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INTRODUCTION

T THE REQUEST of the U . S. N a v y

A

Department early in 1936, work
was begun by the Radio Section
of the National Bureau of Standards
on the development of a radio meteorograph system. The specifications
for a suitable instrument were formulated by the Navy Department and included the following
requirements.
The instrument was to have a unit
cost of about $25 in reasonable quantities, weigh about one pound, and
provide pressure indications in the
range of from 1000 to 200 millibars
with an accuracy of indication of one
millibar, temperature indications in
the range of from + 3 0 to —70°C accurate to within one degree, and humidity indications in the range of
from 0 to 100% relative humidity accurate to within 3 c/o. Consideration
was to be given in the design to the
provision of emitted signals suitable
for use by radio direction finders on
the ground in order to permit determination of upper-air wind conditions.
In view of the rather rigid requirements, the first few months of the development program were devoted to a
critical survey of methods, including

several types of radio meteorographs
under development in this country and
abroad, with particular consideration
of their applicability to the needs of
the Navy Department. The survey
disclosed several major design problems which required solution in working out a satisfactory instrument.
The first problem concerned the
means utilized for translating the deflections or changes of the pressure,
temperature, and humidity elements
into radio signals interpretable at the
receiving station. It was considered
essential to avoid the use of a clockwork, fan, electric motor, or similar
device, for performing this function
in order to avoid the operational difficulties inherent in their use. Closely
allied with this problem was that of
providing the specified accuracies of
indication. The difference in the accuracies of indication required for the
three meteorological elements pointed
* Publication Approved by the Director of
the National Bureau of Standards of the U. S.
Department of Commerce. The transmitting aneroid barometer and hair hygrometer for this
system were constructed and calibrated at the
Belfort Laboratories of the Julien P. Friez
and Sons, Inc., Baltimore, Md.
This paper
was read before the Atlantic City Meeting,
American Meteorological Society, Dec. 29, 1936.
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to the possibility of utilizing different
means for interpreting: the deflections
of the three elements. A third problem dealt with the type of record provided at the ground station. Meteor-

ologists consulted on this point expressed a preference for a record
which would automatically plot temperature and humidity as abscissas
against pressure as ordinates.

A RADIO METEOROGRAPH W I T H PRESSURE DRIVE
ods approximately equal in duration
to the time between successive pressure readings.
The instrument described in this
paper provides indications of pressure, temperature, and humidity with
accuracies of indication which are not
dependent upon rate of ascent or similar meteorological factors.
In one
form of our arrangement other indicating elements may be added, such as
for determining light intensity in order to measure the height and vertical
structure of existing cloud formations.
The operation of the instrument
may be understood from reference to
Fig. 1, which shows the first experimental model of the pressure-switching unit. The pressure diaphragm
operates a pointer which moves over
a simple switching element consisting
of electrical conducting strips separated by insulating strips. The face
of the switching element is polished
so that friction opposing the arm
movement is negligible.
Contact of
the pressure arm with a given conducting strip is therefore a direct
measure of the barometric pressure to
which the diaphragm is subjected. It
is necessary only to provide means for
identifying the particular conducting
strip being contacted to secure an absolute pressure scale. This is accomplished in simple fashion by means
of index marks corresponding to every fifth conducting segment. When
the pressure arm contacts a given
index segment, a fixed resistor is
switched into the grid circuit of a
special relaxation-type audio oscillator, the generated frequency of which

After considerable experimenting
with a number of different arrangements, a method was devised which
provided a satisfactory solution to each
of the design problems considered. This
method utilizes the continuous motion
of the barometric pressure element (as
the balloon ascends) for indicating
pressure on an absolute scale and, at
the same time, for switching the radio
transmitter to send down characteristic signals interpretable in terms of
temperature and humidity.
The principle of pressure drive has
been partially applied by other experimenters. Duckert used the pressure element to interrupt the plate
supply to his radio-frequency oscillator at approximately 40 millibar steps
and, by keeping track of the number
of interruptions occurring from the
beginning of an ascension, determined
the pressure value. Lange has described a differential instrument in
which the pressure arm also carries
the temperature element. Both arrangements provide only pressure and
temperature indications with no simple means apparent for incorporating
humidity indications. Duckert's method has the additional disadvantage
that if the signals should not be received during a portion of the flight,
reliance would be required upon computations based on the rate of balloon
ascent together with the elapsed time
from the beginning of the ascent in
order to distinguish a given pressure
reading. In Lange's suggested arrangement, the accuracy of temperature indication would depend upon the
assumption that the rate of balloon
ascent remains constant during pen-
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FIG.

1.

FIRST

EXPERIMENTAL

MODEL

is determined by the value of resistance connected in its grid circuit.
There is thus produced a predetermined modulation frequency which is
characteristic of that particular index
segment. Experience has shown that
a combination of two such identifying
frequencies together with varying
widths of the index contacts is suffi-

FIG.

2.

SCHEMATIC
OF
PRESSURE-SWITCHING
CIRCUIT
ARRANGEMENT.

OF

THE

PRESSURE-SWITCHING

UNIT

cient for positive identification of any
portion of the pressure scale. Having
established identification of the index
contacts, contact of the pressure arm
with any conducting strip lying intermediate to the index contacts may
now be identified by the sequence of
its occurrence with relation to the index contacts preceding and following
it. It is merely necessary to indicate
that a contact has occurred; for example, by causing it to produce a
change in frequency of the audio oscillator. The magnitude of the frequency change has no significance in
identifying the intermediate contacts.
The method outlined for securing a
positive and absolute pressure scale
affords the important advantage of
freeing the intermediate contacts for
use in switching between temperature
and humidity readings indicated on a
frequency basis. The manner in which
this switching is accomplished is
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FIG.

3

EXPERIMENTAL

MODELS

OF

CAPILLARY

shown in Fig. 2. The grid circuit
of the special audio oscillator includes
three resistors in series; R, H and T.
The resistor R is of fixed value. H is
a special resistor which is controlled
by a hair hygrometer so that the position of the contact point c varies in
accordance with the relative humidity,
being preferably at the point a for

TUBE

USED

FOR

TEMPERATURE

INDICATION.

