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A critical examination has been made of the electrieal conduetivity values assigned,

for radio propagation purposes, to the waters of the Greal Lakes.

Diserepancies between

conductivity values measured in the lahoratory and (hose dednecd trom field strength
measurements are shown to have heen the result of both experimental error and the use of.

faulty standard theoretical field strength eurves.
error in the standard curves themselves and in the use of a diclectrie constant of 15 for over-
Conductivity values derived from laboratory measurements of water
samples arc_significantly different from those published in conductivity maps.
scasonal variations in conductivity, approaching a factor of two in some cases, are a signifi- .-

water propagation.

cant complicating factor.
1. Introduction

This investigation arose out of a discrepaney in
conductivity values assigned to the Great Lakes: on
the one hand, from field strength measurements and,
on the other, from laboratory measurerupnts on
water samples,

The Telecommunications Branch of Canada’s
Department of Transport, which is responsible for
radio licensing in Canada, desired to establish more
accurate values for the conductivity of the Great
Lakes. : To this end they approached the National
Research (founcil for the use of NR('’s Motor Vessel
Radel 1. in conducting field strength measurements
on the fsur Great Lakes which border on (‘anada.
At that tiine the author of this paper requested that.
water saniples and temperature soundings be taken
at a number of points in each of the lakes during the
course of the field strength measurements. During
the summer of 1959 these measurements were made
and the water sampjes taken.

From the vesults of these trials & member of the
technical staff of tie Departiment of Transport
deduced the conductivity of Lakes Superior, Huron,
Erie, and Ontario by fitting experimental field
strength versus distance curves to a set of theoretical
curves published by the Federal Communications
Commission and meluded in the North American
Regional Broadeasting Agreermient. (NARBA).  The
method used followed that outlined in the Depart-
ment of Transport Broadecast Specification No. 10.
Basically it involves fitting the experimental points
to the theoretical curve at a short distance from the
transmitter where ground conductivity does not
play an important part in determining field strength,
and then observing the conductivity associated with
the theoretical curve which most closely approxi-
maces the experimental points at greater distances.
The resulting data have been published by Ireland
[1961]. He gave the following conductivity values
in millimhos/meter: Lake Superior, 7; Lake Huron,
10; Lake Erie, 10; and Lake Ontario, 15.

The latter sonvee of error is the result of

Large It gt

The nuthor of this paper proceeded with labora-
tory measurements of the conductivity of the water
samples.  The conduetivity of the water is dependent
on temperature, the coefficient being 2.2 percent. per
degree ( ‘elsius” When the laboratory measurements
were correcied to the measured temperature of the
lakes, the following results were obtained: Lake Su-
perior, 7.0; Lake Huron, 18.9; f.ake Erie, 28.0; and
Lake Ontario, 26.5.

The large discrepanecies which existed between
these values and those quoted by Ireland [1961] led
to a reexamination of the theorctical curves on which
the deduced conductivities were based, and to an
additional experimental run on Lake Ontario.

2. Field Strength Calculations

A companison was made between field strength cal-
culations derived from three separate sources. For
the single case of a dielectric constant e=15, and
conductivity o= 15 mmho/m, duta were taken from
the Federal Communications (‘ommission (F(()
curve drawn for 1000 ke/s.  These curves are plotted
in terms of millivolts/meter versus distance in miles,
with the field strength adjusted to 100 miv/m at o
distance of 1 mi. Since the field strength varies as
1/d over a plane, perfectly conducting earth, the field
strength quoted 1 the FCC curves was multiplied
by d and normalized to unity at short ranges. The
result is a curve of attenuation relative to a plane,
perfectly conducting earth. This form of presenta-
tion points up the effect of conductivity more clearly.
For the same ground parameters and frequency, the
attenuation of the field below that of a plane, per-
fectly conducting earth was also calculated using the
curves and method outlined in the Summary Tech-
nical Report of the Committee on Propagation,
NDRC [1946]. Finally, the same problem was
treated as a summation of ruvie s, following Bremmer
[1949]. Five modes were summed to provide field
strength values accurate from large distances i, 10
about 60 mi. The mode numbers were calculated
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from the expressions given in Bremmer’s book, but
use was made of the more accurate value of the limit-
ing mode number for a flat earth, as given by Norton
1941].

[ Results of the three derivations of field strength
curves are shown in figure 1. Up to about 20 mi the
curves from the Summary Technical Report and the
FCC are in close agreement. At distances beyond
about 60 mi, the Summary Technical Report curve
and that from Bremmer’s work agree, and it is
reasonable to assume, consequently, that the Sum-
mary Technical Report method is valid throughout
the entire range of distances covered here. The FCC
curve, on the other hand, departs steadily from the
other curves as distance increases, and is about 2 db
high at 150 mi.

