 1. Baflin Island area with flight paths and transmitting and receiving locations.
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Fraure 2. Groundwave field intensities in the Thule area.
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Fiaure 3. Field intensities flight 1.

no apparent effects were observed from flying over
rather large patches of sea ice during this portion of
the flight. Once Cape Atholl was reached, the field
intensity began to vary at the coast and then de-
creased extremely rapidly until the last observation
was made at 2 miles from Thule.

Figure 4 shows the field intensity from Thule as
observed on flight 2. During the initial portion of
this flight, the aircraft skirted along the coastline;
however, once the aircraft departed from the coast
the field intensity rose considerably to a value
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Fraure 4. Field intensities flight 2.

approximately 6 db higher than that observed at
the coastline. Once this maximum recovery point
had been reached, the field intensity is observed to
drop in the manner anticipated for a surface wave
over sea water from a transmitter with 10 db less
power than that actually radiated. The dips at
320 and 450 nautical miles appeared to have been
caused by interference with the first hop skywave,
and although dip 3 may be partially caused by
interference between sky and groundwave, it is
likely that a large portion of the reduction is due
to the poorly conducmng mountainous terrain in the
vicinity. In fact, it can be seen that the field
intensity dropped very rapidly once the coastline
was reached at Holsteinsborg, and that it remained
low until the coastline was again reached at Kanga-
miut. Once the coastline at Hopedale was rcaahed
the field intensity decayed very rapidly appaunt]v
due to propagation over the rather poor earth in
this vicinity. This decrease was so rapid that the
field intensity dropped into the noise level at 100
miles from Goose Bay.

Field intensities from the Sondrestrom transmitter
at 132 ke were recorded during the second half of
flight 2, and are shown in figure 5 where it can be
seen that the field is apparently influenced to quite
an extent by the surrounding terrain.

The results obtained on flight 3 (fig. 6) are interest-
ing in that, although the flight was made during the
(Izw the 10nospherc was apparently disturbed to the
pomt where it appeared as highly reflecting as at
night. This can be seen from the general increase
in field intensities observed during this flight com-
pared to flight 2 and from the diurnal variations in
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field intensity which were recorded at Goose Bay
during, as well as preceding, this particular period.
This particular flight also appears to contain a
coastline dip with recovery effect; unfortunately,
data was not taken that would record the exact
depth of this dip. The rather high apparent
ionospheric reflection coefficient present at this
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Fraure 6. Field inlensities flight 3.

time raised the total field intensity in the region
from 100 to 500 miles until a distance of 550 nautical
miles was reached at which time there appears to be
a canceling of energy received by the various modes.
The lack of nulls up to this distance may be caused
by a lower than normal layer height as well as by a
possible fillin from the 2d-hop skywave. After
this null point was reached the field intensity re-
covered and remained rather high with some oscilla-
tions apparently due to coastline as well as interfering
skvwave effects until the coast was reached at Hope-
dale. At this point the field intensity again de-
creased very rapidly as in flight 2, and is probably
due to the receiving antenna cutback effect, i.e.,
out-of-phase ground-reflected energy.

Since it was anticipated that the coastline effect
upon the groundwave may be somewhat different
than that on an incoming skywave, a flight was
performed over the icecap starting at a distance
of approximately 30 miles from the coast and extend-
ing several miles out over the sea. This flight was
performed at 6,000 ft and the resulting field in-
tensities from the Goose Bay transmitter, some 1,400
nautical miles distant, are recorded in figure 7. It
can be seen that there is a very great change in
amplitude in the vicinity of the coastline apparently
due to interference which is probably caused par-
tially by the discontinuity in conductivity as de-
scribed by ‘Wait [4], and i part by the change in
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elevation of the coastal cliffs as also described by
Wait and Murphy [5]. The manner in which the
field intensity decreases with increase in distance
inland gives some idea of the loss in transmission or
reception efficiency at this frequency for radio sta-
tions located inland in arctic regions. It should be
emphasized that these observations were made at
a height of 6,000 ft and that an even greater varia-
tion in field intensity is to be anticipated on the
surface.

