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Geophysics. - "The pl'opagation of sound in the atmosphel'e". 
By Dr. E. VAN EVERDINGEN. (Oommunicated by Dr. J. P. VAN 

DER STOK). 

(Commuaicate~ in the meeting of October 30, 1915). 

§ 1. In various investigations on the propagittion of heavy sounds 
over great distances, especially in the case of volcanic eruptions :md 
explosions, deviations have been found, partly reguIar, partIy irregular. 
Tbe souree of sound is always surrounded by an area of regular 
Ol' irreglliar shape, where the sound is heard everywhere; but the 
source is far from being always situated symmetrically within this 
area, and the dimensions of the latter are not even in the first place 
determined by tbe intensity of the sound. In many cases a second 
area of audibility occurs, separated from tbe first by a region where 
no sound at all is heard. Sometimes this second area partly surrounds 
the first, sometimes it only consists of isolated spots - ortly this 
can be said generally, that the smallest distance fr om the source of 
sound fol' this second area as a rule is much more than 100 KM. 
and that the intensity of sound at this smallest distance is by no 
meanr, smaller than at the outer border of the first area of audibility, 
which is much nearer to the source of sound. 

To illustrate this we have collected on plaie 1. some of the cases 
that have been investigated most carefully. 

4. (Fig. 1). Dynamite explosion (15000 KG.) at FÓl'de in West
falen, December 14th 1903. In vestigated by Dr. G. VON DElIf BORNE I). 

The sm all crosses indicate, in th is and all following figures, the 
I pI aces where sound was heal'd, the clrcles those where nothing 

was heard. 
With one single exception the pI aces where the explosion was 

heard are enclosed by two border-lines: the th'st line smaIl, 20 to 
50 KM. round Förde, but dispIaceà towards NW., the second one 
large, with an inner border at abont 110 KM., and reaching outwards 
to about 180 KM.. within a sector of 90') opening E. of Forde. 

2. (Fig. 2). Dynamite explosion (25000) KG.) neal' the Jungfrau 
railwayon November 15th , 1908. Jnvestigated by Dl" A. DE QUERVAIN 2). 
Again with one exception the l'egion of audibility may be divlded 
into two parts: Tbe first, which extends from the "Eigerwand", 
where the explosion occurred, some 30 KM. towards NE. and NW., 
whereas at a distance of 60 tot 70 KM. sound was hem'd at isolated 
mountain summits; the second mu('h larger, within a sector with 

1) Die EI'dbebenwarte 4, p. 1-4, 1904. 
2) Annalen der Schweizel'Ïschen Meteorologischen Zentralanstalt; J 908. 
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an opening of 90° towards NE., the inner border being formed by 
a circle with a radius of about 140 KM., the outel' border lying at 
about 180 KM. not counting isolated spots at 200 and 220 KM. 

Rence in both cases the two are as of audibiliry are separated by 
an interspace, which VON DEM BORNE baptized "Zone des Schweigens" 
and which we sháll call the "silent region" . 

3. Three eruptions of the volcano Asama in Japan, investigated 
by S. FUJlWHARA 1). ~ 

a. December 7th 1900. (Fig. 3). Heavyeruption, in which the 
sound and air-wave broke woodwork and windowpanes at a distance 
of more than 10 K.M. With the exception of one report, all pI aces 
wh ere the sound was heard are enclosed within a single line, starting 
from a place at the coast South of the volcano, passing by the vol
cano at a small distance W· estward, cUl'ving round towards a place 
on the coast NE. of the volcano and, of course, following the coast 
thence. Within this area there lies a smaller one on the south 
coast wh ere nothing was heard. 

Remarkable is the propagation of sound in almost exclusively 
easterly directions, coinciding with the direction in which the ashes 
feIl. The extreme distance is about 300 KM. 

b. (Fig. 4). December 25 tl1 1910. Moderate el'uption. The sound was 
heard ectstward up to a distance of J 00 KM., and moreover at two 
isolated spots at 130 and 210 KM. distanre. To the west there is 
sca.rcely other than abnormal audibility, which starts at 90 KM. 
and goes on up to 150 KM. 

c. (Fig. 5). April 4th 1911. Also a moderate eruption. First region 
of audibility smalI, nowhere surpassing the 50 KM. limit; second 
region largel' and at 120-210 KM. mostly in westerly directions. 
The density of the reports is especially large at 140-150 KM. in W. 

In all, siJent regions occur in 9 of the 18 cases which were 
investigated by FUJIWHARA, at least if we decide to use that name 
for every region of silence which is bounded inside and outside by 
regions of audibility. The distances vary between 90 and 220 KM .. -
usnally betwj:len 120 and 200 KM. 

4. A case of gunpowder and dynamite explosion at Kobe on 
A pril 3ld 1910, described by the same investigator (Fig. 6). The 
region of audibility is single and much more regnlarly shaped than 
is the case in most of the volcanic eruptions, but still far from 
symmetriral round the souree of sound. The "silent reg'ion" indicated 
in the chart is somewhat dubious, being supported by only one 
obser\ration. 

1) Bulletin Central Meteorological Observatory Japan, 11, 1. 1912. 
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5. (Fig. 7). The explosion of the gunpowder-magazine at Wiener
Neustadt on June 7th ~912 (200.000 KG.), investigated by J. N. DÖRR 1). 
Here the inner region of audibility is de'Teloped almo&t exclusively 
eastward and extends there to 120-140 KM., neglecting isolated 
reports; the outer region lies exclusively on the westside, where it 
forms almost half a cil'cle, beginning at 160 KM. and reaching so 
far as 300 KM. 

For want of space in Figs. 2, 3 and 4, here and there a group 
of reports is indicated by a single cross and a number; the same occurfl 
in Fig. 7, on account of the mode of representation chosen by DORR. 

§ 2. Part of the irregularities tn the propagation of sound in the 
above cases ean be accounted for by the nature of the sUl'face. The 
propagation mostly in one direction, so far as the inner region is 
concerned, may sometimes be easily explained by the presence of 
mountains, which prohibit propagation in a definite direction. 

Besides, it is long since the theory in elementary form was 
proposed, which ascribes the abnormal propagation of sound to the -
influence of variations in temperature and wind-velocity in the 
superposed layers of air in the atmosphere. Usually the starting' 
point has been the supposition, th at the velocity of sound in moving 
air is equal to the vector-sum of the velocity of sound in air at rest 
and the velocity of the wind, whereas the infl uence of temperature 
was allowed for in the usual way. 

FUJIWHARA 2) has treated the problem by drawing up the hydrodynamic 
equations for sound motion in a moying medium. The solution, 
however, meets with such difficulties that he was obliged to content 
himself with an approximation for the case of the simplest supposi
tions: a windvelocity in the. same direction at all heights, and 
increasing or decreasing uniformly with height, and an equally linear 
variation of the velocity of sound on account of the variation in 
temperature. Tt appears that in this case the solution practically 
agrees with the supposition mentioned above. 

Even without going into particulars or calculations, it is easy to 
see how, by certain suppositions about the vertical distribution of 
wind-velocity, peculiarities of the propagation of sound, esperially 
the silent region, may be explained. 

The influence of temperatnre, which in the mean decreases upwards, 
is a decrease of the velocity of sound, which causes the sound-rays 

1) Wien. Sitzungs Berichte Ua. 122, p. 1683, 1913. Meteorologische Zeitschrift' 
32 p. 207, 1915. 

~) 1. c. p. 24. 
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to cufve upwards fL'om the earth. Hence each ray, which deviates 
eveL' so little fL'om the horizontal direetion, will depart faster and 
faster from the earth, and that is the reason for the relatively low 
audibility of sounds in the free air under normal conditions. A. wind 
e. g. from the SW., increasin~ upwards, may counteract this tem
perature-effect, and lead to an increase upwards of the velocity of 
sound for propagation in noI'th-easterly direction - the sound-rays 
are curved towards the earth: wUh a linear variation of the velo
city of sound the radius of cUL'vature in .each point of the orbit ~is 

Va, if Va means the veloeitr of sound in the summit of the orbit 
c 

and c the variation in "elocity per unit of length. The sound may 
then return to the earth up to great distam'es in north-easterly 
dh'ection, aftel' a path through the atmosphere with small friction 
and I'elatively AmaH loss of intensity. 

