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WIND AND TEMPERATURE TO 50 KM. 
OVER ENGLAND

Anomalous sound propagation experiments, 1944-45

SUMMARY
This report describes the results of experiments made in England during 1944-45, when recordings of sound received 

by anomalous paths from large explosions were utilized in an attempt to obtain data on wind and temperature at great 
heights. The methods used and their limitations are outlined and the results of the calculations presented. The 
principal results are :—

(i) In England the wind in winter at heights of 30-45 Km. is usually between SW. and NW. with speeds of 
40-80 m./sec. In summer the directions are between NE. and SE. and the speeds less than 20 m./sec.

(ii) The temperature between 35 and 50 Km. appears to increase to values approaching surface values. This 
increase is not as great in winter as in summer, and a 20-40°C. variation of temperature between summer and 
winter is likely at these levels.

§ 1—INTRODUCTION

The zones of audibility around a large explosion have been observed to be :—
(i) An " inner zone " of audibility extending outwards from the explosion point with

size and shape determined by the magnitude of the explosion and the wind and temperature
distribution in the troposphere. The intensity of received sound usually decreases as the
distance from the source increases.

(ii) A " silent zone " (where the explosion is not heard) at greater distances from the
explosion point.

(iii) One or more " outer zones " of audibility at greater ranges still from the explosion
point. On some occasions further zones of silence followed by other outer zones of
audibility have been observed.
A sketch of a possible audibility distribution around a large explosion is given in Fig. 1. 

The outer zones of audibility result from the so-called " anomalous propagation".
The observed characteristic features of this anomalous propagation in temperate latitudes 

in the northern hemisphere may be summarized :—
(i) The inner boundary of the outer zone is usually 100-200 Km. from the explosion 

point and this distance is less in winter than in summer.
(ii) The time taken by the sound to reach the outer zone is often one to two minutes 

longer than it would take if it travelled along the earth's surface from explosion point to 
outer zone.

(iii) The outer zone may exist all around the explosion point, but it is most frequently 
to the west of it in summer and to the east in winter.

(iv) It is very common in the outer zone to hear two or more sounds from a single 
explosion (multiple sound arrivals).

(v) The sound waves observed in the outer zone are of low frequency and may be mainly 
below the audible range. Sounds of frequencies of the order of 1-10 c./sec. are commonly 
observed from the larger explosions.
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The fact that sound travelling to the outer zone has a minimum range before it reaches the 
surface and takes a comparatively long time to reach this distance suggests that it must follow 
a path high in the upper air before returning to the earth's surface. It is unlikely that its trajectory 
will include a reflection at its highest point because a discontinuity sufficient to produce this 
reflection is improbable in the atmosphere. Hence it appears that the sound must be con­ 
tinuously refracted in its path. Such a path would imply that the maximum horizontal speed 
of the sound relative to the earth will occur at the top of its trajectory in order for it to be bent 
down to earth again. If the usual laws for the speed of sound in a gas are applied to this anoma­ 
lous propagation of sound through the atmosphere, it appears that the speed of transmission of

explosion
point lOO-200Km.X//x further

silent 
zone

second 
outer 
zone 

outer
zone 

inner zone 
of audibility

FIG. 1—ZONES OF AUDIBILITY

the sound relative to the earth depends only on the composition and temperature of the 
atmosphere and the wind at any level. It can be shown that, in general, neither a sufficiently 
great speed of sound nor a sufficiently large time delay is produced by sound paths with maximum 
heights below the present common limit of direct measurements of wind, temperature and 
composition of the atmosphere (circa 20 Km.). Hence the phenomena of anomalous sound 
propagation are likely to provide data about the atmosphere at greater heights. A comprehensive 
bibliography on this subject has been published 1 *. The main results about which there is fairly 
general agreement are :—

(i) The maximum trajectory heights attained by these sound " rays " are usually 
40-50 Km. above the earth's surface. Some writers2 believe that occasionally heights of 
100 Km. or more may be attained by very low frequency waves which are still of sufficient 
intensity to be detected in the outer zone. The intensity of the sound received depends 
on the size of the original explosion, the geometry of the path and the absorption along 
the path. The absorption is greater at high levels and also increases with the frequency, 
becoming very great when the mean free path of the molecules is no longer small compared 
with the wave-length of the sound wave3 .

* The index numbers refer to the bibliography on p. 20.
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(ii) The most probable cause of the high sound speeds at 40-50 Km. is that the tem­ 
perature there approaches surface values. The general temperature structure up to, say, 
50Km.in temperate latitudes will then comprise the troposphere up to about 10 Km., the mainly 
isothermal region of the stratosphere from 10 to 30 Km., and finally an inversion layer to 
50 Km. or so. No substantial data on temperatures above 50 Km. have been obtained 
from this work. Opinion is not unanimous that high temperatures at 40-50 Km. are the 
sole cause of the high sound speeds there. It is very unlikely that there is any great change 
in the atmosphere's composition to account for them, but some suggestions have been 
made recently4- 5 that the speed of sound may increase at low densities, presumably because 
of a change in the nature of the propagation. If this is so it is doubtful how much the 
increase of sound speed may be due to a rise in temperature and how much to this other 
cause. In the present paper the assumption has been made that it is due entirely to a 
temperature change.

