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The Detomtirq Meteor of 1926 September 6. An Instance of an 
Outer Zone of Audibility. By F. J. W. Whipple. 

(Communicated by W.  M .  H .  Greaves.) 

(Received 1928 August 10.) 

1. The discovery that in some cases the sound of a detonating 
meteor is heard in distinct regions separated by a zone of silence was 
made by Alfred Wegener when studying * the observations of the 
meteor which appeared in daylight between Marburg and Cassel on 
1916 April 3. Wegener had good reports from two observers who 
were about 120 km. from the nearest point of the meteor’s path. There 
was no definite negative evidence for a zone of silence between the two 
observers and the inner region of audibility, but there was a strong 
presumption in its favour. Wegener quotes two earlier instances 
which support the hypothesis of the occurrence of an outer zone of 
audibility. The observations collectedt by de Quervain on the 
occasion of the daylight meteor which, on 1915 July 28, caused such 
a violent detonation that it was regarded as an earthquake by the 
inhabitants of a large part of Switzerland, also indicated the existence 
of an outer zone of audibility. 

The object of the present note is to set out the evidence for such a 
zone in the case of the detonating meteor of 1926 September 6. I have 
a large collection of observations of this meteor. My original object 
in asking for these observations was to derive information with regard 
to the velocity of sound in the upper atmosphere. Owing mainly to 
the difficulty of determining the height of the meteor with sufficient 
precision, this object has not been achieved, and the principal value 
of the observations appears to lie in the information with regard to the 
areas in which there were audible detonations. 

2 .  The meteor in question produced considerable excitement in 
South Yorkshire. The sky was nearly overcast there a t  the time, and 
the violent detonation took people by surprise and was generally 
attributed at  first to an explosion. At  more distant points the meteor 
provided a magnificent spectacle. Thus to Mr. F. W. Hogarth a t  
Yealand, near Carnforth, “ The colour of the head was that of an intense 
electric spark like that of an electric train on a wet night. Just behind 
this the effect was greenish and the train was reddish. . . . None of 
us had ever seen anything like this, indeed I doubt whether all the 
meteors one sees during the course of a whole year put together would 
be equal t o  it.” The spectacle was observed from places a t  great 
distances, in Scotland, Ireland, and the South of England. The illu- 
mination was seen even in Belgium and in France. 

der gesamten NaturwisseFchaften zu Marburg, 14 (1917), pp. 1-83. 

Schwezzeraschen Erdbebendienetea, I 916, p. 13. 
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90 Dr. F .  J. W .  Whipple, 2 .  2, 

The meteor became luminous when over the North Sea at  a height 
which is estimated by Mr. A. King as 5 8  miles (93 km.), and crossed the 
coast-line over Flamborough Head. The line of flight passed south- 
west, nearly over Doncaster, and terminated in the north of Derbyshire, 
10 km. N.W. of Chesterfield. The length of t,he visible path was about 
ZIO km., the velocity 30  kni. per second. 

The greatest disturbance of the atmosphere appears to have been 
near Selby. At places nearer the coast-line the noise was much less, 
and a t  points to  the north of Flamborough Head nothing was audible. 

FIQ. 1.--The meteor of 1926 September 6. The path of the meteor is shown by the 
Places where sounds were heard are indicated by crosses, places where arrow. 

no sound was heard, though meteor ww seen, by circles. 

Near Shcffirld there was prolonged rumbling like thunder ; one observer 
at  Sheffield measured the duration as 43 seconds. The rumbling was 
heard a t  places beyond the end of the path, such as Bakewell, Ashbourne, 
and Derby, but it did not reach the places in Staffordshire where the 
meteor was seen. The outer zone of audibility, the region of special 
interest, included Oswestry, Shrewsbury, Leominster, and Malvern. 
A t  Woodstock the air-wave was observed. There is also some evidence 
of aerial disturbance at  Rumburgh in Suffolk. 

3. The reports from the observers in the outer zone of audibility 
are summarised in the following notes. The distances are reckoned 
horizontally from the end-point of the met,eor’s visible track. The 
time is the observer’s estimate of the interval between sight and sound. 
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Oct. 1928. The Detonating Meteor .f 1926 September 6 .  91 
Oswestry (11s km., 7 minutes). Mr. N. W. Thomas : First a rumble, 

then a minor detonation, more rumble, a loud detonation, rumble, 
a minor detonation, rumble, and a final detonation. 

Little Ness, 15 km. N.W. of Shrewsbury (107 km., qminutes). A farm 
worker who informed Miss Hawley : “ He describes a ball of fire 
in the N.E. bursting as it fell and lighting up the whole place . . . 
he came into the house . . . looked at  his watch, 9.50, and im- 
mediately remarked that it was thundering.” 

Kingsland, near Leominster (150 km., 5 minutes). Mr. H. Perry : 
“ About five minutes after there was a bang, bang, bang, like the 
report of a gun.” 