The manner in which the observed field intensities
at Goose Bay vary with time can be seen in figure
8, where the fields were effectively averaged over
approximately a 10 min period. The first 4 days
of observation on the field from Thule appeared
to have very similar diurnal patterns with a rather
high maximum occurring approximately 1 hr after
m1dmght This rather short nighttime field is
likely due to the fact that darkness exists for only
a relatively short period of time at the 1-hop control

point. During the day the field intensity decreased
considerably and in general averaged around 2
wv/m.

A rather similar nightime maximum is observed

on the 86-ke transmission from Keflavik although
here the maximum peak occurred about 1% hr before

midnight as might be anticipated from the path
location. Field intensity recordings on 98.5 ke
were resumed on August 9 and the rather abrupt

decrease just before midnight was observed as
before; however, from this point on the pattern

departed very markedly from that observed on

previous days in that the field intensity remained
rather steadily at a value almost 20 db above the
normal daytime values. It was fortunate that we
were able to obtain a complete flight from Thule to
Goose Bay during the time when this abnormally
high field intensity existed.

To our knowledge, records of solar flares during
this period do not 1ndlcato a very marked disturbance
on the 10th and it is rather difficult to explain these
high field intensities. The fact that the high field
intensities were from the Thule transmission and
not noise or interference is rather well substantiated
by independent measurements of flight 3 and the
system performance figures during this period.

Solar records do show that a large flare occurred
on the 11th followed by an extremely large ion-
ospheric and magnetic disturbance on the 13th;
however, this could explain the high field during the
day on the 11th but cannot vxplam our observation
on the 10th. It may be that abnormal ionospheric
conditions of this type are very easily caused in
auroral regions and occur frequently.

3. Analysis of Results

In attempting to explain the observed field inten-
sities, we shall employ the results of numerous
theoretical and experimental investigators. The
method employed will be to start at the transmitting
site and determine radiation and launching efficiency
and then follow the energy as it is pr opzltr‘mtvd to the
point of observation.
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3.1. Radiating Systems

The radiation efficiency for a given antenna is
defined as the ratio of total power radiated to total
power into the antenna. It 1s also well known that
the radiation efficiency can be defined as follows:

Rad eff =R,/R, (1)

where 2, is the radiation resistance and 2, is the
total resistance seen at the base of the antenna.
R, can normally be measured while /2, can be calcu-

lated for relatively simple configurations [6, 7]. For
a short vertical antenna we can write
R, =401 (ho/\)* 2)

where h, is the actual height of the vertical antenna
and X is the wavelength. If the form of the antenna
is complicated by top loading or supporting masts,
it frequently becomes convenient to express the
radiation resistance as

R, =160m*(he/N)? (3)

where A, is now defined as the effective height of the
antenna. Kquations are available for calculating
he for numerous types of antennas; however, it may
become necessary to obtain this value by means of
measurements in the field. This well-known method
actually involves field intensity measurements to
obtain the effective radiation power using the rela-
tionship

o 162.3\/P, @

as described by Norton [8], which is good in the
region d greater than X and less than the point where
the inverse distance relationship no longer holds.
When the ground conductivity is unknown, it may
be necessary to make observations at several dis-
tances to be sure that this distance is not being
exceeded. If £ is in millivolts per meter, d in
nautical miles, the power radiated will be in kilo-
watts and it 1s relatively easy to then obtain the
effective radiation resistance and the radiation effi-
ciency of the antenna. It should be emphasized
that eq (4) is based on the field from a short vertical
antenna over a conducting surface, and that if the
antenna height becomes greater than two tenths A
it will be necessary to include a correction factor
because of the vertical radiation pattern. In the
low-frequency range it is usually possible to reduce
the antenna tuning coil losses and insulator losses
to the point where they are rather small compared
to the ground resistance. In Arctic regions where
the ground conductivity is low this factor must be
carefully considered. Methods of calculating the
effective ground system resistance are described by
Wait [7].

Normally it is possible to obtain sufficiently good
ground systems so that with tall radiators the effec-
rive radiation efficiency is relatively high in the order
of 50 to 90 percent.