(iii) The outer zones of audibility are not usually symmetrical about the explosion 
point. In temperate latitudes they appear usually to the west of it in summer and to the 
east in winter although sometimes they are observed on all sides. This suggests that the 
wind at the highest levels traversed has predominantly easterly components in summer 
and westerly in winter.
During the period April 1944-April 1945 the opportunity arose of performing set experi­ 

ments to use the phenomena of anomalous sound propagation as a means of obtaining further 
information about wind and temperature at high levels. The methods used and the results 
obtained are described below.

§ 2—EXPERIMENTAL ARRANGEMENTS

The locations of the various recording installations and explosion points were dictated by 
operational necessities, e.g. questions of communications, maintenance, proximity of buildings 
to explosion points, as well as by the most likely zones of audibility. Fig. 2 shows the locations 
of the various explosion points and recording installations. The design of the experiments was 
changed, usually by varying the explosion points, as more information about high-level winds 
and temperatures was obtained. In all, 16 experiments were carried out during the period 
April 1944-April 1945. A short description of individual experiments is given in Appendix III.

Explosion points.—These were located at
Friskney (Wash area) 
Larkhill (Salisbury Plain) 
St. Margaret's Bay (Dover) 
Trawsfynydd (North Wales) 
Okehampton (Devon)

Additional explosion points were used at Thetford, Spurn Head and Fylingdales Moor (Yorkshire 
Moors) during Experiment No. 7 only.

Recording bases.—
A lattice of at least 12 microphones arranged in squares or diamonds of 10-Km. side was

constructed near Canterbury in south-east England 
A lattice of 12 microphones with an irregular layout was available at Larkhill (Salisbury

Plain) 
A lattice of 4 and later 6 microphones in squares of 5-Km. side was installed at Friskney

near the Wash 
A small lattice was installed near Malvern for the first experiment only.
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FIG. 2—LOCATION OF THE EXPLOSION POINTS AND RECORDING INSTALLATIONS

Recording equipment.—The microphones for recording the instant of arrival of sound waves 
were of the hot-wire type, and were placed in surveyed positions to form squares or triangles 
of sides 5-10 Km. They were connected by line to a sound-ranging recorder which included 
string galvanometers, with an optical projecting system and moving film for recording and a 
tuning-fork control for the timing. Synchronizing marks were arranged on the films either 
automatically from a chronometer or manually by producing electrically a sudden deflection of 
one of the strings. The tuning motor produced vertical lines on the films at intervals of 10, 
100 and 1,000 sound metres, a sound metre being defined as a unit of time equal to l/o0 sec., 
where a0, the speed of sound in air, is taken as 337-6 m./sec. at 10°C. and 50 per cent, relative 
humidity. The tune of sound inception at each microphone could be read to an accuracy of a 
few sound metres, the accuracy depending on the signal-to-noise ratio on the records and defini­ 
tion of the point of sound inception. Electrical types of interference and string deflections due 
to local effects, e.g. wind at the microphones, made film reading difficult at times. As is mentioned 
later, the accuracy with which the time of arrival of sound can be read from the film is an 
important limiting factor in the determination of the characteristics of the travel of sound.

§ 3—MEASUREMENTS OBTAINED OR AVAILABLE

Xa the range and a the azimuth (with respect to true north) from the explosion point to 
a microphone at a recording base were computed from accurately surveyed co-ordinates of the 
explosion points and microphones. The use of Cassini grid, instead of spherical, co-ordinates 
in these calculations introduced errors of less than 4 min. of angle and 10 m. of range, which are 
small in comparison with other errors.
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The total time of travel, ta, of the sound from the explosion point to a microphone, was 
given by the interval on the recording film between the arrival of the sound wave and the instant 
of the explosion as impressed on the record. The instant of explosion was transmitted by direct 
telephone link from explosion point to recorder point where an operator pressed a switch on the 
recorder. The error in ta introduced by the operator's reaction time was probably between 0-5 
and 1 sec. ; ta was usually 10-15 min.

A, the " characteristic speed " of the sound waves, and p, the apparent aximuth of travel, were 
derived from the times of arrival of a wave front at three or more microphones suitably deployed 
in lattice formation. The procedure and corrections involved are described in Appendix I. 
A is a basic parameter of sound travel and is equal to the speed at which the wave front travels 
horizontally at the apex of the trajectory. It is important that A and also p be determined with 
high accuracy. Great care was therefore taken to determine as accurately as possible the times 
of sound inception on the microphone film, though for various reasons determination was 
sometimes difficult. Some doubtful determinations were revealed by the fact that the resulting 
value of A was less than the value appropriate to some levels of the atmosphere for which normal 
measurements of temperature and wind were available. The use of a lattice of microphones 
suitably spaced enabled the most probable values of A and p to be deduced.

<£ (= a- p) is a measure of the total sideways deflection Ya caused by the cross component of 
wind throughout the sound trajectory and Ya = Xa sin <f>.