100% value, at the point b for 0 % ,
and at intermediate positions for intermediate values of the relative humidity. T is a special resistor which
varies inherently with the temperature. Several experimental models of
T are shown in Fig. 3. This resistor
consists of a capillary tube filled with
sulphuric acid solution of 1.300 speci-
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fic gravity and varies markedly in its
electrical resistance with temperature.
Referring back to Fig. 2, the three
resistors are electrically connected to
the switching element as shown. The
point a is connected to one set of index contacts, (numbers 11, 26, 41,
etc.) ; the point b is connected to the
second set of index contacts (numbers
1, 6, 16, 21, etc.) ; and the variable
contact point c is connected to the intermediate conducting strips of the
switching element. The pressure arm
P, which moves over the switching
element, is electrically connected to
ground as is also the lower end of resistor T. It will be seen that so longas the pressure arm rests on one of
the insulating strips of the switching
element, the series circuit formed by
R, T and H is undisturbed. Since R
is fixed and the full value of H is in
circuit, the frequency of the audio oscillator is controlled by the value of
the resistor T and hence by the temperature. Assume now that the pressure arm contacts one of the intermediate conducting strips. The contact c is thereby connected to ground
shorting out a portion of the resistor
H (c to b) together with the variable
resistor T. The value of resistance remaining in circuit consists of R and a
variable portion of H depending upon
the position of point c and hence on
the value of the relative humidity.
The frequency of the audio oscillator
is now dependent on the relative humidity. When the pressure arm contracts one of the index segments, it
connects either the point a or the
point b to ground shorting out H and
T together or T alone. In the former
case, the frequency of the audio oscillator is determined by the resistor
R and in the latter case by the resistor R in series with the full
value of the resistor H.
Hence
two fixed identifying frequencies are

produced corresponding to the two sets
of index contacts. If desired, the identifying frequencies may be made to coincide exactly with the frequencies
corresponding to 100 percent and 0
percent relative humidity by suitably
arranging the hair-element drive of
the resistor H to provide for full
travel of the contact point c.
The complete operation of the pressure-switching unit now becomes apparent. The pressure arm, moving
continuously in one direction as the
balloon ascends, switches the frequency of the audio oscillator to correspond alternately to the values of
the temperature and of the humidity
encountered. The alternate changeovers from one set of frequencies to
the other indicate that the pressure
arm is just reaching or is just leaving one of the intermediate contacts
and has attained definite deflection
positions. When the pressure arm
reaches successive fifth conducting
segments, the frequency of the audio
oscillator attains predetermined fixed
values which positively identify these
contacts so that they may serve as index marks for the absolute pressure
scale. The two identifying frequencies used serve an additional purpose
in that they provide periodic checks
during the progress of a flight on the
degree of frequency stability of the
audio oscillator. If any accidental
variation should occur, for example,
due to varying battery conditions, the
recorded value of temperature may be
corrected for the indicated variations.
Corrections to the humidity readings
need not be applied even in such
event. Upon completion of a record,
two lines may be drawn in on the
chart to connect the recorded values
of the two sets of identifying frequencies. These two lines frame the
scale of humidity indications, thereby
automatically transferring the plot of
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F I G . 4 . MODEL RECORD S H O W I N G H o w
UPPER-AIR
PRESSURE,
TEMPERATURE,
AND
HUMIDITY
ARE
INDICATED AT THE GROUND
STATION.

humidity indications to a corrected
frequency scale.
A model record obtained with this
arrangement is shown in Fig. 4. This
record was artificially produced by
putting the pressure-switching unit in
a bell-jar, the temperature capillary
tube in a temperature chamber, and
manually controlling the humidity resistor.
The graph paper traveled
through the recorder at a constant
rate, the distance between successive
horizontal lines on the chart representing one minute intervals. The
scale of abscissas on the chart is on a
frequency basis of 0 to 200 cycles per
second. The temperature and humidity scales corresponding to the particular resistors R, H and T used in the
test are also shown. The start of the
run is at the bottom of the chart. The
pressure arm reached the first index
contact (corresponding to a barometric pressure of 1000 millibars) at 1
and passed over this contact at 1'.
During that interval the frequency
indicated (a) was that of the first identifying frequency. As the pressure
arm passed on to an insulating strip,
the temperature resistor took over
the control of the audio oscillator producing the frequency trace from 1' to
2. The insulating strips are arranged
to have a width about five times that
of the conducting strips, so that the
temperature indication is obtained
during five-sixths of the time. At 2,
the pressure arm reached the first intermediate contact, (corresponding to
a barometric pressure of 984mb), at
which point the humidity resistor took
control of the audio oscillator producing the frequency indication b. The
change-overs from temperature to humidity frequency indications occurred
each time the pressure arm passed
over an intermediate contact and were
thus repeated in groups of four between successive index contacts. (See
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b, c, d, e, etc.) In between these readings, the pressure arm was passing
over the insulating strips so that frequencies corresponding to the temperature were recorded. (See traces
from 2' to 3, 3' to 4, 4' to 5, 5' to 6,
etc.) After each group of humidity
readings, the index contacts provided
one of two identifying frequencies, depending on which index contact was
being passed over by the pressure
arm. It will be seen that the first
identifying frequency occurs in pairs
(contacts 1, 6, 16, 21, etc.) and the
second identifying frequency is used
singly (contacts 11, 26, 41, etc.). Also
a double width of contact was used'
for the second set of index contacts.
Any one of a large number of combinations may be used for providing
positive identification. Corresponding
to each humidity reading and to each
indication of an identifying frequency, a definite value of barometric pressure obtained. For convenience, only
the pressure values corresponding to
the index contacts are shown on the
record.
Summarizing, the record represents
an automatic plot of temperature and

humidity as abscissas against pressure as ordinates. This is the form
of graph preferred by a number of
meteorologists consulted. The temperature graph is the line drawn in to
connect the successive temperature indications. Similarly, the humidity
graph is the line drawn in to connect the successive humidity indications. The two lines connecting the
recorded values of the two identifying frequencies may be made to represent the 0 and 100% values or relative humidities.
Any departure of
these from straight lines indicates
that a correction should be applied to
the temperature readings, the degree
of departure fixing the magnitude of
the correction on a proportional basis.
After identifying the different index
contacts, values of the corresponding
pressures may be marked on the lower
horizontal traces of the index-contact
readings, and of the humidity readings, from data obtained during calibration of the pressure-switching unit.
These values are on an absolute basis
and depend in accuracy only on the
design of the pressure diaphragm and
on the accuracy of calibration.

THE T E M P E R A T U R E UNIT
It is of interest at this point to describe some of the properties of the
capillary tube of sulphuric acid solution used for securing temperature indication. In Fig. 3 we showed several
experimental models of this device.
These have a capillary tube of approximately 10 centimeters in overall
length and a capillary tube diameter
of 0.5 mm, and are filled with a 1.30
specific gravity sulphuric acid solution. The wall thickness of the capillary ranges from 0.5 to 1.0 mm. In
Fig. 5, graphs (a) and (b) show the
variation in electrical resistance of
the two U models as a function of
temperature, while graphs (a') and
(b') show the corresponding varia-

tions in the generated audio frequency for fixed values of R and H. Similar variations for use in the pressureswitching model may well have been
obtained by mechanically controlling
a variable resistor through a linkage
from a bi-metallic strip. Aside from
the advantage of eliminating mechanical parts, the capillary tube offers several other advantages over the bimetallic thermometer.
One advantage is its property of
responding very rapidly to temperature changes, due primarily to its low
specific heat. A simple test will indicate the rate of response obtained.
A sample tube was taken out of a temperature chamber of —50° C and ex-
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FIG. 5.
G R A P H S S H O W I N G V A R I A T I O N OF E L E C T R I C A L R E S I S T A N C E A N D T H E C O R R E S P O N D I N G G E N E R A T E D
A U D I O F R E Q U E N C I E S A S A F U N C T I O N OF T E M P E R A T U R E FOR T W O E X P E R I M E N T A L T E M P E R A T U R E T U B E S .