3.2. Launching Efficiency

It is well known that the propagation of ground-
waves over poor conductivity material causes a
very rapid decrease in field intensity; however, the
effect of poor conductivity materials on the launched
skywave are not as well known. Since an appreci-
able amount of the terrain in these northern lati-
tudes consists of ice, we have included some of its
electrical properties in figure 9 as has been obtained
from Dorsey [9], where the —5° C curves are ex-
pected to approximate conditions on the Greenland
icecap, and the —50° C curves for those conditions
on the Antarctic continent.

The usual procedure for calculating the skywave
field launched from a given transmitter is to first
obtain the free space field intensity as given by
eq (5). .

Efs=81.1dwpr (5)
where d is again in nautical miles, P, in kw, £ in
millivolts per meter, and then modify it by the re-
flection coefficient for a plain earth similar to those
contained in [5, sec. 10]. Recent work by Wait has
provided us with antenna terrain cutback factors
which are calculated for launching over a spherical
earth, and include fields for negative launching
angles such as occur over rather long propagation
paths. These terrain cutback factors are presented
in figures 10, 11, and 12 for various conditions. In
figure 10 the effect of various types of terrain in the
vieinity of the transmitting antenna are shown for
100 ke, and it is apparent that the presence of ice
with its very low conductivity causes a tremendous
decrease in the launching effectiveness of a trans-
mitting facility. For example, if a skywave is being
launched at an angle of 0 deg, which would corre-
spond to a distance of approximately 1,200 nautical
miles, it can be seen that the effective transmitter
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Ficure 9. Electrical properties of ice.
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Ficure 10. Terrain cutback factor for a loop antenna on the
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power is reduced by a factor of 100 compared to
launching over good land or sea water.

This launching factor must also be considered at
the receiving location and the same type of correc-
tion made for the appropriate terrain in the vicinity
of the receiver. Frequently the receiver may be
elevated above the surface such as was the case of
our aircraft measurements. In these conditions a
height gain function as deseribed by Norton [8]
must be employed. Values of this function in the
If region for various types of terrain are shown in
figure 13.

One of the important questions that is still not
adequately answered concerns the amount of poor
conductivity or good conductivity terrain in the
vicinity of an antenna that is required to make the
terrain cutback factor curves applicable. This is a
rather complex problem, but some idea of the factors
involved can be obtained from the analysis employed
by Norton [11], in which he shows the method of
calculating Fresnel reflection zones in front of an
elevated antenna. When the incoming wave is an
ionospheric reflected one approaching at very low
angles and with an antenna on the surface, the
calculations become rather difficult especially when
a spherical earth is considered. When nearly graz-
ing angles are considered at a frequency of approxi-
mately 100 ke, it would appear that distances in the

Ficure 11. Terrain cutback factor for a loop antenna on the
surface of seawater (vertical I polarization) from Wait [9].

105



* T | [T
| | |
| ‘ from Norton?
30 I‘ i ’\ | i I
£2100 ke ) | !/
o ——— e f = 0 =0.0l mmho. m]§
° ] f ?OO ke : o
z ‘ ‘
= [
© o =0.1 mmho/m ’,‘/
= €/€,= 4 p
I 0 ! h ~
o | td s
w | P / [
2= [ [ | -~ 4 |
e
‘ — T
| ] 1 [ 1]
| ! 0 =4 mho/m
‘ [ Sea Water /e, 80 1
-10 I P
o.l 0.2 05 I 2 3 4 5678900 20

HEIGHT ABOVE SURFACE , 1000 ft

. . . 27h 1€ow
¥ 13. Height gain function. G=|1+2% \/ 0o
IGURE eight gain function. G=|1+- )\ pieom