Mr. A. T. Southall and “ many 
people” : “ A  loud rumble . . . lasted several seconds. The 
sound rose and fell more than once. . . . It had about the intensity 
of an average thunderstorm 6 or 7 miles distant, but had a different 
character.” 

Mrs. E. A. Sole : Three distinct 
loud reports such as would be caused by the dropping of bombs in 
the distance at  intervals of 3 seconds. 

Woodstock (165 km.). Mr. A. Harbert : ‘‘ I live in a strongly built 
stone house in Blenheim Park, and a t  9.50 on Monday evening last 
the top of the house was severely shaken. I . . . came to the 
conclusion that a slight earth tremor had taken place. At the 
same time all the birds round about were disturbed.” 

“ Two old men,” per Rev. W. L. Wilson: “ A 
long minute afterwards came the report like thunder.” 

Leoininster (147 km., 6 minutes). 

Malwern Link (144 km., 5 minutes). 

Rumburgh (226 kni.). 

As to the evidence for the zone of silence, the most explicit is the 
following from Stoke-on-Trent :- 

Stoke-on-Trent (55 km.). Mr. Paling Baker : “ Although comments 
have been made in the local newspaper on this occurrence, no one 
says he heard a sound of any kind. Certainly I heard none, and 
although I have spoken to many outcroppers who saw the ap- 
parition . . . they all declare they heard no sound of any kind.” 

From Northampton and from Broughton, near Banbury, there 
are definite statements that no noise was heard. From other places 
in the critical region there are good descriptions of what was seen, but 
no ment,ion of noise. It should be mentioned that there is negative 
evidence also from Welshpool, a few miles south of Oswestry. In 
this case the observer thought he heard a hissing sound as the meteor 
disappeared behind the hills, but he does not mention any subsequent 
noise. 

The consistency of the reports from the district between Oswestry 
and Malvern is remarkable. LThe reports suggest the arrival of waves 
from a number of explosions. If we adopt the hypothesis that the 
“detonations” of a detonating meteor are produced by the mere 
passage of the meteor through the air, the waves being analogous to  
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92 Dr. F .  J .  W .  Whippk, 2 . 2 ,  

the '' onde de choc " produced by the shell from a gun, then we may 
suppose that in this case the waves generated in different parts of the 
path of the meteor arrived at  short intervals, 

The earthquake-like disturbances a t  Woodstodr occurred a t  the 
right time, and it is probable that they were due to air-waves, even 
though there was no accompanying sound. 

It is unfortunate that we have no other positive reports from the 
neighbourhood of Rumburgh. There were observers not far away 
who saw the illumination produced by the meteor but heard nothing. 
It is clear that the intensity of the sound in Suffolk cannot have been 
comparable with that heard in Herefordshire. 

4. Before dealing with the explanation of the outer zone of audi- 
bility, we must consider t,he height a t  which the meteor terminated 
its career. The geographical position of the end-point can be fixed 
within a mile or two, but there is considerable uncertainty as to  its 
height above ground. Mr. King, who devoted special care to the 
examination of the available visual observations, was unable to bring 
the height to less than 25 miles above ground. (His published value 
was 26 miles.) On the other hand, the observations of the interval 
between sight and sound seem to require a lower elevation for the end- 
point. Of course, in the majority of the accounts in which time is 
estimated, no attempt is made to  give seconds. In two instances, 
however, higher accuracy was claimed. One observer a t  Sheffield, 
Mr. T. C. Wynne, timed the interval under the impression that he had 
seen a lightning flash and would hear the thunder. He made the 
interval exactly z minutes. Another observer, Mr. S. Ward, also a t  
Sheffield, could give the exact time a t  which he heard the first detonation 
9.46.40. As the time of the meteor's appearance is given by the 
Greenwich observer as 9.45.0 10 seconds, Mr. Ward's observation 
would seem to make the interval between sight and sound not greater 
than I minute 50 seconds. Averaging the two estimates, we get 
I minute 5 5  seconds for the interval between sight and sound a t  
Sheffield. Taking Mr. King's estimate of 25 miles (40 km.) for the 
height of the end-point, we find for the distance of the Sheffield observers 
from the path of the meteor at, least 42 km., and the corresponding 
velocity of sound works out as 365 metres per second. That implies * 
a mean temperature of 330' A. Such a mean temperature for the first 
40 km. cannot be accepted. We must choose between the visual and 
aural observations. If we accept the latter and assume an average 
temperature of 255" A. from the ground to 1 2  km. with a steady temper- 
ature of 220' A. for the next 20 km., then the mean temperature up to  
32 km. is 233' A. ; the corresponding velocity of sound is 307 m/s, and 
we find for the distance of the nearest point of our meteor's path to 
Sheffield 35 km., the height of the end-point being about 33 km. 

