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PREFACE

This report is concerned with an examination of variations in sea level
cosmic ray intensity measured with Geiger counter telescopes at the Aus-
tralian National Antarctic Research Expeditions’ stations at Heard Island
(geographic co-ordinates 53-0°S., 73-4°E. ; geomagnetic co-ordinates 61°3.,
130°E.) and Macquarie Island (geographic co-ordinates 54-5°S., 159-0°E.;
geomagnetic co-ordinates 61°8., 243°H.).

As large variations in barometric pressure are frequent at Heard
Island and Macquarie Island these stations afforded an opportunity to study
the variations in cosmic ray intensity associated with variations in atmo-
spherie structure. Also, because of their high geomagnetic latitudes, it was
hoped that new information might be obtained on variations associated
with solar and geomagnetic disturbances. Measurements similar to those
at Heard Island and Macquarie Island were also made on H.M.A.S. Wyatt
Farp (Caro, Law and Rathgeber, 1948) and on M.V. Duntroon (Law, Mac-
kenzie and Rathgeber, 1949) in a study of the latitude effect and other
problems.

The proposal to carry out these measurements came from Dr. H. D.
Rathgeber (then of the University of Melbourne) who directed the work in
its initial stages. Dr. D. E. Caro (also of University of Melbourne) took
responsibility for much of the original equipment design.

The design and construction of the equipment was carried out in the
Physics Department, University of Melbourne; the authors are greatly
indebted to Professor L. H. Martin for providing the necessary laboratory
and workshop facilities and for his interest in the project.

The Heard Island measurements were made by F. Jacka and the late
J. E. Jelbart. The Macquarie Island measurements were made by C. L.
Speedy and K. C. Hines (1948), N. R. Parsons (1950) and P. W. Ford
(1951).

The material of chapters 7 and 8 of this report has already been
published (Jacklyn 1954-55).

The manuseript of the report was submitted in June, 1955.

F. JACKA
Chief Physicist
Antarctic Division, Department of External Affairs
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1. INTRODUCTION
by F. JACKA

Outline of the problem. Since the work of Myssowsky and Tuwim
(1928) established the dependence of cosmic ray intensity on barometric
pressure, many workers have made systematic measurements with ioniza-
tion vessels and more recently with Geiger counter telescopes in order to
study the variations with time of the cosmic ray intensity. These studies
have revealed the existence of several distinct time variations, which may
be divided into two main groups: (a) Variations of atmospheric origin;
(b) Variations associated with solar and geomagnetic disturbances. In
addition there is some evidence for a very small sidereal diurnal variation
(Elliot and Dolbear, 1951).

It is the purpose of the present work to examine the variations in cos-
mic ray intensity measured at Heard Island and Macquarie Island under
the headings (a) and (b) above.

An outline of present knowledge of these variations is given below:
Variations of atmospheric origin

(a) Barometer effect. A negative correlation between cosmic ray in-
tensity and barometric pressure has been demonstrated by many workers
(Hogg, 1949). This effect is ascribed to absorption in the atmosphere and
to decay of p-mesons, the probability of which increases with increase in
their height of production. If p-meson production is assumed to occur at a
definite atmosphere depth, x, gm. em.—2, then since x;, = x, exp S,/H the
intensity at sea level will decrease with increase in x, for fixed H. (x, gm.
em.—2 = atmospherie depth at sea level, S, = distance from level x, to level
X, and H cm. = scale height of the atmosphere.)

It will be shown in § 4-4 that an accurate treatment of the problem
along these lines yields values of the barometer coefficient which do not
agree with the experimental estimates.

(b) Sea level temperature effect. At many localities the cosmic ray
intensity and air temperature are negatively correlated (Hogg, 1949). This
effect is aseribed to variation of S, associated with variation of H at fixed
X,. Air temperature at sea level has in some places a fairly high positive
correlation with mean temperature of the atmosphere and hence with H.
Increase in H increases S, which increases the probability of p-mesons
decaying before reaching sea level.



2 COSMIC RAY STUDIES

(¢c) Meson decay effect and Duperier positive temperature effect.
Duperier (1951 and earlier references given in this paper) has shown that
the sea level hard component intensity may be represented by a linear funec-
tion of barometric pressure, height of the p-meson production level (assumed
to be at about 100 millibar) and mean temperature in an interval below this
level, the temperature coefficient being positive. The effects of variation of
barometric pressure and height of p-meson production are mentioned above;
the positive temperature effect is ascribed by Duperier to nuclear capture
in the atmosphere of »-mesons, the probability of which increases with den-
sity (i.e. decreases with increase in temperature), thus decreasing the num-
ber which decay into p-mesons. Duperier’s experimental results are not in
good agreement with his theoretical calculations.

Variations associated with solar and geomagnetic disturbances.

(a) Magnetic storm effect. Magnetic storms are sometimes accom-
panied by a decrease in cosmic ray intensity (Forbush 1938) of several
per cent followed by a gradual return to normal intensity, the form of the
variation being similar to, but not highly correlated with, that of the hori-
zontal component of the earth’s magnetic field. Several writers (e.g, Haya-
kawa et al. 1950) have examined the possibility of explaining this variation
in terms of the effects on the trajectories of the primary cosmic ray particles
of the magnetic field associated with a ring current around the earth of the
type suggested by Chapman and Ferraro (1933) in their theory of magnetic
storms. Alfvén (1950) attributes the variation to the change in energy of
the primary cosmic ray particles on passing through the solar ionized cor-
puscular stream which is responsible for the magnetic storm. This stream
has a transverse electric field due to its motion through the assumed mag-
netic field of the sun.

Smaller variations (both increases and decreases) show a 27-day re-
currence tendency of form roughly similar to that of magnetic activity
(Hogg, 1949).

(b) Solar flare effect. Increases in cosmic ray intensity of from a few
per cent to more than 100 per cent have been observed in association with
intense solar flares (Forbush, Stinchcomb and Schein, 1950). Several
theories of this effect are summarized by Elliot (1952). Dolbear, Elliot and
Dawton (1951) have shown that a similar effect of much smaller magnitude
also occurs in association with Dellinger type radio fade-outs which are
usually associated with solar flares of moderate intensity.

(¢) Solar daily variation. Several writers have reported a diurnal
variation in cosmic ray intensity at sea level (Lange and Forbush, 1948).
This variation may be in part due to variation in the atmosphere, but its
amplitude is enhanced and its phase advanced on days of high geomagnetic



AT MACQUARIE ISLAND AND HEARD ISLAND 3

activity (Sekido and Kodama, 1952). Thambyahpillai and Elliot (1953)
have further shown that the phase of this variation has undergone a con-
siderable change in the last 20 years. It appears likely that this change is
part of a 22-year variation coinciding with the 22-year sun-spot cycle.

Elliot and Dolbear (1951) in Manchester, using two counter telescopes,
one pointing to the north at 45° zenith angle and the other pointing south
at the same zenith angle, have shown that the south-minus-north difference,
which is independent of atmospheric structure, shows a daily variation with
significant 24-hour and 12-hour components. This variation is enhanced on
days of high geomagnetic activity. Assuming this effect to be due to varia-
tion in primary cosmic ray intensity they then calculated the expected east-
minus-west daily variation and found this to be in good agreement with
their observed east-minus-west daily variation.



2. DESCRIPTION OF EQUIPMENT
by F. JACKA AND N. R. PARSONS

Abstract. The cosmic ray programme of the Australian National Ant-
arctic Research Expeditions at Heard Island and Macquarie Island is de-
scribed. Some of the practical difficulties encountered in establishing the
Heard Island cosmic ray laboratory are mentioned.

The cosmic ray intensity recording equipment used at Heard Island
and Macquarie Island is described; circuit diagrams of the basic units of
the final form of the equipment are given. Errors in counting are found to
be too small to be of importance in the interpretation of the records.

Introduction. The decision to include cosmic ray studies in the pro-
gramme of the Australian National Antarctic Research Expeditions was
made in July, 1947, and development of suitable equipment was commenced
immediately in the physies laboratories of the University of Melbourne. As
this project was the first of its kind undertaken in this country, intensive
work was necessary to prepare equipment in time to leave for Heard Island
in November, 1947, and later for Macquarie Island and the Antarctic (on
H.M.A.S. Wyatt Earp). However, some success had already been achieved
in the development of Geiger counters suitable for cosmic ray studies.

The proposed equipment consisted of three Geiger counter telescopes
with associated recording circuits, a spherical ionization chamber of 20 litre
capacity filled with argon at 50 atmospheres pressure, using g ray compen-
sation and registering on a Lindemann electrometer with photographic re-
cording (Jelbart, 1949), and also a further Geiger counter array and cir-
cuits for recording extensive showers.

However, the Macquarie Island ionization chamber suffered a gas leak
which prevented its use and the Heard Island Lindemann electrometer suf-
fered damage which in spite of protracted attempts could not be repaired
with the facilities available at Heard Island. Later work was carried out to
develop a vibrating disc electrodynamic electrometer (Norman, 1950) for
use with the ionization chambers. However, difficulties with insulation in
this electrometer have prevented it from functioning satisfactorily. Further
work on this instrument has been resumed recently.

Since the extensive showers were to be recorded photographically with
the ionization record and because of unsatisfactory behaviour of the shower
recording circuits due mainly to the long (20 p-sec.) resolving time of the
coincidence circuits no satisfactory shower measurements were made at
Heard Island or Macquarie Island with this equipment. New circuits were

4
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developed at Heard Island, but because the required components were not
available they could not be put into use; these formed the basis of the cir-
cuits used later in the equipment which was to go to Macquarie Island in
1950.

The Heard Island cosmic ray laboratory was constructed from a 9-ft.
by 9-ft. prefabricated hut designed for use in the tropies. The original high
gable roof was replaced by a flat, almost horizontal, roof built from light
timber obtained mainly from packing cases. This flat roof proved very
satisfactory from the point of view of avoiding snow deposition which
would have affected the cosmic ray records. With the very windy conditions
that prevail at Heard Island snow frequently packed hard on sloping roofs
but not on this flat roof.

A 6-ft by 9-ft. dark room was added to the building using the material
of the original gable roof, timber obtained from packing cases and some
fibro-cement sheets. Later a small porch was built from further scrap
material. The outer walls of the whole building were weather-proofed with
bituminous felt, the walls and roof were insulated with rock-wool and lined
with hard-board.

Work benches, storage shelves, a film-drying cupboard and seats were
constructed mainly from packing-case timber. Two 44-gallon petrol drums
(mounted inside the darkroom to avoid freezing) were used for water
tanks. Pipe fittings and taps from the expedition’s wrecked aircraft were
used. The darkroom sink was formed from a sheet of aluminium and a
pressed steel wash-dish. i

After installing the cosmic ray recorder, all Geiger counters and eir-
cuits were tested. Very little damage had occurred in transit from Mel-
bourne. However, during the first few months of operation many difficulties
arose. Parts of the recording circuits proved insufficiently reliable; these
were replaced with new circuits, some of which were developed at Heard
Island and others at Melbourne, the details being radioed to Heard Island.
Later in the year, because of inadequacy of supplies, many used valves had
to be re-used, necessitating alterations in other component values in order
to maintain reliable operation.

Because their life was shorter than expected, the electro-mechanical
counters used for registering the output pulse rate from the cosmic ray
recorder had to be repaired. The “carry-over” mechanism on the units
drums which were die-cast from white metal became worn. This was built
up with soft solder which was then filed and scraped to shape. After several
such repairs most of the original metal had been replaced with soft solder
and this method was no longer satisfactory. It then became necessary to
make complete new drums; the bodies of these (approximately } in. dia-
meter) were turned from 1 in. diameter brass on a watchmaker’s lathe and
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the carry-over mechanism was formed by cutting away the excess metal by
hand. Later it was necessary to make new hard steel driving gears which
had to be filed to shape.

During the winter months failure of Geiger counters occurred through
deposition on the glass surface of a film of tar-like material which was found
to come from the rather inefficient kerosene-burning heater in the building.
After removing the heater, the recording camera frequently failed due to
the combined effects of excessive wear and low temperatures. This neces-
sitated rebuilding the camera and replacing several parts which had to be
hand-made.

In spite of the many equipment failures ten months reliable records
were obtained with only occasional short breaks in the series.

At Macquarie Island during 1948 the facilities were similar to those
described above and many of the same difficulties were encountered.

During 1949 the whole equipment was rebuilt (Parsons, 1951) in the
light of experience gained at Heard Island. The new equipment was installed
at Macquarie Island in 1950 in a new, well-built prefabricated laboratory
measuring 36 ft. by 12 ft. This was well equipped and adequate supplies of
spare parts were stocked ; very few difficulties occurred in maintaining the
equipment.

At Heard Island and Macquarie Island regular checks were made in
the performance of Geiger counters and recording circuits. Photographic
records were processed regularly and examined to ascertain that no pecu-
liarities had passed unnoticed. Meteorological data (pressure, temperature
and radio-sonde data) were obtained regularly from the station meteorolo-

gist.

Equipment used at Heard Island and Macquarie Island, 1948. The
Heard Island and Macquarie Island (1948) recorders contained six trays
of Geiger counters arranged as shown in Fig. 1. Each tray contained six
counters connected in parallel. Threefold coincidences were recorded be-
tween trays 1, 2 and 3, giving the total intensity over a half-angle of 33° by
33° directed vertically; the average coincidence rate was approximately
4,500 per hour. Threefold coincidences, averaging approximately 3,300 per
hour, between trays 2, 3 and 4 gave the hard component intensity over the
same solid angle; the soft component (mainly electrons) was stopped in
the 10 cm. of lead between trays 3 and 4. Twofold coincidences between
trays 5 and 6 recorded the total intensity over nearly the full hemisphere,
the average coincidence rate being approximately 21,200 per hour.

The Geiger counters used were of pyrex glass construction. The cathode
was a film of copper evaporated onto the glass from the central 0-004-in.
tungsten wire anode which had been previously electroplated with copper.
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Arrangement of Geiger counters in the Heard Island cosmic ray recorder.
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The counters were self-quenching, being filled with argon and ethyl ether
in the ratio 8 to 1. The total gas pressure was adjusted to give a starting
voltage of 900 volts. The plateaux were of the order of 200 volts. The coun-
ters were operated at 1,000 volts. The diameter of the counters was approxi-
mately 3-4 cm. and sensitive length approximately 20 em. so that trays of
six counters covered approximately 20 cm. by 20 e¢m.

The whole equipment was operated from 12-volt lead-acid accumulators
which were charged periodically. A block diagram of the recording circuits
is shown in Fig. 2. The resolving time of the coincidence circuits was
approximately 20 p-sec.

The output pulses from the circuits were counted with electro-
mechanical counters (telephone message registers) capable of operation at
25 counts per second. These were photographed at hourly intervals with a
16 mm. camera, the timing being made by electrical contacts carried on the
minute hand of a marine-type chronometer.

The equipment was mounted in a cabinet constructed of aluminium
with walls of thickness 07 gm. em.—2. This was mounted just under the
laboratory roof, which consisted of approximately 2 gm. em.—2 of organic
matter (wood, hardboard, etc.)

Equipment used at Macquarie Island, 1950-52. The 1950-52 Macquarie
Island cosmic ray recorder contained eight trays of Geiger counters. Trays
1 to 6 were arranged as in the Heard Island recorder (Fig. 1) and trays 7
and 8 formed a two-fold telescope similar to trays 5 and 6; this was placed
at varying distances up to 200 m. from the main unit. The following co-
incidences were recorded (the numbers are counter tray numbers) :

(1,2,3) —total cosmic ray intensity over a narrow angle

(2,3,4) —hard component intensity over a narrow angle

(5,6) —total intensity over a wide angle

(7,8)—total intensity over a wide angle

[(1,2,3), (5,6) ]—total 1-metre showers

[(2,3,4), (5,6) ] —1-metre showers with at least one penetrating particle

§0(1,2,3), (5,6)], (7,8); —total extensive showers (base up to 200 m.)

{[(2,3,4), (5,6)]1, (7,8); —extensive showers with at least one pene-

trating particle
The Geiger counters used were of similar dimensions to those used in

the Heard Island apparatus. During the first twelve months of operation,
the cathodes in most of them were evaporated gold and, in ‘the remainder,
were platinum deposited from “liquid bright platinum” which was painted
on then heated in a stream of air. The filling contained argon and ethylene
in the ratio 9 to 1. During the last ten months of operation, evaporated gold
cathodes were used, the filling being argon and ethyl ether in the ratio 9 to
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1:1. In each case the total pressure was adjusted tp give a starting voltage
of 1,000 volts. The plateaux were all longer than 200 volts.

After several months use some deterioration of the counters became
apparent and the argon-ethylene and argon-ether filled counters behaved
quite differently. Deterioration of the argon-ether counters usually led to
greater frequency of multiple and spurious pulses and shortened plateaux.
The argon-ethylene counters on the other hand gave smaller and smaller
pulses at the normal operating voltage, the plateaux remaining roughly the
same length but drifting to a higher voltage range. Tests performed on aged
argon-ethylene counters showed that on first applying the normal operating
voltage the pulses were of normal size but after a few minutes decreased in
size, reaching a stable level after a further few minutes. Pulses of normal
size could be obtained by increasing the voltage and this led also to an in-
crease in starting voltage. This behaviour suggested the presence of a semi-
insulating material on the electrodes, probably polymerization products
from the breakdown of the ethylene quenching vapour.

Facilities were not available at Macquarie Island to open, clean and
refill the counters. However, it was found that, after connecting the ends of
the anode wire directly across a 12-volt accumulator, bringing the wire to
a bright red heat for two to three seconds, most of the aged counters re-
turned to normal characteristics with a further useful life of three to four
months. Most of these rejuvenated counters then failed in the same way and
some of them responded satisfactorily to a second rejuvenation treatment.

The argon-ether filled counters after deterioration did not respond to
this treatment. In order to increase their useful life it was found necessary
to operate at a lower over-voltage and to modify the pulse-shaping circuits
to accept smaller counter pulses.

A block diagram of the recording circuits of the apparatus is shown in
Fig. 3. The functions of the various units are briefly described below; all
valves used were miniature pentodes, type 6AKS5.

(a) Power units. The equipment incorporated three separate vibrator
power units operated from banks of 12-volt lead-acid accumulators which
were continuously charged through selenium rectifiers. Battery operation
was considered desirable because of the relatively poor regulation and
occasional interruptions of the 230-volt A.C. output from the station supply.

In the main rack one power unit provided the high tension for Geiger
counter operation (trays 1 to 6), a stabilized —75-volt bias supply and an
unregulated - 220-volt supply for operation of the power tubes driving the
mechanical registers. A second unit provided a stablized +- 150-volt output.

In the remote unit a single power unit provided high tension for Geiger
counter operation (trays 7 and 8), a stablized + 150-volt output for opera-
tion of the pulse shaping and coincidence circuits and an unregulated +220-
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volt supply to operate the cathode followers feeding pulses along the coaxial
cable to the main unit. ~

All valve heaters were operated directly from the accumulators, the
centre points of which were earthed.

Troy 8

LEGEND

PS pulse shaper

2R 2fold coincidence

3R 3fold coincidence

D discriminator

D" puise shoping discriminator
Sr scale of r

PL  pulse lenglhener

CF cathode follower

M driving circuit and
mechanical register

Fic. 3.
Block diagram of circuits of the Macquarie Island (1950-51) eosmic ray recorder.

Vibrators in the power units were replaced about once per month,
usually as a routine procedure rather than because of failure. This was
found desirable because of interference with other recording equipment at
the station caused by poor waveforms generated by operation of the vibra-
tors under high load conditions for longer periods.

Power consumptions in the main unit and remote unit were approxi-
mately 120 watt and 40 watt respectively.

(b) Pulse shaping circuits. Pulses from each tray of Geiger counters
were fed to a pulse shaping circuit shown in Fig. 4. The output from this
circuit was a single negative-going half-cyele with practically zero over-
shoot. The effective width of this standard output pulse at the grid of the
coincidence circuit was 2 p-sec.

(c¢) Coincidence circuits. In these circuits (Figs. 5 and 6) a cathode
load was used. This enabled slightly better diserimination between the cases,
all tubes cut off and not all tubes cut off simultaneously ; it also made a useful
reduction in total current drain on the 150-volt line.

(d) Discriminators and pulse-shaping diseriminators. Details of the
pulse-shaping discriminator are given in Fig. 7. The output from this cir-
cuit was similar to that from the pulse-shaping circuit deseribed under (b)
above. In the diseriminators which do not feed to a coincidence circuit the
inductive anode load was replaced by a 50,000-ohm resistor.

(e) Delay lines. Since transmission time along the 200-metre coaxial
cable from the remote unit was approximately 1:75 p-sec., it was necessary
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2+ 50valts

Fic. 4.
Pulse-shaping circuit.

+I50voits

+I150volts
00K 30K
200K LK 200K

Fic. b.
Two-fold coincidence circuit.

60K%

Fic. 6.

Three-fold coincidence circuit.

+150velits
200K

Tmh S

—

£O.1
300K

-7Svoits [ -—|||.
Fic. 7.

Circuit of pulse-shaping diseriminator.

+ 150volts
—0

i 150k 1dox

Fic. 8.
Circuit of scale of two.
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to delay pulses from the main unit before feeding to the extensive shower
coincidence circuits. The delay lines used for this purpose were made up of
five =-sections, the terminating impedance being used for adjustment of the
output pulse shape.

(f) Scaling circuits. The circuit of a scale of two is shown in Fig. 8.
This circuit responds satisfactorily at pulse frequencies up to 20 ke¢/sec.

(g) Mechanical register and driving circuit. The mechanical registers
(coil resistance 8,000 chms) were wired as anode loads of the power valves
(Fig. 9). The circuit constants were chosen to provide a %s sec., 20 ma. pulse
through the coil for reliable operation. Each power tube had its own isolat-
ing resistance—capacitance filter on the 220-volt supply line.