order of 30 miles may be important. An experi-
mental investigation of this particular point can be
seen with the aid of ficure 7 where the amount of
poor conductivity terrain in front of an elevated
antenna was changed from 0 to 25 nautical miles.
It is anticipated from other observations that the
first hop skywave was essentially dominant at this
time and that the incoming angle of arrival was ap-
proximately —1 deg. Sice the icecap in this
region is not extremely thick, it is possible that the
appropriate terrain cutback factor should lie some-
where between the arctic land curve and that for
ice. If this was the case, we would anticipate a
change of approximately 18 db between the field
observed over sea water and that inland as shown
in figure 10. When we examine figure 7 we observe
that the variation is closer to 11 db and we now
must observe that this field intensity curve was
taken at an elevation of 6,000 ft and that the height
gain corrections must be applied. In figure 13 it is
apparent that over sea water the height gain is
essentially 0 db while over the rather poor arctic
icecap a correction in the order of 6 db must be
applied. When 6 db is subtracted from the 18 db
difference in terrain cutback factors, we obtain a
value of 12 db which is in much closer agreement
with that observed. It was also observed that the
largest amount of reduction in field intensity oc-
curred in the first 10 to 12 miles or about 7 wave-
lengths from the coast. This type of reduction
indicates, as is expected, that the terrain in the
immediate foreground that is several wavelengths in
front of the antenna, is much more important in
determining the losses in launching efficiency than
the ground further removed from the antenna itself.

3.3. Groundwave Propagation

When the media separating the transmitting and
receiving points is. homogenous, the surface wave
field can be obtained very readily from references
[1 and 7]. Millington [2] and Wait [3] have con-
sidered the mixed path problem and it can be seen
that even in the simple case of only two conductivi-
ties along the path that the calculation becomes

complex. When the distance separating the trans-
mitter and the discontinuity in conductivity is rela-
tively small, it is seen from figure 2 that the transi-
tion from the form of wvariation with distance
characteristic of the first medium to that of the
second is rather rapid. On the other hand, when
the distance from the transmitter is large, as for
example in flight 2, the recovery effect takes place
over a much longer distance. This effect is very
likely caused by the fact that close to the transmitter
the field has a complex structure, while at longer
distances the wave i1s somewhat characteristic of a
plane wave. It should be mentioned that both the
angle of propagation across the coastline and the
height of observation will effect the rapidity of the
recovery effect. After the transition period, from
about 2 or 3 wavelengths to as much as 20 wave-
lengths, the groundwave is observed to behave in
essentially the same manner as it would for a homo-
geneous medium with an increase or decrease in
level depending upon the relative conductivities of
the two media In question. As an example in
figure 2 the field intensity appears to be following
that anticipated for the over ice propagation at
distances of 30 to 50 miles with an approximate
6-db increase in amplitude apparently caused by
the 8 miles of soil in the vicinity of the transmitter
itself. On the other hand, in figure 4 the surface
wave increases from that at the coastline to a point
where it follows the sea water surface wave attenua-
tion curve that is attenuated by 10 db from that
expected for a complete over water path. In other
words, the 50 miles of tundra and ice in the vicinity
of the transmitter have apparently caused a loss of
10 db for the surface wave. It would also be
anticipated that had the terrain in the immediate
vicinity of the transmitting antenna been glacier,
that instead of being 10 db down, the field would
have been approximately 16 db lower than for an
all sea water path.

In figure 5 where transmission from Sondrestrom
is observed at a frequency of 132 ke the surface
wave is observed to decrease quite rapidly going
through some oscillations in the vicinity of 50 miles
apparently due to a 7,000-ft mountain off to one
side. Once the coastline was reached, the course of
flight was changed so as to bring the path back into
the shadow of this mountain and the recovery effect
observed was appreciably less than anticipated ap-
parently due to the shading effect of the mountain.
Here the over sea water surface wave appears to
approach a decay rate anticipated for a surface
wave 21 db below that for an all over sea water
path. In this particular case the lossy media
although not entirely glaciated, was very rough and
produced an appreciable decrease in field.