If we then suppose, that at a certain heigbt the increase of wind
velocity ends or changes in a decrea'le, (resp. that the SW.-wind 
changes into a NW.-wind Ol' into a wind of still more northerly 
direction), then the ray, the sllmmit of whieh jllst lies at th at height, 
will be the last to return to the earth. A. slightly steeper ray is 
curved up wards above this le\'el and cannot return to the earth 
for the next future. If we assume at a greater height another in
crease of the wind from the SW., then once more a curvature 
towards the earth mar be found and at gl'eat distances the ray 
may reach the earth. 

Towards tbe SW. the curvature of the ray from the earth is 
increased by a SW.-wind. Hence very little sound wiU reach the 
earth there. But if at a higher level a strong wind from NE. occurs, 
then a second region of audibility maJ be found at a greatel' distance. 

For a direction perpendicular to that of the wind as a first approxi
mation no change in the norma1 propagation is found. 

From a theoretica1 standpoint litt1e cao be opposed to this mode 
of explanation; the suppositions as to the increase of wind with 
height, which have been made, are sometimes to be regarded as 

i 

not improbable But we know of no rase, where, on the basis of 
measurements Ol' even estimates of windveloeity at great height above 
the plaee of observation the' LJ1'oof was obtained, that the peculiari~ 
ties of the propagation of sound may be exp1ained entirely by the 
\ariations of wind. 

§ 3. An entirely different aspect was opened by VON DEM BORNE'S 1) 
supposition, that ~ the appearance of silent l'egions ought to be ascribed, 

1) Physikalische Zeitschrift, 11 p. 483, 1910. 
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in some cases at least, to the change in composition of the at mos-
phere, which is caused by the unequal decrease of the partial 
pressUl'es of the constituentE> of the atmosphel'e. 

If no mixing by convective currents occurred, each of the gaseous 
constituents of the atmosphel'e would form, entü'ely according to 
its own laws, an atmosphere, the pressUl'e ZJ of which at the height 
h would be given apPl'oximately by a formuIa such as 

llTo 
lOf! P = log Po - ET· 

In consequence hereof at great height tbe den ser gases can only 
occU!' to a very small percentage, and the lighter constituents, of 
which hydrogen is the most generally known, must gl'adually begin to 
domineer. The convection-cul'rents alter this state of aft"airs onIy so 
far as the lower atmospbere (the tl'oposphere) is concerned. Above 
10 or 11 KM. (at least in the temperate zone) little com ection 
occnrs, and above tbis level the change in cOIIJPosition begins never
theIess. Above that same level the fall of temperature with height ceases. 

As the velocity of sound in hydl'ogen is much greater than that 
in nitrogen or oxygen, it follows from this, that at very great heights 
the velocUy of sound increases so much that the sound rays are 
curved towal'ds the earth. This is illustrated by fig. 8, which bas 
been deduced from suppositions to be mentioned aftel'wards. 

VON DEM BORNE'S hypotheses diffel' only quantitatively trom these 
- the entil'ely smooth character of the sound rays is quite in har
mony wHh his reasoning. Thel'efore it is really a pity that the words 
"total reflection" have not been avoided, and that he and his sup
porters, especially WEGENER, have repeatedly spoken of "reflection 
agaillst the hydl'ogen atmosphere". Many writers, therefore, thought 
themselves entitIed to dispose of this theory simply by drawing 
attention to the gradual character of the change in density. Our 
figure 8 shows that, notwithstanding that gradnalness, a sharp limit 
is produced, within which no sound can oe obsel'ved, unless pal'ti
culal' circumstances cause an entirely unusual 'course of the l'ays of 
little elevation. 

Without for the moment going into the details of the nllmel'ical 
reslllts, which are obtained according to different hypotheses about 
the constitution of tile atmosphere, we indicate here the principal 
features which the silent l'egion ought toshowaccording to thisexplanation. 

1. At the outer limit of the silent region a comparatiyely large 
intensity of sound must be expected. The intensity of the sound 
withjn the sUl'face between A and B ought to be much gl'eater than 
that between C and D. 
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2. Apart from disturbances by intluence of wind and temperature, 
the silent region ought to be situated symmetl'ically with respect to 
the sou ree of sound, and the abnol'mal audibility should be found 
on every side, at least in diametrically opposed points. 

_. 
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§ 4. Before proceeding we will communicate the resuIts of an 
investiga.tion about the observations of the roar of cannons made 
by a nllmber of observers of the Royal Dutch Meteorological Insti
tute, temporarily reinforced by other correspondents. These observa-

. tions have been continued until now by some observers, but have 
been rather numerous during the months October-February. A 
preliminary report about the results for October 8th appeal'ed in the 
periodical "Hemel en Dampkring" for October 1914, p. 81, and was partly 
reprinted by Prof. MEfr\ARDUS in "Meteorologische Zeitschrift" for 
Ma)' 1915, p. 199. The latter paper gave us the opportunity of 
extendmg the observational area. for October 8th east and southeast
ward, so that almost half a circle round the SOUl'ce of sound neal' 
Antwerp was fol'med. 

On account of the extl'aordinarily large number of separate sounds 
thel'e was no possibihty of attributing the observations of definite 
sounds to well-defined causes. The only thing possible was to classify 
the reports according to the ctegree of clearness with which the 
sound was heard, the duration of the obser\'ations and the degree 
of certainty with which a dil'ection was indicated. In figures 9-16 
this is shown by mdicating a report without particul!1rities by -, 
a report of moderate intensity and numher of the sounds by + and 
the reports of very heavy sounds, acrompanied by vibrations of 
wmdow-panes, etc. by =F. A circle, which sometimes occurs, means 
that there is a definite statement that no roar of cannons was 
observed. 

In all fignres circles have been _ drawn indicating the distance 
from the source of sound. 

Fol' the bombardment of Antwerp, especially heavy on October 
7th _9th , the place from where the heaviest gunfil'e was directed 
was known exactly enongh, a little nol'th of Malines. Fol' the othel' 
cases of more numel'ous reports we had first to find out from 
what part of .the battlefield the sounds might have come. Very 
useful in this inquiry has been a complete number of the mail
edition of the "Nieu we Rotterdamsche Courant" and a collection of 
the copies of that paper for periods of 10 days from the date chosen, 
which we obtained through Mr. VAN MANEN, one of the editors of' 
the paper, from Miss Dl'. OH. VAN MANEN. We readily grasp this 
opportunity to repeat h6re our cordial thanks for this co-operation. 
In the second place we used the monthly war-reviews, published 
by the "Times". 

By combining the infol'mation from different sources we succeeded 
in ever)' case in obtaining a high degree of certainty about the 
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cause of particularly intense noiaes of the war. For the na val battIes 
the detel'minations of plaee aften wel'e vague enough, nevertheless 
the place indirated will not be far from the real one. We shaU 
enumerate here the dates; 

October 7th_9th • Bombardment of Antwerp, 
" 17th , Naval battle on the North Sea, ending in the 

" 
18th , 

" 

" 

" 
28 th • 

November 1st• 

Janual'y 2Jth. 

destruction of 4 German torpedo-destroyers. 
First bombarding of Gel'man positions at the Yser 
by English naval guns. 
Heavy fighting on the [ine Ostend-Nieuport
Ypres. 
Heavy fighting at the Ysercanal (Y) : t11e Germans 
force theiI' way over the Y5er. Severe fighting E. 
of Ypres (Yp) and S. of Lille. 
Heavy Engliah naval guns (12-inch) bombard 
heavy German al'tillery in Flanders. 
Severe attack of Germans on Y pl'Ps. English 
naval guns in action. Heavy fighting at Dix
muiden, on the Lys, and at Messines. 
Naval battle in the NOl'th Se a, ending in the 
sinking of the "Blücher", ' 

In one of the figures (fig, 11) the supposed position of the English 
naval guns and the places mentioned in the above list are indicated, 
by their initial letters; at the ciJ'cles these same letters indicate 
their centre. 

§ 5. The silent 1'egion, 
The little chart for October 8th (October 7th and 9th with fewer 

reports show exactly the same features) farms a very clear example 
of a silent region. Though th ere are a few reports in our country 
between t.he circles with 100 and 158 K.M, radius, these do 
not count against the numerous reports within the circle of 100 and 
without that with 158 K.::Y.I. radius, Especially remarlmble is th at 
at the vel'y large distance of over 158 K.M. reports appeal' again, 
which talk of vibrating window-panes etc. - a thing which never 
occurs in the silent region. 

Same observers reported that the sound arrived at a rather 
large angle with the horizon. 