+ 220 voits + 150 voits
()

10K

| mechanical
S register

~T5volts

~TSvolty

- -
Fic. 9. FigG. 10.
Mechanical register and driving circuit. Circuit of pulse lengthener.

The useful life of the mechanical registers (telephone message regis-
ters) was increased by replacing the units and tens drums with drums
specially made with hardened steel sections. The registers then had a life
of 107 to 108 counts.

(h) Pulse lengthener. In the shower recording circuits, the pulses
from the discriminators had to be inverted and lengthened before feeding
to the mechanical register driving circuit. This was achieved with the circuit
shown in Fig. 10.

(i) Cathode follower circuit of the remote unit. Details of this circuit
are given in Fig. 11. Positive pulses from the cathode followers feed into
the 75-ohm impedance coaxial cable connecting to the discriminators in the
main unit. The discriminator bias was reduced to accept the smaller pulses
which are attenuated in the cable.

(j) Test equipment. A test pulse generator was built into the main unit
to provide negative pulses of*adjustable amplitude and repetition rate. The
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test pulse was preceded (by a variable time interval) by a short positive
pulse used to trigger an oscilloscope.

(k) Camera recording system. The eight mechanical registers in the
main unit were illuminated and photographed at hourly intervals with a
single-shot electrically-driven 35-mm. camera, the operation of which was
controlled, through a system of relays, by a marine-type chronometer
carrying platinum contacts on the minute-hand and dial,

*+ 220 sty
e
ie
200pt - L____' cogrial cobie to
.‘.__. - _._ main rack
KX e T,
if w T,
b 1
. ‘E ox g SO [-1"
> 3
Fic. 11,

Cathode follower circuit of the remote unit.

The main unit containing trays 1 to 6 was mounted in an aluminium
cabinet with walls of 0-7 gm. cm.—2 mounted close under the laboratory roof
which consisted of about 2 gm. em.—2 of organic matter (wood, “onozote”,
etc.). The remote unit containing trays 7 and 8 was mounted in an alumin-
ium cabinet with walls of 0'7 gm. e¢m.—2; this was protected from the
weather by a canvas sheet.

Notation for coincidence rates. In the remainder of this report the
following notation will be used:

Number per hour of coincidences (1,2,3) =
1 » IR T LE] (2:3,4) = C2
EE 3 PP ED (5:6) = C3
” 2" 3 1] ” (7:8) = C4
2 2 T 3 €1 —Cs =D
EH] ” 2] 2 2 [ (1,2:3) L] (5;6)] =35
” »” 3 3 » [(23,4), (5,6) 1] =82
»» ” EPRT ) { [(1,2,3), (5,6)1, (778)} =5

2 » ETI T » j[(2,3;4), (5,6)]’ (7;8)} — 84
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The measurements of shower intensities s;, ss, s3 and s; have been discussed
by Parsons (1951) and are not examined in this report.

Counting errors. Each tray of six Geiger counters had a background
counting rate of approximately 1,100 per minute. With a resolving time of
2 p-sec. in each coincidence circuit the mean accidental rates for the Mac-
quarie Island (1950-52) equipment were:

Cy "‘"004% 81 —2%
Cz —006% 82 —b5%
es —0-03% 83 —1-4 X 10— per hour
cs —0:03% 84 —4 X 10—% per hour

For the Heard Island and Macquarie Island (1948) equipment with co-
incidence circuit resolving times of 20 p-sec. the accidental rates for ¢y, c.
and c; were approximately 10 times those given above.

The counting losses in scaling circuits and electro-mechanical registers
(Alaoglu and Smith, 1938) were in the most adverse case about 0-03 per
cent.

These errors have been neglected in the following analysis of obser-
vations.



3. STATISTICAL ANALYSIS
by F. JACKA

Abstract. Maximum likelihood estimates of regression coefficients are
calculated in the cases where, for given values of the independent variables,
the dependent variable has (i) a normal distribution and (ii) Poisson’s
distribution. In case (i) these estimates are identical with the “least
squares” estimates while in case (ii) they are not. However, in case (ii) it
is found that, even when the range of variation of the expected value of the
independent variable is large and its mean value small, the difference be-
tween the “maximum likelihood” and “least squares” estimates is small
compared with the sampling errors in these estimates. It is concluded that
the “least squares” estimates of regression coefficients are sufficiently ac-
curate for all problems treated in following chapters in which the dependent
variable is a measure of cosmic ray intensity.

Results are quoted for confidence limits of regression coefficients and
for tests of “goodness of fit” of the regression equations. In cases where
successive values of the error term of the regression model are not indepen-
dently distributed these tests are unreliable.

The practical procedures adopted for computing regression coefficients
are described.

Introduction. Statistical analysis involves setting up a mathematical
model which describes the variables under consideration, estimating the
constants of this model from the observed values of the variables and com-
paring these with values expected according to a particular (physical)
theory. In chapter 4 the main problem will be that of representing (or pre-
dicting) a measure of the cosmic ray intensity by a linear function of a set
of variables such as barometric pressure, height of meson production level,
etc., estimating the constants of this linear function from the observed data,
and later comparing the theoretically expected values with these estimates
—a problem in regression analysis.

It is the purpose of the present section to outhne the statistical prin-
ciples and methods used in treating this problem.

Regression analysis. It is known that over short periods during which
the primary cosmic ray intensity may be assumed constant and during
which no changes in atmospheric structure occur, the number of cosmic ray
particles counted per unit time interval with a particular apparatus is a

15
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Poisson variate. The expected value of the cosmic ray intensity may be
given by an expression of the form
a+ﬁzx3—i—33$3+ iy a:,:X_,-—X,-

where X,, X, .... are measures of physical quantities which affect the
cosmic ray intensity. This description of the variables constitutes the
mathematical model—in this case a “regression model”.

Given a series of associated observations of cosmic ray intensity, X, and
X5, X3, . ... it is required to estimate a, 85, Bs . . . ., and to make statements
about the estimates in order to know with what confidence it may be said
they are or are not consistent with the theoretically calculated values. Before
discussing this problem consider the case where for given X,, X, . ..., etc.,
X, is a normal variate.

Simple regression—error term normally distributed. Assume
Xi=a+Px2+4¢

where successive values of the error terni ¢ are distributed independently of
each other and of X,. Further assume ¢ to be a normal variate of zero expec-
tation and constant variance, o2

If X , takes the value X; the probability that X, assumes a value in the
interval X;; to X,; - dX,; is

1

¢ (Xy) dXy; = (2me?)~* exp [ 952 (Xli_a_ﬁzxﬂ)s] dX.

If then a series of observations is made in which X, takes the values X,
Xooy - ... Xogy - ... Xa,, the probability that the values of X, will fall in the
intervals X;; to X;; -+ dX,; is given by

P (Xua Xlz: Py Xli: ki X}.n) ande || ‘{Xln = Ell?s (Xn'] an

so that P = {Zwoz)—gexp - 5 Z' (X —a—f5%y)*
2 2

Now, using the method of maximum likelihood, best estimates of «, 8, and o
are those values which make P (or log P) a maximum for the values X,;, Xo;
actually obtained in the sample of observations.
This gives

Blog]?zo BlogP=0 2 log P

da 2 Bs ! da?

which leads to a* = X, « f* = Zr,; 0,/ 22,2
for the maximum likelihood estimates of « and B.. These are the estimates
obtained by the least squares method. For the maximum likelihood estimate
of o2

=0

0¥ = 5 o = 8, (1—1y,?%)
is obtained where s;.% is the variance of the residuals (deviations of X;
from the regression line), s, is the variance of z,; and r, = [(Zz; x,)%/Zx,2
Zx,?)* is the coefficient of correlation between z;; and x-; in the sample.



AT MACQUARIE ISLAND AND HEARD ISLAND 17

It can be shown (Cramer, 1946, Ch. 37) that ne*2/¢2 is distributed like
x> with n—2 degrees of freedom and that s. (n—2)! (B8* — B)/c* has
Student’s distribution with n—2 degrees of freedom. This gives for the
(100—p) % confidence limits of g the value g* = t, o*/s:(n—2)* where t,
is taken with n—2 degrees of freedom.

Multiple regression—error term normally distributed. Now assume
X, = at+By 2 +Psy+ - - - +PiTpte
where successive values of e are distributed independently of each other and
of X;, X,, .... X.. Further, assume « to be normally distributed with zero
expectation and constant variance, ¢2. Following the procedure above, maxi-
mum likelihood estimates are obtained

o 8y Wy -
a* =X, B*=—2-—Y i=23 ....k
1 £ 3 "
S; Wy
B a8 o 2 2
o =8y (g8 T 01 (1—R?(23,----n)

where s2 is the variance of x; in the sample, 5,2 (2, .... » 1s the variance of
residuals, w is the determinant | 7;; | and w;; is the co-factor of r; in w.
Ri(2,3, .... »is called the coefficient of multiple correlation between X; and its
estimate.

In this case it can be shown (Cramer, 1946, Ch. 37) that no*2/o is

.*—
distributed like 2 with n—k degrees of freedom and that s;;,v/n—k B B

o¥

(where (j) represents all subseripts 2, 3,. . . .k but omitting 7) has Student’s
distribution with n—FE degrees of freedom. The (100—p) % confidence
limits of B; are then given by

*
~*j:t_ &
B ? sunVn—k

Effect of non-independence of successive values of e. Durbin and Wat-
son (1950) have pointed out that if successive values of the error term are
not distributed independently of each other

(1) The estimates of the regression coefficients, though unbiased, need
not have least variance (in this sense they are not “best estimates™).

(2) The usual formula for the variance of an estimate is no longer
applicable and is liable to give a serious underestimate of the true variance.

(3) The t and F distributions, used for making confidence statements,
lose their validity.

They have also devised a statistic for use in testing for non-indepen-
dence (serial correlation) of successive errors. The statistic chosen is
d— 3 (AZ)2/372 where Z denotes the deviation from regression and AZ’s
are first differences of Z. In a further paper Durbin and Watson (1951)
tabulate significance points of lower and upper bounds, d; and dy, of d such
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that sample values of d less than dy(»e) indicate significant positive serial
correlation at the p% level, while values of d greater than dy(,, indicate
that the value is not significant at the p% level. If d lies between d, and dy
the test is inconeclusive.

In cases where the dependent variate, X, is an aceurate measure of a
stochastic variable, serial correlation of errors ean be due only to in-
correctness of the regression equation, that is, incorrect mathematical
representation of the physical situation.

Simple regression — X; a Poisson variate. Now return to the case
where for fixed values of the independent variates the dependent variate
has Poisson’s distribution and treat only the case of one independent variate.
If X, takes a particular value X,; the probability that X, takes the value
X,;is given by

$ (Xy;) = exp (—a—Bry)(a+Pry) X,/ X, !
If then a series of observations is made in which X, takes the values X,
X9 o ... Xsy .... Xy, the probability that X; will have the values X,
X]g, S X]_l’ se Xln is given by

P Xy, Xypy oovr Xy voo - Xyp) ='£11¢(X“)
so that

i=1

logP— 3 [ —a— Py + Xy 10g (a-+Big)—log X, !]

To estimate « and g using the maximum likelihood method put

BlogP ZX. —a— ,sz
it a+pz,

@) blogP_ X, 7y _
) a—+-Bx,
From (1) is obtained
@) n e K .. S X_lﬁaf“’za PRSI R
@ a a a a’ F
and from (2) is obtained
@ Klﬁ:fx; - 'X,ﬁjfxaa B 52;@2 +B“i§1xf PR G
Subtracting (3) and (4) gives .
=X,

as the maximum likelihood estimate for «. This is the estimate obtained by
the least squares method. For g however the maximum likelihood estimate,
B*,is (from (1)) the solution of the equation

5 _ X
® Zil +Bzy S il
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which is different from the least squares estimate. This equation may be
solved either graphically or by an iterative procedure starting with the least
squares estimate, Sz, x./32:2, as a first approximation. If g; is an approxi-
mation for g* and B; + 1, the next approximation

1 = Jsi'+1 S :81' +4;
Insert this value in (5)

e S e R
X;+Bx, +dz, — X, +Bsxa ¥ f1 +Ba) §

Z__XL_ o
A~ Xl—l—ﬁ,-&}'s

s Dy, [( Xy +Bia)®

One would expect the least squares estimate b and the maximum likeli-
hood estimate 8* to be similar, especially in cases where « is large and the
range of variation of Bz, in the sample small compared with o. The analysis
of cosmic ray intensity variations in chapters 4 and 5 is concerned with
cases of this type and the least squares estimates are used.

In order to gain some idea of the accuracy of the approximation b ~ g*
in other cases a number of samples was examined. These were obtained as
follows : Two Geiger counters some distance apart in the horizontal plane
were connected to a two-fold coincidence circuit, the output of which was
fed to an electronic counting device. A radioactive y ray source was placed
near the Geiger counters, its position and the separation between the coun-
ters being adjusted to give a coincidence pulse rate of about 10 per minute.
The number of coincidences, X;, occurring in various time intervals, X,
were then measured. The coincidence rate X,/X; remained constant over a
long period, its value being 0-160. The expected value of X, then, should be
given by a - B, with g very close to 0-160 and a = X, X; being a Poisson
variate for fixed X.. Some information on each sample of observations and
the estimates b and g* of g are given in Table 1.

giving

TABLE 1
Number i = Elge of Ba- — Y
g?mgel . FXs BXe X X, b p
11 3-196 1-00 0-164 0-218 0-182
11 3-196 1-00 0-164 0-118 0-120
11 3-196 100 | o0-150 0-214 0-283
16 7-191 0-667 0-167 0-198 0-214
16 7-191 0-667 0-165 0-114 0-113
16 7-191 0-667 0-160 0-139 0-124
31 | 5273 0-182 0-159 0142 | 0140
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It will be seen that the difference g* — b is generally small compared
with the difference g* — 8. Even in these samples then it is not important
whether b or g* is chosen to estimate g.

Accuracy of the regression model. It was pointed out in a previous
section that if for given values of the independent variates the dependent
variate is normally distributed with variance o2, ns.%z2 s, ... #)/0? is distri-
buted like x2 with n—k degrees of freedom. If the dependent variate X, has
Poisson’s distribution, it would then be expected that x2 = ns:2z,5, ... 4 /Xy
would be distributed approximately as 2 with n—k degrees of freedom
provided o is large and the range of variation of .z L B3z + . ...+ Bry
in the sample is small compared with «. If the dependent variate is of the
form X; = g X a Poisson variate, x.2 will be given by X = N81%2,8 ... k)

9X,
These conditions are satisfied in the samples considered in Chapter 4 where
xs- 18 compared with »2 to test the hypothesis that the regression model is
correct. If x* > y % the hypothesis is discredited at the p% significance
level ; that is, the variations of X, are not fully accounted for by the assump-

1
tion that X, (or; X,) is a Poisson variate and X, has expectation
a— Bals + . ... + Bifs.

Computing methods. In order to facilitate the computation of re-
gression coefficients, etc., discussed in chapter 4, the observed values of the
variables (after subtraction of suitable constants to reduce the figures to a
more convenient magnitude) were entered in the form of punched holes on
Hollerith cards. Additional entries denoting the place of observation, year,
month, date and time enable identification and sorting of the records. All
sums and sums of products were then determined with Hollerith sorting
and tabulating machines using the method of “progressive digiting”
(Baehne, 1935).

These values were then transferred to a printed work sheet. The re-
mainder of the computations was carried out with electrically-driven desk
calculators.



4. COSMIC RAY INTENSITY VARIATIONS
OF ATMOSPHERIC ORIGIN

by F. JACKA

Abstract. Using data from Heard Island and Macquarie Island, baro-
meter and temperature coefficients are determined for the hard component,
the total intensity and the soft component of cosmic rays at sea level. The
temperature coefficients are not significant. After eliminating the baro-
metric effect, systematic variations in the cosmic ray intensity remain.

Barometer coefficients for the hard component are calculated using the
assumption that the pressure—height distribution in the atmosphere is
exponential and that p-mesons are produced at a definite atmospheric
depth. Whatever the assumed depth of production in the range 300 to 80 mb.,
the theoretical values obtained are numerically too high.

It is found that on using a linear function of barometric pressure,
height of the £ mb. isobar and mean temperature in a small interval below
the £ mb. isobar to predict the variations in hard component intensity, no
one choice of ¢ in the interval 500 to 80 mb. makes this function a signifi-
cantly better predictor than any other. This conclusion is contrary to that
of Duperier (1951).

Assuming an exponential atmosphere and a definite depth of p-meson
production, theoretical values are calculated for the barometer coefficient,
meson decay coefficient and Duperier positive temperature coefficient for
the hard component. It is found that the theoretical value of the barometer
coefficient is numerically too high for any assumed depth of p-meson pro-
duction in the range 300 to 80 mb., that the theoretical and experimental
values of the meson decay coefficient are in agreement for any assumed
depth of production in the range 500 to 80 mb., and that the theoretical and
experimental values of the Duperier temperature effect are in agreement
only if we assume a depth of p-meson production much greater than is to
be expected from observed values of absorption length for shower-producing
radiation. It is suggested that competition between capture and decay of
~mesons is not the main process responsible for the observed positive
temperature effect.

It is concluded that in order to progress in the study of variations in
cosmic ray intensity of atmospheric origin the simplifying assumptions
above must be avoided.

Introduction. In the present section cosmic ray intensity variations of
atmospheric origin will be examined under the headings used in chapter 1.

21



22 COSMIC RAY STUDIES

Attention will be confined mainly to the hard component, but some results
will be quoted for the total intensity and soft component intensity. The pur-
pose of this examination is to enable us to determine and study the residual
variations which remain after correcting for variations in atmospheric
structure and to improve our understanding of the interaction between
cosmic rays and the atmosphere. A brief description of this interaction
follows:

The primary cosmic radiation consists of protons and smaller numbers
of a-particles and heavier nuclei. Because of collisions with nuelei of the
atmosphere the heavier particles are broken up and give rise to smaller
nuclear fragments, free nucleons and »-mesons (charged and neutral). The
mean free path characterizing these collisions decreases with increase in
atomic number of the incident nuclei (A, — 445 gm. em.—2 for Z = 2,
21-0 gm. em.—2 for 10 < Z < 26; Peters, 1952). The primary protons and
secondary nucleons undergo further interactions, the main products of
which are nucleons and mesons. The absorption thickness in the atmosphere
for these particles is approximately 120 gm. em.—2, while the collision mean
free path is close to the geometric mean free path, 60 gm. em.—2. (These
points are discussed in detail by Rossi, 1952, Ch. 8.)

The charged »-mesons may suffer collision with nuclei, the main pro-
ducts of the interaction being further =-mesons and nucleons. In cases where
the incident particles are charged »-mesons of energy less than about 1 Bev,
nuclear interaction may sometimes yield secondary =-mesons; the proba-
bility of such events increases with increase in energy of the incident
=meson. (Camerini et al. 1951a, p. 1,255 and Camerini et al. 1951b, p.
1,274).

The charged =~mesons may also suffer decay (7,- = 2:65 X 10— sec.)
giving rise to a p-meson and a neutrino. The p-mesons form the bulk of the
penetrating radiation at sea level. They may, however, undergo decay
(r,=210 X 10 sec.) forming an electron and two neutrinos, the elec-
trons contributing to the soft component of the cosmic radiation at sea level.

The neutral =-mesons arising from nuclear interactions undergo decay
to two y-rays (r_,<10—% sec.) which through processes of pair production,
Compton collisions, bremsstrahlung and ionization give rise to an electron-
photon cascade which contributes to the soft component of the cosmic radia-
tion at sea level.

Other particles (r-mesons and V particles) do occur among the
secondry particles but, because of their small numbers and short lifetimes,
are unlikely to play an important part in determining the variations in the
sea level intensity of the cosmic radiation.

In the following theoretical treatment of the problem it will be assumed
that all =~-mesons are formed at a definite depth and these undergo collison
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with nuclei of the atmosphere or suffer decay to p-mesons at a definite
atmospheric depth. For the purpose of representing the variation of atmo-
spheric depth with height it is assumed that the atmospere is static and
isothermal, so that atmospheric depth is an exponential function of height.

All integrals in which the integrand is not given in analytical form
were evaluated by graphing the integrand on a large scale and integrating
with a disc planimeter, the accuracy obtained being of the order of 1 per
cent.

The barometer and temperature effects—experimental results. For the
purpose of calculating barometer and temperature coefficients from the
Macquarie Island data, the daily mean values of cosmic ray intensity (in
coincidences/hr.), barometric pressure and temperature were calculated.
Denoting X; — cosmic ray intensity,

X2 — pressure,

X3 = temperature,
regression equations of the form X;—a+B1:22 and X;=a|B12.5%2+P13.2%s
were fitted and estimates by», bi25 and b3 of the coefficients determined
using standard methods described in Chapter 3.

Values of these estimates and the 95 per cent confidence limits of the
coefficients calculated by standard methods described in Chapter 3 are given
for Macquarie Island in Tables 2 to 6. Similar data calculated from hourly
values are given for Macquarie Island in Tables 7 to 11 and for Heard Island
in Tables 12 to 14.

Significance of barometer and temperature coefficients. In column 7
of these tables are listed values of y,* and the corresponding x3,, calculated

in the manner described in Chapter 3, the values referring to regression of
X, on X, and X;. It will be seen that in nearly every case x82>x§% indicating
that for given X, and X; the dependent variable X, has a variance greater
than would be expected on the assumption that the number of coincidences
per hour is a Poisson variate and that the expected value of X, is given by
a + Biz.3%s + Pis.2¥s. It is apparent then that the cosmic ray intensity cannot
in general be accurately estimated by a linear function of barometric pres-
sure and surface temperature alone.