Curves derived from the Summary Technical Re-
port have also been compared with Breinmer’s results
for the two cases e=80, o=15, f=1000 ke/s, and
€=80, o=15, f=1200 ke/s. In each case the agree-
ment between the two curves is similar to that shown
in figure 1. Consequently, for the comparison in the
following section between theoretical and experimen-
tal data, the theoretical results from the Summary
Technical Report have been used with confidence.

In Ireland’s [1961] comparison of experimental
data with theoretical curves, he actually used FCC
curves for a dielectric constant of 15, instead of the
more appropriate value of 80 for overwater trans-
mission. In figure 2 is shown, for a frequency of
1000 ke/s—the frequency at which Ireland performed
his experiment over three of the four Great Lakes—
a comparison of the FCC curve for e=15, ¢=15 and
the Surnmary Technical Report curve for e=80, o=
15. The difference between the two curves extends
to shorter ranges and consequently, if a deduction
of conductivity is based on a short experimental run,

LAKE ONTARIO

N LE W Y

the conductivity error is likely to be greater. Tt is
obvious that some error must be assigned to Ireland’s

| conductivity values as a result of the use of the

inappropriate and inaccurate theoretical curves.

- 3. Field Strength Observations on
Lake Ontario

Although some part of the discrepancy between
conductivities deduced from field strength measure-
ments and those measured in the laboratory may be
assigned to the use of faulty theoretical curves, it is
apparent that some additional factor is involved.
As a result, field strength measurements were under-
taken in June 1961. These were confined to Lake
Ontario, and a map of the path taken is shown in
figure 3.

A 150-ft insulated tower was erected at Point
Petre at about 500 ft from the shore. Twenty-four
radial ground wires, each 800 ft long, were laid on
the ground with grounding rods at the ends. A
number of western radials were run into the lake.
The transmitter delivered a nominal power of 1 kw
into this antenna and was operated at 1200 kc/s.
Operation of the transmitter was limited to the day-
light hours. For the first 3 hr of the run the trans-
mitter was operated continuously, but for the re-
mainder of the run it was turned off for 2 min every
half hour for identification and to establish a noise
level at the receiver. The transmitter was not
modulated.

Receivers were carried aboard the NRC Motor
Vessel “Radel TI.” A 15-ft whip was mounted on
the wooden bridge of the vessel and connected
through a matching network to two receivers. One
receiver was a Stoddart field strength meter whose
output drove an Esterline-Angus recorder. The

Fioure 3. Path of field strength measurements on Lake Ontario.
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other receiver had an attenuator at its input and
was operated at a constant output level by varying
the attenuation at the input. Both receivers were
operated from an a-c voltage regulator, A signal
generator was available and calibrations were made
before and after each run, and spot checks were
made on a number of occasions during the runs.
On the first run Radel 1T was taken to within 1000
yd of thebeach. It then proceeded slowly (5 knots)
out along the path shown in figure 3. After 4 mi
the speed was increased to 9 knots, and this was
maintained for the remainder of the run, In the
early portion of the run, distances from the trans-
mitter were obtained by radar to an accuracy of 25
yd. At about 5 mi from the transmitter, the radar
echoes became blurred and uncertain as to exact
reflection point. From this point on, distance was
determined by dead reckoning until another radar
fix was obtained oft Toronto. The signal was steady
through the first 100 mi of the run. For the last 25
mi, some variation in the recorded signal was ob-
served. This amounted to about +0.5 db. Some,
and perhaps all, of this variation was due to inter-
ference from the Toronto region and the densely
populated area on the northwest shore of the lake.
The equipment worked well through this run and the
data are believed to be reliable.
. After a day’s layover in Toronto harbour be-
cause of poor weather, a return trip was made over
the same course. During the early part of this run

the first run. The variability in recorded signal
amounted to about 1.5 db. Although the weather
was clear, a great deal of this variability was due to
thunderstorm atmospherics. At about 90 mi from
the transmitter this interference became negligible
and was not a factor in the remainder of the run.
This run, however, was not as satisfactory as the
first. The calibration of the receiving equipment
showed evidence of drift—the worst being a 1.5-db
change in calibration observed at the end of the run.
There was also a temporary failure of the ship’s
electrical supply during the run. As with the first
run, the ship’s speed was about 9 knots throughout
most of the run, but was cut to about half this value
through the 3.5 mi closest to the transmitter. The
ship was edged in to a distance of 500 yd offshore,
where u measurement was taken and the run
terminated.

On both runs it was observed near the transmitter,
where the cominunications receiver was being
operated with a large amount of attenuation at the
input, that a signal was being received through
leaknge into the case. As a result the data obtained
on the communications receiver have not been used,
and the experimental results given here are from the
Stoddart record.