A somewhat similar recovery effect was observed
on flight 3; however, after the peak of the recovery
was reached at approximately 100 miles from the
transmitter, the rather high skywave reflection
coeflicient existing at this time caused an appreciable
amount of skywave energy to be present so that it
was impossible to determine from this flight the
characteristics of the surface wave.
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3.4. Skywave Field Calculations

The general ray path geometry involved in sky-
wave propagation is shown in the sketch at the top
of figure 14 where the launching and ionospheric
reflecting angles are shown. These angles and the
cosine of the ionospheric reflection angle are given
in figure 14 for an effective height of 70 km which
corresponds to typical daytime conditions and for
an effective height of 90 km in figure 15 which is an
effective nighttime condition. The dotted lines on
the 1-hop psi curve show the anticipated values
when atmospheric refraction is included in the
calculations. This particular effect, along with a
much more detailed description of the phenomena
involved in skywave propagation, is described by
Norton [12].  The time delays between the skywave
and groundwave based on ray path length differences
is given in figure 16 so that some idea of the separa-
tion between cancellation and reinforcement points
can be calculated. This figure is also employed to
determine the total length of the skywave which is
used in calculating the inverse distance field.

It now becomes apparent that the skywave is
reduced by an antenna vertical pattern and a
launching factor at the transmitting site. It is also
decreased by absorption and polarization conversion
at the ionosphere and increased by a convergence
coeflicient as described by Norton [12], where the
combined effect is considered as the reflection coeffi-
cient |/2); which can become greater than one for
oblique paths. On arriving at the receiving point
the skywave is changed by the launching factor and
vertical antenna pattern at the receiver and the
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height gain factor if an elevated observation point is
considered. For multiple hops the additional iono-
sphere reflection and conversion coeflicients and
ground reflections must be included. This can be

OO0
500 -
200
10,0} == m|
K‘) T i
o 50 — Tl
e |
[5) (@ JLdEy
w i i
o 20 4 4 + &/L 09 St
- \)
w &)
) |
(G} 10 o
= I I O I8
<< I T
9: 5 Based on calculations
by H. H. Howe
> ¥ based on ray tracing AR
< 2 including afmospheric bending, ddelioditie
-9 N =250, from Norfon and Bean
probably not valid below about 50kc
|
05 05 -
%)
(@)
02 Ho2 ©
Q. . Al
10 20 50 100 200 500 1,000 2000 5000 10000

D-PATH DISTANCE , NAUTICAL MILES

Fiaure 15. Ray path geometry and resulting angles for an
eflective layer height of 90 km.

2,000 . i
1,800

1,600

1,400

| " Ds-D=aD"
| 616 AD=T ( u sec)
Dg = D+0.162 T (nautical miles)
I R EEEE

Calculations from H. H. Howe

1,200

1,000

(T) DELAY TIME, 1 sec

I .
000 2000
DISTANCE , km

100 200 500 5,000 10000

Fraure 16. Transmission delay times between skywave and
groundwave based on ray length only.

107



summarized as shown in the following equation
where instead of multiplying ratios, we shall add all
the factors as expressed in decibels.
Esm:K+l)r_Dp+Al_Lt_I+ Om_ (m_ 1) (Im+ G)
—L+A+H (6)
E—=mth hop skywave field intensity in decibels
above 1 uv/m,
K=constant used in calculating free space field
at unit distance,
=98.2 for nautical miles,
=99.4 for statute miles,
=103.6 for kilometers,
P.=power radiated in db above 1 kw (see fig. 17),
D,=1nverse distance attenuation in db relative to
unit distance (see fig. 18),
A,=transmitting antenna free space gain in
decibels at launching angle ¢ (see fig. 19),
L,=transmitting antenna launching loss in deci-
bels relative to a loop in free space (see
figs. 10, 11, 12),
I=ionospheric reflection loss=—201log,R,+C,,
(see figs. 21, 22, 23),
m=number of hops,
C,=convergence at ionosphere in db (see fig. 20),
I,,=1ionospheric reflection loss for multiple hops
which includes conversion as well as
reflection coeflicients,
('=ground reflection loss in decibels (see fig. 24),
L,=receiving antenna launching loss in decibels
relative to a loop in free space (see figs. 10,
11, 12),
A,:receiving antenna free space gain at launch-
ing angle ¢ in decibels (see fig. 19), and
H=receiving antenna height gain in decibels
over surface value (see fig. 13).
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Frcure 18. Inverse distance.
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If the receiving antenna voltage is desired, it can
readily be obtained by multiplying the field intensity
in microvolts per meter by the effective height in
meters.