This is further emphasized by the fact that in many cases where the
statistic d (column 8) has been calculated, its value is less than dysq
indicating positive serial correlation of the errors significant at the 5 per
cent level. As pointed out in Chapter 3 this can occur only if the regression
equation does not accurately describe the variations of the dependent
variable. It should also be strongly emphasized that in this case the con-
fidence limits given for the regression coefficients may be regarded only as
inner limits of the true confidence intervals which may cover a much greater



TABLE 2

Barometer and Temperature Coefficients—Maequarie I.
Limits quoted are 959, confidence limits.*
X, = ¢y, (mean of day); X, — Barometric Pressure (mean of day); X, = Surface Temperature
(mean of day)

< E
b b b = X 8
Month 12 12.3 13.2 2 H
& (%/mb) | (%lmb) | (%]0) & (md) Ay
13
1950
June —0-264 —0-232 —0:460 6016 1009-1 251-6
+0-088 +0:090 +0-538 23-7
July —0-217 —0-217 —0-099 601-3 1008-6 79-3
+0-038 --0-039 +0-196 31-4
Aug. —0-201 —0-223 —0:131 599-9 1006-5 123-1
+0-053 +0-052 +0-241 237
Sept. —0-172 —0-235 —0-491 604-0 1002-4 132:0
+0-021 +0-017 +0-241 40-1
Oct. —0-183 —0-184 —0-081 596-8 1003-1 117-1
+0:027 +0-028 £0:236 352
Nov. —0-221 —0-221 —0-073 6089 994-8 858
-+0-020 -+0-020 -0-137 38-9
Dec. —0-223 —0:218 —0-380 607-4 995-1 163-0
-+-0:026 +0-024 +0-239 41-3
1951
Jan, —0-277 —0-288 —0-517 5862 1006-1 4870
-+0-058 -+0-056 £0-516 41-3
Feb. —0-257 —0-247 —0-672 585-2 1002-5 216-9
-+0:033 +0-031 +0-534 352
Mar. —0-209 —0-209 —0-652 601-8 995-8 2:0
£0-028 +0-006 +0105 23-7
Apr. —0-234 —0-233 —0-084 598-9 998-9 67-1
-0-032 +4-0-033 +0-218 30-1
May —0-219 —0-216 +0-082 605-1 1002-3 118-8
+0:021 +0023 ~-0-232 30-1
June —0-270 —0-267 +0-143 599-6 1006-0 2495
4-0-044 +0-045 £0-299 30-1
July —0-182 —0:182 +0-008 602-2 997-3 1574
+0:027 --0-028 +0-252 314
Aug. —0-270 —0-261 —0-117 6036 998-1 570:9
+0-042 +0-044 £0-347 32-7
Sept. —0-248 —0-246 —0-038 609-3 998-3 5505
- 0-043 +0:049 40315 " 389
Oct. —0-229 —0-230 —0:110 607-1 1000-0 87-6
+0:032 --0-031 +0-511 27-6
Nov. —0-239 —0-215 —0-391 622-1 9954 86-3
+0:035 L0026 +£0-178 27-6
Dec. —0-213 —0-200 —0-293 618-4 996-1 128-2
40:046 +0-040 -+0-185 33-9
1952
Jan. —0-227 —0-224 —0-189 627-9 986:1 78-0
+0:022 £0:021 L0194 33-9
Feb. —0:184 —0-179 —0-217 611-1 998-1 98-8
+0-033 +0-035 +0-419 30-1
Mar. —0-252 —0-259 —0-394 617-3 996-2 831
+0-039 --0-030 -0-217 28-9

* In view of the possible serial correlation of the error terms these limits should be considered
only as inner limits of the true confidence intervals.



TABLE 3

Barometer and Temperature Coefficients—Macquarie T.
Limits quoted are 959, confidence limits®
X, = ¢y, (mean of day); X, = Barometric Pressure (mean of day); X; = Surface Temperature
(mean of day)

- = 5
o — X us%
Month by, biaa bugs Xy X, : d
(%fmb) | (%mb) | (%[C) (mb) i .
1950
June —0-208 —0-180 —0-404 842-1 1009-1 §81-3 0-58
-+-0-067 -+0-061 —+0-367 237 1-02
July —0-153 —0-154 —0-304 845-1 1008-6 110-2 0-54
+0-059 +0-054 -+ 0-268 31-4 1-17
1-54
Aug. —0-144 —0-147 —0-241 §44-2 1006-5 656 1-40
-+ 0-052 +0-046 +0-214 23-7 1-02
1-57
Sept. —0-172 —0-:173 —0-433 854-1 1002-4 86-9 1-32
+0-020 +0-016 +0-231 40-1 1-28
Oct. —0-134 —0-133 —0-166 8489 1003-1 44-9 1-09
+0-021 +0-020 +0-173 35-2 1-22
Nov. —0-166 —0-165 —0-055 863-7 994-8 113-3 1-16
+0-027 —+0-028 +0-187 389 1-27
1-57
Dec. —0-177 —0-165 —0-631 859-0 995-1 279-9 1-40
-+0-049 -+0-037 4-0-410 41-3 1-30
1951
Jan. —0-212 —0-230 —0-854 830-7 1006-1 212-6 0-69
+0-053 +0-044 +0-437 . 41-3 1-30
Feb. —0-187 —0-176 —0-720 827-9 1002-5 195-4 0-93
+0-037 —+0-035 +0-602 35-2 1-22
1-54
Mar. —0-121 —0-127 —0-520 845-5 995-6 24.7 2-25
-+ 0-040 +0-038 +0-630 19-7
Apr. —0-164 —0-160 —0-245 844-0 998-9 93-0 1-12
+0-047 +0-046 +0-307 30-1 1-15
1-54
May —0-156 —0-155 +0-033 852-3 1002-3 95-6 1-39
+0-022 +0-024 - 0-248 30-1 1-15
June —0-217 —0-212 +0-267 847-2 1006-0 218-7
+0:052 +0-050 +0-333 30-1
July —0-115 —0-116 +0-010 857-9 997-3 123-6
+0-028 +0-029 +0-265 314
Aug. —0-208 —0-196 —0-160 856-4 998-1 396-9
+0-043 +0-043 +0-343 32-7
Sept. —0-147 —0-130 —0-132 868-4 998-3 338-3
+0-042 +0-045 +0-292 38-9
Oct. —0-166 —0-172 —0-167 8558 1002-8 90-8 -
+0-033 +0:032 +0-224 28-9
Nov. —0:150 —0-124 —0-434 880-7 953-8 79-2
+0-033 +4-0-026 +0-192 314
Dec. —0-142 —0-142 —0-341 885-2 994-3 80-5
+0-054 +0-045 +0-223 289
1952
Jan. —0-141 —0-142 —0-320 886-2 988-1 106-5
+0-034 40031 +0-285 339
Feb. —0-100 —0-095 —0-165 871-5 997-4 71-5
+0-036 +4-0-039 +0-437 314
Mar. —0-179 —0-185 —0-413 876-3 996-2 78-1
+0-044 —+0-035 +0-250 28-9

See* footnote Table 2.



TABLE 4

Barometer and Temperature Coefficients—Macquarie T.
Limits quoted are 959, confidence limits*
X, =ec, J,, (mean of day); X, = Barometric Pressure (mean of day); X; = Surface Temperature
(mean of day)

] z o
— X U5%
b b b = i
Month 12 12.3 18.2 T X, H d
(%/mb) (%/mb) (%/°C) i (mb) {x,% dy 50,
1950
June —0-213 —0-197 —0-232 655-3 1009-9 6354 085
0054 -+ 0-058 L0-365 27-6 1-10
1-54
July —0-234 —0-234 —0-058 662-9 10086 189-2 1-46
+0-028 +0:028 +0-144 314 1-17
1-55
Aug. —0-233 —0-222 —0-139 668-7 1003-3 5032 1-57
10027 40026 +0-123 33-9
Sept. —0-218 —0-219 —0-382 665-2 10024 468-6 0-92
+0-018 +0-015 +0-216 40-1 128
Oct. —0-184 —0-183 —0-173 666-5 10031 5720 0-91
40-029 +0-029 1L0-247 35-2 1-22
1-54
Nov. —0-200 —0-196 —0-147 676-3 996-5 131-2 1-16
L0019 L0016 L0-105 30-1 1-15
Dec. —0-204 —0-200 —0-291 6783 995-7 5876 1-21
+0-024 +0-023 +0-246 40-1 1-28
1951
Jan. —0-234 —0-240 —0-285 660-3 1006-1 697-2 0-74
+0-032 +0-032 +0-315 41-3 1-30
Feb. —0-225 —0-214 —0-649 664-0 1002-9 1861-7 1-20
L0045 L0045 L0764 33-9 1-21
1-54
Mar. —0-201 —0-201 —0-579 676-9 996-0 35-9 1-36
+0-030 L0016 +0-218 22-4 0-98
1-54
Apr. —0-220 —0-219 —0-081 675-2 998-9 398-3 1-41
£0-037 +0-037 +0-794 30-1 1-15
1-54
May —0-199 —0-204 —0-137 663-0 1002-3 3957 1-37
—+0:019 -+0-020 +0-203 30-1 1-15
June —0-258 —0-256 40122 6511 1006-0 600-1
-0-033 0033 +0-222 30-1
July —0-183 —0-182 —0-114 670-4 997-3 1221-5
+0-036 +0-037 +0-333 i 314
Aug. —0-256 —0-254 —0-043 6734 998-1 2499-0
-L0-040 L0-043 L0-344 32-7
Sept. —0-211 —0-215 +0-056 676-4 998-3 4056-1
+0-055 +0-063 - 0-406 380
Qet. —0-197 —0-197 —0-023 6685 1002-4 1965-5
-+ 0-052 L0053 +0-305 32.7
Nov. —0-204 —0-197 —0-126 6789 9954 395-9
L0022 L0024 +0:173 314
Dec. —0-205 —0-194 —0-252 682-4 996-1 171-4
-+ 0-031 +0-022 4-0-102 33-9
1952 |
Jan. —0-200 —0:201 —0-396 683-3 988-1 460-6
-+ 0-031 L 0-026 +0-239 33-9
Fab. —0-163 —0-154 —0-266 6714 997-4 283-9
L 0-028 —+0-029 -40-331 314
Mar. —0-235 —0-241 —0-372 6751 996-2 321-3
-4 0-037 -+0-029 1-0-204 289

* See footnote Table 2.



TABLE 5

Barometer and Temperature Coefficients—Maequarie I.
Limits quoted are 959, confidence limits*
X, = ¢, (mean of day); X, — Barometric Pressure (mean of day); X; = Surface Temperature

(mean of day)
x‘
b bus. bys. . L s
Month | (opfmb) | (%lmb) | (%IC) X s { Xeo
1950
June
July —0-200 —0-200 —0-044 6645 1008-6 2903
10034 4+0-035 140178 314
Aug. —0-220 —0-213 —0-129 6650 1003-7 630-8
10-035 £0-039 10181 30-1
Sept. —0-184 —0-184 —0-053 8715 1002:4 5915
+0-017 10017 1.0-242 40-1
Oct. —0-199 —0-201 —0015 670-1 1007-6 298-3
40-057 +0-054 4-0-428 18-3
Nov. —0-187 —0-187 —0-042 6887 995-0 3305
+0-019 +0-019 10135 377
Dec. —0-213 —0-207 —0-260 680-8 993-9 160-1
10015 £0:013 40157 35-2
1051
Jan. —0-235 —0-244 —0-445 8544 1005-3 9627
1+0-054 10-053 10-585 28-9
Feb. —0-237 —0-223 —0-794 664-0 10007 2707
10-028 4-0:021 10-363 28-9
Mar.
Apr. —0-235 —0-223 —0-273 6678 | 9987 23-7
1.0-051 £0-058 4-0-605 7-8
May —0-198 —0-192 +0-165 661-1 10023 410-9
1+0-020 10-020 10-206 30-1
June —0-239 —0238 10-258 647-8 10068 1204-8
10-051 0050 4-0-388 28-9
July
Aug.
Sept. —0-222 —0217 —0-057 679-4 994-9 463-2
£0-029 £0-039 10270 250
Oct. —0-253 —0-259 —0-132 6810 1000-6 7947
10-041 +0-041 10-195 289
Nov. —0-299 —0-276 —0-369 702:2 9914 796-3
4.0-062 10-055 10285 237
Dee. —0-191 —0-179 —0111 668-6 994.8 5175
10-043 10-044 10230 30-1
1952
Jan. —0-203 —0-201 —0-132 8771 9855 8065
+0-041 10-042 10478 289
Feb. —0-173 —0-149 —0-666 6626 9866 755-8
10042 1£0-040 4-0-461 352
Mar. —0-231 —0-242 —0-728 8701 996-2 9111
+0-067 10-048 10345 28-9

* See footnote Table 2.



TABLE 6

Barometer and Temperature Coefficients—Macquarie I.
Limits quoted are 959, confidénce limits*
X, = 1—) (mean of day); X, = Barometric Pressure (mean of day); X, = Surface Temperature

(mean of day)
Month bu bu-s bla.s i’ i; d %5%
(%/mb) | (%]mb) (%I°C) 1 (mb) dy 5o,
1950 1-54
June —0-428 —0-403 —0-363 360-3 1009-1 1-77
+0-116 +0-129 +0-770
1-54
July —0-362 —0-362 —0-341 3576 10086 2-01
+0-066 +0-074 +0-377
1-54
Aug. —0-319 —0-317 +0-079 3554 1006-5 1-28
+0-123 +0-128 +0-604 1-02
1-57
Sept. —0-366 —0:369 —0-501 3538 1002-4 1-75
+0-038 =+ 0-036 +0-522
1-55
Oct. —0-309 —0-309 +0-028 345-3 1003-1 1-33
—+0-058 - 40-060 +0-509 1-22
1-56
Nov. —0-362 —0-360 —0-247 353-3 994-8 1-71
-+0-060 +0-060 +0-407
Dee. —0-325 —0-337 +0-566 356-8 995-1 1-13
+0-:066 +0-066 +0-715 1-30
1951
Jan. —0-440 —0-437 -+0-082 343-1 1006-1 1-28
=+0-074 +0-076 +0-752 1-30
1-55
Feb. —0-423 —0-414 —0-624 3424 1002-5 1-74
+0-043 -+0-037 +0-731
1-54
Mar. —0-324 —0-332 —1-279 3588 995-6 1-46
+0-121 +0-121 =+ 2-005 0-92
Apr. —0-420 —0-422 +0-213 354-1 998-9 1-08
+0-109 +0-111 +0-739 1-15
1-54
May —0-271 —0-271 +0-691 353-5 1002-3 1-51
+0-173 +0-190 +4-1-944 1-15
June —0-397 —0-399 —0-156 352-1 1006-0
+0-053 -+0-056 +0-363
July —0-347 —0-347 +0-004 346-4 997-3
+0-041 +0-043 +0-390 ¢
Aug. —0-419 —0-417 —0-027 350-9 998-1
=+0-049 --0-056 +0-430
Sept. —0-357 —0-344 —0-189 3554 998-3
+0-036 4+ 0-040 -L0-266
Oct. —0-392 —0-394 —0-182 354-0 1000-2
+0-049 +0-049 -£0-339
Nowv. —0-460 —0-445 —0-242 363-8 995-4
=+ 0-050 +0-055 +0-314
Dee. —0-327 —0-327 —0-333 366-6 994-3
-+0-106 +0-104 +0-518
1952
Jan. —0-422 —0-424 +0-112 366-6 986-1
+0-052 +0-054 +0-493
Feb. —0-355 —0-344 —0-411 351-5 998-1
--0-083 -£0-090 +1-277
Mar. —0-432 —0-438 —0-348 358-3 996-2
+0-057 +0-053 +0-381

* See footnote Table 2.
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TABLE 7

Barometer and Temperature Coefficients—Macquarie 1.
Limits quoted are 959, confidence limits¥®
Xy =0y ; X, = Barometric pressure (mean of hour); X,; = Surface Temperature (mean of hour)

| | £ x
' bya biag bra-g ~ X, ‘ .

Month | (94 /mb) (%] mb) (%/°C) % (o) | ks

1950

June —0-199 —0-215 +0-158 6037 1007-4 1810-1
+0:028 +0-031 +0-138 509

July —0-217 —0-218 —0-069 600-9 1008-8 664:2
+0-017 40-017 -+ 0-087 632

Aug. —0-221 —0-221 +0-013 600-5 1006-7 658-8
+0-018 +0-018 +0-067 468

Sept. —0-229 —0-231 —0-385 6038 1002-5 934-2
| +0-008 +0-008 +0-095 776

Oct. —0-174 —0-174 —0-021 595-8 1004-3 725-3
+ 0010 +0-010 +0-079 694

Nov. —0-216 —0-216 —0-049 609-1 994-7 892-9
0011 +0-011 =0:070 | 762

Dec. —0-223 —0-221 —0-257 6073 995-2 945-3
+0-010 -+0-010 -+0-095 796

1951

Jan. —0-267 —0-277 —0-302 586-4 1006-1 1225-3
L0-016 +0-016 40-130 777

Feb. —0-248 —0-243 —0-465 586-7 1001-6 9349
<0011 +0-011 40129 695

Mar. —0-186 —0-191 —0-280 601-3 996-0 581-3
+0-016 +0-016 +0-158 498

Apr. —0-228 —0-228 —0-0587 598-5 999-3 702-7
0020 +0:017 0092 617

May —0-219 —0-218 +0-066 606-3 1001-3 804:5
+0-009 +0-009 +0-081 602
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TABLE 8

Barometer and Temperature Coefficients—Maequarie I.
Limits quoted are 959, confidence limits*
X, =ey; X, = Barometric Pressure (mean of hour); X; = Surface Temperature (mean of hour)

2
= X
b b b = X s
Month 12 12.3 13.2 2
e (%/mb) (%]mb) (%/°C X (mb) {x:%
1950
June —0:200 —0-182 —0-182 845-1 1007-4 608
+0-019 +0-021 £0-095 509
July —0-156 —0-155 +0-062 8450 1008:0 745
£0:022 0022 -£0-110 632
Aug. —0-153 —0-152 —0-140 844-6 1006-7 460
+0-018 L0018 £0-067 458
Sept. —0-169 —0-171 —0-290 854-0 10025 778
+0-009 -£0-009 £0-103 776
Oct. —0:120 —0-121 —0-139 8479 1004-3 748
L0012 L0012 +0-095 694
Nov. —0-157 —0-157 —0-052 864-2 994-7 835
+0-013 £0-013 | £0-080 762
Dec. —0-174 —0-171 —0-596 8590 994-9 1103
+0-014 +0-013 +0-128 776
1951
Jan. —0:200 —0-214 —0-498 830-2 1006-3 1066
+0-018 £0:017 0141 786
Feb. —0-177 —0-174 —0-406 828-7 1001-9 874
--0-013 L0012 +0-150 690
Mar. —0:141 —0-146 —0-261 843-9 995-7 491
L0:020 £0:020 +0-214 412
Apr. —0:155 —0-153 +0-207 843-1 9995 729
-0-021 L0020 +0-105 632
May —0-158 —0-158 +0-010 853-5 1001-3 616
+0:009 -£0-009 0266 602

* See footnote Table 2.
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TABLE 9

Barometer and Temperature Coefficients—Maequarie I.
Limits quoted are 959, confidence limits*
X,=oa T X, = Barometric Pressure (mean of hour); X; = Surface Temperature (mean of hour)

Al X
bya bis.s ba.s 5 X, $
Month | (o.inb) | (%fmb) (%]°C) X (mb) Xsi
1950

June —0-208 —0-195 —0-120 657-4 1008-6 1304

+0-010 +0-012 +0-054 568

Jaly —0222 —0-223 —0124 663-2 1008-7 1014

£0-011 +0-010 £0-051 630

Aug. —0-277 —0-221 —0-093 669-5 1003-4 1333

+0:007 -+ 0-007 +0-028 652

Sept. —0-216 —0-218 —0-278 665-1 1002-5 1327

+0-005 +0-005 —+0-004 776

Oct. —0-167 —0-168 —0-077 664-7 1004-6 1284

10-006 10-006 £0-048 722

Nov. —0-197 —0-196 —0-093 676-9 096-1 840

—+0-007 +0-006 +0-040 598

Dee. —0-205 —0-204 —0-196 678-6 995-4 1154

ki -+ 0-005 —+0-005 +0-051 780

Jan. —0-233 —0-236 —0-118 660-6 1006-1 1632

+0-008 0-008 +0-068 794

Feb. —0-234 —0-231 —0-293 665-9 1001-7 1847
+0-007 £0-007 10-083 l 7

Mar. —0-184 —0-186 —0-133 6774 995-9 1262

+0-011 +0-011 +0-110 485

Apr. —0-214 —0-215 —0:123 6755 999-1 792

- 0-009 —+0-009 +0-047 577

May —0-202 —0-204 —0-120 664-5 1001-3 1244

+0-005 +0-005 £0-048 | 602
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TABLE 10

Barometer and Temperature Coefficients—Maequarie 1.
Limits quoted are 959, confidence limits*
X, = ey, 3 X, = Barometric Pressure (mean of hour); X, = Surface Temperature (mean of hour)

= x
bll bl!-s bl."l-! Vo Xﬂ. =
Month | (%imb) | (%imb) | (%I0) a (mb) £y
1950
June —0-109 —0-099 —0-460 644-9 1016-9 267
+0-048 +0-042 +0-141 165
July —0-209 —0-208 +0-044 664-5 1008-5 1091
+0-011 -+0-011 +0-057 604
Aug. —0-219 —0-219 —0-018 665-7 1003-9 1174
-+0-007 +0-007 +0-031 593
Sept. —0-184 —0-186 —0-328 672-0 1002-2 1634
+0-006 +0:005 +0-062 740
Oct. —0-171 —0-179 | —0-288 670-7 1006-6 1158
+0-009 +0-009 +0-077 453
Nov. —0-189 —0-189 +0-372 689-3 994-6 1141
+0-006 +0-006 +0-038 750
Dec. —0-205 —0-204 —0-125 681-2 993-9 1414
+0:007 +0-007 -+0-063 687
1951