The reports, collected quite independently by :MEINARDUS, fall 
exactly into line with the Dutch ones. In the neighbourhood of 

J Oleve a few reports faU within the circle of 158 K.M. radius, but 
we must take into account th at these reports were not asked for 

--, 

_ t 
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until several days aftel' the siege of Antwerp, and that, with a view 
to a preliminary account in the press, suggestion Ol' mis takes in 
dates appeal' not quite impossible, whereas in our eountry th ere ean 
be no question of such a thing. 

If we consider that orllater occasions also the lightships "Schollwen
bank" and "Maas" sent iJl reports, we are entitled to sa,y th at the 
inner circle has beeil yerified over 180°, the outer one over more 
than 90°. 

lt is th is syrnmetry with regard to the sonrce of sound which 
speaks immediately against ever)' effort to explain this silent region 
by influence of wind. Any wind, which keeps fhe same direction 
over a certain tlistance, must form a limit of the area of audibility, 
whieh is less curved than the cirrle round the SOU1'ce of sound 
through the point, where the ray that has the same direction as the 
wind reaches the surface on ce more. 1

) No trace of sueh a thing is 
shown he~·e. We shall see afterwards, th at also meteol'ological obser
vations do not give any reason to ascrihe the reappearance of the 
sound at 160 K.M. and farther to the influence of the wind. 

Whereas th is seemed to be in support of VON DEM BORNE'S view, 
the distance was somewhat at variance with that view. Indeed, 
VON DRM BORNE calculaled that the shortest distanre at which the 
rays curved back by the high atmosphere should reach the surface, 
was 114 K.M. 

One might be inclined to think that meteorological circumstances 
might be the l'eason wlly auothel' vo.lue for the minimum distanee 
was found. In' calculating the inf)uences to be expected, it soon 
appears that these Î11f)uences will be hardly perceptible. We return 
to this question in § 8 and will see first, whether the silent region 
was sho wn also on othel' days, and w hethel' other distances were 
observed on these occasions. The various dates will be tl'eated 
in succession. 

§ 6. October 17th . The initial position of the battle has been 
assumed according to a report of the "Drathning Sophia", who 
reported to have been at 3°45' E. Long. and 53°3' N. Lat. when 

1) Indeed, fol' a direction making an angle cp with the wind, the velocity of sound 
V at the level of tbe maximum windvelocity v becomes VI' = VI + V cos cr; hence 
the initial angle of the ray, which becomes horizontal at tbis level, is determined by 

V; 
sin ct,!, = J7 + ; . When cp grows, sin "" increases and every element of the 

l_COSC[) • 

orbit is langer the more (f) increases. For a definite value of rp, ct,!, may become 
imaginary: in that case the area of aonormal audibility, belonging to this wind· 
distl'ibution, is enclosed within a definite sector: 
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she saw the battle developing to the West, and continuing in a 
northerly direction. 

The reports from the south originate from the battlefield in Bel
gium or northe1'11 France, and indeed generalIy indicate a southerly ~ 

direction as origin. The three reports in Groningen and Friesland 
are distingnished in the first· place by the. time of obsel'vation, which 
falIs between 2 and 4 p.m., hence exactly the time of the battle 
in the NOl'th Sea, and indicate northwesterly or southwesterly 
directions. The distance from the most westerly places of observa
tion to the line of battle is about 160 KM. Evidently the first area 
.of audibility did not extend to the North Sea Is1es. 

October 18th • The English naval guns were reported to have fired 
from war-ships lying 4 KM. oft' the -coast at Nieuport. 

With the rel~tivelr scarce reports fro~ Zealand, the numerous 
reports from the pl'ovince ~(Juth-Holland form a striking contrast; 
these reports begin at the circle of 160 KM. l'ound Ypres, on which 
circle- a report of vibrating window-panes occurs. The reports of 
heavy sounds 011 the 196 KM. line have been connected with the 
naval guns. We shall see th at a distance of about 200 KM. is met 
with every time when these guns have been in action. 

October 22nd• Very heavy was on th is day the roar of Call110nS 
in Zealand - according to one observer more intense than during 
the siege of Antwerp. The observations at Zierikzee and Stavenisse,
where one noted very heavy sound, the other nothing at all, 
might be taken to indicate that some cause put a sharp limit to the 
fi.rst region of audibility. But the circllmstance that the ooservation 
at Zierikzee was made on a light-house may have had a cedain 
influence. 

The sudden ceasing of reports past the limit of 100 KM. makes 
the reappearance at about 160 KM., where also heavy sounds are 
reported (Noord wijk) the more striking. It is ~ open to doubt whether 
the second region of audibi1ity had realIy as sharp an outer limit 
as would seem. In Limburg the line of 218 KM. runs along olfr 
frontier, and on the whole the l'eports are scanty. 

October 24th • As compared with the simple picture oft'ered by 
the 22nd of October, this day at first seems very perplexing. However, 
the reports along the New Waterway, now met with for the first 
time, find their natm'al expljlnation in the fighting at Lille (R.) -
there are two silent regions here, and both have as outer limit a 
circle with a radius not far from 160 KM. It is open to doubt 
whethet' the line of 200 KM. has any meaning here. 

October 28111 • Accol'ding' 10 t11e reports, no less thau 16 English 
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men-of-war joined in the bombardment of the Flemisb Coast, and 
12-inch gUllS wel'e said to have been in fiction. 
; And yet, in Zealand this time little was hem'd. 80 much the 
'3tronger wel'e the battle-noises at great distance. Tbe line of' 160 KM. "\ 
plays a certain part again, but th at of 200 KM. likewise is clearly 
indicated. The reports ti'om the province of Gl'oningen give a north
erly origin, but evidently as far as Kampen and Dalmsholte (280 
KM.) the soulId of the naval gllns penetrated. 

November 1 ,c. The location of the battle is based upon cOl'l'esponding 
reports from English and Gel'man sides, which place the end of the 
fighting, at wbich moment probably' the bombal'dment was most 
severe, at 40 sea-miles W. of Helgoland. Also in this case thel'e is 
no real si1ent l'egion; ho wever, if we look at the heayy sounds, 
which wère frequent enollgb here, one sees tbat these are _ wanting 
between the circles of' 118 and 175 lOL l'ound the terminal spot of 
the battle, whereas they are l'atiJel' nllmerous in the prmrince of' 
North-Hollanc1 at the line of' 198 KM. Hence there is sufficient 
evidence of' an incl'eased audibility beyond 160 KM. 

Co llcludin,q , we think we are allowed to say that in many of these 
cases ar! increasecl audibility lws been estnblislwcl nea)' the line of 
160 KM., and tlult beyonrl tltis {ine 17101'e rom' of cannons was Item'd 
than in the belt ~f 40 01' 60 KJI!.! b01,dm'ed outwal'ds by t/ds cil,de. 

In none of these cases is there a cleal' indication of a unilateral, 
asymmetrical pl'opagation of the sound - but only ral'ely the reports 
wel'e numel'OUS ellongh to allow definite conclllsions in this respect. 

7. The foregoing shows clearly, in our opinion, that under the 
widely varying meteorological circllmstances occurl'ing in our conntfy 
on the days mentioned, there was never an indication of' a silent 
reg ion that would end as early as 114 KM. FOl' the rest, howe\'er, 
the stale of' things l'esem,bles in lllauy respects that state which VON 
DEM BORNE'S theol'Y would lead one to expect. The question therefore 
aJ'ises: how is it to be explained tbat this theory is not verified 
quantitatively? 

We have ah'eady observed that the meteorologi('al cirCllmstances 
cafl alter little in the minimum distance. Hence nothil1g' relllains 
bnt a criticism of' the hypotheses abont the cOlllposition of' the 
atmosphel'e, on which VON DEM BOI1NE'S theol'y is founded. 

VON Dim BORNE takes 280" abs. fol' tbe terupel'ature at the Bllrface, 
2200 abs. at 12 KM. and a constant tempel'atllre fr0111 there. In' 
explaining' his fOl'lllUlae he starts from the assumption thai the 
moleclllar weight of the air remains constant. up 10 12 KM. in 

61 
Proceedings Royal Acad. Amsterdam. Vol. X VIII. 
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consequence of the convection currents; above that height_e\'ery 
pal'tial pt'essure diminiehes accol'ding to its proper molecll!al' weight. 
The pal'tiaL pressures at 10 KM. height are taken fl'om HANN 1) ; 
here, ho wever, the influence of mixture, though th is influence is 
discussed, seems not to have been taken into account; this makes 
a difference in the first place fol' the percentage of hydrogen, which 
without mixing has incl'eased 31

/ 2 times already. at 10 KM. The 
influence of this omission on the molecular weight in the f!l'st 
20 KM. is very smaIl, but at great heights the differences are large 
enollgb. MOl'eovel', the calculation bas been lal'gely simplified by 
considering tlle atmoóphel'e as l.JL1ilt up of two gases: hydrogen 
and an imaginal'Y gas with a molecular weigbt 28.6. For the per
centage of hydrogen at the smface, HANN takes- 0.01 h; from one 
of VON Dl~M BORNE'S iJlustl'ations we take: 

o 20 40 60 80. :100 KM. 
0.01 0.1 3.0 37.2 94.4 98.6 h 

The sma!Jest distance at which sound l'ays may return to the 
eartb is with these assumptions 114 KM .. ; the sound ray becomes 
horizontal at a height of 75 KM. 