Wind and temperature measurements to heights of about 18 Km. were available from normal 
radio-sonde ascents at six-hourly intervals within the area on each of the experimental dates.

Details of the measurements made are given in Appendices IV and V.

§ 4r-OUTLINE OF THE METHOD OF USING THE DATA

Three main assumptions were made in this work :—
(i) That the travel of the sound from explosion to microphones through the atmosphere 

could be treated in terms of refraction only.
(ii) That the general (Laplace) law for the speed of sound in a gas was valid throughout 

the path.
(iii) That the atmosphere could be considered to be horizontally stratified, i.e. at any 

given level the wind and temperature would be the same all over the area of sound travel.
When the characteristic speed A and the angular twist <j> were known the path of the sound 

within the region of known wind and temperature (0-18 Km.) could be calculated uniquely to 
give the time tb, range Xb and sideways deflection Yb of the sound path below the level of 18 Km. 
Since the total tune ta, range Xa and deflection Ya were measured, the values of the time ta —tb, 
range Xa — Xb, and deflection Ya —Yb to be ascribed to the portion of the sound path above 
18 Km. were found.

The problem then became one of finding a sound path above the datum level of 18 Km. for 
a reception along each azimuth as illustrated in Fig. 3 to satisfy :—

(i) A time ta —tb 
(ii) A range Xa —Xb 

(Hi) A sideways deflection Ya — Yb 
(iv) A horizontal speed of A at the top of the trajectory 
(v) Known values of the wind and temperature at 18 Km.
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FIG. 3—ALTERNATIVE PATHS OF SOUND RAY

It should be noted that no direct measurement of the maximum height attained by the sound 
is available. If a is the speed of sound through the air and w is the wind component in the direc­ 
tion of propagation of the sound then the speed relative to the earth's surface when the wave 
front is vertical is a+w. Thus the maximum height attained is defined by the condition that 
a+w there should be equal to the characteristic speed A since the wave front only becomes 
vertical when the sound commences to return to the earth's surface.

The number of measurements made are always small, and will generally be satisfied by a 
large number of meteorological structures each of which will give a different solution for the 
maximum height attained by the sound travelling on the different azimuths. The limits between 
which the different solutions can vary will however become narrower as the number of azimuths 
on which reliable measurements are obtained is increased.

Calculations were made with different assumptions about the way the parameter 
« = A — (a + w) varied with height, including linear, parabolic and exponential laws, and each 
yielded a different meteorological structure with correspondingly different sound paths. From 
these considerations all that could be hoped for from these experiments, and indeed any others 
based on the same type of data, was a broad picture of the way in which temperature and wind 
varied above the limit of the radio-sonde measurements.

It was found that the most satisfactory assumption for the law of variation of n was a two- 
straight-line structure, comprising a linear variation with height from the 18 Km. datum to 35 Km. 
and another linear variation from 35 Km. to the top of the trajectories (usually about 50 Km. 
above the earth's surface). The advantages of this assumed structure were mainly in the ease 
with which it could be adapted to fit the mathematical and statistical requirements, but in addition 
it fits roughly the present accepted ideas of temperature and wind variation in these latitudes. 
It is generally believed that the stratosphere here is roughly isothermal with decreasing winds
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up to about 20 Km.6- 7- 8- 9 . Above that level there is a different type of regime with temperature 
increasing with height and stronger winds changing in direction from easterly in summer to 
westerly in winter. There was no special reason for choosing 35 Km. as the dividing level except 
that it usually divided the " unknown layer " in which the sound travelled from 18 Km. to about 
50 Km. into two roughly equal sublayers. This division at 35 Km. into two layers, although 
somewhat arbitrary, probably has however a certain amount of physical reality, and variations 
of a few kilometres in this dividing level are not important in this work as all that can be expected 
from the results is a general picture of conditions above the limit of the radio-sonde measure­ 
ments. A few calculations with the dividing level at different heights between 25 and 40 Km. 
showed no significant change in the general picture from that obtained by assuming it was always 
at 35 Km. By adopting this linear law of variation of n with height it also became a relatively 
straightforward matter to build up a system of equations with similar laws of variation of sound 
speed a through the air (proportional to the square root of the absolute temperature) and the 
two wind components w and w' with height. All the data including cross-wind deflections as 
well as times of travel on several different azimuths could then be utilized simultaneously. In 
some cases more data were available than were necessary to solve all the equations based on these 
simple assumptions, and it then became possible to obtain statistically the most probable values 
of wind and temperature to satisfy the data with this particular type of structure.

§5—BASIC EQUATIONS

The plane-wave propagation of sound through the atmosphere has been treated fully by 
Milne10, both for the case where the wind and temperature vary in three dimensions and for the 
simplified case of the horizontally stratified atmosphere which has been assumed here. Plane- 
wave propagation has also been assumed except in the derivation of the characterictic speed A 
and apparent azimuth of sound travel p at the microphones, when it was necessary to apply 
corrections for the curvature of the sound wave as described in Appendix I.