We conclude that the occurrence of an outer zone of audibility may 
require the descent of a meteor to the level 33 km. above ground. 

5.  The analogy between the outer zone of audibility of a detonating 
* Temperatures are given on the absolute scale. Thus 330' A. = 57" C. = 

134' F.; q 5 "  A. = - 18'c. = oo F., etc. 
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Oct. 1928. The Detonating Meteor of 1926 September 6. 93 
meteor and the outer zone of audibility of an explosion on the ground 
has been mentioned by more than one author, but I do not know of 
any theoretical discussion of the matter. 

The accepted explanation of the abnormal audibility of explosions 
is that there is a t  a considerable height a region in which the velocity 
of sound surpasses that at ground level, and it is highly probable that 
this high velocity of sound is due to  high temperature. The region 
is, in fact, the region of high temperature postulated by Lindemann 
and Dobson in their theory of meteors. 

If a sound originates a t  any point below the region of high temper- 
ature, then the air-waves which go upwards into that region at  a suitable 
inclination will be curved down again, and they will finally reach the 
ground a t  a great distance. 

I have made some computations for a hypothetical case, using the 

SOUND-RAYS FROM A SOURCE Ar THE TOP OF me STRATOSPHCRC 

NORMAL AUDlElUTY 
ABNORMAL 

AUDIBILIn ZONE OF SILCNCC 

same specification for the atmosphere as I adopted * in discussing the 
la Courtine explosions. The temperature in the troposphere falls off 
uniformly from 290"A. a t  groundlevel to  21o"A. a t  1 2  km. The strato- 
sphere has the uniform temperature of 210" A. up to  32 km., and above 
32 km. there is a positive temperature gradient of 6"-06 per kilometre. 

Let us suppose that there is a source of sound at the top of the 
stratosphere, a t  32 km. above ground level, and let us consider the 
behaviour of the rays of sound. Rays coming down steeply pass through 
stratosphere and troposphere with little refraction. Rays which make 
appreciable angles with the vertical go straight through the stratosphere 
and begin to  curve when they reach the troposphere. The ray which 
makes 31O.7 with the horizon initially is so much curved in the tropo- 
sphere that it only just reaches the ground. A ray which is more nearly 
horizontal does not reach the ground at all, but curves upwards at a 
certain level. 

Similarly with rays which are inclined upwards initially into the 
* Nature, 118 (1926), p. 311. 
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94 Dr. F .  J .  W .  Whipple, 2 .  2 ,  

region of the high temperature. A ray making initially a small angle 
with the horizon, say IS", curves down again, passes through the 
stratosphere and the upper part of the troposphere, but does not reach 
the ground. A ray with the initial inclination of 3IO.7 ascends to the 
level 45'2 km. where the temperature is 290" A. and comes down again 
to pass right through the stratosphere and troposphere and reach the 
ground 172 km. from the point vertically below the source of the sound. 
The least range, 164 km., occurs with a ray which is initially a little 
steeper, making 33" with the horizontal, and coming to  earth a t  an 
inclination of 10'. Rays with greater inclinations reach greater heights 
and give longer ranges, but there must be some limit, as the assumed 
temperature gradient of 6" per kilometre cannot be regarded as extend- 
ing upwards indefinitely. 

SOUND-RAYS FROM A SOURCE IN THE EMPYREAN 

ZONE OF SILENCE 

FIQ. 3.-Hypothetical sound-rays from a source 40 kilometres above the ground. 

The time of passage of sound for the ray which just comes to earth 
is found to  be 9 minutes 42 seconds. The distance in a direct line 
from the source of sound to  the point where the ray reaches the ground 
is 175 km., so that the apparent velocity of sound works out a t  300 m/s, 
the velocity appropriate to  225' A. 

The inner radius of the zone of abnormal audibility is, in this case, 
164 km. With the same assumptions, the inner radius of the zone of 
abnormal audibility for a source of sound on the ground is 220 km. 
The ratio is approximately 3 : 4. 

Now let us consider the rays from a source of sound a t  a greater 
height, 40 km. above the ground. This case corresponds with Mr. 
King's determination of the position of the end-point of the visible 
path of our meteor. The source of sound is now within the "Em- 
pyrean," the region of higher temperature. A ray which starts hori- 
zontally at this level is bent downwards at first. It passes straight 
through the stratosphere a t  an inclination of z s f  and is curved up- 
wards again in the troposphere, the lowest point being 4.7 km. above 
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Oct. 1928. The Detonating Meteor of 1926 September 6. 95 
the ground. Por a ray directed downwards to  reach the ground the 
initial inclination must be a t  least 19'. The range for the limiting ray 
is 93 km. A ray which is inclined upwards initially at 19' curves 
down again and gives a range of 155 kni. The ray which starts 
upwards a t  an inclination of 21+' reaches the ground with an inclination 
of IO', the range being 147 kni., whilst the ray which starts a t  2730 
reaches the ground with an inclination of 20' and has a range of 158  
km. The radius of the zone of abnormal audibility is approximately 
147 km. At ranges between 147 km. and 155 km. the sound would 
be repeated. 