posed to still air at + 2 0 ° C. In 10
seconds, the electrical resistance of
the tube changed from its value of
—50° C to a value corresponding to
+ 10° C, and in 5 more seconds it
reached a value corresponding to
+ 18° C. The high rate of response
of the temperature device is of particular value in the method of pressureswitching.
Since readings are obtained corresponding to fixed pressure
values, the total number of readings
obtained during an ascension does not
depend upon the rate of balloon ascent. Hence, a high rate of ascent
would be desirable in order to reduce
the total time required for securing a
complete set of meteorological observations. The response of the temperature device is believed sufficient

for any practical rate of ascent. At
the present time, the hair hygrometer
appears to be the limiting factor in
this respect.
Another advantage of the capillary
temperature device lies in its lack
of metallic connection to the body of
the meteorograph; only two small connecting leads are required. This simplifies considerably the problem of
isolating the temperature unit to
the temperature of the surrounding
air. The length and small diameter
of the capillary tube contribute to
such isolation.
The construction of the temperature unit is evident from Fig. 3. The
wells at the ends of the tube provide
a low resistance contact of the volume
of acid to the platinum wire terminals.
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In the earlier models one well was
left unsealed to provide for escape of
the bubbles formed during electrolysis caused by the minute charging current in the grid circuit of the special
audio oscillator. In the model at the
right, an expansion chamber is provided in order to permit sealing both
wells.
A polarization voltage of approximately 1.5 volts is produced by the
capillary tube when a direct voltage
is applied to its terminals. This prevents the measurement of its electrical resistance by ordinary means. A
substitution method in the grid circuit of the audio oscillator is used in
our calibrations. The polarization is
then of no appreciable importance
since the charging voltage at the beginning of each cycle is 90 volts. The
battery action does produce a slight
lag in the true resistance indication
and hence in the generated audio fre-

quency which serves for the temperature indication. Recent experiments
indicate that it will be possible to eliminate the battery action by adding
approximately one percent by volume
of saturated solution of copper sulphate to the 1.30 specific gravity sulphuric acid solution and copper plating
the platinum terminals. The action
of electrolysis then consists of the deposit of copper on one terminal and
the removal of copper from the other
terminal. The formation of gases at
the terminals is practically eliminated
so that the polarization voltage disappears and, at the same time, the size
of the expansion chamber may be reduced. The effective electrical resistance of the capillary column, corresponding to a given temperature, is
somewhat reduced but may be compensated for by increasing the overall
length of the capillary.

DESCRIPTION OF THE RADIO METEOROGRAPH EQUIPMENT
The complete radio meteorograph
contained in a balsa-box, 6x6x4 Va inconsists of a radio transmitting unit, a
ches. The total weight is 1% pounds in
battery unit, and a meteorograph. The
the current design and is capable of
entire assembly of the three units is
considerable reduction through refine-

FIG. 6. COMPLETE RADIO METEOROGRAPH A S S E M B L Y S H O W I N G THE RADIO T R A N S M I T T E R , BATTERIES,
METEOROGRAPH
UNIT.

AND
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FIG.

7.

ELECTRICAL

CIRCUIT

ARRANGEMENT

ment of the component units. In its
present design, the transmitter is capable of over four hours of efficient
operation at ground conditions.
Fig. 6 shows a photograph of the
component units of the complete instrument. The balsa-wood box is
divided into three individual compartments; for the radio transmitter, the
batteries, and the meteorograph. Separate access is possible to each compartment for convenience in adjusting and calibrating. The electrical
circuit arrangement of the radio
transmitter is shown in Fig. 7. The
transmitter employs a type-lA6 tube
for the audio oscillator, a type-32
tube as an audio amplifier and a type30 tube as a r-f oscillator. The frequency-determining circuit of the audio oscillator consists of the charging
condenser C and the three resistors
R, H, and T, of which R is contained
in the transmitter and H and T in
the meteorograph (see also Fig. 2 ) .
The audio oscillator operates on the
negative characteristic produced between grids 2 and 4 and has inherent
frequency stability. Added stability
to provide for varying plate and filament battery voltages is obtained by
the resistor arrangement used in feed-

OF T H E

RADIO

TRANSMITTER.

ing the plate and screen-grid electrodes. The resistance-coupled audio
amplifier is used to separate the low
input load of the r-f oscillator from
the plate circuit of the audio oscillator. Such loading was found to affect
adversely the audio-frequency stability
although recent experiments indicate
that it may be possible to eliminate
the audio amplifier. Grid modulation
of the r-f oscillator is employed, nearly complete modulation of the emitted
carrier being obtained. The carrier
frequency of the transmitter shown is
50 megacycles per second. The total
filament power consumption is 0.18
ampere at 2 volts and the plate power
10 milliamperes at 90 volts. In a
number of our experiments we have
used a 200-megacycle carrier. This
carrier frequency was generated by a
miniature triode receiving tube having low filament power consumption,
especially designed for us by the Radio Corporation of America.
A view of the meteorograph unit is
shown in Fig. 8. The pressure diaphragm, linkage and arm are clearly
shown. The end of the pressure arm
carries a platinum tip which slides
over the polished surface of the
switching element. The conducting
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FIG.

8.

FRONT

VIEW

OF

segments of the switching element
stand out in the photograph as white
lines, particularly the index contacts
which are of greater thickness. The
conducting segments are of coin silver 0.003 inch thick and the insulating
segments of bakelite 0.015 inch thick.
Double or triple segments are used
for the index contacts, as desired.
For convenience in manufacture and
assembly the segments are punched out
to the desired shape from material of
the required thickness. Holes in the
center provide for their assembly on
a rod having a threaded end. The assembly is made with a jig so that the
connecting tabs forming an integral
part of the conducting segments may
be properly aligned. After assembly,
the segments are pressed together by
a nut on the threaded end of the rod.
The face of the unit is then polished.
At a in Fig. 8 is shown a small
metal cam which is swung about the
shaft b by two hair elements operating in series (c and d ) . The free
end of this cam is connected by the

THE

METEOROGRAPH

UNIT.

spring e to the free end of a second
cam f. The other end of the cam f
pivots about the shaft g. Cam f is
formed simply by bending a wirewound resistor into the desired shape.
As the cam a moves under the action
of the hair hygrometer, the cam resistor f is forced to follow it due to
the spring. A rolling contact is thereby obtained between the metal cam
and the resistor. This contact moves
from one end of the resistor to the
other as the relative humidity varies
from 0 to 100%. The arrangement is
therefore ideally suited to serve for
the resistor H shown in Fig. 2. This
arrangement was developed for us by
the Julien P. Friez & Sons, Inc., after
we had experienced considerable difficulty in devising suitable means for
controlling a resistor by means of a
hair element.
A view of the other side of the meteorograph unit with the radiation
shield removed is shown in Fig. 9.
The hair drive for the metal cam is

Unauthenticated | Downloaded 01/09/23 06:06 AM UTC

somewhat more clearly shown. Note
also the location of the temperature
capillary tube at T. The meteorograph unit of Figs. 8 and 9 represents the first complete model as built
for us by the Julien P. Friez & Sons,

FIG.

9.