Of his method of calculation of the sound rays, VON DEM ~ORNE 
only says that it was tedious and was perforrned only in a cursory 
way. When it appeared from a pl'eliminal'y control-calculation. that 
near tile summit of the Ol·bit the calculation ought to be made 
rathet· exactly in order to avoid great errors, we sought a mode of 
calculation, which, without taking too much time, wOllld give resl11ts 
exact to about 1 KM., for the horizontal pl'ojection of the sound rays. 

The folLowing general course was taken: 
'Starting from different assumptions, to be mentioned afterwards, 

the composition of the atmospbere was calculated from 10 to 10 KM. 
by ronsidering the partiaI pressure of each gas to decrease above 
the level of :J 0 KM. accordmg to the law: 

I 
ATo 

log P = log Po - H'1" 

the meaning of which is snffi.ciently,known. Above 20 KM. T was 
taken = 215, fl'om 10-20 KM. 223, from 0 to 10 KM. 2556. 2) 

From the composition thus obtained, the molecular weight was 
calculated and thence the velocity of sound hy the fOl'mula: 

V=V ~/T (.lo 
o ']' 

o (.l 

1) Lehrbuch der Meteorologie. 2te Auflage. p. 7. 1 n05. Iu the third editiou 
(1914) the calculatiou!l of HUMPHRI:YS, to be meutioned hereafter, are also quoted. 

2) The lattel' value as assumed by' HANN, l.c. 'p 8. 
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Fl'om a gl'aphical representation of these velocities, the veloeities 
of SOlllId at 5, 15, 25 KM. etc. were read, and in order to simplify 
the calcnlation 'we assumed thai for the lesb curved part of the 
Ol'bit a. sufticient approximation was obtained by considering these 
veloeities as constant ev-ery time over 10 KM. 

Starting from some initial zenith-distance of the ray a o we find 
ah from sin ao : sin alt = Vo .' Vlt; the horizontal projection of the 
bound l'ays is then given by .2 10 ~CJ alt. 

For the more curved part of the Ol'bit and especially w hen it 
becomes horizon tal, this' method, howeyel', wOllld canse too great 
errors. It appeared, that up to the last 5 KYI. height a sufficient 
accuracy was obtained by making {be calculation by steps of 1 
instead of 10 KM.; hence reading the velocity at eacl! full KM. and 
using the mean value, w hich practically means calculating j 1 steps, 
the fh'st and last of which only conllt for Olle half. 

Also th~ method would cause en'ors for the last' kilometers as 
the tg. approaches 00 rol' Ct = 90°. 

To get a simple approximation here, \ve used the simplified 
differential-equation of the Ol'bit fol' t11e cas.e where the velocity 
of sound at this height ~aries in a linear way, hen('e may be 
represented by v = vn-eh. 

If we call x and hl the co-ordinates of a point of the orilit, starling 
from the summit of the orbit as origin, then : 

co tg 
(Jh 

d,'/] 
IJ c 

sin Ct = - """"7 1 - - lt = 1 - c'lt 
VII Vil 

(I-c'lt) dit 
d,'/] = dit tg ct = ---=-=~=:c-: 

V 2c'lt-c'21t2 

1 , , lt V/ 2vn 
.'IJ =:-.::-:;- IV2clt-c'n2 lo =lz ---1. 

C Vn vit 

On fmther inquiry it appears th at in this case the Ol'bit is a 
1 Vn 

circle with a radius --, = -, 
c c 

The appl'oximation obtained in this way happens to be closes~ in 
the vicinity of the ray whi('h reaches the earth at the minimum 
distan('e from tlle souree of sound, because this ray is invel'ted in 
the l'egion where the velocity of sound varies most l'apidly, and 
therefol'e the curve of sound-velocities shows an infJexion. 

Tltis method of calculation was a1so applied to the l'esults com
mnnicated graphically by VON DElIl BORNE for the velocity of sound 

131* 
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with his sllppositions. Thongh the order of magnitndé fol'· the 
distances at which the ray returnR to the eal'th remains the same, 
all distances, and with them the radius of Lbe silent l'egion, become 
sensibly smaller. 

We gi ve hete only 

a. 

a. 30°56' 
24°27' 
20°53' 
19°12' 

tbe resnIts near this point: 

Height H, where the 
ray becomes horizontal. 

75 KM. 
80 
85 
90 

Return to the 
earth at distance D. 

114 KM. 
103 
109 
131 

Hence at all events we find a value for the limit of the silent 
region, ütr from those encountered in reality. - f 

In the first place, we had to consider fnrther the suppositions 
on the composition of the atmosphere made by othel' writers. 

h. WEGI!:NER'S 1) hypo thesis about the occurrence of geocoronium 
in the atmosphere. 

WEGENER takes at the surface the lower percentage of hydrogen 
0.0033 % according to RAYI.EIGH, but does not allow for the mixing 
by convection curl'ents. As VON DEM BORNE practically did not do 
that either, or at least only very partially, WEGENI!:R'S percentage 
of hydl'ogen l'emains much lower. 

o 20 40 60 80 100 KM. 
Hydrogen 0.0033 0.0 1 12 55 67 
Geocoronium 5 19 29 

Part.ially the low percentage of hydrogen is balanced by the 
hypothetical g'eocoronillln, as this would be 5 times lighter than 
hydrogen. On the whoie, therefore, the course of the rays is only r 

slightly changed, as the course depends on t he l'apid decrease of 
the molecular weight between 60 and 80 KM. 

The limit of the silent region is iudicated by the following sets 
of values: 

a H. D. 
16°4:3' 105 148 
20°26' !-)5 118 
31 °4:4' 82.7 121 
42°32' 77.2 151 , 

If these data are combined in a graphic (fig. 8), we find as limit 
of the silent region 114 KM. for an initial angle of 25° of the 
sound ray. 

1) A. WF.GENER, Beitl'äge ZUl' Geophysik, 11, p. 104, 1912. 
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Hence also thi8 figure is far below 160 KM. We may remal'k. 
here ,by the way, that the addition of geocol'onillm 'accèlerates the 
decl'ease of density. bet ween the heights of 80 and 90 KM., where 
the inversion of the ray takes pI ace, and hence adds to the shortening 
of the distance. Therefol'e, if indeed the siIent region in the case 
of no distm'bance ends at 160 KM., this is not in fayonr of 
WEGENER'S hypothesis, and we ShOllId be forced at all events to the -
conclnsion, that the quantity of geocoronil\ln ought to be much 
smaller than was assumed by WEGENER. 

C. HUMPHRI!:YS' 1) calculation, "hereby the mixing jn the lowest 
11 KM. is taken into account, but the percentage of hydrogen at 
the' surface is again put equaI to 0.01 0

/ 0 , The temperature was 
taken eql1al to 284 abs. at' the surface, thence decreasing by 6" per 
KM. up to 11 KM., and thence equal to 218° abs. 

HUMPHREYS' calclilation has not been execnted with the same 
accuracy in all details, so that his figures show a somewhat irl'eglllar, 
qourse. Starting from his fundament~I hypothesis, we find the 
following percentages of hydrogen: 

0 20 40 60 80 100 KM. 
0.01 0.04 0.7 10.7 67.7 97.3 

This again does not produce much al Leration and we find in the 
same way as before: 

a H. D 
34°27' 85 135 
27°18' 90 118 
22°47 1 95 120 
20°25' 100 131. 

The limit of the silent region then comes at 117 K.:!.VI. fol' an 
angle of 25°. 

As the suppositions of WEm~NER and HUilfPHREYS, apart from geoco
ronium, differ principally in two respects : th~ percentage of hydrogen 
at the sUl'face and the influence of mixing in the lower 10 or 11 
KM., two further calculations wel'e made in order to elucidate the 
influence of each of these factors: 

d. Accol'ding to WEGENER'S hypotheses, but with 0.01 0 10 hydl'ogen 
as assumed by HANN and HUMPHREYS (wltich means that the quantity 
of geocoronium, whieh at 200 KM. is pilt equal to that of hyul'ogen, 
becomes much largel') . 