Jan. —0-236 —0-242 —0-251 6537 1005-6 1897
+0-011 +0-011 +0-011 | 606
Feb. —0-228 —0-223 —0-338 664-9 999-9 1553
+0-008 +0:007 +0-092 602

Mar.
Apr. —0-234 —0-238 —0-124 667-7 999-4 328
+0-013 +0:013 +0-070 241
May —0-199 —0-198 +0-055 662-9 1001-1 1333
+0-006 +0-006 +4-0-053 559

* See footnote Table 2.
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TABLE 11

Barometer and Temperature Coefficients—Macquarie 1.
Limits quoted are 959, confidence limits.*
X, = Pi; X, — Barometric Pressure (mean of hour); X; = Surface Temperature (mean

of hour)
| 0 =
bys by, | bis.n = X,
Myt (%/mb) (%/mb) (%/°C) X, (mb)
1950
June —0-383 —0-379 —0-038 362-5 1007-4
+0:044 +0-055 L0-246
July —0-354 —0-350 1.0-286 356-9 1008-8
+0-053 +0-053 +0-271
Aug. —0-355 —0-355 -+ 0-062 356-1 10067
+0-051 40-051 +0-193
Sept. —0-369 —0-371 —0-516 3537 1002-5
+0-028 +0-028 +0-318
Oct. —0-311 —0-314 +0-210 343-9 1004-3
+0-035 0035 +0-264
Nov. —0-352 —0-352 —0-094 3534 994-7
+0-036 +0-036 +0-232
Dee. —0-333 —0-337 <+ 0-609 3565 994-9
+0-034 +0-032 +0-323
1951
Jan. —0-395 —0-364 +1:012 342-5 1006-1
+0:052 +0:054 +0-429
Feb. —0-415 —0-411 —0-584 3438 0101-9
+0-030 +0-030 -4-0-392
Mar. —0-288 —0-283 +0-155 359-4 995-7
+0:055 £0:055 | £0-604
Apr. —0:316 —0-398 | 40-289 353-7 999-3
+0-058 +0-058 4 0-309
May —0-366 —0-362 +0-142 3589 1001-3
| 0025 40027 10:245
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TABLE 12
Barometer and Temperature Coefficients—Heard L.
Limits quoted are 959, confidence limits*
X, = e,; X, = Barometric Pressure (mean of hour); X, = Surface Temperature (mean of hour)

= x
b].! bl!-s b]’.&! 5a xa g

Month | (96/mb) | (%/mb) | (%[C) X (mb) X

1948
Apr. —0-196 —0-223 —0:277 556-7 999-7 158
+0-037 +0-043 +0-237 164
May —0-268 —0-283 —0-387 571-4 982-4 367
+0-021 +0:023 +0-247 233
June —0-234 —0-234 —0-114 562-2 992-8 1548
+0-014 +0-014 +0-354 579
July —0-189 —0-191 —0-176 569-4 990-6 1365
+0-020 +0-020 +0-474 540
Aug. —0-212 —0-132 —0-213 552-6 979-2 1396
=+0-029 +0-032 +0-252 319
Sept. —0-128 —0-131 —0-143 546-1 1002-0 1000
+0-016 +0-016 L0-112 498
Oct. —0-267 —0-265 —0-288 570-0 9882 1293
+0-015 +0-014 -+ 0-070 692
Nov. —0-210 —0-210 +0-054 561-8 990-5 736
+0-015 -+0-015 +0-158 553
Dec. —0-172 —0-171 —0-328 5571 996-1 1410
=+0-011 +0-011 +0-132 786
1949

Jan. —0-214 —0-214 +0-010 561-3 989-3 1299
=+0-018 +0-018 +0-190 | 568

* See footnote Table 2.
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TABLE 13

Barometer and Temperature Coefficients—Heard I.
Limits quoted are 959, confidence limits*
X, =e¢;;,; X, = Barometric Pressure (mean of hour); X; = Surface Temperature (mean of hour)

= Xt
bn bu.a bm.s B Xs :
Month | (94 /imb) (%] mb) (%]°C) % (mb) -
1948 :
Apr. —0-115 —0-056 4-0-055 821-0 999-4 120
4-0-042 +0-051 +0-284 134
May —0-180 —0177 +0-107 824-8 984-9 488
+0-020 +0-021 +£0-214 309
June —0-150 —0-150 —0-080 809-7 991-7 1482
+0-017 +0-018 +0137 538
July —0-148 —0-149 —0-058 822-3 991-0 732
+0-022 +0-022 +0-184 333
Aug. —0-188 —0-190 —0-031 839-8 978-6 556
+0-014 +0016 +0-131 446
Sept. —0-159 —0-156 —0-209 809-2 998-2 962
+0-013 +0013 +0-077 679
Oct. —0-206 —0-204 —0-314 822:6 988-2 938
+0-014 +0-013 L0-067 730
Nov. —0-178 —0-179 —0-135 814-4 990-6 5568
+0-015 +0-015 +0:158 554
Dee. —0-132 —0-132 —0:279 809-9 996-0 834
+0:010 +0-010 40117 796
1949
Jan. —0-172 —0-170 —10-386 812-0 989-8 672
+0-018 +0-018 +0-189 617
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TABLE 14

Barometer and Temperature Coefficients—Heard 1.
Limits quoted are 959, confidence limits*
X, =¢s fea X, = Barometric Pressure (mean of hour); X; = Surface Temperature (mean of hour)

s x -
bn bls-s big.s ¥ X, ‘ d
Month | (%/mb) | (%Imb) | (%/°C) * (mb) Xy
1948 '
Apr. —0-206 —0-238 —0-455 637-8 9960 119:1
+0-034 +0-043 +0-395 84-5
May —0-236 —0-237 | —0-013 6546 9825 465
+0-013 +0-015 +0-176 226
June —0-245 —0-258 —0-558 678-8 985-8 805
+0-009 +0-008 +0-065 365
July —0-211 —0212 | —0-091 674-3 989-1 1590
-+0-008 +0008 | £0-922 618
Aug. —0-229 —0-223 —0-081 686-3 980-4 1476
+0-011 40013 +0:089 388
Sept. —0-214 —0-213 —0-100 654-0 998-2 2597
+0-008 +0-008 +0-050 710
Oct. —0-135 —0-140 +0-475 669-9 986-8 3123
+0-032 +0-032 +0-235 663
Nov. —0:213 —0-213 —0-081 6614 990-4 916
+0-008 +0-008 +0-083 532
Dee. —0-187 —0-186 —0-115 6565 9958 1348
+0-005 +0-005 +0:060 776
1949
Jan. —0-217 —0:214 —0-327 662-6 990-2 2070
+0-010 +0-010 +0-105 600

*See footnote Table 2.
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range. Also the values given for x2 must be regarded only as upper limits of
the significance points of the appropriate statistic.

It will be noted that in many cases the 95 per cent confidence interval
of the temperature coefficient 8;3 » includes zero, indicating that the estimate
is not significant at the 5 per cent level. In all other cases the value is small
and, in view of the above remarks on serial correlation, may not be signifi-
cant. Further, the values of b3, vary considerably from month to month
and the values calculated using daily mean values of the variables differ
considerably from those calculated from hourly data. It appears, then, that
little physical significance attaches to these values; that is, in the light of
considerations of the sea level temperature effect in Chapter 1, surface
temperature is a very poor indicator of scale height of the atmosphere at
Heard Island and Macquarie Island.

In view of the smallness and doubtful significance of the temperature
coefficient and because of the small range of variation of surface tempera-
ture at Heard Island and Macquarie Island, this effect is ignored in reducing
observations to standard atmospheric conditions in the following section on
variations associated with solar and geomagnetic disturbance. Regression
equations of the form X, — « I 8;:2> are used.

In the case of the barometer coefficients b, and b,-; there can be little
doubt that they are statistically significant and that there are significant
variations from month to month. Examination of Tables 2 to 6 and 12 to 14
shows that the values of b,; and b2 3 vary from month to month in a similar
manner for each measure of the cosmic ray intensity, indicating the pre-
sence of physical causes acting alike on each measure.

Barometer effect for mesons—theoretical treatment. In order to cal-
culate the barometer effect for p-mesons it is necessary to know their
momentum spectrum at production. It will be assumed that p-mesons are
produced (by decay of »-mesons) at a definite depth, x, gm. em.—2 in the
atmosphere.

Define
N, = number of p-mesons per unit at production
N, = number of p-mesons per unit at sea level, the unit being (unit
momentum) sec. sterad cm.2?
pm,c = momentum of a p-meson of rest mass m,
7, = mean life of the y-meson
s = distance measured downwards from the production level

x — atmospheric depth in gm. ecm.—2.

H — scale height of the atmosphere

p; — minimum value of p for p-mesons capable of penetrating 10 em.

of lead absorber

p2 = 7339 (p2m c = 8000 Mev/c).
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The subseript “o” will be used to denote values of a variable at the productlon
level and the subseript “s” at sea level.

It can be readily shown that for u-mesons of momentum p, the proba-
bility of survival after travelling a distance s is

exp ( : J“"ds)
Tullo P
1 (e
relo P/ dp;
Assume the atmosphere to be isothermal and static
(1) X = X, exp (S/H)
This leads to

Consequently N, = N, exp (

D H [%sdx)dp,

(2) N,.=N, exp( 1';.:C X5 XP) dp&
H (X dx dps

() N, =N, exp (f,.cjx x:p) dp,

Using the Bethe-Bloch relation

dE _ 4ne'NZ/A 1 [10 (2m,,c2_ il - ) = ]

T dax | mpt B L B?
for energy loss per gm. em.—2 of a fast particle which loses energy by
ionization and excitation (the most 1mportant processes for p < 100) and
the substitution

= ginh y

d?

(4) — g [(2+2 log sinh y—tanh?y)/sinh y tanh?y]

L . 4me*NZ[A
is obtained for g-mesons where g = 87;2 and a = log 2m c?/1
mCimue®

The range R of a ,u.-meson is then given by

Ries R‘TI dx

1 sinh y tanh2y d
5 B=lhe jy a+2 log S'y].n.h Y J;azhz
where ¢ — charge of the electron (4:803 < 10— esu)
m, = mass of the electron (9-1 X 1028 gm.)
N — Avogadro’s number (6-023 < 102 molecules/gm. mol)
Z /A — atomiec number/atomic weight of the absorber (0-5, average
value for air)
I = mean energy of excitation of the electrons of the absorber atoms
(805 ev)
Be — velocity of the particle
— range of p-mesons for which p = sinh v;.
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Using (5), Fenton (1952) has calculated a table of values of p as a function
of R.

Since SR — — 3x this table may be used to determine p(x) for any
given p, and X,, hence using numerical or graphical methods the integral

fzs i% may be evaluated and dp,/dp, determined. Using this procedure

and using values of N, (p,) obtained by Caro, Parry and Rathgeber (1951),
(see Fig. 1), N,(»,) has been calculated for x,—=81'6 gm. cm.—* (80 mb.),
102 gm. cm.—2 (100 mb.), 153 gm. em.—2 (150 mb.) and 306 gm. cm.—2
(300 mb.). The values used for the constants were
T 2-15 p-sSec.
m, = 215 m,
¢ = 3 X 10 c¢m. sec.—!
x, = 1026 gm. cm.—2
H=17Tx10%cm.
Results of these calculations are shown in Fig. 13. It will be seen that for
high momenta the variation of N, with p, is similar to the variation of N.
with p,. In the discussion of this section consider the spectra N, = k.p;—2
(in line with results given by Rossi, 1948) and N, = k,p,—* (in line with
results given by Caro, Parry and Rathgeber, 1951) for p,>p.="T3-39
(psm,c = 8000 Mev/c). The spectra of Caro, Parry and Rathgeber and of
Rossi are similar for lower momenta.
Using the spectrum N, (p,) (x, = 153 gm. em.—2) (curve III of Fig.
13) and (2) several values of H and x, may be calculated. These results are
shown in Fig. 14.
The differential barometer coefficient is now given by
B o2 (ﬁ)
12 7 N, \ ox,/H = const.
From (2) is obtained

(6) By, — Sdedps 4 (di)d_f’___i_
127N, dp, dx, ' dp, \dx,/dp, TucX.p;
i d inh d
giving for any value of ﬁ—s = — ‘fﬁ;’ = — d—%{—-—y} — — cosh y :_i{
8

Substituting j—i from (4)

dp, 1 a-+2 log sinh y—ta&lhzy]
dx, ¢ et [ sinh y tanh?y

(7)
is obtained leading to % for any p, which (for given x, and x,) corres-

dp,
dx,

ponds to a particular value of p,. The term di( ) may be obtained

Ps
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graphically after plotting dp,/dx, against p.. Likewise i% and gp’ are

Do
obtained. Using this procedure the results for By» shown in Fig. 15 were
obtained. .

Ny x !O’, Arbitrary Units

Fic. 13.

Sea level p-meson momentum spectrum, N. (ps)—after Caro, Parry and Rathgeber
(1951)—and calculated spectra at production, N, (p.), assuming depth of production
Xo = 80 mb., curve I; 100 mb., curve II;

150 mb., curve III; 300 mb., curve IV.

The integral barometer coefficient is now given by

m 00

B =100| BuNap, /[ Nap,

Integration over the range of p, from p:1 to p, may be carried out by
graphical or numerical methods; the values used for N, are of course the
calculated values given in Fig. 14 for the appropriate H and x,. In order to
calculate the integrals over the range of p, from P2 to e« the following
assumptions were made:
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Units

Ng %107, Arbitrary

Ps
Fic. 14.

Sea level u-meson momentum spectrum, N (p:), calculated from Fig. 13,
curve IIT and (2) for

em.—2 —curve 1

km., x. — 1026 gm.
km., Xs — 1050 gm.
km., x,— 1026 gm.

em.—2 —curve 2
em.—2 —curve 3
cm.—2 —curve 4

i e
IRINIRI
“a-aoo

km., x, — 1050 gm.

N,/N, = constant; the value used is that for p, = p..
p,—p, = constant
dp,ldx, = g (a—1+2 log p) cf. (7)
4 (dfps) dp,
dp; \dx,/ dp,
This term is negligible at p, = p- and decreases roughly as p;—* N,.

Assuming momentum spectra
N, = k,p,—* and N, = k,p,— for p,>p; gives

;) ) 2 HN;
Blstdps F - (Na)2 [(‘E‘E’) + 'g g] ""ﬂ“’
Iy s/ 3

3Tucx,
where the subscript ‘2’ denotes values corresponding to p; = p.. Assuming
momentum spectra N, = k,p,~% and N, = k;p,* gives

N, =0
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=8, %10} (gm cm™)

1 1 I U e, | 1 L L1 4+ 12l
=] 00

Ps
Fic. 15.

Calculated differential barometer coefficient, Bi:(p.), assuming sea level momentum
spectra as given in Fig, 14.

= = dap, H(N,)
J-p'BlaNs dps == _'(Nn)?. [(E;;)z'l' q ] — 5=

271.0x,

The final values calculated for g;, are given in Table 15.

TABLE 15
Caleulated values of Bi» in % per mb.

Xy H X5 Bz Pra
(gm. cm.—?) (em.) (gm. em.—?) (y =2) (y=3)

153 7 x 108 1026 —0-241 —0-261

153 7 x 10 1050 —0:220 —0-239

153 6 x 10° 1026 —0-236 —0-254

153 6 x 10° 1050 —0-220 —0-238

81-6 7 x 10% 1026 —0-237 —0-256

Barometer effect—discussion. Comparison of the estimates, D12, of the
barometer coefficient for mesons given in Tables 3, 8 and 13 with the
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theoretical values given in Table 15 shows that the theoretical value is too
high, whatever the choice of x,, H, %, and y in the ranges considered. How-
ever, it is of some interest to see whether the dependence of the barometer
coefficient on H and x, is of the form given in the table of theoretical values.

The values of b;» from Table 3 were plotted against mean barometric
pressure for each sample. From this plot there appears to be a very small
increase in numerical value.of b,, with increase in pressure whereas, accord-
ing to Table 15, B2 decreases numerically with increase in x,. To examine
this point further mean values of ¢, and pressure in the interval two hours
before to two hours after the daily radio sonde flight were examined, using
the Macquarie Island data of the period June 1950 to March 1952. These
data were divided into six samples according to the values of x, and of H

defined by H = s,/log % where x, = 153 gm. cm.—2. The estimates of the

barometer coefficients for these samples are given in Table 16.

TABLE 16

E'stimates of B2 in % per mb. from Data Grouped According
to Values of x, and H.

x5 << 1000 mb 1000 mb < x; <1010 mb | x> 1010 mb
x; = 991 mb Xz = 10056 mb Xy = 1016 mb
H<7km —0-21 —0-058 —0-15
H = 69 km
x; <990 mb 990mb < x; <1010 mb X >1010 mb
%, = 982 mb %, = 1001 mb %; = 1016 mb
H>7km —0-17 —0-19 —0-28
H = 71 km

From this table it is clear that the estimates of the barometer co-
efficient from the samples considered do not vary in any simple way with
x, and H as do the theoretical values summarized in Table 15.

These results strongly suggest that the assumption that the atmosphere
is static and isothermal is unsatisfactory. In the following the total baro-
meter coefficient is derived in a manner which avoids this assumption in one
of the more important terms.

From the previous section, “Barometer effect for mesons—theoretical
treatment” is taken

' 1 (s"ds)dp,

N Noen(- 5 [ %)
A i - : ; 1 dN,
The differential total barometer coefficient B’,, = N x
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is then

B - () () as,
7 N,\dx,/ 8, = const. ' N, \38,/ x, = const. dx,
Using the notation later described in the section “Barometer effect for
p-mesons (height of production constant)” the following is obtained
B.—B R W0
12 12.34 op, dx;
The first term, B 34, is derived using the assumption x, — x, exp (S,/H)
while in the second term the value of dS,/dx, appropriate to the sample of
observations is used. The integral total barometer coefficient is given by

Fu=| BuNdp/[ N,

The p-mesons are assumed ’Eo be produceld at x, = 153 gm. ecm.—2.

Using the Macquarie Island data of June, 1950, to March, 1952, the
values of S, (height of 153 gm. cm.—2 level) obtained from the daily radio-
sonde flight were plotted against x,. The plotted points covered a large
region with no clearly defined trend. From these points two samples were
selected, one in which all points lay in a narrow band of slope dS./dx, =
9534 cm./gm. em.—2 and another in which the points lay in a narrow band
of zero slope. Using the values of ¢, and pressure (mean of the period two
hours before to two hours after the time of ascent of the radiosonde) asso-
ciated with the points of these samples, estimates and 95 per cent confidence
limits of the barometer coefficient were calculated. These results are pre-
sented in Table 17 along with the theoretical values, g1, calculated with
X, = 153 gm. em.—2, N, (p,) given in curve III of Fig. 13, N, (p,) as given in
Fig. 13 and x, — 1026 gm. cm.—2.

TABLE 17

Theoretical Values and Estimates of Total Barometer
Coefficients, p'12, in % per mb.

Sample Estimates Theoretical Values
dsg/das X; b'ys By =2) Fily=23)
em/gm. cm~2 gm. em~* Y%o/mb %/mb % [mb
953-4 1025 | —0-223 4-0-055 —0-325 —0-351
0 1021 ‘ —0-151+0-052 —0-204 —0-221

This table shows that the dependence of the theoretical values on
ds,/dx, is of the form obtained in the samples but the theoretical values are
still too high (numerically). This may be due to (a) the assumption that
the atmosphere is static and isothermal used in deriving the first term of
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B’i2, (b) a wrong choice of x, (using x, = 816 gm. cm.—2 reduces B'12 by
only about 2 per cent), (c) errors in N,(p,) (this was deduced from N, (p,)
and the assumption that the pressure height distribution in the atmosphere
is given on the average by x = x, exp S/H with H =7 km. and x, — 1026
gm. cm.—2) or (d) weakness of the assumption that the y-mesons are pro-
duced at a definite level, x, gm. em.—2, in the atmosphere.

In Chapter 7, Jacklyn, from an analysis of some of the Macquarie
Island measurements of ¢., has shown that the barometer coefficient charac-
teristic of a temperate air mass is different from the value characteristic of
a polar air mass, the difference being associated with different values of
ds,/dx, Tor the two air masses.

As suggested by Jacklyn, it seems likely that the variations of baro-
meter coefficient from sample to sample may be due mainly to variations in
some sort of mean value of ds,/dx, associated with the samples.

In order to compare the estimates of the barometer coefficient for the
hard component obtained in the present case with those of other workers,
some values obtained in recent measurements with Geiger counter tele-
scopes are shown in Table 18. The Macquarie Island and Heard Island
values fall roughly in the middle of the range of values of this table.

Fenton (1952), from an examination of experimental and theoretical
values, concludes that there is insufficient evidence to justify the view that
the barometer coefficient for the hard component varies with zenith angle of
incident of the particles. In that case Table 18 gives no indication of
a .systematic variation of the barometer coefficient with lead absorber
thickness.