If the source of sound S and the microphone M are at the same level, the distance SM is 
denoted by Xa, the total time of travel by ta, and the maximum height of the sound "ray" trajectory 
above the surface by Z ; x, z, y are the co-ordinates of a typical point P on the path with respect 
to the axes SM, the vertical and the mutual perpendicular through S, and t is the time the sound 
takes to travel from S to P. The wave-normals along the path are all parallel to a fixed vertical 
plane & which is at an angle <f> to the xz plane. The perpendicular distance from the micro­ 
phone M to the plane Q is called Ya .

The horizontal wind has components w and w' parallel and perpendicular to this plane Q. 
at any height z. The speed of sound

a = constant x VT, .... (1)
where T is the temperature in degrees Absolute at height z. The inclination of the wave normal 
to the horizontal is denoted by y.

The general refraction law is
a sec y +w =A, .... (2) 

where A is the characteristic speed of the sound " ray " considered and is equal to the horizontal 
speed of the sound at the top of the trajectory. From the kinematical relations

dx-j- = (a cos y -j- w) cos <f> — w' sin <£ .... (3)

^ = a sin y .... (4)

- = (a cos v + w) sin <l> + w' cos ^ .... (5)
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and noting that <j> is constant it follows that
v j. T f z « cos y + w ,Xa cos <£ = 2 ————i—1— dz .... (6)J „ a sin y v '

^ = Xa sin <£
7 /f W= — 2 —:—— dz .... (7) 

J o o sin v v '

ta =l{ Z -4——dz. .... (8)i o a sin y v 7
If 7i = X — (a + w) .... (9) 
it is also possible to deduce the relationship

+ ^)} & ....(10) 

and equations (6) and (7) may be rewritten as

COS # = 2 (11)

w' /, n\
*V±i)-*. ....(.2,= -2

The meteorological structure is known up to the maximum height of the radio-sonde 
measurements (circa 18 Km.), while values of range Xa, time of sound path ta, angle of twist <t> 
and characteristic speed A are all measured. Using the above equations a unique path of the 
sound can be simply calculated from the surface to 18 Km. Above that level, however, the 
converse problem of determining the meteorological structure at all heights when the main 
parameters only of the sound path are known does not appear to be capable of a unique 
determination. It is therefore necessary to postulate some form of wind and temperature 
variation with height, e.g. linear, parabolic, exponential, and then solve for the constants of the 
laws of variation assumed. Moreover, the laws assumed will have to be comparatively simple 
in view of the small number of equations available in these experiments from which their con­ 
stants will have to be deduced.

It thus appears that, in general, experiments of this type will not lead to unique solutions 
for the wind and temperature, but on the other hand may lead to some general conclusions about 
these meteorological elements at great altitudes. Bearing these facts in mind the simplified 
methods described below were developed.

Approximations to the basic equations.—Even if it is assumed that w, w', and a are simple 
functions of z, equations (10), (11) and (12) lead to complicated expressions, and hence approxi­ 
mations to these equations were first obtained. The following equations are correct to first 
order in n/ag (aa was taken to be the standard speed of sound 337-6 m./sec. in air at 10°C. and 
50 per cent, relative humidity). As ^ is a small angle it is permissible to put cos <t> = 1 in these 
equations.
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^ //-, -v f z 1 (A 5/j a— a0\ , ....Xa = V(2a0) -- - - --</z .... (13)

ta = V(2a0) \ —r(l+^r- — a ~ °*\ dz .... (14) J o V«\ 4o0 2a0 /
where ta is measured in sound metres.

Z -r(-}dz .... (15) 0 Vn\a0/
where nfa0 may be as much as 0-25 in the lower stratosphere but usually is much smaller than this. 
Moreover since the largest contributions to Xa and ta occur at levels where n is small it is sufficiently 
accurate for calculations in the layer above 18 Km. to write

Xa^ta^ V(2a0) I"* ^ ....(16)

In these and subsequent equations referring only to the layer above the 18-Km. level, h denotes 
height above 18 Km. and H the maximum height of the sound trajectory above the same datum 
level.

Since total time ta, total range Xa, and total sideways deflection Ya were measured and time 
tb, range Xb, and deflection Yb were calculated for the portions of the sound paths between 0 and 
18 Km., the remaining values of time ta — tb, range Xa — Xb and deflection Ya — Yb were known 
for the portion of the sound path above this level.

The equations used in this " remaining layer " were therefore 
Xa — Xb _ tg —

V(2a0) ~ V(2a0) ~ „ Vn
„ (_ =
~ J Vn ~ S

(ta - tb) - (Xa - Xb) + (^ - 1 (Xa ~ Xb) O0 f *
- = fVn.dh = .... (19)V(2a0) 2

0

Ya- Yb (" 1 /W'\ „ on,—//» x = \ —7- [ — ) ah —m. .... (20) V(2a9) J 0 Vn \a0/ v 7
In each case g, f, and m were calculated and n, which is a function of wind and temperature, 
was given a law of variation with h so that equations (18), (19) and (20) could be integrated 
directly.