A total of nine stops was made during the two runs
to collect water samples and to measure water tem-
peratures, The temperature was measured to a
depth of 50 ft, which was sufficient to determine the

much more interference was experienced than on

position of the thermocline.

ool L LIIL o r H | — 0
_— 490 - ot
\\\E X :, - —
e S S S | €-80
IR \\\E* feieooke |
o 4
\ Py k =3
- — o . \ — .M x
AN S A \\\& N -
\\ N
x
g =15 Xx
20|
Ol feo strenetn 10710 ) ot
 _ RELATIVE TO PLANE —
| PERFECTLY
. CONDUCTING EARTH
O L — . .0
10 i0-0 100-0 .
DISTANCE IN MILES

Ficure 4. Comparison of experimental and theoretical field strength versus distance curves,
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4, Data Reduction and Observations

The recorded output of the Stoddart field strength
meter was read and was converted to an arbitrary
decibel scale using the calibration data taken before
and after each run. Small corrections were then
applied asindicated by the spot checks of the calibra-
tion and tuning performed during the run. 1In order
to convert these data to field strength relative to
propagation over a plane perfectly conducting earth,
a correction of 20 log(1/d) was applied to each
reading. The readings were then normalized to
fit the theoretical curves at ranges in the neighbour-
hood of one mile. The results are shown plotted in
figure 4. The results for the outbound run fit the
theoretical curves reasonably well. The points,

theoretical curves for conductivities of 20 and 25
mmho/m.,

The curve for the inbound run is much less satis-
factory. The manner in which it has been fitted
to the theoretical curve is rather arbitrary since it
does not conform in shape to the curve for any con-
ductivity value. As mentioned in the previous sec-
tion, however, experimental difficulties during this
run were such that the results must be discounted.

The possibility was considered that a variation of
water temperature with depth might produce a corre-
sponding variation of conductivity sufficient to
make a surface value inappropriate. Consequently
temperature soundings were taken and the results
are shown in figure 5. The first run shows a fairly
well-developed isothermal layer from the surface
to 25 to 40 ft. The temperature in this layer shows
& small decrease along the path. There was quite

with a few isolated exceptions, fall between the | an appreciable change two days later. The iso-
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thermal layer was not as well developed and there
had been a marked increase in the east-west gradient
of surface temperature. Based on laboratory
measurements of the temperature dependence of the
conductivity, a 20 percent difference in conductivity
must have existed between the eastern and western
ends of the path on the second run. However, it
appears unnecessary to make any allowance for
variations along the path or for the variation with
depth, and consequently an average value of the
temperature is used.

5. Electrical Conductivity of the
Great Lakes From Water Samples

Water samples were tuken from four of the Great

Lakes (Superior, Huron, Erie, and Ontario) during the’

sununer of 1959, and samples were tuken from Lake
Ontario during the summer of 1961, Measurements
were made of the electrical conductivity of these
samples and the results are shown in table 1. The
measurements were made at room temperature (19
to 22 °C) and the results corrected to a common
temperature of 21.5 °C.  The average surfuce water
temperature of Lake Ontario measured during the
field trials described above is listed. 'The tempera-
tures for the other lukes were measured by lreland
during the field trials leading to his paper of 1961,
The last column of table 1 gives the conductivity

TasLe 1.  Lake conductivities, nimhos/m

Ontario Erie thuron { Superior

Conductivity at 215 *Cw_ . _____ 29.2 26.7 18.2 8.4

Water temperature, °Cb_ .. ___. 10.8 23.7 23.0 14.2
Conductivity at measured tempera-

ture, 22,3 8.0 18.8 7.0

» Conductivity of water saiiples, corrected for teperature of 21,5 °C,
b Temperature of Lake Ontario measured during field trials described in this
paper, T'emperature of other lnkes meusured by Ireland, August 1959,

at these measured temperatures which represent the
value which would be expected from the field trials,
The value of 22 minho/m for Lake Ontario is in good
agreement with that determined from run 1 de-
scribed above. The wvalue 7 mmho/m for lake
Superior is also in agreement with Irelund’s value.
There is, however, considerable discrepancy for Lake
Erie and Lake Huron between these values and the
value of 10 mumho/m for both lakes quoted by
Ireland.