• 1) W. J. HUMPHREYS. Bulletin Mount Weather ~, p. 66, 19Q9. 

" 
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e. Withont geoeoronium, but with a hydrogen percentage as assumed 
by ~W EGENER. and moreovel' mixing up to 10 KM. 

At gl'eater heights the percentnge of hydrogen then become&: -

cl. 
e. 

o 
0.01 
0.0033 

20 
0.14 
0.014 

40 
2.6 
0.25 

60 
30.4 

5.2 

80 
68.7 
42.3 

, 

100 
70.5 
91.0 

120 KM. 
67.0 
98.2 

These assurnptions are the n:~ost divel'ging as to the quantity of 
hydrogen, a thing which becomes especially important at 60 KM. 

The course of tlle rays is then characterised by the following figures : 

(J H. D. 
d. 31°5' 75 124 

23°29' 81.7 106 
20°38' 85 102 
L8~27' 90 119 

~. 
(> 

90 38°48' 160 e. 
30°32' 95 133 
25° 4' 100 126 
21°49' 105 131 

Minimum distance for cl ± 102 e ± 126. 

We see, how the deerease of the q uantity of hydrogen leads to 
shifting the limit of the silent l'egion farther olf. Thel'efore the 
qlleshon arises: Is there a 1'eason to assurne a still smaller quantity 
of hydrogen? 

This really appears to be the case. The determination by OJJAUDE 1), 
in which ve['y large quantities of air were liquefied, led to the resl1lt, 
that the' volume percentage of hydrogen in the atrnosphere at tile 
sUl'face would be only 0.0001, against 0.0005 Helium. For the three 
rare gas es Neon, Helmm and Hydrogen together 0.0021 was found. 

The most recent determination of these constituents was made by 
ERDMANN 2) in samples of ah', collected at val'Ïolls heights in the 
atmosphere at the, time of the nearest approach to the earth of the 
tail of HAIJLEY'S cornet çm 18/19 May 1910. Tbe qnantity of air in 
these determinations was never more than 650 crn3

• Per liter of air 
26 to 37 rnrn 3. of the gases mentioned was found; only fol' the 
beight of 4500 to 8000 M. it was possible to ascertain the presen('e 
of hydrogen by means of the spectl'Oscope, most clearly in the latter 
case. Hence at the sllrface the percentage of hydrogen is far below 0.0026. 

From tlle increasing proportion of rare gases with gl'eater height 

1) G. OLAUDE, O.R. 148 p. 1454, 1909. 

2) ERDMANN, Ergebn. d. Arb. d. K P. Aeron. Obs. Lindenberg, 6. p. 227, 1911. 

- ./ 
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we may conclude, that· the mixing by convection CUl'L'ents is imper
fect; tbis incl'ease however is l'athel' irregnlal' aud smaller than 
ought to be expected without mixing. On account of the nncertainty 
of the determinations and the unlmown percentage of hydrogen it 
lS not possible to calculate the degree of mixing. 

Still another consideration leads us to reckon for the higher strata 
with the possibility of a much smallp,r percentage of hydrogen. For 
a long time it has been doubtecl; on acconnt of the kinetic theol'y 
of gases, th at it would be possible fOl' hydl'ogen to remain Ï1) the 
earth's atmosphere; since its presence in the lowel' strata has been 
put beyond doubt, the possibility has been 1ll'ged that hydrogen is 
being produred continually at the SUl 'face , e.g. fl'om mineral waters, 
etc. If this be right, it might be th at in higher Rtrata in consequence 
of the powerful ultra-violet radiation a combination with ox)'gen took 
place, and hence the percentage of hydrogen happened to be much 
lower than we should have to assume accol'ding to tile gas-Iaws. 

In order to determine t'tlrther the influence of the decrease In 

the percentage of hydrogen, we first calculated how the course of 
the rays would he if there were no hydrogen at all. The gaseous con
stituent, which then comes under \'onsideration first, on account of 
its low molecular weight, is Helium. Starting from the figure 0.00015°/Q 

Helium at tbe sUl'face, as assumed HANN, we arrive at the following 
composition of the atmosphere : 

o 20 40 60 80 100 
N 78.03 81.8 87.5 91.5 92.9 78.5 
o 20.99 17.7 12.3' 8.4 5.5 :-10 
Ar 0.94 0.5 0.2 
He 0.00015 0.1 ' 1.6 18.5 

120 
23.8 
0.6 

75.6 

140 KM. 
2.2 

97.8 

As the change from the "nitrogen-atmosphel'e" to the "helium
atmosphere" occurs at much greater height thall that to the "hydl'ogen
atlIlosphere", and mOl'eover the velocity of sound val'ies more gl'adually, 
the Round l'ays now become higher and less cLll'ved. The results are: 

f. a 

42°18' 
35° 8' 
31°30' 

H. 
120 
125 
130 

D. 
218 
193 
196 

The limit lies at about 190 KM. for rays with an initial ang'le of 34°. 
Hence, in order to arrive at a limit of 160 KM. we have to 

assume a small percentag'e of hydl'ogen in lhe higher btrata. That 
this percentage ought to be vel''y small appears from the calculation 
whieh, by way of test, was made with a percentage, 6 times 
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smaller than the smal!est pel'cen rage assl1wed thl1S fa I' in Out' calcll-
lations i.e. 0.00055 0

/ 0 , 

This gives as composition : 

0 20 40 60 80 100 120 140 KM. 
N 78.03 81.8 87.5 90.8 82.6 28.9 2.5 0.2 
0 20.99 17.7 12.3 8.3 4.9 l.l 0.1 
Ar 0.94 0.5 0.2 
H 0.00055 0.7 10.9 63.1 89.6 93.1 
He 0.00015 0.1 1.4 6.8 7.9 6.7 

and for the sound 1'ays: 

g. u H. D. 
42°33' 100 184 
27°41' 110 13~ 

21 ° 8' 120 142 
19°20' 130 223 

The limit is fOllnd hel'e at 136 KM. for an initial angle of 25°. 
It is this calculation which senred as a basis fol' fig. 8. 

By a 1'ol1gh intel'polation we find tllat the limit of 160 KM. would 
be obtained at a percentage of hydrogen, amounting to 0.0001 at 
the sm·face. It would be useless to make this estimate more arcurate, 
as in all preceding calculations certain influences, e.g. the rlll'vatUl'e 
of the ea1'th'8 surface, have been left ont of consideration, and the 
.t:es U lts thel'efore have no. absolute value. Moreover it appears thaf 
at present a lal'ger percentage of Helium is assumed than we 
del'ived from HANN and othel's. When Prof. E. COHEN was so kind 
as to dl'aw my attention to the research of OJ,AUDJil, time faited to 
make another calcnlation with a percentage of Helium about three 
times larger. The ol'der of magnitude of OUl' reslllt, howevel', wiII 
not be altel'ed by tllis circumstance, and the percen tage of hydrogen 
ca1culated will remain very nea1' that determined by Cr,AuDE. 

~ 8. We have tl'eated the calculations abon t the sound orbits in 
air at rest somewhat at length, in order to make clear that the 
data about the constitntion: of the atmosphere are by no means so 
accurately known, that one would be in a position to l'eject VON DElII 
BORNE'S explanation only because the limit of the silent region does 
not oceur at 114 KM., as VON DEl\l BOHNE'S calculation wOllld have 
it. It appeal's to us, that gh-en the uncertainty existing in this respect, 
more weight ought 10 be attached to the s/tape of the silent region 
and the distl'ibution of sound intensity at its limit than to the ahsolute 
dimensions, and we have pointed out already that in th is respect 

- ( 
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the results for October 8;h al'e very mueh in favour of that explanation. 
\Vhen DE QUERVAIN 1) mainta.ins, that even in this case the proof 
has not been given that the sileni region shows a circulur form, 
this can only refel' to (he absence of reports from the southern 
battlefields. But he forgets to remark that already the semi-circulal' 
form following from the reports obtained, nay, e"en a cil'cul<:tl" form 
over 90°, eomes into conflict with what onght to be expected in 
the case of a wind inflllenee, sufficien t to make the sounds return 
to the earth at 160 KM. distance from the souree. 

As may appeal' from w hat precedes, we a,re of opinion, that the 
two explanations of the silent region, w hieh we shall caU for the 
sake of brevity the physical and the meteol"ological e:\.planation, are 
both tl'lle and ought to be' applied in combination. The qllestion then 
al'ises: how is the path of the rays changed speaking generally , e.g. 
in case g, wh en the air is not at rest or large irregularities of the 
temperatnre gradient occur? 