REAR

VIEW

OF

THE

METEOROGRAPH

Inc., Baltimore. There is little doubt
that attention to design details, such
as through the use of a less expensive
diaphram, a single hair element, etc.,
will permit future manufacture of
this instrument at a reasonable cost.

UNIT,

WITH

THERMAL

SHIELD

REMOVED.

DESCRIPTION OF THE GROUND STATION RECEIVING EQUIPMENT
A photograph of the ground station
10. The super-regenerative receiving
receiving and recording equipment
set (at left) feeds an electronic freused with this system is shown in Fig.
quency meter ( at the center) through
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FIG.

10.

GROUND

STATION

RECEIVING

AND

a suitable amplifier and electrical filter unit. The electronic frequency
meter operates to deliver a direct current to its indicating meter ranging
from 0 to 500 microamperes as the
frequency varies from 0 to 200 cycles
per second. For operating the recording milliammeter (at the right) a
current of 5 milliamperes is required,
corresponding to full-scale deflection.
The amplifier between the frequency
meter and the recorder provides the
necessary tenfold amplification. The
complete setup is essentially a graphical audio-frequency recorder which
converts the audio-frequency notes received in the radio receiver output into a record of the form shown in
Fig. 4.
Automatic operation is afforded by
the receiving setup shown. In a large
number of flight tests we have experienced no necessity for retuning the
radio receiver once the balloon transmitter leaves the ground. Two separate automatic volume control features take care of the large variation
in received voltage as the distance of
the balloon transmitter from the receiving station increases. The first
is inherent in the operation of the super'rregenerative detector while the
second is provided by the frequency
meter which operates accurately for

RECORDING

EQUIPMENT

(1-12

NATURAL

SIZE).

a range of input voltages of from 2
to 150 volts.
In first use of the receiving setup,
considerable difficulty was experienced due to varying wave form of
the received audio-frequency note. The
frequency meter responds to the predominant harmonic of the voltage applied to its input terminals. The
wave form produced by the audio oscillator in the balloon transmitter departs considerably from a sine wave.
This wave form is further distorted
during modulation of the r-f oscillator and during demodulation by the
super-regenerative detector. The audio system of the radio receiver also
modifies the wave form of the received signal. As a result the frequency meter did not always respond
to the fundamental (first harmonic)
but, particularly for the lower frequencies, would frequently indicate in
accordance with the second, third, or
even fourth harmonic. This difficulty
was overcome through adoption of a
filter unit which rejected all frequencies above 300 cycles per second and
by modifying the audio system of the
radio receiver so that maximum amplification occurred at 20 e y e . / s e c with
progressively decreasing amplification
for increasing frequencies. At 200
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c y c . / s e c , the voltage amplification is
only one-third that at 20 c y c . / s e c .
The limited frequency response of
the audio circuits along with the
operation of the frequency meter to
respond only to the predominant note
of a signal renders the receiving sys-

tem quite free from interference. An
interfering signal must have a single
note below 200 c y c . / s e c , which is of
greater intensity than the desired
signal, before it can take over the
operation of the frequency meter and
recorder.

CALIBRATION A N D P E R F O R M A N C E
portion of the humidity resistor deThe procedure of calibrating the
complete radio meteorograph in prep- pending on the humidity conditions
aration for a flight test is of interest. in the pressure chamber. Between
We will describe this procedure on contacts the ohmmeter will show the
the basis that the temperature device value of the resistor substituted for
cannot be tested with an ohmmeter the temperature device. For each
owing to its battery action. The tem- contact, the value of the pressure
perature unit is therefore tested in- is recorded corresponding to the instant of making the contact. A comdependently, a resistor of convenient
value being substituted for it in the plete calibration of the pressure unit
meteorograph for use in testing the can be carried out in ten to fifteen
minutes. The data obtained are prefpressure unit.
The meteorograph unit is placed erably tabulated in the form shown
in a pressure chamber and an ohm- in Table 1. The arrows immediately
meter is connected between the upper to the left of the 6th, 11th, 21st, 26th,
etc., contacts designate that these
end of the humidity resistor and
ground. (See Figs. 2 and 7). As the are index contacts of one set while the
pressure chamber is evacuated, the asterisks to the left of the 16th, 31st,
ohmmeter will indicate the switching etc., contacts designate index contacts
operations performed by the pressure of the other set.
arm.
As the pressure arm passes
To the right of some of the presover the index contacts, the ohmmeter
sure values, corresponding to a numwill read either zero resistance cor- ber of the contacts, will be seen
responding to one set of index con- slightly higher values, in parentheses.
tacts or the total value of the humidiThese represent readings obtained aftty resistor corresponding to the secer the pressure chamber had been evacond set. For intermediate contacts,
uated to approximately 100 mb and the
the ohmmeter will read the value of a
pressure then allowed to increase.

Contact

1
2

I

5
6
7
3
9
10
12
13
14
15

PRESSURE CALIBRATION
Contact Pressure
Contact Pressure
Contact pressure
pressure
(Millibars)
(Millibars)
(Millibars)
(Millibars)
*
t
+
?
t
,+
t

1000
925
971
955
942
927
912
396
332
363
354
sfo
324
Sll

793

*

(975)
(946)

(3R3)
(344)

16
17
13
19
20
21
22

24
25
- r 26
27
23
29
30

734
771 (77*0
731
717
704
691
673
666
653
642
129
616
606

719)
('669)
( 656
<644)
<631)
( 619)
<
1603)

* 31
32

g
-> ^
36
37
33
In
42

V
44

* 46
592
530
V
43
563
556 (553)
49
50
5*5 (5*7)
51
53?
524
52
53
513
502
5*
491
55
479 (*31) —f 56
469
57
53
4R7
447
59
1+37
60

Contact

426
• 61
62
H-17
406 (403)
393
384
65
- > 66
375
67
63
3^6 b 1 ^ )
69
336
70
326 (328)
71
72
317
307
297
11
233
75
76

&

pressure
(Millibars)

1
279
269
259
250
242
234
224
215
206
197
139
179
170
162
15*
146

t

('244)
( 23^)
(! 225)
(; 216)
|[207)
1
[139)
1ISO)
1170)
<
;i62)
(146)

Unauthenticated | Downloaded 01/09/23 06:06 AM UTC

Comparison of these values with the
corresponding readings obtained during evacuation of the chamber shows
that there is very little hysteresis lag
in the pressure-switching unit. The
accuracy of reading was of the order
of one millibar. Friction of the pressure-arm contact upon the face of the
switching element appeared to play
but a small part in the slight lag obtained since varying materially the
contact pressure produced a negligible
variation in this lag. Readings in
either direction could be repeated at
will within one millibar.
The absolute scale of pressure indication
provided by the pressure-switching
unit therefore appears to have an accuracy very nearly equal to the absolute accuracy of the instrument.
Calibration of the humidity device
is accomplished by placing the meteorograph in a humidity chamber and
measuring the resistance between
points a and c (Fig. 2) corresponding
to varying values of relative humidity. These resistance readings may
be readily converted to the corresponding values of frequency generated by the audio oscillator from the
reciprocal resistance relation of the
oscillator. If the hair linkage has
been designed to provide full variation of the humidity resistor for the
humidity range, the two identifying
frequencies of the pressure-switching
unit will coincide with the 0 and
100% values of relative humidity.
Fig. 11 shows the variation of resistance and ox the corresponding audio frequencies as a function of relative humidity for the humidity device incorporated in the meteorograph
of Figs. 8 and 9.
Calibration of the temperature device consists of placing it in a temperature chamber and connecting it
electrically in the grid circuit of a
test audio oscillator. Its resistance
at a given temperature may be meas-