Before attempting to apply this equation, we shall
first consider the ionospheric reflection factor. It
should be emphasized that the ionosphere is a very
complex media, and that at present we only have an
approximate knowledge of its structure. A recent
survey of studies of the phase stability of ionospheric
reflected radio waves from 16 to 500 ke has indicated
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Fraeure 19. Antenna free space gain.
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Fiaure 20. Ionospheric convergence factor.

o h-7()) km (maximum convergence anticipated under smooth ionospheric condi-
ions).
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that during the day the ionosphere for most of the
time appears very smooth at least to 100 ke and
probably beyond, and that at night the apparent
roughness is only very slightly greater at vIf. At
100 ke and higher, the ionosphere may be smooth
enough to vield essentially specular reflection and as
a result full convergence; however, in the region of
500 ke the reflections may become fairly diffuse for
an appreciable percentage (estimated 5 to 30) of the
time.

On this basis, it can be seen that we should always
employ the full value of (€, at vlf and also at If
during the day, and that it may also be applicable
up to 500 ke for an appreciable amount of the time
at night. Very excellent descriptions of many of
the factors involved are given by Bracewell et al. [13]
and Waynick [14].  Tonospheric reflection coeflicients
have been obtained by a rather large number of
investigators [15 to 19| and their results along with
some of our observations at Goose Bay and on
flights 2 and 3 have been combined with appropriate
corrections for antenna cutback factor where re-
quired and the results presented in figure 21. Here
it 1s seen that the attenuation on reflection at 100 ke
mereases with the cosine of the angle of incidence to
a maximum value at vertical incidence. It also
shows that the summer noon values are much higher
than winter noon which in turn are also higher than
the nighttime values. It also appears that the
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Ficure 21. Inospheric refiection coefficient as a function of
angle of incidence at 100 kc

Convergence factor removed. Estimated median values.
any time may differ appreciably from that shown.

Actual value at

variation in attenuation upon reflection as a function
of angle is much less at night than during summer
days.

To prevent us from reaching the erroneous con-
clusion that this behavior is typical at all frequencies,
we have included figure 22 which shows the attenua-
tion on reflection as a function of the cosine of the
angle of incidence for 16.6 and 40 ke. Here it can
be seen that there is an appreciable Brewster angle
effect with a maximum attenuation in the region of
70 to 75 deg. This type of behavior is anticipated at
vlf and the lower If region below around 70 ke where
the ionosphere effective boundary is apparently
rather smooth and sharp as described in a theoretical
paper by Wait and Perry [21]. As the frequency is
mcreased, the boundary becomes less sharp so that
the Brewster angle effect is not anticipated at fre-
quencies of 100 ke and up. In order to determine
the effect of different frequencies upon the attenua-
tion on reflection, figure 23 has been prepared show-
ing the loss for an angle whose cosine is equal to
0.15. This corresponds to a distance of approxi-
mately 800 nautical miles. It can be seen that the
loss on reflection increases rather rapidly with
frequency during summer daytime conditions reach-
ing a value in excess of 70 db at a frequency of 700 ke.
At noon in winter, the increase is less pronounced
and during nighttime conditions the loss increases
very little with frequency until 100 ke is reached and
beyond this point a maximum value of 10 to 20 db
in the region of 400 ke is expected.  One of the in-
teresting apparent indications of the data making
up this particular curve are that at very low fre-
quencies, in the order of 15 to 20 ke, the reflection
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coeflicient at near grazing angles does not wvary
greatly either with season or time of day. This at
first might seem to contradict the amount of ob-
served increase in attenuation during the day over
that observed at night. A closer examination of the
problem by Wait [21], reveals that in general the
increase in daytime attenuation can be explained by
the lower height of the ionosphere with the corre-
sponding changes in angles of launching.

The seasonal and diurnal variation of the iono-
spheric reflection coefficient are well known to be cor-
related with solar radiation as has been shown for
example by Pierce [23] where he relates the path
attenuation coeflicient to the sun’s zenith angle.
The approximate zenith angles corresponding to the
conditions described in figures 21 and 23 have been
mecluded to give a rough idea of this effect. It
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should be mentioned that sunspot activity will also
affect the reflection coefficient and when more de-
tailed curves of loss on reflection are prepared, they
will undoubtedly include these effects. When more
than one hop 1s considered, the ground reflection
coefficient, for each polarization must be considered
as shown in figure 24.