We leave on one side at this moment the rays, starting with a smal! 
elevation, whicb wiJl contribute most to the audibility in the first 
region, and shall concentl'a~e our attention on tlle rays in the neigh
bourh00d of 25° zenithclistance, which reaeh the surface again at 
the border of the siJent region, Secondly we have ih mind, that 
disturbances by wind and tempel'ature wiJl be confined almost wholly 
to the first 10 KM., at least in the temperate zone; in the strato
sphere no g1'eat \'ariations of wind or temperature occur. Then we 
mayalso perceive, without going into details, that even very heavy 
disturbances in the lower strata can exel't on1y little influence on 
the position of the silent l'egion. E.g'. if we take an increase of wind 
of 0.5 M. per 100 M., as DE QUHRVAIN assumes in his case, then the 
velocity of sound at 10 KM. height is incl'eased by 50 M. for 
horizontal propagation in the direction of the wind, but on I)' by 
50 sin 25° Ol' 21 M. fOl" a ray of abont 25° zenithsdistance. The 
veloeities of sound in case p at the height of 10 KM. are thus 
rhanged in the pl'opOl'tion 1 : 1.07, which changes the elevation there 
on1y from 22°37' into 24°13'. Nevertheless this might ha\'e a rather 
great influence on the limit of the silent reg ion, were it not that 
fol' the fmther pl'opagation the role of the ra)' with initial angle 
of 25° is taken up by the ra)', which starts with 23° 30' and enters 
the stratosphere at nn angle of 22° 37'. The entil'e change in the 
total horizontal path of the rays with minimum distance wil1 henee 

1) Die Umsehau, 19, N~. 27, 1915. Here a case of a very widespread audibility 
of roar of eannOJlS in the Sundgau on Deeembet' 25th 1914 is described, in wbieh 
the propagation is rather unsymmetrieal and the silent region of little importanee. 
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be eonfined to at most the difference ~ X 10 (tg. 23° 49'-tg. 23°3'), 
that is about 0.32 KM. 

Variations in the fall of temperature, e~en considerable in versions, 
have neither a great influence on these steep l'ays, the rnore so, 
because the mean fall of temperature over 10 KM. scldom undergoes 
great variations. E.g. a sudden rise of temperature of 10°, which 
was not balanced afterwards, would at 5 KM. increase the velocity 
of sound in the proportion/1: V~gg, wbich would alter the elevation 
by 0°30'. In other words: for these steep sound ray s . even the most 
heavily disturbed air behaves as a bad window-pane for a perpen
dicuIarly incident ray: it goes through almost undistut'bed. Henee tbe 
sound, refl'aeted by the high stl'~ta of the atmosphere, always returns to 
the earth at praetiéally the same distance; regular modifications of the 
sound-limit, which are conneeted with the regular and pretty great 
veloeitiès, which may occur.in the higher atmosphere, wiU always 
show the same features, since we may assume at these considel'ahle 
heights a practically constant state of motion. 

§ 9. From tbis we may immediately infer, that the singularly 
shaped silent l'egions, observed in many of the cases quoted in tbe 
intl'oduetion, eannot be aseribed to a co-opel'ation of the refraction 
in the high atmosphere and the disturbances of the ]ower atmosphel'e, _ 
but ought to be explained by the latter alone. That in these and 
othel' cases the reglllal' second region of audibility does not appeal', 
will of ten. be explained sufficiently by tbe fact, that tbis ,sound is 
l'ather weak, absolutely speaking, and may easily be eovered by sounds 
transferred in anothel' way. Moreovel' we have all'eady indieated 
the possibility, th at originaily little sound is' emitted in certain 
definite direetions. In the case of yolcanic eruptions the emitted hot 
gas es and vapoul'S, mixed witb ashes, may cause tremendons disturb
anees in the distribution of windvelocity and temperature. Yet it 
seems to us, that amoug these cases some indications are fOlllld o( 
an increased audibility at distances of the order of 140-160 KM. 

a. In the case of the dynamite-explosion at the Eigerwand (2' 
near the Bodensee, distance exactly 160 KM. 

b. December 7th 1909 Asama 170 K.l\L (Fig. 3) 
April 4th 1911 " 140" (Fig. 5) 

" 3rd 1911 " 150" 
I 

December 25th 1910 

" 
2nd 1912 

" 
" 

145 " 

140 " 

(Fig. 4) 
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c. At the gunpowder explosion at Wiener-Neustadt, where the 
second area, 'not counting spmious observations, begins only at 
160 KM. Whether the greatest intensity of sound, "vhich was founu 
here at 210 KM., might be ascribed to a special distribution of the 
energy of sound at the sOUl'ce, Call110t be decided oy the present writel'. 

It would be possible in these cases to decide immediately whether 
the sound had made its way thl'ough the very high strata of the 
atmosphere, Ol' had been held baf'k in the lowel' 10 Ol' 20 KM., if 
the ti me of propagation were kuowlI accurately. Some data abou t this' 
point are indeed available, but of ten the accnrary leaves much to 
be desired. In the case of the explosion at the Eigerwand (2) the 
two statements for the immediate neighbollrhood abollt the time of
explosion differ by 2 minutes, and the times of propagation fol' distanres 
of 160 to 170 KM. vary from 3 to 13 min utes. Along the Ol'bit 
assumed by DE QUERVAIl\ for this distance, 8 to 9 minutes would be 
1'equired, fol' an orbit in case .q, ascending to a height of 115 KM., 
12,5 minute. Rence the mean time of observation is in favour of 
an orbit more like that of DE QUERVAIN, but the observation cannot 
be called decisive. 

In the case of the volcanic eruptions, investigated ,by FUJIWRARA, 

thanks to the observations of a number of meteorological stations, 
the uncertainty of the time determinatjons is not so great, though 
an uncertainty of 2 minutes fOt'ms no exception. Among' these 
there are at least two, that of December 7111 1909 and May 25th 

t910, where at distances above 140 km. beside normal, also abnormal 
large times of propagation Dccnr, whereas in the fOl'mer case times 
of 15 and 16 minutös ttl'e stated, which would agl'ee \'el'y weIl 
with a pl'opagation thl'ough the layers above 100 km. , 

Also in the Wiener-Nenstadt case at great distances times of pro-
pag'ation above the normal val ne at'e mentioned. 

Hence, though the times of propagation support to a certain de~l'ee 
tlle applicability of t,he physical' explanation, it cannot be denied, 
that the first impression generally pleads fol' a meteorological ex
planation; a decision however is not yet al'rived at. \ 

So we are- fOl'ced to the conclllsion that in the case of Ani werp, 
where the silent region appeared so extremely regular, extl'aol'dinal'y 
weather-cOllditions have co-opel'ated to p1'ocu1'e an image so little 
disturbed. 

FUJIWHARA, as w~l1 as DE QUERVAIN and DÖRR, has tried to ascl'ibe 
the abnormal propagation of the sounds to the meteorological in
fluences mentioned. Unhappily these wl'itet's did not ai; a rule disp~se 
of anything like suffîcient data. about tbe conditions in the higher 
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strata, so that they had usnally to res01't to suppositions or theoretical 
speculations. E. g. DE QUERVAIN in his case assumes, that from 4000 
to 11000 m. height a SW.-wind occnrred, increasing to a velocity 
of 35 m. per second, whereas the observation of oirrus-clouds in 
our country on the 15th gave Ci. in NW. (probably rising from 
NW.), and on the 16th and 17111 really a l'ather fast mot ion from 
WNW. (17 m. at 10000 m.) was stated. Inspection of the weather
chart, in connection with the rnotion of the isallobars, would lead 
one in the fil'st place to suppose a motion from SE. in the inter
mediate layers. If the sound rnys have really taken their way ex
clusively through the lower atmosphere, we should be more inclined 
to admit the intluence of a stl'ong inversion in the A-Cu-Ievel in the 
same manner as was obseryed on that day at a much lawer level at 
Lindenberg. Be thi.s as it may, observations of the air-motion in tile 
levels above 4000 m. over Switzerland fail on th is occasion. 

Fortunately, for same of the cases of roar of cannOIIS in the N ethel'
lands treated above, a greater certain!y exists. We have collected in 
a table the observations obtained from clonds, alld by ·means of 
pilot-balloons, kites and eable-balloons for the days mentioned, and shall 
con si der how far the pa1'ticula1'ities of the sound phenomena may 
be eXplained by these observations. 