FIG.
11.
GRAPHS
SHOWING
VARIATION
OF
ELECTRICAL RESISTANCE A N D THE
CORRESPONDING
GENERATED
AUDIO
FREQUENCIES
AS
A
F U N C T I O N CF RELATIVE H U M I D I T Y FOR A S A M P L E
HAIR-CONTRCLLED
RESISTOR.

ured by measuring the audio frequency generated and substituting for it
a standard variable resistor which is
adjusted to produce the same generated frequency. The same test provides data for plotting the audio frequency as a function of temperature. However, if this graph is to
be used in interpreting a flight record, care must be taken that a given
fixed resistance in the grid circuits
of the test and flight audio oscillators produces the same generated
audio f r e q u e n c y .
Close matching
of component parts of the audio
oscillators is required to fulfill this
condition.
Departure
from exact
equivalence of the generated frequencies may be corrected for on a
proportional basis. The identifying
frequencies of the system provide
the means for making this correction. Graphs showing the variation
of resistance and generated audio
frequency as a function of temperature for two experimental temperature units were shown in Fig.
5. The frequency graphs correspond to identifying frequencies of
200 and 160 cycles per second. This
means simply that the value of R
was 40,000 ohms and the total value
of H was 10,000 ohms (see Fig. 2).
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Just before making the ascent it
is desirable to obtain the existing
barometric pressure, the ground temperature, and the relative humidity.
A zero setting on the hair drive permits setting the humidity resistor to
the value corresponding to the measured humidity.
Some idea of the performance
possible with this radio-meteorograph
system may be had from an examination of the calibration data. In considering these data it should be remembered that the elements calibrated
were practically first experimental
models and are capable of giving
greater accuracy through further attention to design, expansion of range,
better coordination of the components
of the system, possible expansion of
the frequency and recorder scales,
etc.
Consider the calibration data for a
typical pressure-switching unit as given in Table 1. The manufacturer's
calibration curve for this unit is shown
in Fig. 12. This curve was obtained
by measuring the pressure values
corresponding to the index contacts
and plotting a smooth curve through
these values. On this basis the increment in pressure between successive contacts and the corresponding
increment in indicated altitude (for
standard atmosphere) are plotted as
a function of pressure in the insert

FIG.

12.

CALIBRATION
CURVE
FOR A
BAROMETRIC
PRESSURE
UNIT.

SAMPLE

of Fig. 12. Note that, for this instrument, pressure (and also humidity)
readings are provided at increments
of less than 500 feet during the first
15,000 feet of an ascent. These increments may be further reduced if
desired by increasing the movement
of the pressure arm or by increasing
the number of segments in the switching element through reduction of their
individual thickness. In any event
the temperature readings are continuous between contacts, occurring for
five-sixths of the time. Thus, for the
unit shown, temperature indication is
obtained continuously during 415 feet
of each 500-foot increment in altitude
up to 15,000 feet. It is possible to
make the pressure scale approximately linear with pressure or linear with
altitude by controlling the pressure
arm linkage. The former arrangement provides a greater number of
readings at the lower levels for a given pressure-unit assembly and has
been adopted.
Plotting a smooth curve for the
pressure scale, as in Fig. 12, is not
desirable since the scale necessarily
departs from a smooth curve because
of the different thickness of the index
contacts and because of manufacturing
variations in the thickness of individual conducting and insulating strips.
These need not be held to a rigid tolerance if a table of the form of Table
1 is employed.
Several design problems remain to
bo solved in order to best utilize the
possibilities of the pressure-switching
method. To take full advantage of
the type of record obtained, it is desirable that the graphs of temperature and humidity be plotted directly
to the required accuracy so that replotting in order to apply corrections
for frequency drift will not be required.
Moreover, the temperature
and humidity scales should preferably
be linear so as to facilitate reading
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off the recorded values. The first requirement limits the frequency drift
permissible in the audio oscillacor to
less than one percent. This appears
to be a possible condition. To determine the performance of the present
design in this respect, a typical transmitter was allowed to run on its own
batteries over an extended period and
selected audio frequencies, 50 and 190
cycles, were measured using the full
receiving setup. At the end of four
hours' operation, the A. battery had
dropped to 75% of its initial value
and the B battery to 85%. Both audio frequencies tested had increased
from their initial values by 4%. Flight
tests in which the transmitter was
modulated witn a constant note of 180
cycles showed a maximum frequency
variation of 4 percent in 2 hours.
Variations in the A battery voltage
produce the greatest effect upon the
generated frequency. Work has therefore been started by the Battery Section of the Bureau on the development
cf a simple light-weight storage cell
to provide a more constant A battery.
Ii successful, this will aid materially
in obtaining the desired frequency
stability.
The second requirement, that of
linearity of scale, involves a number
of factors. The frequency of the audio
oscillator is inversely proportional
within close limits to the total value
of resistance in its grid circuit. Hence,

referring back to Fig. 2, it is necessary that the electrical resistance of
the temperature capillary tube T vary
with temperature in accordance with
a law such that when T is connected
in series with R and H, the audio frequency generated will be directly proportional to the temperature. Some
control of the law of variation of the
resistance of T with temperature appears to be possible by varying the
ratio of the tube length to the diameter of the capillary and by other factors not vet definitely determined.
Also, for a tube having a given resistance temperature characteristic,
the frequency temperature characteristic may be controlled appreciably by
choice of the values of R and H. However, further design work appears to
be indicated before we can be certain
of securing the desired scale linearity
and at the same time provide that the
portion of the frequency scale corresponding to a given temperature range
remain fixed. When this is accomplished, it will be possible to furnish
charts having printed temperature
scales which may be used directly.
The problem of securing a linear and
fixed scale for the humidity indications is somewhat simpler. This requires merely the proper slight tapering of the humidity resistor or proportioning of the hair linkage to secure the desired results.

SAMPLE RECORD OF A N ASCENSION
A number of ascensions were made
using the pressure-switching radio
meteorograph described. These have
shown the system to be practicable
and have provided gratifying records.
While further work on the system is
expected to modify the appearance of
the records through the use of a
recorder having a greater chart width
and slower paper speed, nevertheless
a sample of the records obtained to

date is considered of interest. Fig. 13
shows such a record. Because of its
length, the chart was photographed in
three sections.
Referring to Fig. 13, the right-hand
strip (at the bottom) corresponds to
the beginning of the ascension and
the left-hand strip (at the top) to the
end. The ground temperature was
•t 4° C and the relative humidity at
the ground was 40%. The first pres-
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FIG.

13.