Linear variation of n with height above 18 Km.—As has been pointed out above the assumption 
of a " two-straight-line " structure has considerable advantages over other systems, and methods 
based on this assumption have been used by investigators in recent American work11 - 12 .

In this section h and H indicate heights reckoned upwards from the 18-Km. level, subscripts 
0 and 1 refer to values at 18 and 35 Km. above the earth's surface, and u and v are the components 
of wind towards east and north respectively. Generally, 

w = u sin p + v cos p 
w' =wcos p — v sin p 

n = A — (a + w) (equation (9)) 
= A — a — u sin p — v cos p.
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Between h — 0 and h = hi the assumed linear variation of the wind components and the 
speed of sound may be represented by expressions of the type

w =w°
and it follows that

« = «o + T- («, — «<>)• .... (23)

Similarly, between /z, and H (H, the maximum height of the trajectory, varies with the 
azimuth) and between A, and a selected fixed height h2 :

W =

i.e.
,'h_^A, (Ui[ 1 + H-hl \(H 

h-h f,'. + «,————iH («*-««
"2 — «i L

~ Vj) sin

also

h - h, « = «. - ̂ ~-j-

iin p I 

,) cos P — (v2 — v,) sin p f
. (24)

Since n

, — a, + (vw — v,) cos p + (UH — w,) sin p j

/!=«i — ;———r1 -I C2 — Oi + (V2 — V,) COS P + (u2 — W,) SU1 P k 
"2 — «i L J

= 0 at A = H, then

+ (v* - v.) cos p + (ua — H,) sin p 

(v2 — v,) cos p + - «0 sin p.

...(25) 

...(26) 

...(27

Equations (23) and (25) for n and (22) and (24) for w' in the two layers 18 to 35 Km. and 
35 Km. to the maximum height of the trajectory enable equations (18), (19), (20) to be integrated, 
with the following results :

, H ~ hl = - Xb

«!+ /«S 
00 V fl0

.... (29)

- n) /^'= ?-A
V 2 3 «, —

) . ....(30)

From equation (28) «, is found, and then from equation (29) H is found.
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If equations (28) and (29) are available on three azimuths, «, and H are known for three 
different values of p, and hence a,, u,, and v, can be calculated from equation (21), and a2 , u2, 
and v2 from equation (27).

If equation (30) is used, however, it is necessary to have data on two azimuths only. The 
unknowns in equation (30) are w/ and WH' when n, and H are known. From equation (24), it 
may be seen that WH' can be replaced by a linear function of w2 ' and H>,' or of M,, v,, u2, and v2 . 
Hence equations of the form of equation (30) on each azimuth can be reduced to equations con­ 
taining linear terms in ut , v,, u2, and v2 .

Two more linear equations are available in at , «„ and v, from equation (21) on the two 
azimuths.

Finally two linear equations in a2, u2 and v2 can be obtained from equation (27) on the two 
azimuths.

Hence from the results along two azimuths the six unknowns a,, ut , v,, a2, u2 and v2 may be 
obtained, the subscript 1 referring to a height of 35 Km. above the ground, and the subscript 2 
to, say, 50 Km. (providing the values of H on the two azimuths extend approximately to that 
level). The values of a can readily be converted to temperature values from equation (1).

Theoretically therefore, when the cross-wind data are used in this manner, good receptions 
on two azimuths only are sufficient to produce a result from an experiment. In practice, how­ 
ever, the equations are very sensitive to the errors in observation because of difficulties in deter­ 
mining exactly the initial times of sound reception at the recording microphones, and it was 
decided to use the system only in experiments in which receptions on three or more azimuths 
were obtained. Thus for 3 azimuths, 9 linear equations in 6 unknowns were available ; for 
4 azimuths 12 equations and so on. The determination of the most probable values by least- 
squares methods was then carried out with consequent reduction of the effect of the errors of 
observation.

Parabolic variation of n with height above 18 Km. — Above the 18-Km. datum level the 
parabolic equation required will be of the form : —

i.e. it has n = n0 when h = 0 and n = 0 when h — H ; and the constant v- and maximum height 
H have to be determined.

The type of solution required will usually be that having d2n/dhz negative, i.e. u positive and 
less than unity. By integrating equations (18) and (19) with this condition

2yHg = — —— ; — where n = sinV .... (32) tanyV/Jo

and - = cosec^y - • .... (33)

Hence H and u are determinable, and on a given azimuth a parabolic variation of n against h 
is found which will satisfy the range and time conditions of the sound travel.

If data on three azimuths are available equation (21) then allows a, u and v to be calculated 
at any given height, e.g. 20, 30, 40 Km., etc., above the earth's surface.