The table gives in the flrst column the dates, in the second a 
short review of the weatherconditions, pl'incipally ~he distribution 
of pressure. Dnder the heading "Wind- and cloudmotion" then follow 
the obsel'vations of wind and clouds at the stations Helder (He), 
Flushing (VI) and Winterswijk (Wi), wbere the observations of clonds 
have been made since 1897 and have been madedaily since 1905, whereas 
at De Bilt (De Bl they are made on special occasions. The direction 
and relative velocity are determined accnrately by BESSON'S nepho
scope, the height of the clouds has to be estimated accol'ding to the 
type of cloud and hfis been put for simplicity equal to 1000 m. c 

fol' the lowel' clouds, 2000 m. for the Strato-Cumulus (St. Ou), 3000 m. 
for the Alto-Cumulus (A-Cu) and 10000 m. for the Oirrus (Ci). By 
these assumptions we al'~ enabled to calcnlate the velocity in meters 
per second. In consequence of variations in height for the lowel' 
CIOllds, the rea I velocities may differ from the calculated ones by the 
factor 0.4 to t.5; fOl:' the higher clouds the deviations will probably 
remain below 20 %, 

Evidently it was desirabie to supplement these estimates by more 
exact measurements, which might consist in observations with pilot 
ballaons, cable balloons, or kites. Dnhappily enough the first mentioned 
ob'3ervations haye suffered much by the difficulty of obtaining pilot 
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balloons during the war, a diffieulty which was s01ved on1y 
later. The observations with kit es and cable balloons at 80ester
berg (8) continue to suffer strong1;r under the absence of a pI'ivate 
geound, the negotifltions for whieh only recently met with snccess. 
By way of supplement, therefoee, under the heading "Distribution of 
wind and temperature", we have resorted to obseryations at Hamburg, 

, Lindenberg and Friedl'ichshafen, so far as these were at hand at the 
time. The latte l' have al ready been published i1l their definitive 
form 1), the former are quoted onl)' partially in the German daiiy 
weather reports and therefore may afterwards be 1argely supplemented 
or amended. Afternoon observations are indicated by adding the 
index p to the name of the station. 

On Octobel' 'Oth there w;as almost no increase of wind from the 
St.-Ou level up to the height wh ere the Oi floated, and certainly 
no incl'easing SW.-wind snch as would be required to bend back' 
to the eal'th rays whlch left the sou ree of sound with some elevation. 
Up to 2000 lVI. no S.-eomponents are met with, and no neal'el' than 
Helder a W.-Iy wind of some importanee. The direction of the Oi, 
obser\'ed at Flushing, is neal'ly pel'pendicular to the principal dil'e('
tion of propagation. Given the position of the antieyclone. In general, 
nothing else was to be expected. Renee the abnormal audihility as 
far as 220 KM. cannot be aseribed to an inerease of wind in the 
troposphere. One might suppose, that in tbe stratosphere an in
el'easing SW.-current or a decreasing NE.-c:url'ent reigned, and that 
these currents eaused the rays, practically straight in the troposphere, 
to eUl'\'e in the stratosphere. The smallest distance, at which the 
rays may return to the earth, is then determined by the height up 
to whieh one makes the wind inerease and by tbe amount of that 
increase. But in that way we can never get anything else but a 
curvature of the rays, whieh propagate the sound in the dil'ection of 
the wind. For a ray perpendicular to the wind the effect is praetically 
equal to zero, and the limit of the silent region camlOt be a cirele, 
but must show a smaller, perhaps even an im'el'ted eurvatUl'e so th at 
half a circle, as our figul'e 9 shows, cannot at all be explained in 
this way (see the footnote on page 941). 
- At this moment we indicate Ol1ee morel a remarkable deduetion, 

whieh must be made from the theory of the bending of sound rays 
in consequenee of the decrease of temperatUl'e with height. In the 
normal case of faIl of temperature with incl'easing height, the sound 
rays are curved from the sUl'faee upwards. Rays starting with a 

1) Ergebnisse der Arbeilen der f.rachenstation am Bodensee im Jahre 1914. 
Stuttgart 1915 .. 



- 25 -

956 

very small ele\'ation, therefore, depart faster and faster from the 
sUl'fare. Tt follows from this, that audibility at greater distanees is 
ouly possible, jf the &OUl'Ce of bound lies at some height above the 
surface ~nd rays occur which start with a negative elevation. Tbe ~ 

necessity of plaeing speakers in open air meetings on a platfor~ with 
a soundboal'd [l,bove thei r heads, depends on the same phenomena 
of course. 
, If then the alldibility at great distanceg on October 8th is not~ to 

be attribnted to the wind, how is the wide-spread tlrst area of 
audibility 10 be explained? 

The answer to this question is gll'eu by the asrensions of cable
balloons at Soesterberg on October 7th and 8tb. On the 7th a very 
strong Ïl1\'ersion was met witll at 1600-220Ö lV1. height, a l'i§e 
indeed from OOA to 9°.9 0; on the 81h the inversion Jay a 
Jittle higher, 2500-3000 M. aud had decl'eased to 3.8 ~ 10.8 or 
a little Jowel'. 

The massE'S of air, whieh were above Soesterberg on the 7th, 
moved southwarrl wit I! a small velocity, some 2 M. pel' seeond or 
7 KM. pel' hou1'. Fl'om a compal'Ïson with the observations at 
Friedl'iehshafen and Hamburg and witli the distribution of temperature, 
it appears certain enollgh, that the sOlltherly motion extended to 
Belgium and lasted for a considerabIe time. Thus in 24 hours a 
distance of 168 KlU. wonld have been traversed, so that tl~ose ~ 
masses of air found themselvea (hen above Belgium. 

There is every reason to assume, tbat especially in the early 
hours of the morning, when the sl1rface temperature feIl very low, 
the temperatIlre ,at 2000 M. was much higher than that at the 
sUloface, and at noon only a little lowel'. Under these cil'cumstances 
in the morning sound rays with art elevation even of 9') might be 
bent back to the earth at the limit of the inversion layer; if we 
assume reflection for simplicity's sake, they would reaeh the earth 
again at 12 KM. distance. Rays with a smaller elevation would 
return at a gl'eatel' distance, and tbis might be l'epeated several 
times, so that tbe rays undulated between the earth and the in ver- ~ 

sionlayel' until eithet' the energy was exhausted or the inversion 
layer ceased Ol' deel'eased and the rays ascended into space. It is 
reasonable to assume, that with the vel'y large angles of ineidenee, 
oceurring at the layer of discontinnity a great pl'opol'tion of' the 
energy of sound feU on the "l'eflected" rays, the more so because 

r 

the sk}' was evel'ywhel'e heavily clollded or overcast on October 
7th and 8th in our country. 

Sllm,ming up, we may say that the meteol'ologieal ~ircnmstances 
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on October' Sth were ex.traordinal'ily favourablc fol' a wide propa
gation of so'{md in the area whieh sllrrounded the source of sound, 
but that rays, stal'ting with large elevation were not distUl'bed at 
all in the lowel' strata, so that a return to the earth was made 
possible only in connection witb the change in composition of the 
higher strata of the atmosphere. 

October 17th • 'This time, too, almost no curvatu~'e is to be ex.pected 
for steep rays in the lowel' 10 KM.; the increase of wind fl'om 
NE. ± 5 M. to S. 10 M. per second in the Oi does not neutralize 
the curvature from the sm-face, caused by the normal decrease of 
tempel'ature. Also the inversions are of little importance, at least in 
our country and at Lindenberg. The tempemture does not at all 
rise to the surtace temperatnre. 

In consequence, little is heard in this country of tlw war-noises 
in Flanders. in Zealand-Flandel's nothing at all. The naval battle on 
the North Sea is likewise not heard at Helder and further in the 
province of North-Hollànd; the motion of the Oio from the South, indeed, 
was not apt to cause a downwaro curvature of rays from a Westerly 
direction. For the undoubtedly heard sounds in Friesland and Gro
ningen, thel'etOl'e, no other' explanation remains than the refraction 
by the higher strata of the almosphere. 

Octobe1' j Sth. Cirrus-obsel'vations have not come to our know
ledge; the weather conditions of the pl'evious day and the fact, that 
the high pl'essme was increasing, allow us however to assume, 
that no very great velocities occul'red in, higher strata. Hence there 
was only an increase of the NE. wind up to the A.Cu le\'el at 
+ 3000 M., an increase decidedly llnfavourable tor the refi'action of 
the sound towards the earth in the tropospher~, but of Jittle influence 
on the curvature of the sound rays in the higher atmosphere. rrhe 
ESE-wind, obtlel'ved with probably vel'y high A.Cu, has no iufluence 
on the propagation of the sound in a NE.-ly direction, as was 

,observed on this day. Inversions will have been of little impor
tance in our neighbourhood. 