When determining the efficiency of a given carrier
in the presence of noise and interference, it is neces-
sary to know the characteristics of the fading as well
as that of the interference present as described by
Watt et al [24].  Unfortunately, statistical distribu-
tions of the instantaneous carrier amplitude were not
obtained during these observations; however, from
the recorder record with a 1-cps band, the fade rate
was observed to vary from fairly rapid excursions
during the sunrise and sunset periods to slower
variations during the day and short night periods.
It was interesting to observe that the abnormally
high field intensity periods recorded during the day
of the 10th and 11th showed a very steady carrier
level with essentially no fading at all. This would
tend to indicate that the ionospheric reflecting layer
present at this time was much steadier than normally
observed.

Some of the fading characteristics as described by
Bowhill [20] are shown in figure 25 where it is in-
teresting to observe that the fade rate is generally
very low at frequencies below 70 ke and that it in-
creases at higher frequencies. Bowhill also points
out that in the intermediate region of 60 to 100 ke
that fading records show the presence of both a slow
component of the magnitude of 0.01 cps and a high
component whose rate is in the order of 0.2 cps.
These fade rate observations combined with spaced
receiver measurements indicate layer drifts in the
ionosphere and rather random blob sizes which
during the nighttime at a height of approximately
90 km appear to have an average effective hori-
zontal size of 6 km. At a 100-km height as ob-
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Nighttime observations at near vertical incidence.

110



served by frequencies in the order of 150 ke the
average blob size appears to be 0.5 km. Somewhat
similar observations have been made by Land-
mark [25] although the size of the blobs he reports are
somewhat larger than those expected by Bowhill.

TasrLe 1. Skywave field intensity calculation—Thule to Goose

Path
Ea=K+P;—Dp+A—Li—I4+C— L+ A+H

Condition: Daytime, northern latitudes, cos x =2 0.2, I=1I med+2 db

In any event it is interesting to note the change in el ay | oam | oan | on sl s
. . . miles
appearance of the ionosphere as frequency is in- 1 (70 km) 57° | 40 | 370 | 200 | 9 | 390 | ¢3° | —05°
creased in the region of 70 ke and compare it with the | ©0s¢: @0km) | 0.83 | 075 | 060 | 038 | 022 | 0.07 | 016 | 016
nighttime ionospheric reflection coefficient presented wol szl owal mal szl we
in figure 23. Here at more nearly grazing incidence 46| 146| 146 146| 146] 146
the effective change might be anticipated to occur i b il oD L R 2
at a lower frequency and it is possible that were O |5k | S0 |10 |10 | —22.0
sufficient data available, we would find that the re- Toa | T 0e T s | 6 e 79
flection coefficient at night changed very little up to ol nol A0l ool 26 =4
30 or 50 ke and that above this region the attenua- 0 0 0 0 0 0
tion would increase rather rapidly. ) 45.1 | 44 | 40.7| 33.3| 21.6| 17.0
It should be pointed out that the factor affecting !
the amount of convergence obtained is actually the
effective roughness rather than the horizontal blob
size. Norton [12] has summarized the phase sta- TasLE 2. Skywave field intensity calculation— Thule
to Goose Path
z ] TTTTT [ ] " e E A S S S Oy 1 oy
o | | | x Day
2 | | | o Night || Condition: Cos x=20.2, ionosphere low (70 km) with ionization
o | J | | attenuation typical of nighttime conditions.
| N o . ‘
BTN 1 — ! D
7 : istance
o7 XN ‘;‘ - nautical 7 100 | 200 | 400 | 7 1,000 | 1,250 | 1,400
05— o\ N ; miles 47° | 3° | 20° | 9 | 32° | 0.3° [—0.5°| —2°
‘ RN ‘ ¥1(70 km) 0.75 | 0.60 [ 038 | 0.22 | 017 | 016 | 0.16 | 0.15
\\ T 11 Cos ¢1(70 km)
0.3 e UL
! ! |
< x| \ | \\ o | [ | 098.2 | 98.2 | 98.2 | 98.2| 98.2 | 98.2 98.2
-~ 02 | | L L) ! e 14.6 | 14.6 | 14.6 | 14.6 | 14.6 | 14.6 14.6
& ‘ [ 1 —40.0 |—46.0 |—52.0 |—57.0 |—60.0 |—62.0 [ —63.0
| } | (|| —1.9 | —0.7 | —=0.2 | —0.1 0 0 0
‘ \ < | | | 0 | —1.0| —4.0 [—12.0 [—19.0 |—20.0 | » —20.0
| |\ | ITre-Lill —9.8 | —=7.6 | —5.0 | —3.8 | —=3.6 | —=3.6 | —3.6
2 — == 0.4 06| 17| 57| 62| 7.2 8.6
— 6.0 6.0 6.0 4.5 2.6 2.0 |b—-12.0
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003 i , S I » This low value for L is due to ¢ being negative and the close proximity of the
9 sea in the launching path.
b The change in L, is due to the crossing of the sea coast at 1,250. Thus at 1,400
0.02 the receiving antenna launching area was over arctic soil.
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Ficure 26. Median effective ronospheric roughness parameler,
o, oblained from observations of oq.