Several earlier theoretical calculations of the barometer coefficient have
been made; of these the calculations of Rose (1951) and Fenton (1952)
should be mentioned. Rose (1951) assumes variations in atmospheric
structure of a type which does not in fact occur. (He assumes the change in
pressure at any height k to be proportional to x(k)/x, and adjusts the
density to give no change in temperature distribution). In view of earlier
remarks this may lead to incorrect results. He then assumes the momentum
of the mesons to be a linear function of absorber thickness traversed (in
gm. em.—2) and proceeds to select a form of the momentum spectrum of
p-mesons at production which leads to agreement between his calculated
and experimental values for the barometer coefficient. The form of the pro-
duction spectrum deduced by Rose derived largely from the marked in-
crease he found in barometer coefficient with increase in lead absorber
thickness ; there appears to be little other evidence for this effect (Table 18).

Fenton assumes the p-mesons to be produced at the 100 mb. (102 gm.
cm.—2) level with a momentum spectrum of the form p,—» for the whole
range of p,. His method after this is essentially an approximation to the
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TABLE 18

E'stimates of Barometer Coefficient for the Hard Component
from Different Measurements

B . bl!

Source l Zenith Angle Lead Absorber (9 /mb)
Caro et al, (1948) |

.,» Lat. 38°-51°8 , 0° 10 em. —0-1260
» Lat. 51°-65°8 | 0° | 10 em. —0-136'1
. Lat. 65°-67°8 [ 0° | 10 em. —0-112t
Table 3 . 0° | 10 em. —0-1622
Table 13 | 0° 10 em. —0-163®

Fenton (1952) 15° 12 em. —0-180

" 30° 12 cm. \ —0-192

o 45° 12 em. —0-175

’ 60° 12 em. | —0-153

35 70° 12 em. —0-209

Rose (1951) [ 18:5 em. —0-131
Duperier (1949) 0° 25 em. —0-105'
Dolbear, Elliott (1951) 45° 35 em. —0-139'%
i - 45° 35 cm. —0-14218)

Rose (1951) 0® 39 em.® —0-160
Duperier (1951) 0° 40 em. —0-123

(1) Calculated from data given in reference.
(2) Mean of 22 monthly values.

(3) Mean of 10 monthly values.

(4) Mean of several values.

(5) North pointing telescope; mean of 12 monthly values.
(6) South pointing telescope; mean of 12 monthly values,

method used in the present case, the theoretical values obtained being some-
what higher than his experimental values.

The conclusions of the preceding sections may be summarized as
follows :

1. If the cosmic ray intensity at sea level at Heard Island or Macquarie
Island is predicted by a linear function of barometric pressure and surface
temperature, the constants of the function (barometer and temperature co-
efficients) being estimated by the least squares method, it is found that

(a) The temperature effect is not significant,

(b) The variance of the errors of prediction is greater than is expected,

(¢) The errors are serially correlated, i.e. they vary from hour to hour
and from day to day in a non-random manner. If, then, the primary
cosmic ray intensity is constant (apart from occasional abnormal
variations, some of which are discussed in Chapter 5) there are
systematic variations in sea level intensity of terrestrial (presum-
ably atmospheric) origin which are not accounted for in terms of
variation of barometric pressure and surface air temperature
alone.
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2. Using the simplying assumptions that all p.-mesons are produced at
a definite atmospheric depth and that atmospheric depth is an exponential
function of height, theoretical values of the expected barometer coefficient
for the sea level p-meson intensity have been calculated and compared with
the observed values for the hard component. It is found that

(a) The theoretical values are numerically too high,

(b) The dependence of barometer coefficient on barometric pressure
and scale height of the atmosphere, as determined theoretically, is
not apparent in the experimental results,

(c) When the second assumption is dropped in calculating one of the
important terms involved in the theoretical value for the baro-
meter coefficient, the dependence of this value on the derivative of
the assumed height of the x-meson production level with respect to
sea level pressure is similar to that obtained experimentally; the
theoretical values are however still numerically too high.

One would expect the importance of inaccuracy of the assumption of an
exponential atmosphere to be reduced by assuming the cosmic ray intensity
to be a function of barometric pressure and height of production of the
p-mesons. This has been done by Duperier (1951) who also included a term
involving the temperature in the vicinity of the p-meson production level. A
similar procedure is used in the following section.

Cosmic ray intensity and upper air data—experimental results. In
order to examine further the relation between cosmic ray intensity at sea
level and structure of the atmosphere, the Macquarie Island observations of
June, 1950, to May, 1951, were divided into four samples:

Sample 1—Data of June, July, August, 1950, and May, 1951.
Sample 2—Data of September, October, 1950, and March, April, 1951.

Sample 3—Data of November, December, 1950, and January, Febru-
ary, 1951.

Sample 4—Data in which barometric pressure at the time of the daily
radiosonde flight was within the limits 1005 to 1007 mb. Some of these
observations were obtained by conducting additional radiosonde flights at
times when the pressure was within the above limits. All of the data of
Sample 4 are contained in Samples 1, 2 or 3. In these samples the values
used for cosmic ray intensity and barometric pressure are mean values for
the period two hours before to two hours after the time of ascent of the
radiosonde. It is assumed that the pressure-height and temperature-height
distributions remain constant during this period.
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The following notation is used:

X, = cosmic ray intensity (e, ¢z, €5 or D defined in the section, “Nota-
tion for coincidence rates”, in Chapter 2).
X, — barometric pressure.
X3(£) = height of the level at which the pressure is ¢ mb.
X, (£) = mean temperature in the interval £ to ¢ mb.

The values used for £ and & are ¢ =80, £ = 100; £¢= 100, ¢ = 150 ¢ —
150, & = 200; £ =300, & = 400; £¢ =500, & — 600.

Following Duperier (1951 and earlier references given in this paper)
various correlation coefficients have been calculated, the values of which
are given for the hard component, ¢, in Figs. 16 and 17 and for the soft
component, D in Figs. 18 and 19. In the notation of the section, “Multiple
regression—error term normally distributed” in Chapter 3, the partial cor-
relation coefficients are given by

Wy

Tii(§) = 5
1i(4) ku“’fi

Using the regression model X, = a-- B15-34%2 - Big-oss~+ Bra-as¥s e
the least squares estimates Dioas Diso. and bigos Of Bizss, Bizos and Bisos
were caleulated. These estimates and the 95 per cent confidence limits of the
regression coefficients are given for ¢,, ¢s, ¢z and D in Tables 19 to 22.

Significance of results. On each set of curves of Figs. 16 and 17, and
18 and 19, is marked the value of 7min 59, the smallest value of r» which is

significant at the 5 per cent level calculated on the assumption that Ty ek

has Student’s distribution with n—k degrees of freedom. As “d” (column
6 of Table 20) is less than dy ;¢ in all cases in which it has been calculated
7 min 59, Must be regarded as only a lower limit of the appropriate statistic.
However, in Figs. 16 and 17, the general form of the curves is similar for
each sample, indicating a common physical eause of the variation of the
correlation coefficients with choice of ¢ Also Fig. 16 showing the variation
of 725 and 73 with choice of ¢ is similar to that obtained by Duperier
(1951). In particular, the decrease in numerical value of 75, for £<300 mb.
(£<200 mb. in Duperier’s case) is similar.

The variations of 753, 7132, 71251 and 714 23 With choice of &, in the cases
where X; — ¢; and X; = ¢; (not reproduced here), are similar to those for
X; — ¢, (Figs. 16 and 17). In the case where X; = D most of the values of
T13.2, T13.2¢4 and 714 25 are not significant and their values vary with choice of
¢in different ways for each of the four samples. The values of 7123 and 7z a¢
are significant (according to standard tests which ignore the possible serial
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TABLE 19

Estimates of Regression Coefficients By5.55, Brs.24 80d Big.as
Limits quoted are 959, confidence limits*®
X, =¢y, (four hourly mean); X, — Barometric Pressure (four hourly mean); X; (§) = Height
of Level of Pressure £ mb;
X, (£) = Mean Temperature in interval £ to £ mb.

1 2

£ £ Bys.ase bis.2a bis.zs xf
mb. mb. (%/mb) (%/lkm) (%/°C) X0,

Sample 1 80 100 —0-175 —3:59 +0-059 155-4

+0:044 | £3-50 +0-118 73-0

100 150 —0:160 —4-27 +0-077 149-9

£ 0-047 +3.24 +0-101 73-0

150 200 —0-180 —1-83 +0-014 162-5

4 0-045 + 243 +0-067 730

300 400 —0-155 —3-61 —0-016 151-9

+0:060 +4-54 +0-153 730

500 600 —0-202 +0-23 —0-159 1460

£ 0-092 +9-75 +0-186 73-0

Sample 2 80 100 —0-171 —4-50 +0-028 158-3

+0-024 +2-00 -+0-067 89:1

100 150 —0-168 —4-88 +0-019 156-9

+0-025 +2.05 +0-075 89-1

150 200 —0-159 — 558 +0-018 159-2

1.0-026 +2-08 +0-054 89:1

300 400 —0-251 —0-27 —0-167 1772

+0-046 14.50 L 0-160 89-1

500 600 —0-236 1675 —0-106 187-8

—+0-090 +11-28 +0-228 89-1

Sample 3 80 100 —0-203 —3-84 +0-251 272.7

+0-017 +1-33 +0-054 1185

100 150 —0-201 —3-47 +0-182 283-7

+0-018 +1-28 -+0-052 118-5

150 200 —0-193 —4-56 +0-094 290-8

+0:019 +1-36 10042 1185

300 400 —0:196 —4-22 —0-034 302-4

+0:029 +2-50 -+ 0-088 1185

500 600 —0-121 —13-83 +0-100 300-6

£0-048 1 5-94 -+0-106 1185

* See footnote Table 2.
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TABLE 20

COSMIC RAY STUDIES

Estimates of Regression Coefficients .44 Bis.eq and Byy.as
Limits quoted are 959, confidence limits¥

X, = ¢y (four hourly mean); X, = Barometric Pressure (four hourly mean); X, (¢{) = Height

of Level of Pressure £ mb; X, (£) = Mean Temperature in interval £ to ¢ mb.

; ¥ s 9
é 3 byz.gs by big.eg { & ] d :
mb | mb. | (%/mb) | (%km) | (%FO) | Xy | dyge
Sample 1 B8O 100 —0-140 —4-13 +0-078 108-7
-L0-044 +3-49 +0-118 73-0
100 150 —0-127 —4-60 +0-085 104-4
+0-046 +3-23 +0-101 73-0
150 200 —0-143 —2-20 +0-020 111-5
+0-045 +2-40 -L0-066 73-0
300 400 —0-129 —3-21 —0-039 107-1
+0-060 +4-55 +0-162 73-0
500 600 —0-149 —6-18 —0-092 109-5
—+0-094 -+10-06 +0-192 73-0 39
Sample 2 80 100 —0-076 —7-85 +0-189 223-4 1-57
+0-034 +3-01 “+0-111 89-1 1-53
100 150 —0-063 —8-62 +0-200 208-3 1-47
+0-034 +2-93 +0-105 89-1 1-53
150 200 —0-056 —8-89 +0-103 201-5 1-35
+0-035 -4-2-88 +0-071 89-1 1-53
300 400 —0-082 —4-78 —0-138 211-2 1-52 -
—+0-058 --5-65 +0-200 89-1 1:53
500 600 —0-109 + 013 —0-250 228-0 1-50
+0-120 +15-03 +0-302 89-1 1-53
Sample 3 80 100 —0-143 —6:27 +0-271 292-7 1-51
+0-032 +2-56 +0-101 118-5 1-61
100 150 —0-141 —5-70 +0-201 284-5 1-47
+0-031 +2-29 +0-093 118-5 1-61
150 200 —0-128 —6-77 +0-115 278-9 1-37
+0-033 +2-38 4+ 0-074 118-5 1-61
300 400 —0-123 —6-50 —0-032 284-5
+0-161 +4-4-43 +0-153 118-5
500 600 - —0-064 —13-84 +0-030 286-2
+0-083 -+10-35 +0-185 118-5
Samples 1, 2, 3 100 150 —0-106 —6-23 -+0-170 707-4
-+0-021 +1-26 +0-055 260-7
150 100 —0-108 —6-39 +0-105 673-6
-+0-020 +1-19 +0-046 260-7
150 200 —0-104 —5:45 +0-109 652-4
+0-021 +1-17 -+ 0-038 260-7

¥ See footnote Table 2.
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TABLE 21

Estimates of Regression Coefficients B5.55, Bra.es 80d Piyag
Limits quoted are 959%, confidence limits*
Xy =0 (four hourly mean); X, = Barometric Pressure (four hourly mean); X, (£§) = Height
of Level of Pressure £ mb.; X, (§) = Mean Temperature in interval £ to & mb.

£ & bys.za bis.2a P Xf
mb. | - mb. (%/mb) (%o/krm) (%/°C) X5,

Sample 1 80 100 —0-168 —3-43 +0-060 405-1

-4-0-034 +2-70 +0-091 73-0

100 150 —0-162 —3-05 +0-062 415-3

+0-037 +2-57 +0-081 730

150 200 —0-153 —2-00 +40-061 370-7

-+0-032 +1-75 +0-048 730

300 400 —0-159 —2-37 —0-114 319-3

+0-042 +3-14 +0-105 730

500 - 600 —0-184 +1-35 —0-160 336-9

-+ 0-066 +7-07 +0-135 730

Sample 2 80 100 —0-180 —1-65 +0-071 3662

+0-017 +1-48 £0-052 891

100 150 —0-176 —1.93 +0-080 347-6

+0-017 +1-43 -+ 0-050 89-1

150 200 —0-171 —2-12 +0-081 326-7

+0-017 +1-41 +0-035 89-1

300 400 —0-170 —2:74 +0-015 346-6

+0-029 +2-76 +0-101 89-1

500 600 —0-140 —6-38 +0-050 338-2

+0-055 +6-97 L0-144 89-1

Sample 3 80 100 —0-196 —1-53 +0-136 560-2

+0-019 +1-53 +0-057 112-9

100 150 —0-193 —1-08 +0-122 547-8

4-0-018 +1-36 +0-053 1129

150 200 —0-187 —1-90 +0-073 559-1

+0-020 —+1-56 +0-045 1129

300 400 —0-154 —5-89 +0-102 510-1

+0-029 +2-41 +0-086 112-9

500 600 —0-112 —11-72 +0-119 570-9

+0-049 +6-41 +0-109 112-9

* See footnote Table 2.
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TABLE 22

Estimates of Regression Coifficients Bys.35 Pis.es 80d Bia.0g
Limits quoted are 959, confidence limtits*
X, = D/4 (four hourly mean); X, = Barometric Pressure (four hourly mean);
X, (£) = Height of Level of Pressure £ mb.; X, (¢) = Mean Temperature Inverval { to ¢ mb.

E fl bﬂ-ﬂ bu-zq bll-ia
mb. mb. (%/mb) (%/km) (%/°C)
Sample 1 80 100 —0-245 —0-31 +0-031
+0.144 4631 £0-233

100 150 —0.228 —4-03 +0-061
L0074 +6:31 +0-227

150 200 —0-259 —0-52 —0-067
+0-081 L 668 +0-166

300 400 —0-208 —4-60 +0-023
+0:135 +13-35 1 0-464

500 600 —0-321 +9-34 —0-328
£0-265 +4-33-30 +0-663

Sample 2 80 100 —0-384 +2.23 —0-298
+0-144 £ 631 +0-233

100 150 —0-399 +2-51 —0-348
+0-074 4631 +0-227

150 200 —0-382 +0-31 —0-134
-+ 0-081 L 6-68 +0:166

300 400 —0-416 +6-76 —0-146
+0-135 +13-35 L 0-464

500 600 —0-508 +19:06 —0-292
+0-265 43330 -+ 0-663

Sample 3 80 100 —0:317 +1-56 +0:172
+0-067 1541 +0-211

100 | 150 —0-317 +1-53 +0-120
-+ 0-068 +4-96 - 0-200

150 200 —0-320 +0-56 +0-054
L 0-073 4524 | +0-161

300 400 —0-530 +375 —0:213
40111 4941 £0-333

500 600 —0-201 —4.79 +0-092
+0-180 42251 1 0-406

* See footnote Table 2.
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correlation of the error term). These results are in qualitative agreement
with those of Dawton and Elliott (1953) for the soft component measured
in a similar manner.

The partial correlation coefficient ry:(;) (7=2,3, ....1—1,24+1, .... k)
is the coefficient of correlation between X, ;) (deviation of X, from regres-
sion on X ;) and Z;(;y (deviation of X; from regression on X(;). Under
certain conditions (Weatherburn, p. 252, 1947), which are probably satis-
fied approximately in the samples with which we are concerned, this is the
coefficient of correlation between X; and X; for any fixed values of the
Variables X(j] ¥

Using this fact the decrease in numerical value of 7,5, for £ < 300 mb.
may be explained. Denote -

X, = hard component intensity

X, = barometric pressure

X3 = height of the level £ mb.

X4 — height of the level &£ mb, (& > &)

X, = mean temperature in the interval ¢ — & mb.

It can be shown then that

Fistss = Tigr.2T14.2 T3ra2
(1—r*40) (1 —12340)}
e Tiz.2—T14.2 T34.2 :
(1—r?40) M1 —1%0)*
NOW 715 24 = 71304 Since the variations of the heights X, and X’; are the same
if the temperature X, between these levels is constant. Then
ng’.z pro- T13.2 254 [ 73’42 T34.2 ]
(1—r%g40)t (1—7%49)} 1A (I—7240)F (1 —rP5)?
The values 7342 and 735 which are characteristics of the atmosphere are,
for £ < 150 mb., both negative and | 7s42| > | 7312 |. Also, in the present
samples, 7,4, is positive. It follows then that |72 | < | 7132|. It appears
then that the decrease in numerical value of 73 for £ < 300 mb. is a conse-
quence of the positive value of 7,4 (the coefficient of correlation between
hard component intensity and temperature in the interval ¢ to £ mb. at con-
stant barometric pressure). The fact that 723: 7132. and 71423 have their
highest values (numerically) at £ = 150 to 80 mb. (Fig. 17) is consistent
with this explanation.

However, these findings, which are similar to those of Duperier (1951),
do not justify Duperier’s conclusion that the bulk of the p-mesons are pro-
duced in the vicinity of the 100 mb. level and that the temperature in this
vicinity has some controlling influence on their intensity.

If the assumption is made that the bulk of the p-mesons is produced
within a small range of atmospheric depth and that the temperature in this
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region has a controlling influence on their intensity, then one would expect
the value of £ mb. chosen such that the set of variables X,, X, (&), Xy (&) is
the best predictor of cosmic ray intensity X;, to be a good approximation to
the mean depth of production. The natural criterion for selection of ¢ is that

the multiple correlation coefficient R, (254 = (1 — ;in) i has the greatest

value (i.e. the variance of the errors of prediction has a minimum value) .l
Tests of the hypothesis that this greatest value is significantly greater than
any or all of the values, corresponding to different selection of & have not
been worked out. (A similar problem has been treated by Hotelling, 1940.)
However, in the samples here dealt with the variation of R (221y With choice
of ¢ is extremely small and is different for each of the four samples ( cf.
Figs. 20 to 23). It appears then extremely unlikely that any one choice of ¢
leads to significantly better prediction of X; than any other in the range of
values of ¢ considered.

HoloN
0.75»—
<
o ey jtoe e =5 & = i = il 2%
CE? Rl{.’! 4)
Q50 1 1 1 11
F1a. 20.
OO0
‘;‘_\0‘75_ __________ — —— e _‘_“H
S :
= e “R 103 4)
050 | L 1 11
Fig. 21.

1. The criterion implied and used without justification by Duperier (1951) is that
the partial correlation coefficient 7. has the greatest value. The justification of the
criterion used in the present case is that it is the “maximum likelihood” eriterion.
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Data from Sample1 ——— Sample 2 — — —, Sample 3 — - — . —, , Sample 4 ......

It should be noted that the errors in measurement of X;3(&) and X, (&)
increase as £ decreases. (Errors in measurement of air temperature due to
absorption of solar radiation by the radiosonde are greatest at high alti-
tudes.) This effect will cause the value of Rj(234) in the samples to be less
than the true value, the effect being more marked for smaller values of &
Also, as has been pointed out by Fisher (1948, p. 189), such errors (even if
random) in the “independent” variables produce systematic errors in the
partial correlation coefficients. This effect may be of some importance in
determining the form of variation of the partial correlation coefficients
with change of choice of ¢ shown in Figs. 16 and 17, and 18 and 19.

If the regression model is to be satisfactory from the physical point of
view there should be no evidence of serial correlation in the error term, that
is d > dy (see section on “Effect of non-independence of successive values
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of &’ in Chapter 3). In the cases for which it has been determined for the
samples investigated this condition is not satisfied (Table 20).

A further condition which must be satisfied if the regression model is
to be satisfactory from the physical point of view is x2 < y,2 (see section
on “Accuracy of the regression model” in Chapter 3). Taking p = 5% this
condition is not satisfied in any of the samples considered in Tables 19, 20
and 21; that is, the variations in cosmic ray intensity are not fully accounted
for by the assumption that the coincidence rate is a Poisson variate and X,
has expectation a« + Bio.ss 2 + Biaos 23 (&) + Bress 24 (£) for any value of
¢ considered. Errors in measurement of X;(¢) and X.(¢) will of course
make the sample values of x. greater than the true values especially for
small values of ¢; the magnitude of this effect is however not known.

The main conclusions of this section may be summarized then as
follows :

1. If the cosmic ray intensity at sea level is predicted by a linear func-
tion of barometric pressure, height of the level £ mb. and mean temperature
in a small interval below ¢ mb. then:

(a) No one choice of ¢ in the range 500 mb. to 80 mb. makes this func-
tion a significantly better predictor than any other.

(b) Consequently no new information is provided on the position of the
level of p-meson production. This contradicts the conclusions reached by
Duperier (1951).

(¢) The variance of the errors of prediction is greater than expected.

(d) The errors of prediction are serially correlated; that is, there are
systematic (non-random) variations in cosmic ray intensity which are not
accounted for by such a linear function.