SAMPLE

ASCENSION

RECORD.
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sure reading (corresponding to an intermediate contact and hence giving
also a humidity reading) was at a
pressure level of lOllmb and occurred at a height above ground of
275 feet. The first index contact corresponded to a pressure level of 962mb,
the second to a pressure of 880mb, the
third to a pressure of 806mb, etc.
For convenience, the pressure corresponding to the intermediate (humidity) contacts are shown only for the
first two groups. It will be observed
that the index contacts are defined not
only by using the lower-frequency
value in successive groups of two but
also by a triple contact thickness of
one of the lower-frequency valued indexes and a double contact thickness
of the higher-frequency valued indexes. The variation of temperature
as a function of barometric pressure
is shown by the dotted line connecting
the frequency traces at the left of the
three strips. The variation of humidity with barometric pressure is shown
by the line connecting the frequency
traces occurring during the intermediate contacts. This graph is bounded
by the two lines connecting the lower
and upper index frequencies and corresponding respectively to 0 and 100%
relative humidity. Temperature inversions occurred at a, b, c, and d.
The final pressure indication (80mb),
corresponding to the 75th conducting
strip of the pressure-switching el-

ement, occurred at an altitude of approximately 58,000 feet. As the balloon ascended above this altitude, the
pressure arm moved over an insulating strip provided at the end of the
switching element. A continuous record of temperature was therefore obtained above this level. At point f,
the balloon burst and the instrument
began falling. This is evident from
the sudden decrease in the indicated
temperature apparently caused by the
added ventilation of the radiation
shields due to the high rate of descent.
The movement of the pressure arm
then reversed and made contact with
the conducting strips of the switching element in reverse direction from
that during the ascent. The balloon
was estimated to be about 150 miles
from the receiving station when it
burst. From computations based on
the net change in altitude between
any two contacts divided by the time
interval between the occurrence of the
contacts, the rate of descent averaged 5000 f t . / m i n . Even at this
rapid rate, the temperature indications obtained were within a few degrees of the corresponding indications
recorded during the ascent. During
the descent, the radio signals received
became progressively weaker (particularly for the higher modulation frequencies) and were finally lost. The
transmitter had then dropped below
30,000 feet in altitude.

ASCENSIONAL R A T E OF THE BALLOON
The possibility of computing rate of
balloon ascent from the accurate values of pressure provided became apparent after examination of a few ascension records. The additional information obtained from such computations should prove of some value to
meteorologists. Fig. 14 shows a graph
of the balloon's rate of ascent as a
function of altitude computed from
the record shown in Fig. 13. Two balloons were used to carry the radio meteorograph, one inflated to a diameter F I G . 1 4 . B A L L O O N R A T E OF A S C E N T C O R R E S less than that required for just susP O N D I N G TO A S C E N S I O N OF F I G .
13.
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FIG.
15.
BALLOON
RATES
OF A S C E N T
CORRESPONDING
TO
TWO
ADDITIONAL
ASCENSIONS
SHOWING
EFFECT
OF
VERTICAL
WINT>
CONDITIONS.

pending the instrument and the other
to a diameter greater than that value.
In this way, bursting of the larger
balloon at its ceiling should cause the
instrument to slowly return to che
earth's surface. The gradual decrease
in the average rate of ascent shown
in Fig. 14 apparently indicates a
slight leak in the smaller balloon.
This is further evidenced by the high
rate of descent of the transmitter
upon bursting of the larger balloon.
In Fig. 15 (a) and ( b ) , we present
similar graphs of ascensional rate as
a function of altitude corresponding
to two other ascensions. The ascent
corresponding to graph (a) was made
on a calm day with heavy overcast,
Dec. 10, 1936, 2:25 P.M. It will be
observed that the balloon traveled at
a rather constant rate of ascent, approximately 600 f t . / m i n . Our graph,
computed from the pressure difference
between successive contacts and the
elapsed time between the occurrence
of these contacts show maximum deviations of 80 feet from the average.

If these deviations were caused by errors in our pressure measurements
they would represent maximum errors of the order of 2mb; the errors
obtained in measuring given altitudes
corresponding to lmb error in the
pressure readings are plotted as a
function of altitude in the insert of
Fig. 15. It appears quite possible,
however, that some of the deviations
represent actual departures of the
rate of ascent of the balloon from a
constant value. The heavy radio meteorograph equipment attached to the
balloons by shock cord may conceivably contribute to such departures.
Evidence of such departures is
shown by graph (b) of Fig. 15. The
ascent corresponding to this graph
was made on a gusty day, Dec. 4,
1936, 2:30 P. M. A single balloon was
used in the ascent and was inflated
to provide a low rate of ascent, approximately 360 f t . / m i n . This probably also contributed to the very
large depaitures from a constant rate
of ascent.

OTHER USES OF THE PRESSURE-SWITCHING METHOD
There are a number of possible
variations of the pressure-switching

method, all of which have some merit
both in application to radio meteoro-
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FIG.

16.

VARIATION

OF P R E S S U R E - S W I T C H I N G
ARRANGEMENT
TO
D E V I C E A N D M E A N S FOR I N D I C A T I N G L I G H T

graphs and to other scientific problems involving balloon ascensions.
As already indicated, the hair hygrometer, because of its inherent lag in
response, limits the use of a high rate
of balloon ascent otherwise possible
with a radio meteorograph employing
this method. Much work was devoted
to the development of a humidity device comprising a resistor the electrical resistance of which would vary inherently with humidity. A brief discussion of this work will be given in the
following section. Some promise of success has been obtained. Assuming that
this device will prove practicable, it
will be necessary to use a somewhat
different arrangement of the pressure-switching unit. A continuously
variable contact to the humidity resistor, as in Fig. 2, is obviously no
longer feasible.
A possible arrangement is indicated
in Fig. 16. Tests of this arrangement are planned in the near future.

INCORPORATE
INTENSITY.

IMPROVED

HUMIDITY

Referring to Fig. 16, the pressure
arm moving along the face of the
switching element successively connects into the grid circuit of the audio
oscillator the temperature element,
the humidity device, fixed resistors
for securing identifying frequencies,
and any other element the electrical
resistance of which varies in accordance with a phenomenon which it is
desired to measure. In the illustration, we show a photo-electric cell
which varies in resistance with the intensity of the light impinging on it.
This device can therefore furnish information on the vertical heights and
structure of existing cloud formations
and hence is of value to meteorologists.
Because of the widely different resistance ranges of devices of this
kind the pressure arm switches in
suitable charging condensers C simultaneously with the resistors in order
that the generated audio frequencies
may remain in the same range. This
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is desirable for convenience in recording.
The switching element of Fig. 16
is laid out on a basis of providing a
reading of temperature, humidity and
light intensity during each 500 feet
of increase in the balloon altitude up
to 25,000 feet. An index contact is
provided following each two groups
of these readings. Above 25,000 feet,
continuous indication of temperature
is planned with interruptions only for
index contacts to furnish periodic
pressure readings. The flexibility of
this method is limited only by the
number of contacts which it is possible to incorporate in a switching
element of reasonable cost and dimension. Balanced against the more complicated switching element, are the
advantages of providing additional
meteorological information and the
possibility of using the full frequency
(and hence recorder) scale for each
meteorological element measured.
It may be of interest at this point
to summarize the advantages of the
pressure-switching method incorporating a humidity device having rapid
response. Since the other meteorological elements employed also have rapid

response and there is no limitation to
the speed of recording, the rate of
ascent employed may be the highest
practical value. Advantages of this
are: (1) less time taken for a record;
(2) since the balloon will not drift as
far, data may be secured during the
descent as well as during the ascent;
(3) the possibility of recovery of the
instrument, particularly in nearcoastal regions, becomes greater; (4)
the battery requirements are reduced
because of the shorter time of flight;
and (5) better ventilation of the radiation shield is provided.
We have considered a number of
other variations of the pressureswitching method for use in this and
other applications. One example is
the assistance we have been giving
Coblentz and Stair of the Radiometry
Section, National Bureau of Standards, in their study of the vertical
distribution of ultraviolet light intensity. The pressure-switching scheme
coupled with the frequency scale developed for indicating the variation
of a resistance (in this case, a photoelectric cell with special light filters)
finds particular application to this
problem.