In view of the somewhat arbitrary assumption that the same 
specification can be used for the atmosphere over France and over 
England at  different dates, precise numerical agreement is not to be 
expected between our calculations and the observations of the meteor 
of 1926 September 6. The fact that the actual zone was not equidistant 
from the end-point of the meteor's track in different directions must 
be ascribed to wind in the upper regions. The centre of the zone, near 
Leominster, was a t  the right distance to correspond to a source of sound 
at 40 km., the height given by Mr. King for the end-point. The 
estimates of the interval between sight and sound are not precise enough 
to serve as a check on the theory. 

The principal result of our discussion is that the occurrence of an 
outer zone of audibility of a detonating meteor provides additional 
evidence for the existence of high temperatures in a certain region of 
the upper atmosphere. The observations throw light on another 
question. According to Wegener, sound is being generated by a meteor 
just as long as it is giving out light. This may well be the case, and 
yet the sound produced in the first part of the visible course may not 
be powerful enough to  reach the ear of an observer on the ground. In  
our particular case the meteor was very brilliant whilst still out at  sea, 
but i t  was hardly heard on the coast-line. Moreover, Mr. Ward, the 
only observer who actually timed the thunderlike noise, gave its 
duration a t  Sheffield as 43 seconds. This implies that the part of the 
trajectory in which noises were produced which reached Sheffield cannot 
have begun farther north than Selby. 

The meteor appears to have broken into fragments a t  the end of 
its visible course, so that no light is thrown on the question whether 
a meteor which has lost speed and travels onwards as a dark meteorite 
can be heard in the latter part of its trajectory. 

There were two other detonating meteors which were observed in 
England within a few months after 1926 September 6 :  one on 1926 
October 2, and the other on 1927 February 25. Details of both have 
been published in the Meteorological Magazine.* In both cases there 
is some evidence for audibility in an outer zone, but it is not entirely 
satisfactory. As far as it goes it indicates that, whereas in September 
the outer zone was most definitely developed to the west of the end- 
point, in October and again in February it was to the north-east. This 

* F. J. W. Whipple, Meteorologiml Nagazine, 61 (1926), p. 253 ; 62 (1927)~ 
p, 12. 
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96 Prof. J .  Proudman, 2. 2, 

is consistent with what we know of the seasonal variation of abnormal 
audibility of explosions and gunfire in this country. 

In conclusion I wish to express my gratitude to the numerous 
correspondents who were so good as to  send me their observations, as 
well as t o  Mr. Denning, Mr. King, and the Astronomer Royal who let 
me have those which they received. I am particularly indebted t o  
Mr. King for his careful determination of the path of thc meteor. 

Note on Forced Tides i n  a Lake. By J. Proudman, P.R.S. 
(Tidal Institute, University of Liverpool). 

(Received I 928 September I 5.) 

The object of this note is to indicate that for a landlocked body of 
water, which is of small lateral extent and not too shallow, the ordinary 
forced tides will follow the “ equilibrium-law.’’ At first sight it might 
appear that  there could be no doubt about this, but such doubt does 
arise in connection with “ free oscillations of the second class.” These 
oscillations, which owe their existence to  the rotation of the earth, 
possess periods which are practically independent of the size of the 
basin, but are determined by its latitude and distribution of depth. 
For a basin in latitude A, having thc shape of a paraboloid of revolu- 
tion,* the shortest period of these oscillations is < cosech days, or in 
the latitude of the Black Sea, about two days. General considerations 
of resonance would tend to show that the existence of such free oscilla- 
tions would prevent the forced semidiurnal or diurnal tides from having 
any resemblance to their equilibrium-forms. But it will be seen below 
that these considerations lose their force owing to the peculiar circum- 
stances of the present case. The conclusion is of importance in con- 
nection with the determination of earth-tides.? 

Let u denote the component of the earth’s angular velocity along 
the vertical in the neighbonrhood of the lake, and g the acceleration 
of gravity. Take Cartesian co-ordinates x, y in the undisturbed surface 
of the lake, let t denote the time, and h the depth at  any point. Let 5 
denote the elevation of the free surface, [ the equilibrium-form of <, 
and write 5’ = < - 5. Then, on restricting consideration to a single 
harmonic constituent of speed u and using the time-factor eZVt1, the 
differential equation for the determination of 1 is 

++-q= 0 . ( 1 )  
9 

and the coastal condition 

* H. Lamb, Hydrodynamics, Art. 212. 
Cf. R. A. Harris, Manual of Tides, Part  5, 486. 
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