In the absence of a more satisfactory model predicting the variations of
sea level cosmic ray intensity, calculations will be made of the regression
coefficients B3 (barometer coefficient), Bi3.. (meson decay coefficient)
and B.423 (Duperier temperature coefficient) of the present regression model
from theoretical considerations. In the three sections which follow only the
hard component will be considered, comparing the theoretical results with
the estimates given in Table 20 with a view to determining which choice
of £ gives the best agreement between theoretical and experimental values
of the regression coefficients.

Duperier temperature effect—theoretical treatment. It will be assumed
that ~-mesons are formed in a small range of atmospheric depth and that
these undergo either nuclear capture or decay, giving rise to a p-meson and
a neutrino of zero rest mass at a fixed atmospheric depth x, gm. em.—2.
Several values of x, will be considered.
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In order to calculate the Duperier temperature effect, it is necessary to
know the differential momentum spectrum of the =-mesons which decay to
p-mesons. Following the procedure used by Ascoli (1950), let

Ume? — total energy of a particle

pme — momentum of a particle

U , and p, refer to the decay u-meson in the rest frame of the »-meson
o« — cosine of the angle between the =- and p-meson tracks in the rest frame
of the =-meson. This gives

1) U= g+l
Pu = ]?.'(m"';'fm“— m*“;'rm.,..)

(1a) U= U, Ustfu pra

(1b) pu = pull =Pp Usa + Cﬁpﬂ'
where p, || is the component of p, in the direction of the initial »~-meson
track. This is, for the momenta dealt with, very close to | p, | . From (1la)
and (1b) are obtained the lower and upper limits of U, and p, for given
U_.and p,

(2a) Uy= _LTJA Us—pPu prs Upp = Uﬂ- Us+Pu pa

(2b)  pu = Up pr—Du Un, Prn = Ui Pz + PpuUs
and the upper and lower limits of U_and p, for given U, and p,,
3a) Uy = Uu Up—pp pu Unp = Uy Upt-pu Pu

(3b)  pm = U, Pu—Pu Uy, Pap = 'U“ PutPu Us

In the rest frame of the =-meson all directions in space are equally likely
for the track of the p-meson, consequently the probability F (p,) dp, of the
p-meson having momentum p,, in the interval dp, is & de; hence

4) F (pu) dpp = dpu/2pu Ux
If now
P p_) = number of ~-mesons per unit which decay to p-mesons, N, (p,) =
number of p-mesons per unit produced, the units being (unit momentum)
sec. sterad em?®.

i 1 (PP (ps)
(5) N,(pu) = Lf (pu) P (p=) dpn = Ton J‘M T
dN,(ps) 1 (d’ﬁ’ﬂaP(Pn) _%P{p«;})
dp“ o 213,; dpp Urrh dpu U
Using (3b), (1) and (3a) gives
dN, (pu) 1

5 om0, )Rl

Cl
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hence if R (pu) = P (pur)—P (pr)

_ o dN, (py)
(6) R (pu) 25 Uy ap
The sequencepa;, Puy, Prg, Pug - ... is now defined such that Pucany 18 the
highest value of p. for p-mesons arising from decay of =-mesons with
Dz = Pr(zn—1) 80 Pr(2n—1) is the highest value of p. for =-mesons which
decay to p-mesons with pu = Pu(2._s). It is clear then that

P(psy) =R (Puz) +P (pag)
P (prg) = R (puy) +P (p=3)

(7) P (pm) = R (pw)+R (Dpea) + =ovv-s

Using (6) and (7) we may now calculate P (p.) for any values of p-.. The
series (7) converges rapidly.

Values of Moy, were obtained from the curves given in Fig. 13 and
the assumption N, = k,p,~* for higher values of p.. The assumption
N, = k,’pu? for large p, leads to values of P(p-) which differ insignificantly
over the range for which it has been calculated from those obtained using
the exponent —3. The calculated spectra, P(p-), are shown in Fig. 24, the
several curves having been obtained by assuming decay to occur at x,
= 816, 102, 153 and 306 gm. cm.—2. For the masses of »- and p-mesons the
values 275 and 215 electron masses were assumed.

From the spectra of Fig. 24 and the assumption P(p.) =k p—2 for
higher values of p_, the mean values of p, were calculated. (The assumption
P(p,) = k,p,~* leads of course to infinite ). This gives L= r_¢5_for the
mean distance travelled by the ~-mesons before decay at the level x, gm.
em.—2. Using r, = 2:65 X 10— sec. the calculated values of I for each value
of x, are (within limits of error in calculation) all 2-50 % 10* cm.

Using the mean atmospheriec depth—height curve from the Macquarie
Island data referred to in an earlier section (Samples 1, 2 and 3) one obtains
x,/, the atmospheric depth at height L above the point of atmospheric depth
X,. Values of x,/, the mean depth of formation of ~-mesons assuming = — p
decay to occur at depth x,, are given in Table 24. We now define the “mean”

density, p, of the region x,’ to x, gm. cm.—2 by p= (x, — x,/) /L and the
)—(”2+R—X“, R being the gas constant (2930

0
cem. (°K)—1). Values of p and T are given in Table 24.

The atmosphere is assumed to be of constant density, p, between the
region of =-meson production and the level at which » — p decay occurs.
The decrease in momentum of the ~mesons within this range is ignored.

Denoting by I1(p.) the intensity (number per unit momentum interval.
sec. sterad. em.?) of »-mesons at atmospheric depth x gm. cm.—2 and by

“mean” temperature by T —



AT MACQUARIE ISLAND AND HEARD ISLAND 61

Arbitrary Units

Py 107,

1 ot il 1
10 100

Fic. 24.
Differential momentum spectrum, P (p-), of m-mesons at decay calculated from
P(pm) = R(pus) +R(pw) + .... and the curves for N.(p.) of Fig. 13

TABLE 24

[
X x’y ] 4 b
(gm. em.™2) (gm. cm."?) (gm. cm.—3) (°K)
81-6 78:5 1-24 x 1014 220
102 98-1 1-55 % 102 220
153 147-2 2:32.% 104 220
x 104 223

306 294-5 | 4-60

II',(p.) the intensity of =~-mesons produced by interactions-in which the
incident particles are nucleons and nuclei (but not =~-mesons) which are as-
sumed to take place at the depth x,/ gm. em.—2, the change in II(p,) in the
interval dx is given by

©) )= ) &~ (p) 46 00§

where ¢ (p,) sz S (pap’s) L(P') dP’sy

cz
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A_is the collision mean free path of =-mesons assumed independent of p_ and
L = r_p,c is their mean range before decay. The last term of (8) represents
the contribution to II(p,) by secondary =-mesons arising from nuclear
interactions in which the incident particle is a ~-meson. S (p,, ¥,)dp,is the
average number of »-mesons with momentum in the interval dp,at p_ pro-
duced per collision in which the incident »-meson has momentum in the
interval dp, at p’,. There is insufficient data available on S ( P, p',) to enable
the calculation of the integral ¢; however, it is likely to be of importance in
view of the observation in the first section of this chapter that even for
incident =~mesons of energy less than 1 Bev. nuclear interactions may in-
volve the ejection of »-mesons.

The last two terms of (8) can be combined to give

—II (p,) dx /X (p,) where X' (p,) = 1]_(;,]%%

Thus the effect of the production of =-mesons in r-meson-nuclear collisions
is to increase the effective value of A_ in (8). In the following calculations
this effect is neglected, thus leading to an upper limit to the Duperier tem-
perature coefficient,

Neglecting the last term of (8) gives on integration

/ : 1 1
I (ps) = I, (p-) exp |“ (x—x) (L_p " A_ﬂ)l
which leads to

X I(pa)dx Ax " 1 1
P (ps) =jx’0 {zigd — II',(py) T [1 — exp l—(x—x °)(ITP + }:)}]

which for large values of (x — x’,) is approximated by

’ A""
9 Pp)xI a(Pw)m
P(p,) being the intensity of »-mesons which undergo decay to p-mesons.
This decay is assumed to occur at the level x, gm. em.—2 in the following

calculations: (x, —x’,) = Ly (see above).

The differential Duperier temperature coefficient is now given by

1 DN,

(10) B14.23=ﬁ:-ﬁ
ON, AN, p DN, »p
NOW DT—bP.ST—- E’.T

Using (2) from the previous section. “Barometer effect for mesons—theo.
retical treatment” and (5) and (9) above, gives

% 'oJIrT J‘Pﬂfl ]JP(Pﬁ)
(I1)  Byyes = 26uN,) 2.1 (Lp+As) U dp,
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Calculated values of differential Duperier temperature effect, By (p.), assuming
A, =60 gm. em.— and P (p,) as given in Fig. 24.

Some calculated values of Bys s are shown in Fig. 25. These were obtained
using N, as given in Fig. 13; P(p-) as given in Fig 24; p and T as given in
Table 25,

= — 265 X 10—3sec (Rossi, 1952, p. 528)
A- = 60 gm. em.—2.
The integral Duperier temperature coefficient is given by

Braes = IOOL, By4.03 N; dp,/ g N, dp;

Integration over the range of p, from p; to p. was carried out graphically.
For p.>p- (for which p- is large) we have p.~U-, hence
PriayPus Prop =Py
where a; = (Uu—p), a; = (Uut-u)
Assuming P (p,) = k-p~* from (11) is obtained
k- J""’p*‘ dp=

Bisas= 2pu N, T ) ayp, m

where s = A;/m=cp.
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Agsuming p.—p, = constant
N,/N, = constant; the value used is that for p, = p. which, for
y = 3, leads to

& kff _g‘l,No 1 ay P 82 1 8
JpsBu.za Nodp, = 25, Ts® [— (@) Pus+s) log (___“ﬂ) e e i

a; @y Pus+8 2a; o) Py a4

L (a3 Pra+s) log (—9&) A —%]

a @y Pus 18 20, a3 Pus @

and, for y = 2, leads to

” LA kz” Ns;'llNa 1 @y Pus ) E
J’“Bu.za N, dp, = 25 Ts® [;2 (a3 Pus+5) log (__aﬁp,,g—f—s L 0

— & Cmtolog () ]
where p,, denotes the value of p, at the production level for p-mesons which
reach sea level with p, = ps.

Calculated values of B142; are given in Table 25.

Using the more recent value m,/m, = 276/209 (Rossi 1952, p. 528) to
derive the =-meson momentum spectrum, P(p_), the values of Biang are
approximately 6 per cent higher than given in Table 25.

TABLE 25
Caleulated Values of Duperier Temperature Coefficient
Bia2s 10 %o per °C.
7, = 2'65 X 10—8 sec., m,/m, = 275/215

m

Xo Ay Bis.es Bia.2a
(gm. em.—?) (gm. em.—?) (r=2) (y =3)
816 60 0-043 0-034
81-6 130 0-017
102 60 0-051 0-041
102 130 0-033 0-021
153 60 0-070 0-057
153 130 0-029
306 60 0-106 0-091
306 130 0:050

Duperier temperature effect—discussion. In Fig. 26 is shown the esti-
mates and 95 per cent confidence intervals of B2 (£) for the hard com-
ponent (cf. Table 20) from Samples 1, 2 and 3 for the several values of £
The smooth curves are drawn through the theoretical values of Brazs (X,)
for A, = 60 gm. em.—2 (c¢f. Table 20). It is clear that the theoretical values
and sample estimates are in fair agreement only if we take X, = 153 gm.
cm.—2, Combining Samples 1, 2 and 3 gives for the estimate and 95 per cent
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Variation with choice of ¢ of experimental estimates and 95 per cent confidence limits
(from Samples 1, 2, 3) of Duperier temperature effect Bz (§) and theoretical values
Bz (%,) as a function of the assumed height of production of z-mesons—smooth curves.

confidence limits of B4 .3 the value 0-109 == 0-038 per cent °C. for ¢ =150
mb. From the trend of the experimental points one would expect better
agreement for somewhat higher values of x, about x, =170 gm. em.—3,
which leads to x,” ~ 160 gm. cm.—2 for the mean depth of formation of the
r-IMESONSs.

From Fig. 26 and Table 25 it can be seen that if the theoretical and
experimental values should agree for some value of x, this value of x, is
greater if y = 3 than if y = 2 though the difference is not large; also it is
greater the greater the appropriate value of A_.

Measurements of absorption thickness for shower producing radiation
lead to values of about 120 gm. em.—2 (Rossi, 1952, p. 443). Since this radia-
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tion (mainly high energy nucleons) is that which produces most of the
m-mesong, the value 120 gm. cm.—2 serves as a good estimate of the mean
depth of formation of =-mesons. This value is eertainly not consistent with
the results of the present analysis, which yield the value x,/ = 160 gm. cm.—2
as a lower limit for the mean depth of formation of =-mesons in the atmo-
sphere. It is considered that this disagreement constitutes strong evidence
against the hypothesis that variations in probability of »-meson capture due
to variations in upper air temperature are important in determining the sea
level hard component intensity.

In analysis of the experimental results mean temperatures in an in-
terval £ to & mb. with ¢ > ¢ have been considered, while in the theoretical
treatment of the problem temperatures in the interval x, to x,” gm. em.—2
with x,” < X, have been considered. This discrepancy is however not im-
portant, as the mean temperature in a small interval below the level ¢ mb.
is highly correlated with and approximately equal to the mean temperature
in a small interval above the level ¢ mb. This point is illustrated by the fact
that on taking £ = 150 mb. and & = 100 mb. the estimate and 95 per cent
confidence limits for 8,403 from the combined Samples 1, 2 and 3 is 0-105 =+
0-046 % /°C. as compared with 0-109 = 0038 for &= 150 mb. and ¢ =
200 mb. (Table 20).

If &> x, > & one would expect a positive temperature effect apart
from the Duperier temperature effect as pointed out by Trefall (1953). This
effect may be calculated as follows: Assume the atmosphere to be static and
isothermal with temperature T; — H,/R in the region ¢ mb. to & mb, and
static and isothermal with temperature T, = H,/R in the region & mb. to
sea level. This leads to
X;—H log &'[¢

log x/¢’
Now from (2) from the previous section, “Barometer effects for mesons—
theoretical treatment”

(1) H,= where X; is the height of the level ¢ mb.

.E’ -
H dx H, (X dx) dp,
2 = = B J ax _H, (% dx) dp,
@ N=N, BXP( TCIX,Xp Tel) g XP) dps
Trefall’s temperature effect (which he denotes ¢, 4 ¢;) is now given by
dN, dN, dH
B4 Y P 3 Ws Y 5 1 N
14.23 dTl .J[l dHl dTlms

From (1) and (2) with X; and x, constant this leads to
; R & X [Xadx J'! dx)
s L S
Evaluation of integrals of the type occurring in this expression was dis-
cussed in the previous section referred to above.
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The integral temperature coefficient is now given by

0

B'ra.08= IOO_L B'14.03 N dps}"l’p N, dp,

Evaluation of integrals of the type occurring in this expression is discussed
in the next section. Using £ = 100 mb. (102 gm. cm.—2), & = 150 mb. (153
gm. cm.—2) and following Trefall, x, =120 gm. cm.—2 and assuming
N, = k.p,— for large p, gives

B'14.23 = 0.040%, per °C for y = 2

B'14.23 = 0.0449% per °C for y = 3
From the smooth curves of Fig. 25 we have for A, = 60 gm. em.—2, x, = 120

gm. cm.—2,
Bis.2s = 0:058 % per °C. for vy =2

Bries = 0-047 % per °C. for y =3

For the total temperature coefficient B°i423 — Bis23 + B'14.25 is obtained
B°1423 = 0-098 % per °C. for y =2
B°1423 = 0-091 % per °C. for y =3

which should be compared with the estimate

b142s = 0-170 = 0-055 % per °C derived from the combined Samples
1, 2 and 3 for £ = 100 mb., &£ = 150 mb. and X; = ¢, (Table 20).

The theoretical values are much too low.

Taking ¢ = 150 mb. (153 gm. em.—2), X, = 170 gm. em.—2 and & =
200 mb. (204 gm. em.—2) gives

B°14.23 = Prs23 + B'1428 = 0105 % per °C. for y=2
=0094 % per °C. for y=3
which should be compared with the estimate
Diszs = 0-109 = 0-038 % per °C.
obtained from the combined Samples 1, 2 and 3 with ¢ = 150 mb., & = 200
mb. (Table 20).

The agreement here is good. However, we have still neglected the effects
of the last term of (8) from the last section, “Duperier temperature effect—
theoretical treatment”.

Before concluding this discussion of the positive temperature effect for
the hard component the following criticism of Duperier (1951) should be
made:

Duperier finds that on taking & = 50 mb., £ = 200 mb., the experi-
mental value for the positive temperature coefficient is roughly twice that
obtained on taking £ = 100 mb, & = 200 mb. From this he concludes that
the layer 50 to 100 mb. is as effective (in meson production) as the layer
100 to 200 mb. No justification is offered. However, it may be that the ex-
pected value of the hard component intensity is given accurately as a func-
tion of one particular set of variables, the value of which is approximated
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by different linear functions of the two sets of variables considered by
Duperier. As an example of this type of relationship consider the following:
The average number N, of words per page of books in a library might be
given more or less accurately by the expression N — «A where A is the area
of the front cover. The number N could also be given (probably less ac-
curately) by the expression N = g H or N =" W where H and W are the
height and width of the front cover. We would then find that g’/g8~ 2. This
does not imply that the width is more “effective” than the height in deter-
mining the number of words per page. It is merely a consequence of the fact
that H/W =~ 2 for most books.

In view of the earlier discussion of this section it does appear likely that
the fact that significant values are obtained for the upper air temperature
effects may be due to these temperatures being indicators of some other
factor which has a controlling influence on the cosmic ray intensity at sea
level.

For the purpose of comparing estimates of Bi4.3 in the present case
with those of other workers some values are summarized in Table 26.

TABLE 26

Estimates of Bisss in % /°C. for the Hard Component from
Different Measurements

| S L —
a Lead Telescope £ & b

Source | 1424
Absorber | Aperture (mb) (mb) 94/°C
Dawton, Elliott (1953) 10ermn. 58° x 58 100 100 0056
Duperier (1951) 40cm. 362 % T1° 100 200 0-075
. L 25¢m., 23° % 59° 100 200 0-124
Table 20 (Samples 1, 2, 3) 10em. 33° x 33° 100 150 0-170

Since Bigos (p,) is small for small p, and increases rapidly with in-
crease in p, one would not expect b,423 to vary greatly with lead absorber
thickness in the range 10 to 40 cm. Also because of the high correlation
which exists between values of temperature in neighbouring layers in the
atmosphere one would not expect b4 03 to vary greatly with &. Table 26 then
demonstrates an increase in positive temperature coefficient with decrease
in telescope aperture. This can be explained as follows: The formation of
w-mesons occurs after the primary particles have traversed a certain thick-
ness of air; this occurs at greater heights (lower densities) for inclined
than for vertical directions of arrival. Since Bi4s3 is roughly proportional
to air density for particles of moderate momenta, the temperature co-
efficient would be expected to decrease with increase in zenith angle (or
telescope aperture).
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For the total intensity Dawton and Elliott obtain the value (0-054
=+ 0:011 (s.e.)) % /°C. for ¢ = ¢ = 100 mb., as estimate of B;42;. This is
somewhat less than the values found in the present case for the total inten-
sity as measured by ¢; using ¢ = 100 mb., & = 150 mb. (see Table 21). How-
ever, the difference may not be statistically significant.

For the soft component Dawton and Elliott obtain the non-significant
value (0:021 = 0:020 (s.e.)) %/°C. for ¢ =¢& = 100 mb., as estimate of
Biszs. In the present case for the soft component as measured by D and
taking ¢ = 100 mb., &£ — 150 mb. the estimates of B,4.; are positive but not
significant at the 5% level in the case of Samples 1 and 3 while in the case
of Sample 2 the estimate is negative and (according to standard tests which
ignore the possible serial correlation of the error term) significant (see
Table 22).

p-meson decay effect (barometric pressure constant). The differential
p-meson decay effect is given by

o | (‘a N)
13.24 — ﬁ; T‘D‘s X, = const.
From (1) and (2) in the previous section, “Barometer effect for mesons—
theoretical treatment”, is obtained

B

1 " X, dx
J X, XPu
Using values of the integral calculated in the section referred to above and
2.15 % 10— seec., x, — 1026 gm. cm.—2 the results shown in Fig 27 were
obtained for Bz
The integral coefficient is given by

B - —_—
13.24 e log x,/x,

* w
Brs.ea = 100 [ Bys.00 Nodpy/ [‘; N, dp,
v 1 “
Integration over the range of p, from p, to p. was carried out graphically.

To calculate | Bis»: N.dp, the approximation p. (x) — p, + & is made
¥ P

e Rl

where 28 = (p,) =—p» for p,>p.. This leads to | < xp. 7. g .
1™ N,

Hence J Bys.2s Ny dp, = —
Ds

Tu Jp, P 5—;—5
Assuming N, = k.p, =2 for p,>p, gives

dp,.

5 E (1 Py 1 1
e IR ¥ g =7 . —2
.(sz!B.‘&-l- N, dp, = 7“6(33 log Patd - 5t Pe 95 Pe )
and assuming N, = k',p, 2 gives
o e Ay e _1)
Jprls.u N, dp, = :r_,lc (52 log Ps —5P -

The calculated values of Bis.: are given in Table 27.
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TABLE 27
Caleulated values of B30 tn G0 per km.

Xy Bis.ea Bia.ea
gm. em.~? (y=2) (y=3)
816 —5-22 | — 559
102 — 543 ‘ —5-81
153 — 562 — 603
306 —6-41 — 688
510 —17-61 —817

To facilitate comparison of the theoretical values (Table 27) and
sample estimates (Table 20) of 8224 these are shown graphically in Fig. 28.
It will be seen that for any choice of x, in the range considered the agree-
ment is satisfactory for either y = 2 or y = 3.