THE HYGROMETER
In order to eliminate the inaccuracies and sluggishness inherent in the
hair hygrometer, an investigation was
started to find some substance or combination of substances the electrical
lesistance of which would be a function of the moisture content of the
air. Such a resistor may be readily
adopted to the relaxation oscillator
circuit. In order that such a device
repeat accurately it must not be
changed physically by low pressure,
temperature, or by the absorption or
adsorption of water vapor. Many experiments with hygroscopic
salts
showed, as has been previously found
by others,1 that, due to crystalline

formation at certain temperatures and
humidities, resistors made up of these
substances would not give repeat
readings. They also had a very large
temperature error. Acids such as sulphuric and phosphoric acid which
have a tendency to take on water
vapor were also tried. The resistances formed by these acids were found
to increase with each humidity cycle
at low atmospheric pressures so that
they could not be made to repeat.
At this point in the investigation
it was discovered while experimenting
J Detector f o r
water vapor in closed pipes.
By E. R. Weaver and P. G. Ledig.
Industrial
and Engineering
Chemistry, vol. 15, No. 9, p.
931, Sept. 1923.
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ABSOLUTE
HUMIDITY.

with a soda-lime glass tube (Fig. 17)
with etched surface and wound with
a dual-winding of bare copper wire
(with the turns of one winding spaced
about 1 mm from those of the second),
that the absorption of water vapor
by the etched glass surface caused a
marked change in the resistance between the two windings. Here was a
resistance that was probably unaffected by temperature or pressure
and did not change its physical state
by the absorption or adsorption of
water vapor. This led to a study of
other substances. Many dual-coil hygrometers were made, the etched glass
surface being coated with thin films
of various substances which have the
power of absorbing or adsorbing water vapor in a manner similar to that
of glass. If a substance can be found
in which the water vapor pressure of
the occluded gas will rapidly reach
equilibrium with the water vapor

RESISTANCE

AS

A

FUNCTION

OF

pressure of the atmosphere, it should
repeat and read in terms of absolute
humidity.
The following is an example of the
behavior of one sample showing the
marked rapidity of response to humidity changes. It had a resistance of
several hundred megohms at 22%
relative humidity and 74°F.
When
put in a container with still air at
100% RH at 74° F its resistance
dropped in 5 minutes to a few thousand ohms, remaining at that value
thereafter. When removed from the
container with a circulation of air
equivalent to that on the balloon, it
went back to within a few percent of
its original resistance in less than one
minute. Had the saturated air been
given an equivalent circulation, the
above 5 minutes time of response
v/ould probably have been reduced to
1 minute.

DETERMINATION OF UPPER-AIR WIND CONDITIONS
BY RADIO DIRECTION FINDING
Aside from its ability to provide
which we propose to apply for measmeteorological observations to much
uring these factors it is of interest
greater heights than it is possible to
to analyze briefly the inherent reobtain by airplane ascents and under
quirements of the problem. We will
all conditions of weather, the radio
consider the two phases of the probmeteorograph affords still another imlem separately; viz.: (a) measuring
portant advantage over airplanes in
the azimuthal direction of the balloon,
that it permits the use of radio direcand (b) determining its distance from
tion-finder methods for tracking the
the ground station. The assumption
path of the balloon, thereby giving
will be made that it is desired to sedata on the upper-air wind conditions.
cure measurements corresponding to
To evaluate upper-air wind velocities,
each 1000-foot level. The accuracy
it is necessary to measure continuously
required will then depend upon the
the distance and azimuthal direction
magnitude of wind speed to be measof the balloon from the ground staured, upon the wind direction, and
tion. Before discussing the methods
upon the rate of ascent of the balloon.
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Thus, considering a balloon ascent of
1000 feet per minute, the quantity
which it is desired to measure consists of the vector increment in distance caused by the wind carrying the
balloon for one minute. Obviously, the
lower the wind speed the greater will
be the required accuracy. For a given wind velocity the accuracy of
measurement required will depend
upon whether the balloon is traveling
along the line from the ground station or at an angle to it.
Assume first of all that it is possible to secure absolute measurements
of the distance. What accuracy is required for the azimuthal bearings to
secure an accuracy of 10% for a wind
velocity of 30, 20 or 10 m i . / h r . ? To
take the easiest possible case, in spite
of any impossible physical phenomena
involved, let the distance be 5 miles
and let the balloon travel at right angles to the line from the ground station. Since the determination required taking two bearings, each bearing must be accurate respectively to
± 0 . 3 , ± 0 . 2 and ± 0 . 1 ° for the three
cases considered. This simple problem
will serve to give a rough idea of the
surprising order of accuracy required.
From the physics of the problem, the
upper limit is more representative of
actual conditions. On the basis of
smoothing out readings by plotting
and other averaging means, it appears
that an accuracy of from ±0.5 to
:t:1.0° would prove acceptable for determining azimuthal direction per se.
Experiments which we have conducted,
using a six-element directional receiving antenna array at a frequency
of 200 megacycles per second, indicate that an accuracy of this order
can eventually be attained using maximum methods.
Next, consider the problem of measuring distance. This is an even more
difficult problem. The usual procedure
adopted is to set up two or more