Unfortunately equation (20) which represents important data is not used in this method, 
and so results cannot be obtained with data from two azimuths only as in the two-straight-line 
method. One way of obtaining some information from the sideways deflection data Ya — Yb
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in conjunction with the parabolic method is to postulate an " equivalent constant crossrwind " 
such that w'dh

I"

••••<•*>_
and w' is thus a wind component weighted according to the time spent by the sound in the various 
layers at different heights. If it is compounded with the equivalent constant cross-wind across 
a second azimuth it is possible to obtain " time " mean values u and v from two equations of 
the form _ _

w' = u cos p — v sin p. .... (36)
These values u, v will have little quantitative significance as they are derived from two components 
referring to different trajectories and maximum heights. As such they will merely reveal the 
main wind trends at the higher levels. Further if

+w ....(37)

A = a sec v + w .... (38)
where a and y are weighted means of sound speed and inclinations of the wave normal to the 
horizontal and

w — v cos p + u sin p .... (39)

which gives a certain amount of information about the temperature at the higher levels.
The system of using (time) mean values in this manner needs great care as it may lead to 

incorrect results when two trajectories_of very different maximum heights are used to obtain the 
values of u and v. Any values of a, u and v obtained must of course be consistent with results 
depending on equations (32) and (33) or similar equations obtained from the original assumed 
laws of variation of n with h.

Other laws of variation of n with height above 18 Km. — Another possible law that was con­ 
sidered was an exponential variation of n with height of the form

n_ 1 - exp {x (h - H)}
n0 1 - exp (- \H) • • •

where the constant A and maximum height H have to be determined. The method of solution 
and use of the deflection Ya — Yb are similar in principle to that outlined above for the parabolic 
law and will not be described fully.

Other laws can be treated similarly but none of them appear to have any particular advantages 
over the others. The two-straight-line system was therefore regarded as the most useful, and 
the results it produced experimentally are described below.

Computational stages — summary.— A, <j>, Xa, Ya and ta were determined from the microphone 
films and survey data. Curves of a + w were plotted up to 18 Km. for each sound propagation
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azimuth concerned, using the radiosonde measurements of temperature and wind. Xb, Yb and 
tb for the layer up to 18 Km. were obtained by numerical integration of equations (10), (11), 
(12) or more simply, but less accurately, equations (13), (14), (15); and thence Xa — Xb, Ya — Yb 
and ta — tb were obtained. From this stage the computations depended on the data available 
from the individual experiments.

For experiments yielding data for only one azimuth, values of a -\- w above 18 Km. were 
determined along with a mean (time) wind component perpendicular to that azimuth.

From data along two azimuths, a mean (time) cross-wind and mean (time) temperature were 
determined.

From data along three or more azimuths, determination of wind and temperature were 
made up to about 50-Km. height. In addition the best mean (time) values of wind and tempera­ 
ture were obtained from the values of cross-wind.

These calculations were made along the lines indicated above, full computations being made 
for the two-straight-line and the parabolic laws of variation. The former method was regarded 
as the more satisfactory, and the results obtained from it are given below. Results obtained 
from the assumptions of a parabolic variation were given in previous papers 13 - 14.

§ 6—SUMMARY OF RESULTS

The results of the experiments are summarized in Tables I and II and Figs. 4-7. Table I 
gives the individual results of the determinations of vertical distribution of temperature and 
westerly and southerly components of wind up to 50Km. obtained by thetwo-straight-line assumption 
in the 7: experiments where there was sound reception along 3 or more azimuths (Nos. 5, 6, 8, 
11, 12, 15 and 16). Table II gives the mean (time) values above 18 Km. of wind and temperature 
obtained in all the experiments. The values shown are considered to be the most probable 
values of wind and temperature between heights of 18 Km. and about 50 Km. required to satisfy 
the observations of the sound travel. It is emphasized that these results are dependent on the 
physical assumptions made as well as on the simplifying mathematical assumptions, so that, 
while it is believed that they give a picture of the main features of the wind and temperature 
structure within these levels, their detailed accuracy is not likely to be great. This will be so in 
all similar work in which the meteorological parameters are calculated from the data of sound 
travel.

The diagrams (one for each experiment), in Fig. 4, show the degree of audibility in relation 
to the bearing and distance of the recording site from the explosion points which are all assumed 
to be located at the centre of the circles. In general it is seen that the points of good audibility 
tend to lie to the west of the explosion point in summer, to the east in winter and to be more 
uniformly distributed in the spring. The simplest explanation of this is that in these latitudes 
there is a seasonal change of winds at high levels from easterly in summer to westerly in winter 
and that the temperature is high at the level of the top of the sound trajectories in spring. 
Successful receptions in diametrically opposite directions suggest in general high temperatures. 
This is probably the case, although it must be remembered that the real criterion of audibility 
according to the refraction theory is that the function a + w shall have its maximum value at 
the top of the sound trajectory ; and very large variations of wind could conceivably produce 
all-round audibility without the necessity of postulating an increase of a and hence of temperature 
at the greatest heights. Moreover large values of a -\- w in the troposphere can also have a large 
effect on the audibility diagram, because they may exceed a + w at the greater heights and so 
prevent refraction down from them even though a + w is comparatively great there. However,
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FIG. 4—AUDIBILITY DIAGRAM
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These values are very approximate and individual determinations showed considerable scatter from them

it will be seen that the other results tend to confirm the seasonal changes of wind and high 
temperatures at great heights inferred from the audibility diagram. More information on 
audibility diagrams is given by Murgatroyd 15 .