The sample estimates are in satisfactory agreement with that of
Duperier (1951), (—3-48+0-45 (s.e.)) % /km. for £=100 mb., £ =200 mb.,

20 I
m
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'l
o
o o5
“‘
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Fic. 27.

Differential u-meson decay coefficient, Bizo (p.), assuming su-meson production to oceur
at 80 mb.—curve I; 100 mb.—curve IT; 150 mb.—eurve III; 300 mb.—curve IV.



AT MACQUARIE ISLAND AND HEARD ISLAND 71

R n n a n
g . 8 g 8¢
X, 5 mb

Fiec. 28.

Variation with choice of £ of experimental estimates and 95 per cent confidence limits
(from Samples 1, 2, 3) of s-meson decay effect, fu= (£), and smooth curves showing
theoretical values, Bz (x.), as a function of the assumed height of production of #-mesons

when one considers the greater thickness of lead absorber used by Duperier
(40 cm. as against 10 em. in the present case). They are also in satisfactory
agreement with the value (— 4-00 = 0-43 (s.e.)) %/km. for é¢=¢ =100
mb. obtained by Dawton and Elliot (1953) using 10 cm. of lead.

For the total intensity Dawton and Elliot (1953) obtained the value
(—3:02 = 049 (s.e.)) %/km. for £ =& =100 mb. as estimate of Bis .z
This is consistent with the values obtained in the present case using £ = 100
mb. £ — 150 mb. for the total intensity as measured by ¢; or e; (Tables 19
and 21). It will be noticed that the estimates for ¢; are greater (numeri-
cally) than for ¢s; this difference may not be significant however.

For the soft component intensity Dawton and Elliott (1953) obtain
(—1:05 + 043 (s.e.)) %/km. for ¢ = & — 100 mb. as estimate of Bis.2s
In the present case the estimates of ;324 for the soft component, D, are not

D
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significant at the 5 per cent level for any choice of £ in any of the three
samples considered (Table 22).

Barometer effect for p-mesons (height of production constant). For
constant height of production of p-mesons the differential barometer co-
efficient is given by
1 AN, o DNS) _{_(a_xg_)

dx,/s,=const. N,|\dx, /H = const. " \2H x, = const,

2H
X (D x,,) B = const.]

Using (1) from the section, “Barometer effect for mesons—theoretical treat-
ment” leads to

Busi= 2 (2) L) b B

12347 N, \ox,/ H = const.” N, \dH/ x, = const. x, log x,Jx,
H

Biogs = Bm—Bl:-x.u =

The integral barometer coefficient, 8234 is given by

Bi2.54 = 100 J‘p Bis s N, dPst‘p N, dp;.

The calculation of the integrals involved in this expression has Len treated
in the section referred to above and the previous section, “p-meson decay
effect (barometric pressure constant)”. Calculated values of Bi2.34 are given
in Table 28.

N;

Bl2.3i ==

TABLE 28
Calculated Values of Bi234 in % per mb.
Xy Pra.sa ;812-34
gm. cm.~? (y =2) (y = 3)
816 —0-201 ‘ 0217
153 —0-204 —0-221

To facilitate comparison of the theoretical values (Table 28) and
sample estimates (Table 20) of ;2 s these are shown graphically in Fig. 29.
The theoretical values are much too high (numerically) for any choice of
X, == 816 gm. em.—2 (80 mb.). This may be due to the assumption that the
atmosphere is static and isothermal, to errors in N, (p,) (which was de-
rived by using this assumption) or to weakness of the assumption that all
p-mesons are formed at a definite level x, gm. em.—2 in the atmosphere.

The sample estimates (Table 20) of Bi2.34 are in satisfactory agreement
with the value (— 0-091 = 0-004 (s.e.)) % /mb. for £= 100 mb., & — 200
mb. obtained by Duperier (1951) when one considers the higher momentum
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Variation with choice of £ of experimental estimates and 95 per cent confidence limits

(from Samples 1, 2, 3) of barometer effect, fua (£), for p-mesons and smooth curves

showing theoretical values fizu (X.), as a function of the assumed height of production
of p-mesons.

of the particles recorded in his case. They are also in good agreement with
that of Dawton and Elliott (1953), (— 0-125 = 0-012 (s.e.)) %/mb. for
&= & — 100 mb., obtained using the same absorber thickness as in the
present case.

For the total intensity Dawton and Elliott obtain the value (— 0-187
=+ 0-014 (s.e.)) % /mb. for ¢ = ¢ = 100 mb. as estimate of B1234. This is in
good agreement with the values obtained in the present case for £ = 100 mb.,
& — 150 mb. using ¢; or ¢; as measures of the total intensity (Tables 19
and 21).

For the soft component Dawton and Elliot obtain the estimate (—0-353
=+ 0-017 (s.e.)) % /mb. for ¢ = & = 100 mb. This is in good agreement with
the estimates obtained in the present case for the soft component, D, using
£=100 mb., £ = 150 mb. (Table 22).
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Conclusions. It has been shown that there are systematic day to day
variations in cosmic ray intensity at sea level which are not predicted by a
linear function of barometric pressure and surface air temperature or by a
linear function of barometric pressure, height of the level £ mb. and mean
temperature in a small interval below the £ mb. level using values of & in the
range 80 to 500. Further, no one choice of ¢ makes this latter function a
significantly better predictor than any other. Consequently these results
provide no evidence to support the view, advanced by Duperier (1951), that
the p-mesons are produced in the vicinity of the 100 mb. level and that the
temperature in this vicinity has a controlling influence on the cosmic ray
intensity at sea level. Also, a proper interpretation of the observations
presented by Duperier leads to the same conclusion.

Theoretical calculations have been made to determine the hard com-
ponent barometer coefficients, meson decay coefficient and Duperier tem-
perature coefficient as functions of the assumed depth of meson production
using the following simplifying assumptions:

(1) Atmospheric depth is an exponential function of height.

(2) The charged r-mesons are produced at a definite atmospheric depth
and then undergo nuclear collision or decay to u-mesons at a definite atmo-
pheric depth.

It is found that (a) The theoretical values of the barometer coefficient
are too high numerically for any choice of assumed depth of production of
p-Mesons.,

(b) The theoretical and experimental values of meson decay coefficient
are in satisfactory agreement for any choice of assumed depth of production
of p-mesons.

(¢) Assuming the geometrical value for the collison mean free path of
w-mesons and neglecting the effect of production of =-mesons in »-nuclear
interactions, the value 160 gm. em.—2 is obtained as a lower limit to the
choice of assumed depth of production of =-mesons, which gives agreement
between the theoretical and experimental values for the Duperier tempera-
ture effect. This value is much greater than the mean depth of production
of =-mesons as indicated by the absorption length (120 gm. cm.—2) for high
energy nucleons in the upper atmosphere. The value 120 gm. em.—2 leads to
theoretical values of the positive temperature effect which are too low even
after allowing for an additional effect described by Trefall (1953).

It must be concluded, then, that the significant values obtained for the
Duperier temperature effect cannot be ascribed entirely to the effects on the
cosmic ray intensity of variations in probability of r-meson capture asso-
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ciated with variations in temperature of the upper atmosphere. It is sug-
gested that this temperature may be a (more or less poor) indicator of some
other factor which has a controlling influence on the sea level cosmic ray
intensity (see also the appendix to this chapter).

Using assumption (2) above, a qualitative explanation can be given
of the dependence of Duperier temperature effect on counter telescope
aperture.

In calculating barometer coefficients, meson decay coefficient and
Duperier temperature coefficient, the p-meson momentum spectrum was
assumed to be of the form p— for large values of p. The values y = 2 and
y = 3 were considered. No evidence has been found to favour either value
of Y-

The fact that significant values have been obtained in some cases for
the coefficients in the regression equations describing the variations of the
soft component may be aseribed to the fact that the soft component consists
in part of low energy p-mesons and electrons which are secondary to the
p-mesons—decay products and knock-on products. It is considered that a
quantitative treatment of the soft component behaviour must await a satis-
factory treatment of the hard component.

It is considered that further studies along the lines of the present 'work
are likely to be fruitless and that the approximations involved in assump-
tions (1) and (2) above should be avoided in any future work. Using the
actual temperature-pressure curve obtained from radiosonde measure-
ments and a particular y-meson production spectrum (for example, that
suggested by Sands, 1950), it is straight-forward, although laborious, to
calculate the expected hard component intensity. The predicted values could
be compared with observed values obtained with a high counting rate
narrow-angle telescope and the errors of prediction tested for evidence of
serial correlation. If the errors were serially correlated, it may then be
possible (after smoothing the errors) to discern a similarity of variation of
the errors with some other physical quantity, the effects of which could then
be allowed for. This may of course involve a modification of the proposed
p-meson production spectrum. However, the possibility should not be over-
looked that there may be systematic day-to-day variations in the primary
cosmic ray intensity even apart from the occasional known effects of certain
solar and geomagnetic disturbances. s

This procedure is not practicable when the constants in the predicting
function are determined by the least squares method (as in the present
work) from the actual sample of data. This is because the errors are then
uncorrelated with any of the “independent” variables (Cramer 1946, Chap-
ter 23-3) and these “independent” variables specifying the structure of the
atmosphere are highly correlated with other variables.



APPENDIX: COMMENTS ON A PAPER BY OLBERT (1953)!

In a recent paper Olbert (1953) calculates the expected atmospheric
effects on cosmic ray hard component intensity at sea level.

Olbert states that a quantitative estimate of the Duperier positive tem-
perature effect (interpreted as due to the competing processes of nuclear
capture and decay of »-mesons), based on recent data for the mean life and
the cross section for nuclear capture of »=-mesons, has shown that the ob-
served value of this effect is much too high to be ascribed exclusively to the
finite life span of =-mesons. This finding is in agreement with the con-
clusions of Chapter 4.

For the temperature-depth variation in the atmosphere Olbert uses a
mean curve derived from data for 40° geographic latitude (in Chapter 4 an
isothermal atmosphere was assumed). For the variation of momentum with
range of u-mesons he uses an analytical formula which reproduces the
theoretical eurve within an accuracy of 1 per cent in the range considered
(in Chapter 4 exact numerical data were used).

Whereas in Chapter 4 the simplifying assumption is made that the
n-mesons are produced at a definite atmospheric depth, Olbert allows for
continuous production throughout the atmosphere. Following Sands (1950)
the differential y-meson intensity at sea level (x, gm. cm.—2) is given by

(1) i(R)= 'xoG(Rs}e'x/Lw(x,R) dx

where L is the absorption mean free path of the meson producing radiation
and G(R,) (assumed to be a function of residual range R, =R 4 x, — x
_only) is the range spectrum at production. The empirical expression

2 G(R,)= {gffzgi—ﬁ—%gmrﬂ cm.? gec.~! sterad—1
is used; Olbert claims that this expression is more accurate than that used
by Sands (1950). The term w (x, R) in (1) is the probability that a y-meson
produced at atmospheric depth x-gm. ecm.—2 will reach sea level, depth
X, gm. cm.—?, with residual range R gm. cm.—2. The calculation of w (x, R)
involves the approximations mentioned in the last paragraph. '

Using the mean value theorem
~b ]

Jag(Z)f( z) dz= y(f)Jif (z) dz, E[bf(z) dz :J-azf(z) dz

where g (z) varies slowly in (e, b) and f (z) displays a sharp maximum in
(a, b), to evaluate his integrals, Olbert then proceeds analytically to show
that the variations of p-meson intensity I at sea level, can be given by

1. This paper was received after Chapter 4 of this report was completed.
76
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(3) 8I/I = AndH(X,) A [8T(s)]X av.+Ap 8x, where 8H(X,) is the deviation
from its mean of the height of the x; gm. ecm.—2 isobar,

E 1 o
BT(Xy)]ay. = =] J’;SST(:;_'] dx’

T (x’) is absolute temperature at X’ gm. em.—2, x, — sea level pressure, and

Af, Ag, Ap, X; and X, are functions of the minimum residual range of par-
ticles detected by the apparatus. For minimum residual range of a few-
hundred gm. em.—2 Olbert finds X; ~ 115 gm. em.—2, X, ~ 190 gm. cm.—2.
Olbert presents curves for Ay, Ax and Ap from which are obtained, for
particles which can penetrate 10 cm. lead absorber, the values

A =-—-38 % /km.

Ag=—0-10 %"°C.

Ap =—0-16 % /mb.

Duperier (1951) considered the p-meson intensity variations at sea

level to be given by the expression

(4) 8I/T = A'mSH(¢)+A'x8T(£)+A'p3x,

where H (¢) is the height above sea level of the ¢ mb. (taken by Duperier as
100 mb.) isobar and T (£) is the mean temperature in a small interval below
the £ mb. isobar. Duperier and the present writer (in Chapter 4) find that
for £ = 100 mb. the coefficient A’k is positive while Olbert’s coefficient Ax
is negative. Olbert explains this difference of sign of Ax and A’x as due to
the fact that temperature changes in the stratosphere and in the troposphere
are usually negatively correlated and the tropopause is usually in the vicinity
of the X.~ 190 gm. em.—2 isobar. This explanation is consistent with the
finding of Chapter 4 that for ¢ greater than about 300 mb. (which is almost
always below the tropopause) the coefficient A’k is negative.

This work is consistent with the view suggested in Chapter 4 that the
temperature in a small interval below the £ mb. isobar is a more or less poor
indicator of another quantity which has a direct effect in determining the
p-meson intensity at sea level, this quantity being, according to Olbert, the
“mean” temperature between sea level and the level X, ~ 190 gm. cm.—2.

In order to determine which of equations (3) and (4) is the better pre-
dictor of the intensity of the hard component of cosmic radiation at sea
level, use has been made of some recent measurements of N. R. Parsons at
Hobart.! These measurements were made with a vertically directed three-
fold coincidence telescope in which the counter trays were 1m. X 1m., the
upper and lower traps were 1-5m. apart, and the lower two trays were
separated by 10cm. of lead absorber. The mean counting rate was approxi-
mately 76,000 per hour.

1. These records have been published for limited distribution by the Antarctic
Division, Department of External Affairs.
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The meteorological data were obtained from the Hobart daily radio-
sonde flight. The value used for the cosmic ray intensity was the mean value
for the period two hours before till two hours after the flight. However, only
those days were selected (during the period September 1953—April 1954)
in which no rapid change occurred in atmospheric structure and in which
no “anomalous” variations in cosmic ray intensity oceurred. This selection
was based on visual inspection of graphs of cosmic ray intensity and baro-
‘metric pressure against time. A total of 151 days’ records was selected.

It was shown in Chapter 4 that no one choice of £ in the range 500 to
80 mb. makes (4) a significantly better predictor than any other. The writer
has therefore chosen, for convenience, £ — 115 mb. and T(¢) = mean tem-
perature in the interval 115-190 mb. In (3) the values x; — 115 mb., X.
= 190 mb. are used which are very close to the values given by Olbert.

The least squares estimates and 95 per cent confidence limits of the co-
efficients in (3) and (4) as determined from the sample of 151 days’ records
are then

Ag =+405 =150 % per km.
Ax =—0-085 = 0-018 % per °C.
Ap =—0-165 = 0-012 % per mb.
A'g = —0539 1085 % per km.
A'g = 10073 = 0-082 % per °C.
Ap = —0141 = 0013 % per mbh.

The values of Ag and Ap are in good agreement with Olbert’s theoretical
values but the value of Ay is not.

Hotelling (1940) has shown that the magnitude of the multiple correla-
tion coefficient can be used as a criterion to indicate which of (3) and (4)
is the better predictor of the dependent variate—in this case the cosmic ray
intensity I. He also devised a means to test whether the difference between
the two multiple correlation coefficients is significant.

Using the notation 8I = z,, 8x, = z,. SH(X;) = 8H ({) = 23, [T (Xo)lav. = 2,
8T () = =5, Hotelling’s test can be expressed in the form

= ‘V(l +r45.23) 1
() t=(ryq4.05—T15.23) \/—'-)D—Where D= X e -
14,23 1 T45.23
Ti5.23 T45.23 1

and ¢ has Student’s ‘¢’ distribution with » = n—5 degrees of freedom.
From the present sample (3) yields the greater value of the multiple
correlation coefficient. From (5) is obtained | ¢ | = 6-34, v = 146. The prob-
ability P of obtaining such a large value of | ¢ | is less than 0-1 per cent if
the true values of the multiple correlation coefficient from (3) and (4) are
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equal (Hald 1952, Table IV). On the basis of Hotelling’s test, then, (3) is
a significantly better predictor of cosmic ray intensity than is (4).

However, the validity of Hotelling’s test and of the calculated values of
the 95 per cent confidence limits of the regression coefficients of (3) and (4)
quoted above are dependent on the assumption that the error terms of the
regression models defined by (3) and (4) are not serially correlated (see
the section, “Effect of non-independence of successive values of ¢’ in Chap-
ter 3). In the present case using Durbin and Watson’s test in both (3) and
(4) the assumption of serial independence of the error terms is untenable;
for (83) d =078 < d;, >1-61, for (4) d=0-76 < d15q > 1°61.

It is concluded that the values quoted for P above and for the 95 per
cent confidence limits of the regression coefficients are only lower limits of
the true values. The conclusion that (3) is a better predictor than (4) is
then somewhat uncertain and the good agreement between the experimental
values and Olbert’s theoretical values for the coefficients Ax and Ap may be
fortuitous.



5. COSMIC RAY INTENSITY VARIATIONS ASSOCIATED
WITH SOLAR AND GEOMAGNETIC DISTURBANCES

by F. JACKA

Abstract. The Heard Island and Macquarie Island cosmic ray records
are examined for evidence of variations associated with magnetic storms
and solar radio noise emission. During one period, in which a solar radio
noise storm (on 98 Mec/sec.) and an intense geomagnetic storm coincided,
there was a decrease of approximately 2 per cent in the total intensity and
hard component intensity of cosmic rays at Macquarie Island. No effect was
found at other times of noise storms while the average effect of a number
of geomagnetic storms shows a decrease of approximately 0-5 per cent in
the cosmic ray intensity.

The cosmic ray total intensity at Macquarie Island is found to be un-
correlated with the intensity of 10 em. solar radiation. No significant varia-
tion is found at times of “outstanding short duration occurrence” of solar
radio noise on 62 or 98 Mc/sec.

Introduction. In Chapter 4 the problem was considered of predicting
the variations in sea-level cosmic ray intensity in terms of a function of
variables specifying the structure of the atmosphere. It was found that
that there are systematic day-to-day variations which are not predicted by
any of the functions examined.

It was considered nevertheless that these systematic variations are due
to changes in atmospheric structure, the assumption being made that there
are no significant day-to-day changes in the primary intensity apart from
occasional abnormal values associated with certain solar and geomagnetic
disturbances. It is consequently difficult to recognize these oecasional “abnor-
mal” values (unless they are “very abnormal”) even after the predicted
atmospheric effects have been subtracted; in fact, in the Heard Island and
Macquarie Island records, only one such “abnormal” value (that of 14-18
June, 1951) has been identified.

However, the average effect associated with many occurences of a par-
ticular type of solar or geomagnetic disturbance may be determined approxi-
mately by a form of the “superposed epoch™ method introduced by Chree
(1912). This involves subtracting the predicted atmospheric effect, listing
the residual values in columns numbered according to the time measured
from an origin at the time of the particular solar or geomagnetic disturb-
ance, then averaging the columns of figures. The variance of the errors (due
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to unpredicted atmospheric effects and random fluctuations) in these aver-
age figures then decreases approximately as 1/N, N being the number of
rows (the number of occurrences of the disturbance considered).

In the following sections this method is used to examine the variations
in cosmic ray intensity at Heard Island and Macquarie Island, associated
with solar radio noise outbursts and magnetic storms. A brief description
of the variations found to be associated with magnetic storms and other
disturbances is given in Chapter 1.

The solar diurnal variation in cosmic ray intensity has been determined
from the Macquarie Island records by Ford and Parsons (see Chapter 6).

Variations associated with magnetic storms. The records of cosmic ray
intensity available for the present investigation cover the periods April
1948 to January 1949 at Heard Island, and August 1948 to January 1949
and June 1950 to March 1952 at Macquarie Island. Daily mean values of the
hard component intensity, ¢., and total intensity, ¢s;, are examined.

The times of occurrence of magnetic storms with sudden commence-
ment during these periods were obtained from I.A.T.M.E. Bulletins (Bar-
tels and Veldkamp, 1949-52) and in the case of 1952 data from J. Geophys.
Res. (Bartels and Veldkamp, 1952).

Deviations (Z;:) of the observed cosmic ray intensity from regression
on barometric pressure were calculated for the period four days before to
four days after each magnetic storm sudden commencement for which cos-
mic ray records were available. The barometer coefficients used were those
calculated from monthly samples (see the section, “The barometer and tem-
perature effects—experimental results”, in Chapter 4). On only one occasion
was a significant variation of intensity associated with the magnetic storm.
This was during the period 12 June to 22 June 1951 in which three sudden
commencements occurred. During the same period a significant decrease in
hard component intensity was also observed at Manchester and at Thule
(Singer, private communication). The variation for ¢, and ¢; measured at
Macquarie Island is shown in Fig. 30. These curves were calculated using
values of the barometer coefficients derived from three months’ data, viz.
May, June and July 1951.

On taking the average variation associated with 14 magnetic storms in
the case of ¢: and 18 in the case of ¢; measured at Macquarie Island during
the period September 1950 to December 1951 (but not including June 1951)
the amplitude of the statistical fluctuations is reduced and the magnetic
storm effect shown in Fig, 31 is found.