That the NE-wind, increasing upwards, was unfavoul'able for the 
propagation near the surface appears clearly enough from the Elcarcity of 
observa,tions in Zealand, which contrast J'emarkably with the numerous 
reports, even of heavy sounds, beyond 160 KM. 

For tile fil'st time hel'e an indication appears of the limit of in
creased audibility at about 200 KM. from the place, where the 
English naval -guns were in action. If these gans were ÏJldeed the 
most audible ,at this distance,\we should have to assume, that the \'er,)' 
steep sound rays, wanted for the minimnm distance with these guns, 

" 
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were endowed wiLh 1ess energy than the 1ess steep rays, required 
fol' a distance of 200 KM. We cannot teil, whether th is assllmption 
be l'lgbt. but a priori it does not look improbable, that the distri
blltion of soulld ove!' the various inihal angles is not eqllul. For 
the noises of the battles on shore, w:he1'e also very steep guns are 
nsed, the distribution certainly will be more regulal'. 

October 22ncl• The SE. wind at the slll'face changes into a stl'onger 
S.-ly curl'ent, whirh increases up to the A-Ou-level. 

The consequences in .Zealand are evident; nllmerOllS reports of 
heavy roar of cannons, accol'ding to t:iome observel's strongel' than -
dming the siege of Antwerp. Bilt this pl'opagation does not extend 
beyond ± 100 KM.; th en a distinct silent region is shown. It would 
again be extremely al'brtral'y to ascrlbe the sounds beyond 160 KM. 
to the inflllence of wmd; up to the Oi.-level httle vöriation h-as 
been observed in the wind-velocIty, and we know that an important 
increase of the wind-velocity up to this level would be reqllired in 
order to allow the sound to be bent back. Inversions of some lm
pOl'tance failed further Eastward, and those in the low pl'essure area 
will probab1y have been even of less impol'tanre. 'fhe explanation 
by refl'action in the higher strata, on the contral'), does not meet 
with difficulties. 

Octobe?' 24/h • Neithel' the distribution of temperature nor the 
distrlbntion of wmd above ou!' country wel'e especlally favourable 
fol' a propagation of sound along the surface Ol' in the lowel' strata. 
The number of reports, but especially the intensity of the sound 
in Zealand, are indeed smaller than on October 22nd • Probably the 
raflier strong Souther]y curJ'ent, which moved above the Eastwil1d 
in Zealand, caused the r,tther l1umerous l'epol'ts in that qual'ter. 
Oonslderll1g the smaller llumbel' of reports from Zea.lalld, it is evident 
that the sounds, suddenly heal'd on that diLy on the SOllth-Holland
Isles and along the N ew W aterway, must certainly have belonged 
to a second area of audibility around Lille, fot' which the dista.nce 
again is in the neighbourhood of 160 km. 

October 28 tfz • Pl'ob~bly inversions were of little importance in OUt· 

neighbourhood. Also the IIlCl'eaSe of wind near the A-Cu-Ievel is 
s~anel' than on October 22nd , when the surface wind was SE. and 
hence the whole SW. wmd might be taken as increase of wind, 
whereas m thlS case all'eady at a prett.y small height above the 
surface a SW. wind blows, which then incl'eases only a littIe to 2 
and 3 km. Thus may be explained that in Zeall1nd sa Iittle was 
heard, while at the same time the naval guns were he(ll'd from 
about 160 to 300 km. In thiR case the possibility that an incl'ease 
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of wind towards the Oi-l~vel played a certain part cannot be denied, 
but it is probable, that this influence made the rays return to the 
surface at a distance greater than 160 km. Especially llUmerous 
are the reports near the circle of 200 km., as was observed every 
time in the case of the naval guns. 

Novembel' 1st• There is a rapid increa'3f' of wind upwards, but 
always in a SR-Iy direcLion, hence perpendicular to the dil'ection 
fr om the battleftelds towards our country, so that for this dirertion 
no influence was ro be expected on the bending back of the sound 
towards the surface. For a pl'opagation from the S. and still more 
from the SE. certainly some influence was to be expected, and it 
is possible that t11e rather confllsed picture, which the reports furnish 
on this day, ought to be ascribed to war noises from, much more 
sontherly quarteI's, whi~h were carried to our country this time by 
the strong upper wind, e. g. fl'om the Al'gonne. The inversions, 
extraol'dinal'ily large at Lindenuerg, must have been smaller over 
our country on account of the higher surface-temperatnre. 

Janua1'Y 24t1l • The inversion at Lindenberg is important enough; 
on account of the Sunday (October 18th and November 1st were Slln
days likewise) no observation from our country is available. Considering 
the position of the high pressure, the supposition that the invel'sion 
was present likewise above the North Sea and perhaps more intense, 
is not risky. De Bilt, Helder and Flllshing had an overcast sky all day 
and the temperatllre only rose to 2°, resp, 3°5 and 3°. Above the layer 
of fog probably the same or a slightly higher temperature will haye 
reigned. Hence it is possible, that rays but slightly inclined reached 
the inversion layer above the northern part of Groningen, and were 
bent back there, aided by an increasing North-component of the wind. 
We therefore leave undecided, whether the weak sounds, at the place 
where otherwise the silent region would have been, must be ascribed 

\ 

to altogether horizontal pl'opagation or io rays of littIe elevation 
bent back. The heavy sounds however at 170-200 KM., which 
emerge there suddenly enough, can be explained hardly otherwise 
than by propagation through the higher atmosphere. 

Vonclusions. 
1. In the literature of these last few years a nnmber of cases have 

been described, in which acrording io careful investigations in the 
propagation of heavy sounds through the atmosphere a "silent region" 
occurs. With the roar of cannons during the siege of Antwerp 
(October 7th_9th 1914) snch a silent region is displayed in an extra
ordinarily regular form, whereas on a number of other days of heavy 

62 
Proceedings Raya} Acad. Amsterdam. Vol. XVIII. 
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fighling on shore 01' at sea, likewise more 01' less distinct silent 
regions may be indicated. 

2. The two theorles proposed for the expJanation of siJent regions: 
expJanatlOn by influence of varlatlOns of wind and temperature with 
height (e. g-;- JVIOHN, RAYI,EfGH, FOJIWHARA), and expJanation by the 
change 111 composJtion of the atmosphere in very high strata (VON 

DElIf BORNE) give siJent reglOns of a vet·y dIfferent character. The 
meteoroJoglcaJ theory leads one to expect i. a. asymmetry wlth respect 
to the souree of sound and difference between two mutually per- _ 
pendicular direetlOns, and permits all kinds of dIstances; the physical 
explanation requires complete symmetry wüh respect to the souree 
of sound. It is shown that the latter parhcularity is also preserved 
for the greater part, If considerable irregulal'lties occur in the distri
bution of wl11d Ol' temperature and that the outer limit of the silent 
region is thereby onJy slightly changed. 

3. Though for want of observations in most cases the pro of 
cannot be given, we must aSSlllne that the majority of the weil 
described cases of sllent regions have been caused by meteorological 
circumstances. 

4. Tbe meteorologicaJ observations in the upper air, made in or 
near OUI' country on the da.tes treated in this investigatIOn, fail to 
gtve an explanation of the silent regions observed, though they are 
sufficiellt to expJal11 the gl'eat differences in the first, normal area of 
audlbihty. 

5. Fot' the physwaJ expJanation of these siJent regions pleads the 
fa,ct, that the distance from its border to the probable source of sound 
has been always neat' 160 KM., and that no appreciable deviations 
from the Clrcular form have been found. ' r 

6. The figul'e, 160 KM., does not agree with the suppositions 
on which VON DElIf BORNE has founded his caJclllations, nor yet 
with other suppositions pubJished hitherto by meteorologists, but 
agrees fairJy weIl with the lOuch smaller percentage of hydrogen in 
the atmosphere according to OI,AODE, if we assume th at up to 10 KM, 
height the composition of the atmosphere does not undergo a per
ceptible change. 

7, .A. percentage of geocoronil1m as assmned by WEGENER is at 
val'lance wIth the reslllts of this investigation. Tf geocol'onium is 
present m the atmosphere, we think th at the amount must be much 
smaller than waR assumed by WI<~GENER. 
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