Figs. 5 and 6 give suggested annual variations of wind and temperature at high levels in these 
latitudes. The wind diagrams include comparisons with independent results obtained from
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direct observations of wind from smoke bursts at 30 Km. over south-east England during the 
same period6. Since there is fair agreement between these and the results obtained from the 
calculations above they provide some confirmation of both wind and temperature results since 
they were both derived simultaneously from the same data. In these calculations the values of 
wind components and temperature are interdependent to a great extent—a change of 1 m./sec. 
in wind speed has approximately the same effect as a change of 1°C. in temperature on the 
horizontal speed of sound.

The final diagram (Fig. 7) shows the results of the mean (time) calculations. It has been 
explained above that this type of calculation must of necessity be " rough and ready ", but even 
so the agreement between the results and the smoke-bursts results is good. Furthermore the 
mean (time) temperature values obtained while not appearing very probable as regards absolute 
magnitude do give some support to the idea of a large annual variation of temperature at a 
height of 40-50 Km. as shown in Fig. 6.

§ 7—DISCUSSION OF RESULTS

The main conclusions are as follows :—
Temperature.—

(i) There is a large inversion of temperature in the 40-50-Km. levels in these latitudes. 
At 50 Km. values of temperature roughly equal to surface values are suggested.

(ii) From about 20 to 30 Km. the temperature is roughly isothermal, but there is some 
evidence, particularly in winter, that there may be a slight lapse of temperature there.

(iii) At any given level at 40 Km. or above there is a large annual variation of temperature. 
Approximately 40°A. is suggested for the amount of this variation at a height of 50 Km.
Wind.—

(i) The wind at 30-50 Km. in these latitudes is predominantly westerly in winter and 
easterly in summer. The winter westerly components may attain values of 50-60 m./sec. 
but the summer easterly components have maximum values of 20-30 m./sec. There is some 
evidence that at levels greater than 50 Km. the wind may be westerly during both winter 
and summer although the speeds are likely to be considerably greater in winter.

(ii) North-south components of wind are usually less than the east-west components 
at these high levels. Northerly components appear to be more frequent in winter and 
southerly components more frequent in summer, but the amount of data is too small to 
draw any more definite conclusions on the meridional circulation.

General.—Most of the above conclusions have been suggested in other work. Previous 
calculations based on anomalous sound receptions, meteor observations, calculation of direct 
absorption of solar radiation by ozone, work on atmospheric oscillations, and measurements in 
American rocket trials all lead to the conclusion that there must be a region of high temperature 
at about 50 Km. above the earth's surface, as found in this work.

As far as is known all other evidence so far available suggests that the stratosphere remains 
roughly isothermal from the tropopause until an inversion starts at about 30 Km. Recent radio­ 
sonde measurements in Great Britain7 show that in summer the inversion starts below 30 Km. 
but that in winter temperature falls continuously, though slightly, from near the tropopause to 
the limit of the ascents at about 30 Km.

The large annual variation in temperature at 40 Km. or above is in agreement with results 
given by Wexler9 and Crary". It is reasonable to suppose that if these high temperatures are 
caused by direct absorption of solar radiation the values attained would be less in winter than in
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summer. This would however be complicated by the annual variation of ozone. If there is 
more ozone at higher levels in winter all the absorption could take place at higher levels in winter 
than in summer. In this case the maximum of temperature might occur at greater heights in 
winter than in summer. This result was also obtained by Crary11 .

The annual change of easterly to westerly wind components in these latitudes at 30-50 Km. 
is now well known. It was discussed by Dr. F. J. W. Whipple in connexion with his pioneer work on 
anomalous sound reception16, and has since been supported by the work described by Murgatroyd 
and Clews6, Scrase7, Brasefield8, Crary11 , and Richardson and Kennedy12 . The reason for this 
annual change must be the differential heating between the poles and the equator at high levels, 
with the poles colder during the polar night but becoming warmer than the equator in the summer 
on account of increased absorption of solar radiation in high latitudes. The tendency for a 
return to westerly winds at all seasons about 50 Km. would indicate that 50-60 Km. may be the 
level of the effective top of the ozone layer.
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APPENDIX I—MEASUREMENT OF CHARACTERISTIC SPEED A AND APPARENT 
AZIMUTH OF TRAVEL p FROM TIMES OF ARRIVAL AT THE MICROPHONES

Basic equations.—First consider a microphone at M with a plane wave front of sound moving over the microphone 
lattice with the characteristic speed A as it descends. Denoting the inclination of the wave normal to the horizontal

-''Wave front

FIG. 8—MOVEMENT OF WAVE FRONT IN ELEVATION IN TIME dt

by y, the speed of sound through air by a and the following wind component by w, it can be seen from Fig. 8, which 
shows in elevation the movement of the wave front in time dt, that