ground direction-finding stations separated by from 5 to 20 miles and,
from the azimuthal bearings taken
simultaneously at each of the stations,
ic determine the distance by triangulation.
An exhaustive study has
been made by Corriez and Perlat2 on
the errors obtained in distance measurements by this method using two
ground stations each having an accuracy of bearing determination of
±0.5°. Briefly summarizing their conclusions, optimum conditions obtain
when the balloon is equidistant from
the two stations (i. e., along a direction perpendicular to their base line).
For these conditions maximum acculacy is obtained when the distance of
the balloon from the center of the base
line is equal to half the base line. The
maximum possible error in distance
measurement by triangulation is then
about 1.5%. As the distance of the
balloon increases above or decreases
below this optimum value, the maximum possible error rapidly increases.
Thus, for a value slightly greater
than the base line, errors of the order of 5% are possible; for twice the
base line, errors up to 15%; and for
four times the base line, errors up to
50%. Corresponding errors may obtain for distances less than half the
base line. While the errors quoted are
maximum possible values, nevertheless
they may occur, particularly since the
operating conditions do not permit of
taking check readings.
Increasing
the base line to reduce errors toward
the end of an ascension operates to
increase the errors obtained at the
beginning of a flight.
The difficulties in obtaining accurate
distance measurements by the triangulation method coupled with the undesirability of requiring more than
2 La
methode radiogoniometrique de 1'Office
National Meteorologique pour la mesure de la
direction et de la vitesse du vent par temps
couvert, by MM. Corriez and Perlat. La Meteorologie,
August, 1936, No. 125 ( N e w Ser i e s ) , p. 368.
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one ground direction-finding station,
have attracted experimenters to the
development of means for measuring
the angle of elevation of the balloon.
Since the balloon carries a transmitter which gives accurate indications of its altitude, determination of
i he angle of elevation would permit
evaluation of its horizontal distance
from the receiving point. Neglecting
curvature of the earth and atmospheric refraction, the relation is simply
D = H cotg. 0
(1)
where D is thp horizontal distance in
any units, H the height in the same
units, and Q the angle of elevation.
While a somewhat more complicated
expression must be used for actual
evaluation of D in order to include
the effects of earth curvature and atmospheric
refraction,
nevertheless
equation (1) will serve for analysis

FIG.

18.

DIAGRAM

only 5% while for an elevation angle
of 60° it would be only 2%. These
errors are in addition to those produced by errors in measurement of
the balloon height.
The literature does not disclose any
successful attempts at measuring elevation angles by direction-finder methods. The difficulty may be seen from
an examination of Fig. 18, in which
T represents the balloon transmitter,
R the receiving point, and h the
height of the receiving antenna A
above ground. The receiving antenna receives not only a direct ray along
the path
but also a ray reaching the
ground surface along the path r2 and
being reflected to the antenna. Receiving systems having directivity in
the vertical plane cannot differentiate
between these two rays and hence
measure a resultant direction, usually
inclined very little above the horizon-

I L L U S T R A T I N G P R I N C I P L E S OF T H E R A D I O M E T H O D
E L E V A T I O N A N G L E OF T H E B A L L O O N .

of the accuracy of distance measurements with this method. The accuracy of distance determination is a
direct function of the accuracy of
measuring the height and the elevation angle. Assume that it became
possible to measure this angle to
±0.5°. For an elevation angle of 10°,
the maximum possible error would be

PROPOSED

FOR

MEASURING

tal. However, by following a slightly
different line of attack, we have obtained what appears to be experimental proof that the elevation angle can
be measured.
For the sake of simplicity of explanation of this method, it will be assumed that the coefficient of reflection
from the earth's surface (n) is —1
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regardless of the angle of incidence
of the receiving wave. This is very
nearly true at frequencies of the
order of 100 megacycles per second
or higher for horizontally-polarized
waves. The reflected ray may hence
be treated as reaching the negative
image / of the receiving antenna, at
distance h below the surface. The total received electric field is then
E

[cos (wot

2

h sin 0)
r<>
A
2 7j2E0
— cos (Ojot + — h sin 0) ] = — sin 0)o
A
E—Ea+Er=—

2;r
t sin ( — h sin 0)
(2)
A
where Ed (the direct ray) and E r
(the reflected ray) are referred to the
fieid Eo which would exist at R in the
absence of the ground.
Prom equation ( 2 ) , it will be observed that zero field will occur whenever the antenna height is such that
h
2TT — sin 0 =n, where n is an integer,
A
^A
(3)
or E — o when Q = sin- 1 —
2h
Thus the angle of elevation may be
measured simply by varying the
height of the receiving antenna until
a null is obtained in the receiving set
output. Equation (3) represents a
family of graphs corresponding to
different values of n and hence indicates thai a series of nulls will be obtained corresponding to a given elevation angle. It can be shown, however, that only the graph corresponding to n — 1 need be used provided
the value of the receiving antenna
height corresponding to the lowest
null or the average of the difference
between successive antenna heights at
which nulls occur is determined. The
graph for n— 1 is plotted in Fig. 19
and will indicate the order of accuracy possible with this method.

FIG. 19.
G R A P H S H O W I N G THE THEORETICAL R E L A T I O N B E T W E E N A N G L E OF E L E V A T I O N OF T H E
BALLOON TRANSMITTER AND THE LOWEST HEIGHT
OF T H E R E C E I V I N G A N T E N N A FOR W H I C H A N U L L
I N T H E R E C E I V E D S I G N A L IS O B T A I N E D .

Tests of this direction finding arrangement have so far been confined
to ground experiments utilizing a carrier frequency of 200 megacycles per
second. For these tests, a small elevator arrangement for raising and
lowering the receiver and antenna
were constructed and a pulley and
rope suspended from a pole 150 feet
away was used for raising and lowering the transmitter. Measurements
were made of the height of the receiving antenna corresponding to minima in the received intensity for different heights of the transmitter.
Transmitter heights of 18, 27, 36, 41,
51, 60, and 61 feet were employed.
The minima occurred at the points
predicted by the theory, except that
the lowest one occasionally split into
two or three depending upon the angle of elevation of the transmitter.
This was caused by the roughness of
the ground between the transmitter
and the receiver. After applying corrections the angles of elevation were
computed and were found to agree
with the actual angles within less
than one degree (see Fig. 20). Over
flat terrain, the method appears to be
capable of giving much greater accuracy. Grading of the terrain was
started to test this possibility. It is
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FIG.
20.
EXFERMENTAL
RESULTS
OBTAINED
IN
G R O U N D T E S T S CF T H E R A D I O M E T H O D FOR M E A S U R I N G A N G L E OF E L E V A T I O N OF T H E R E C E I V E D W A V E .

necessary to have flat ground for a
radius of only about 100 feet around
the receiving antenna. For a maximum height of the receiving antenna
of 15 feet, this would provide for all
angles of elevation above about 8.5°.
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the writer has
outlined the approach to the problem of the design of radio equipment for the Blue Hill (Harvard) radio-meteorographs. 1 In this paper
the circuits developed will be described
and certain considerations affecting
their use will be discussed. A description of the meteorological part of the
instrument arid its technique will be
found in the following paper by Dr.
Karl O. Lange.
In the Blue Hill Radio-Meteorograph
the radio transmitter operates on a
fixed frequency of 68 megacycles. This
frequency was chosen because of the
fact that it was high enough to avoid
most of the congestion on the radio
spectrum and yet not so high as to
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involve difficulties in the radio technique. This frequency also has certain other advantages. Atmospheric
static has but little affect on reception
in this range, and interference from
local electrical disturbances is also
less than at the longer waves; it is
also favorable for transmission over
great distances with a minimum of
power. Due to a characteristic which
will be discussed farther along interference from other radio signals, if
not too severe, will not prevent the
reception of the record. Finally, the
shortness of the radio antenna at this
frequency compared with that required at longer waves simplifies the
launching of the device.
Other frequencies have r a t h e r
marked disadvantages. Some experiments were made on a frequency of
120 megacycles. The technique of
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