Cosmic ray intensity and solar radio noise. Solar radio noise may be
divided into three apparently distinct categories; (1) A slowly varying
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component (decimetre wave-length), (2) Noise storms (metre wave-
lengths) of duration a few days, and (3) Outstanding short duration (order
of minutes) occurrences on metre wave-lengths. These include “outbursts”
of the type normally associated with solar flares.

Using five-day means the regression of cosmic ray total intensity
(measured at Macquarie Island) on barometric pressure and 10 c¢m. solar
radiation intensity (measured at Sydney) was examined using data of
August to December 1950. The regression coefficient of solar radiation in-
tensity is not significant at the 5 per cent level.

During the period June 1950 to June 1951 at times when cosmic ray
records were obtained at Macquarie Island eight noise storms (on 93
Me/sec.) occurred. One of these, lasting from 9 June to 22 June 1951, had its
maximum intensity on 16 June 1951. The variations in hard component in-
tensity, ¢, and total intensity, ¢s, of the cosmic radiation at these times is
shown in Fig. 30. It is not possible to say whether the variations shown in
this curve should be attributed to the solar radio noise storm or to the mag-
netic storms with sudden commencements during the same period. Not one
of the other seven noise storms was associated with a significant change in
cosmic ray intensity as measured by c: or ¢s.

From the Macquarie Island records of total intensity of cosmic radia-
tion, ¢;, during the period June 1950 to January 1952, data were selected at
times of the 80 most energetic (energy defined by ‘‘smoothed maximum
intensity” X ‘“duration”) outstanding short duration occurrences of solar
radio noise on frequencies of 62 and/or 98 Mc/sec. measured at Sydney.

The mean variation (of 80 occasions) over the period 10 hours before
to 12 hours after the occurrence was corrected for variations in barometric
pressure using a barometer coefficient calculated from the whole sample. No
significant variation is found in the corrected cosmic ray intensities. The
standard error of any one point is approximately 0-1 per cent.

These results should be contrasted with those of Dolbear, Elliot and
Dawton (1951) who find an increase on the average, of 0-3 per cent in the
cosmic ray intensity at times of Dellinger type radio fade-outs which are
usually associated with solar flares of moderate intensity.

The data on solar radio noise used in this investigation were supplied
by Dr. J. L. Pawsey, Division of Radiophysics, C.S.LLR.O.

Conelusions. The preceding analysis of solar and geomagnetic dis-
turbance effects on cosmic ray intensity is regarded only as a preliminary
to a more detailed discussion of the problem. It is considered that a satis-
factory treatment of this problem can be expected only when extensive
cosmic ray records are available from a number of stations distributed over
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a wide range of latitude and longitude. Also this problem must be treated
together with a study of geomagnetic variations and the aurora.

Measurements of the hard component similar to those discussed in this
report are being continued at Macquarie Island. Measurements of the hard
component intensity with a narrow angle telescope and counting rate ap-
proximately 75,000 particles per hour are now being made in co-operation
with the Physics Department of the University of Tasmania at Hobart. Two
similar telescopes, one directed vertically and the other directed alternately
in different azimuths at a fixed zenith angle, were installed early in 1955
at Mawson, Antarctica.

It is proposed to examine the present records together with records
from these new projects in a detailed study of the variations in cosmic ray
intensity associated with solar and geomagnetic disturbances.



6. DIURNAL VARIATION IN COSMIC RAY INTENSITY
by P. W. ForRD AND N. R. PARSONS

Records of ¢ (narrow angle hard component) and of ¢; (wide angle
total intensity), obtained at Macquarie Island during the period June 1950-
April 1952 have been examined for evidence of diurnal variations.

For this purpose the data were divided into bi-monthly groups (months
(1,2), (3,4), ete.) and each group examined separately in order that any
significant seasonal changes in amplitude and phase of the daily intensity
wave might be apparent.

For each bi-monthly group, mean bi-hourly values of cosmic ray inten-
sity and barometric pressure were calculated using only those days when
the records were complete. This yielded 12 values of the variables equally
spaced over a period of one solar day. Correction of the 12 cosmic ray inten-
sity values to standard pressure conditions was then carried out using a
barometer coefficient computed from daily mean values of intensity and
pressure from the complete-days records of the bi-monthly group.

For the period June 1950-May 1951 only ¢» records were reduced in this
manner. For the period May 1951-March 1952 both ¢, and ¢; records were
reduced using only those days on which both records were complete. March
1952 records were taken as representative of the bi-monthly period March-
April since recording ceased at the end of March.

The 12 corrected intensity values were then subjected to harmonic
analysis and the amplitudes and phases of the 24-hr. and 12-hr, components
determined. Mean values for the year were obtained by analysing the 12
means of the six sets of bi-monthly corrected figures.

The results of this analysis are presented in Fig. 32, which shows the
amplitude (as % of the mean intensity) and time of maximum on harmonic
dials—24-hr. dials for the diurnal component and 12-hr. dials for the semi-
diurnal component.

It will be noted that there is a cyclic progression of points on the 24-hr.
harmonic dial for ¢s. Such an effect can be caused by an annual variation in
amplitude and phase of the true solar diurnal variation or by the super-
position of a sidereal diurnal variation on a solar variation of constant
phase and varying amplitude. With the present data alone it is not possible
to distinguish the two cases (cf. Elliot and Dolbear, 1951).

In order to obtain some idea of the significance of the bi-monthly points,
several were chosen and the diurnal variation calculated for the individual
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days of these bi-monthly groups. The results were then plotted on separate
harmonic dials for each group. In all cases in which this was done with ¢,
data there was a considerable scatter of the points. In the case of the May-
June 1951 period, for example, a circle through the origin and centred on the
bi-monthly point included only one of the 37 daily points. For the J uly-
August 1951 period only 7 of 38 daily points lay within a similar circle
(Fig. 33). In view of these results little significance attaches to the indivi-
dual bi-monthly points of the harmonic dials for ¢, data shown in Fig. 32. A
similar examination of ¢; data shows a much smaller scatter of the daily
points about the bi-monthly point (Fig. 32).

Estimates of periodic variations from single-day’s records are subject to
large statistical error with the small counting rates employed in the present
case. Also anomalous daily variations can result from other causes. Impor-
tant among these is inadequate correction for changes in atmospheric struc-
ture influencing the cosmic ray intensity (see Chapters 4, 7 and 8). On Fig.
33 the points enclosed in small circles correspond to days of marked atmo-
spheric disturbance. These include several of the most widely scattered
points. However, the numbered points which are for August 13, 14 and 15
are associated with erratic changes in cosmic ray intensity at times of ap-
parently stable atmospheric conditions. These erratic changes may be due to
the magnetic storms which occurred with sudden commencements on 13th
and 15th, August, 1951. (¢f. Bartels and Veldkamp, 1952.)

These considerations emphasize the need, in seeking estimates of the
normal undisturbed diurnal variations, for rejecting data showing anoma-
lous fluctuations. This sort of procedure is adopted in determination of
the normal “quiet day” variations in the geomagnetic field. In the case of
cosmic ray records such drastic restrictions in useable data together with
the statistical fluctuations make it essential that very high counting rates
be employed in order to obtain reliable results.

The effects of anomalous fluctuations may be expected to cancel one
another to some extent over long periods. Hence, in view of the relatively
close grouping in phase of the points on the 24-hr. harmonic dials (Fig. 31)
for es, 1951-2 and ¢, 1950-1 (not reproduced for ¢», 1951-2 however), some
degree of significance may be attached to the points showing the mean
diurnal variation for the year. The times of maximum for these mean points
are 02h. 00m. G.M.T. (12h. 30m. local time) for ¢, and 02h., 30m. G.M.T.
(13h. 00m. local time) for ¢;. These agree closely with the local time of
maximum found at Manchester in 1949 by Elliot and Dolbear (1951) and
are consistent with the systematic change in phase shown by Thambayah-
pillai and Elliot (1953) to have taken place over the last 20 years.

There is no evidence in the present results for a significant semi-diurnal
variation in cosmic ray intensity. i



7. THE BAROMETER COEFFICIENT AND AIR MASS EFFECTS
ON COSMIC RAYS AT MACQUARIE ISLAND

by R .M. JACKLYN

Abstract. The changes in cosmic ray intensity associated with the pas-
sage of weather fronts over the observing station are investigated, using
data from Macquarie Island. The effects can be explained in terms of the
different way in which the height of the production layer for mesons varies
with surface pressure for warm moist and cold dry air masses. The baro-
meter coefficients found for these air masses are respectively —0-120
=+0-058 per cent per mb. and —0-220 ==0-041 per cent per mb. for the pene-
trating component. These results indicate that the frequently observed
fluctuations in short term barometer coefficients may be traceable to
changes in air mass types.

Introduction. During the past ten to fifteen years several workers
(Loughridge and Gast, 1940; Nishina et al. 1940a, 1940b; Trumpy, 1949;
Lindholm, 1950) have commented on the marked changes which cosmic ray
intensities undergo with the passage of fronts over the recording station.
This effect was studied in the Macquarie Island 1950-1 records.

The weather at Macquarie Island is typically overcast with a yearly
average humidity of 88 per cent. Daily and seasonal surface temperature
fluctuations are comparatively small, but large variations of surface pres-
sure occur, often accompanied by a change of air mass. (The phrase “air
mass”, for the purpose of this study, refers to a characteristic combination
of surface and upper air temperatures, humidity and surface wind direction,
which usually persists over the station for several days at a time, and with
the passage of a surface of discontinuity, the front, changes to another
typical set of the quantities.)

A change of air mass is generally associated with a cold or an occluded
cold front. The origin and orientation of fronts and the tracks of major de-
pressions in the Southern Ocean are still matters of conjecture, partly be-
cause there are very few observing stations in the area. Gibbs (1952) has
assumed that the major source region of fronts is in the close neighbourhood
of the Antarctic Continent. Briefly, they appear to develop as follows : Out-
bursts of cold dry air move northwards behind antarctic fronts until they
become the polar fronts of middle latitudes. Wave developments in these
fronts result in the growth of major depressions. One of the two main tracks
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followed by these depressions, and their associated fronts, is in a SE direc-
tion from the SW coast of Australia to the vicinity of Macquarie Island,
reaching maximum development at 60°S. As they approach the antarctic
coastline and gradually dissolve, the depressions cause fresh outbreaks of
antarctic air to occur, with new antarctic fronts as their forward boun-
daries. So it seems likely that cold fronts at Macquarie Island are either well
developed polar fronts associated with depressions tracking from the north
west, or else antarctic fronts associated with fresh air masses from the
continent. -

Data and methods of analysis. The data used in the present study are
the Macquarie Island 1950-1 records of ¢; (wide angle total intensity), ¢,
(narrow angle total intensity) and ¢, (narrow angle hard component inten-
sity). These records were each analysed for the average effects produced by
the passage of fronts, following a procedure used by Loughridge and Gast
(1940). For an individual front, the counting rates were collected into 6-
hour groups, referred to the time of passage over the station. Thus the
6-hour group immediately preceding the change of air mass was centred
about the time three hours before the passage of the front. The counting
rates were corrected to a standard pressure of 940 mb. using the appropriate
bi-monthly barometer coefficient, derived from the daily mean rates and
surface pressures. :

To minimize the effects of fluctuations in the general level of intensity
between one front and another, the corrected rates were normalized to the
second 6-hour group preceding the front. Thus only the mean differences
were plotted between this and other groups.

Records of ¢; and ¢, were analysed for six well defined cold fronts and
five double cold fronts (for each of which the frontal changes occurred in
two distinet stages several hours apart) recorded between June and Novem-
ber 1951. These have been treated as a single group of eleven cold type
fronts, to obtain a better estimate of the post-front changes. Over the same
period, records of c; were available for fourteen cold type fronts.

The Macquarie Island records for 1950 were also analysed for the effect
of fronts, but in this case it was decided to consider only the occasions for
which records were available for ¢, ¢. and ¢ simultaneously. This restricted
the results to twelve marked cold fronts. No double fronts were included in
this group.

The front effects. The average effects on the corrected counting rates
for each of the years 1950 and 1951 are shown graphically in Figs. 34 and
35, together with the mean surface pressure variations. The post-front in-
creases in the level of corrected intensities for each measure of the cosmic
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ray intensity as well as the percentage increases are set out in Table 29. It
can be seen that the increases are consistent for both years, and they are in
qualitative agreement with the ionization chamber measurements made by
Loughridge and Gast. The increases in corrected intensities ¢; and ¢, the
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penetrating radiation and total radiation, are the same for the two telescopes
with the same geometry. The smaller per cent increase in total radiatian is
practically the same for both the narrow-angle and the wide-angle tele-
scopes. Thus it appears that the post-front effects are almost entirely due to

variations in the penetrating radiation.
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TABLE 29

Post-front increases in cosmic ray intensities corrected for pressure
using a total barometer coefficient

Year l c,/d c,/4 Cy/32

1950 12 12 12
No. of Fronts

1951 11 11 14

1950 | 50-60 50-60
Total Increase |

1951 80-90 80-90

1950 0-93 0-75 0-75
Percentage Increase t

1951 r' 1-5 1-0 1-0

The mechanism of the front effects and the variability of the barometer
coefficient. In commenting on the mechanism for the front effects it is neces-
sary to consider an assumption that is often made when pressure corrections
are derived from the regression of cosmic ray intensity on surface pressure.
That is, that the residual variations are those which would have been ob-
served if the pressure had remained constant during the change of air mass.
As Duperier (1949) has pointed out, cosmic ray intensity may be regarded
as a function of several meteorological variables. He proposed that the fol-
lowing three were predominant : the surface pressure (B), the height (H)
of the pressure level where the majority of mesons are produced, and the
mean temperature (T) in the neighbourhood of this level. Thus a variation
of the intensity (I) is given by

81 = 4B + WsH - o8T

On the other hand, if cosmic ray intensity is regarded as a function of sur-
face pressure only, and

8 — BsB
where g is the total barometric regression coefficient, then
(1) B=w+rsg+esg

Evidently then, the pressure coefficient varies with the upper air
meteorological conditions, and may undergo marked and consistent changes
when one type of air mass replaces another.

With this in mind, the total pressure coefficients for the pre-front moist
warm air and the post-front polar air for the months June to November
were obtained from the 1951 records (unfortunately it was not possible to
extract this kind of data for the 1950 results). The coefficients for the total
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intensity, ¢;, and the hard component, ¢;, are set out in Table 30 (the errors
given being the 95 per cent fiducial limits) together with the bi-monthly
coefficients used for the analysis described above. In the passage from a tem-
perate to a polar air mass there is a significant increase in the pressure co-
efficient for the penetrating radiation, and that for the total intensity shows
a similar trend. Notably, all the bi-monthly coefficients have values lying
between the two air mass values.

TABLE 30
Barometer Coefficients in counts per hr./mb. 1951 Daia

i —
Narrow Angle Hard Component| Narrow Angle Total Intensity
c, ¢y

Temperate air mass

—4-072 4 1-96
(—0-120 + 0-058%,/mb)

—8-744 L 3-28

(—0-184 ~ 0-069%/mb

Polar air mass

—7-508 £ 1-40
(0-220 + 0-0419,/mb)

—12:504 = 1-84
(—0-260 - D-0379%/mb)

Bi-monthly means

May—June —6-364 —11-52
July—August —5-704 —11-52
September—October —4:924 —11-52

If the counting rates are corrected using the appropriate coefficients
for the air masses (Fig. 36), it is obvious that the change in corrected rates
on passing through a front is arbitrary, depending on the choice of a stan-
dard pressure. If in the case of ¢ the standard pressure is chosen corres-
ponding to the point of intersection of the regression lines (1005 mb.), there
should be no change in corrected rates on passing from the temperate to the
polar air mass. But it is clear that if a single average pressure coefficient is
used, its value lying somewhere between the values for the polar and tem-
perate air mass coefficients, the rates corrected to a standard pressure must
increase after the passage of a cold front. This accounts for the fact that the
pattern of variation of penetrating and total radiation, corrected using the
same barometer coefficient before and after cold type fronts, is consistent
for both years on Macquarie Island, and is in qualitative agreement with
the observations made by Loughridge and Gast. This being so, referring to

sH 8T

eqn. (1) the ratios B and 5B must vary consistently on passing from warm

moist to cold dry air.

Now, Trumpy (1949) has successfully accounted for variations in
meson counting rate due to the passage of fronts by assuming that the sur-
face pressure (B) and the height of the 100 mb. level (H) are the pre-
dominantly effective variables, so that
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81 = 4B + wsH

The corresponding expression for the barometer coefficient B is

,sH
B=p+pg sB

Using the suffixes P and T to denote polar air mass and temperate air mass
conditions respectively, we have

@ =+ (i),
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, (6H
(3) Br=p+ K ('SF)T
Since 8, » and u’ are negative, and | Bp | > | Br | one would expect (ﬁ}! )

sBr
to be greater than (g)f _With the data obtained from the daily radiosonde

3B 5B
found using the least squares method. Over the same period for which gp
and 81 had been calculated, they are as follows:

(gg)r — _3.048 % 10— km./mb. (—0-194 X 10~ per cent/mb.)
(g)P = 41612 X 102 km./mb. (4-0-1028 per cent/mb.)

The mass absorption coefficient p, the decay coefficient p’, and the mean
range for mesons before decay, L, obtained by substitution in egns. (2) and

(3), compare favourably with the values found by Trumpy in Norway, as
shown in Table 31.

flights conducted at Macquarie Island, values of (E{) and (EH)T were
P

TABLE 31
‘ @ (per eent/mb.) ‘ 7 (Per cent/km.) ‘ L (km.)

8-1
73

=t o

Macquarie Island —0-120 —552
Norway —0-151 ‘ —5-8 ‘

Conclusions. Summing up, it appears that the marked changes in cos-
mic ray intensities which occur following the passage of cold fronts can be
traced through the variation of the barometer coefficient to the different
way in which the height of the production layer for mesons changes with

. . 3 .
surface pressure for warm moist and cold dry air masses, sg' having the

greater value (in the positive sense) for the latter.
The frequently observed fluctuations of short-term barometer co-
efficients may be largely traceable to this cause.



8. COSMIC RAYS AND AIR MASS EFFECTS AT
MACQUARIE ISLAND

by R. M. JACKLYN

In Chapter 7 it was shown that the barometer coefficient for cosmic
rays at Macquarie Island varied consistently according to the type of air
mass present over the station. This was found to be due to the different

average values of % (the rate of change of the height of the assumed

production level for mesons with surface pressure) in the two air mass
types considered. For temperate air g—g— was practically zero (4-0-0002 per

cent/mb.) and for polar air had the value --0-1028 per cent/mb. An analysis
of these air mass types has now shown why one should expect the ratio to
vary in the way it does.

For each type of air mass the total regression of height (H) on surface
pressure (B) was calculated for the following pressure levels: 100, 200,
400, 600, and 800 millibars using data obtained from the daily radiosonde
flights at Macquarie Island. The regression and correlation coefficients are
set out in Table 32. From these, and from Figure 37, it can be seen that

sH : : s ; F
5B progressively increases as one proceeds upwards in polar air, and in

temperate air it progressively decreases. In other words, there is a tendency
for polar air to expand at all levels, and for temperate air to contract, as
surface pressure increases.

TABLE 32
Pressure level (mb) 800 600 400 200 100
Polar air g-—% (km/mb x 10%) +0-85 +0-975 +1-128 +1-189 +$1-341
T 0-992 0-963 0-917 0-904 0-833
. . SH | J A
Temperate air 5B (km/mb x 10%) +0-762 +0:701 -+ 0640 +0-366 0
4 0-958 0-875 0-686 0-330 0-106
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Fie. 37.
Sk o -
Variation ofﬁmth pressure at height H for

polar and temperate air mass conditions.

If then, the height of production (H), of mesons, is considered as a
function of the mean atmospheric temperature (#) and the surface pressure

(B), and
dH _ (oH) db  (oH
dB |\ o26/sdB 2B /e
d

it seems that d—g ,the rate of expansion with surface pressure, would be posi-
tive in polar air and negative in temperate air. As a measure of the mean

atmospheric temperature, ¢, the thickness of the atmosphere between

100 mb. and 1,000 mb. was taken, and the regression coefficients % and

dop

4B were found, the suffixes P and T referring to polar and temperate air
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respectively. The values were
d 3]_) 9 —2
78 — 10-521x10-2 km/mb.
2 _ o808 x10-2. km/mb
dB ' ] '

A check on the consistency of the figures can be made if it is assumed that

H H
(ﬁ)g and (m)aare constants. Then
6Hp 8Hy (aH) (dsp daT)
B

3B~ 3B \3)s\dB @B
Knowing the values of ?{—BP (approximately +-1:34 X 10—2km./mb.) and
SSI_:?T (approximately 0 km./mb.) arrived at from the radiosonde data in-
dependently of the temperature coefficients, (%—E)B is found to be 1-01,

close to the expected value of unity. (i.e. the method of measurement of 4
implies that 8H and 3¢ may each be considered as a measure of the variation
of the depth of the atmosphere between 100 mb. and 1,000 mb. at constant
surface pressure.)

It seems that these effects are characteristic off the pattern of weather
associated with the passage of cold fronts at Macquarie Island during win-
ter. That is, general atmospheric warming of temperate air precedes the
arrival of the low, and is followed again by atmospheric warming of polar
air accompanied by increasing surface pressures, after the front has passed,
Presumably, this is true of other places where marked increases of cosmic
ray intensities, “corrected” for pressure, have followed the passage of cold
fronts. Since the Macquarie Island measurements agree substantially with
those found by Loughridge and Gast (1940), using a shielded ionization
chamber at sea off the West Coast of North America, a similar maritime
weather pattern probably held there. But Nishina et al. (1940), using an
ionization chamber at Tokyo, found no significant effect for cold fronts, and
this may have been due to the modifying effect of the neighbouring land on
the temperature characteristics of the air masses.
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