oo(degrees)=2.4 fr. cos ¢ox (kilometers).

bility observations of a number of investigators over
the frequency range of 16 to 500 ke and the results
of this study plotted in terms of ionospheric rough-
ness is shown in figure 26. These results indicate
that the convergence shown in figure 20 is probably
always valid up to 100 ke and valid during the day
up to 500 ke. At night from 200 to 500 ke the
amount, of convergence present is likely to vary
from zero to the full amount.

Three sample calculations for a 100 ke-frequency
are included in this report and are shown in tables 1,
2, and 3. The results are also shown on figures 4
and 6. The calculations were made according to the
existing conditions at the time flichts 2 and 3 were
made. For instance, flight 3 was made during day-
light hours in northern latitudes where cos x=0.2.
Our measurements indicated however, that the
ionosphere was not typical of daytime conditions,

Tasre 3. Skywave field intensity calculation— Thule

to Goose Path
Ep=K+P,—Dp+A—Li—I1+Co—I1— G~ L+ A,

Condition Cos x==0.2, ionosphere low (70 km) with ionization
attenuation typical of nighttime conditions.

Distance
nautical 200 = 400 s 700 & 1,000 1,250 1,400
miles 36° 20° 11° 6° 4° 3°
¥2(70 km) 0.6 0.37 0.24 0.18 0.17 0.17
Cos ¢2(70 km)
98.2 98. 2 98.2 98. 2 98. 2 98.2
14.6 14. 6 14.6 14. 6 14.6 14.6
—48.0 —53.0 —57.0 —60. 0 —62.0 —63.0
—1.9 —0.7 —0.2 —(0.1 —0. 0
0 =1.0 —4.0 —=7.0 —10.0 —12.0
—10.0 —7.5 —5.0 —4.0 —4.0 —4.0
0.2 0.4 1.5 2.0 3.5 5.0
=1020) =730 —=5.0 —4,0 —4.0 —6.0
0 0 0 0 b—3.0 b—3.0
6.0 6.0 6.0 5.5 5.0 c—2.5
-1.9 —0.7 =082 =038t =01 0
47.2 48. 8 48.9 45.1 38.1 27.3

a Whenever the sky ray distance (D,) is appreciably different from the surface
distance (D), see figure 16 to calculate D, and use this value to calculate .

b At these distances the ground reflection point was on Baffin Island.

¢ At this point the receiving antenna was over land instead of sea as it had been

up to 1,250 nautical miles.
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and we chose a typical daytime ionospheric height
of 70 km with ionospheric reflection values for normal
nighttime conditions. Conditions for flight 2 were
considered to be normal for summer daytime condi-
tions in northern latitudes. Since cos x=0.2 at
these latitudes during the summer, we used iono-
spheric reflection values close to what we have in-
dicated on figure 22 as typical values for winter noon
conditions
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