A = a sec V + w. .....(42)

wave front
\\

Direction

FIG. 9—MOVEMENT OF WAVE FRONT IN PLAN ACROSS LATTICE OF MICROPHONES

Fig. 9 shows, in plan, the plane wave front as it moves across a lattice of microphones with speed A in the direction 
9. Its equation at any time t referred to co-ordinates x and y is

rx + ly = Lt, ....(43)
where l/r = tan 9 and (L/r) cos 9 = A. If three microphones O, P and Q have co-ordinates (0, 0), (xp, yp) and 
(*«> y<i) with respective time intervals between the arrival of the sound at O and P and O and Q of t, and ta , then

rxf + ly, = Lt 
rxa + lyq = Lt .... (44)

Hence ///• and L\r can be found and thence A and 9 (and hence |3) can be calculated from a knowledge of the survey 
positions and arrival times at a minimum of three microphones. In practice squares or diamonds of four microphones 
5-10 Km. apart were usually used, as the correction necessary in that case on account of the assumption of a plane wave 
was negligible. It was occasionally desirable to utilize irregular lay-outs however and it was then necessary to apply 
corrections for curvature of the wave front.
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Curvature correction.—If, in Fig. 10, S is the explosion point, O and P are two microphones in plan view, PQ 
represents a curved wave front, and P'Q a plane wave front, then the correction to be applied to the position of P 
relative to O is PP', i.e. SP (sec 6 - 1).

\P\

FIG. 10—CURVATURE CORRECTION DIAGRAM

Correction for height of microphone.—From Fig. 8, if M is at a distance 8h above the reference horizontal plane 
it will be necessary to apply a correction to the time of arrival of the sound at M. This correction can readily be seen 
to be Sh tan ylA.

When these corrections have been applied the source of sound S and all the microphones can be treated as if they 
were at one given level and the sound propagated as a plane wave which moves over the microphone lattice with speed 
A at an azimuth p. If the lattice comprises more than three microphones the most probable values of A and p may 
be obtained from equation (44) by least-squares methods or more simply by the graphical method described below.

Graphical method of obtaining A and p.— Let Fig. 11 represent in plan the three microphones O, P and Q, and 
suppose the sound arrives at P and Q at times tp and ta respectively after it arrives at O. Then if P' and Q' are con­ 
structed so that

OP' =— and OQ' =
h h

the line P'Q' gives the position of the wave front after unit time. Hence the perpendicular distance ON to P'Q' is 
proportional to the speed A and the direction of ON gives the bearing p of the arriving sound.

FIG. 11—GRAPHICAL METHOD OF OBTAINING A AND

Using this principle a chart can be constructed for any lattice of microphones relative to any reference point 0. 
A chart of this type is particularly useful when there are several microphones with poor inceptions of sound arrival. 
If all the readings are plotted on this chart the best straight line that can be fitted to the plotted points will give the 
most probable values of A and p. When this is done due weight can be given if necessary to the probable accuracy of 
each reading (which will depend on the sharpness of the sound inception on the record of the microphone considered). 
A refinement of this type could also be introduced of course in the least-squares solution mentioned above.
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APPENDIX II—LIST OF SYMBOLS
A — Characteristic speed of sound waves
a = Speed of sound through air

Oo = Standard speed of sound through air = 337-6 m./sec. at 10°C. and 50 per cent, relative humidity 
f,g = Parameters denned on p. 11

H = Maximum height above 18 Km.
h = Height above 18 Km. 

L, I, r = Equation parameters where \\r = tan 9 and A = (Ljr) cos 6
m = Parameter defined on p. 11
n = A — (a + w) = a. parameter
T — Absolute temperature 
t = Time

/„ = Total time of travel of the sound
fa = Time of travel of the sound below 18 Km. 

tf, ta = Time of interval between arrival of wave front at microphone at O and microphones at P and Q
u = Component of wind velocity towards east
v = Component of wind velocity towards north

w = Wind component in apparent direction of propagation of sound
H'' = Wind component perpendicular to apparent direction of propagation of sound 
Xa = Range from explosion point to microphone 
Xb = Range of sound path below 18 Km.
x = Horizontal co-ordinate in the direction from explosion point to microphone 

xf, yf, xq, y, = Co-ordinates of microphones at P and Q with respect to microphone at O
Ya = Sideways deflection = Distance from microphone to plane ii = Xtt sin </>
Yb = Sideways deflection of sound path below 18 Km.
y = Horizontal co-ordinate at right angles to x
Z = Maximum height of sound wave
z = Vertical co-ordinate
a = Azimuth (degrees true) from explosion point to microphone
P = Apparent azimuth of travel
y = Equation parameter (parabolic variation with height) (n = sin2y)
6 = Angle subtended at the explosion point by two microphones
A = Equation parameter (exponential variation with height)

U = Equation parameter (parabolic variation with height)
6 = Direction of motion of a wave front through a lattice of microphones

<j> = Angular twist = a — (3
V = Inclination of the wave normal to the horizontal
Q = Fixed vertical plane at an angle <f> to xz-plane 

Subscript 0 = Values at 18 Km. 
Subscript 1 = Values at 35 Km. 
Subscript 2 = Values at 50 Km. 

Subscript H = Values at maximum height H
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