The calculated contributions of the various ions to
the total conductivity are listed in table 2, These

TanrLe 2. Conlribution of the various ions lo conductivily
(21,5 °C)

Ion Erie ’ Ituren | Superior
5.8 4.1 2.6
10.1 7.3 3.8
3.6 3.2 2.4
1.8 0.8 0.2
3.9 1.2 0.2
3.4 1.8 0.3
2.6 182 4.5

'
|
1
'
i
'
i

30
28
N Ve
/TN
22 ‘ L. ERIE-] / \\
20 ] f N L. ONTARIO \

/ .\
18 / \
6 . A/ //

10 — HURON MIN._ =

CONDUCTIVITY MILLIMHOS / METRE

8-
6 P

T
‘ SUPERIOR MIN. |t  SUPERIOR
2
0

Jy F M A M J 4 A S 9 N D
MONTH

Fiuure 6, Seasonal variation of conductivity of Lakes Ontario,
Erie, Huron, and Superior.

calculated conductivitizs are in good agreement with
the measured values, and show clearly the effect of
the change from Pre-Cambrian rock in the drainage
area of lake Superior to the sedimentary rocks
around the lLower Lakes. There is no evidence in
these figures of industrial pollution affecting the
conductivity of the Lower Lakes, as has been sug-
gested [Ireland, 1961].

Laboratory measurements of the dependence of
conductivity on water temperature have yielded a
relationship

opoc=oyec[l1+40.022(7T—20)}.

Using this relationship, the conductivity of the
Great Lakes as a function of the time of year has
been caleuluted.  The temperature of the surface
water of the Lakes has been tuken from a paper by
Miller [1952]. There is, of course, a variation in
temperature from year to year, but these curves will
be indicative of the conductivity change that occurs.
Except for Lake Ontario, water temperatures weare
not quoted for the winter months. However, since
the Lakes usually do not freeze, but do approach
freezing temperature, a fairly accurate estimate of
their nunimum temperature may be made. The
corresponding minimum value of conductivity is
shown in figure 6, together with the plot of con-
ductivity for the months when temperature values
are given,
6. Discussion

In the process of determining the rudiowave con-
ductivity of the waters of the Great Lakes it has been
discovered that, in a limited number of cases checked,
discrepuncies  exist  between propagation curves
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deduced from the work of Bremmer and those
published by the Federal (ommunications (lommis-
sion. A better agreement exists between the former
and those calculated from the Summary Technieal
Report. The error is more likely to reside in the
FCC curves, but a much more extensive set of
calculations would be necessary to determine the
extent of the errors.

The electrical conductivity of the waters of Lakes
Superior, Huron, Erie, and Ontario has heen deter-
mined by laboratory measurements of water samples.
By measuring radio field strength as a function of
distance on Lake Ontario it has been shown that the
laboratory-measured conductivity may be applied to
the description of radiowave propagation on this lake.
By inference the water sample conductivities of the
other lnkes are believed to be equally valid for radio
propagation purposes. Over shallow lakes the pene-
tration of the propagating radiowaves could be
sufficient to make the lake bottom a significant factor
in an effective conductivity. In the Great Lakes
this effect will not be significant at broadeast band
frequencies and higher, except near the shore. At
500 ke/s, and taking the lowest conductivity value
(March) for each lake, the penetration depths (field
1/e of the surface value) are 30 ft for Lake Superior,
25 ft for Lake Huron, and 20 ft for Lake Erie and
Lake Ontario. 'The penetration depths are, of
course, less for higher frequencies and other months
of the year. The depths of all the lakes except Lake
Erie are very much greater than these penetration
depths. The average depth of Lake Erie is about 60
ft, or three times the penetration depth. Thus even
for Lake Erie the lake bottom should have no effect
on propaguation in the broadeast band, although the
cffect may become noticeable in certain areas of the
lake at not much lower frequencies.

The conductivities of Lakes Huron, Erie, and
Ontario, as stated in this paper, are significantly
different from those recorded in the radio literature
{Fine, 1954, and Ireland, 1961]. In addition, the
variation oi conductivity with temperature and con-
sequently with time of vear is considerable. The
variation is such that for a 100-mi path on Lake
Ontario the field strength of a 1 Me/s signal will be
7 db higher at the maximum in August than that
at the minimum in March. Although the conduc-
tivity values given in this paper differ from those
published in radio conductivity maps, they are in
accord with values well known to geologists. D. V.
Anderson, Department of Geological Sciences,
University of Toronto, lists almost identical conduc-
tivities in a private communication [1960], and
similar values are given in a report by Thomas [1954].

In the calculations of field strength the effect of
the atmosphere was included through the use of the
effective earth’s radius, k=4/3. The effect of the

atmosphere is very small, however, as may be seen
by considering the shadow factor—the factor by
which the field strength is reduced due to the
earth’scurvature. Thusover water with a conductiv-
ity of 20 mmhos/m the shadow factor is 0.80 at 100
miles when k=4/3, and is equal to 0.74 when k=1.
Therefore the difference between the assumed atmos-
phere and a homogeneous atmosphere under these
conditions is only 0.7 db. The accuracy of the
measurements was obviously not sufficient to dis-
tinguish between the standard atmosphere of k=4/3
and any other reasonable atmospheric gradient.
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