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FOREWORD 
by R. J. Urick 

Any branch of science evenually reaches such a s t a t e of 
maturity that scienti f ic hiBtorians , with their perspect i ves 

mellowed and distorted by subsequent technological advances, can 

write histories about the beginnings and subsequent devel opments 

of their subject. Underwater sound has for some time reached 

such a state. A number of hi s torical summaries have appeared. 
MOst notable a r e t he works of T. G. Bell, (1) A. B. Woo d, (2) 

E. Kl ein , (3) M. Lasky, (4)(5) all of whom have described what 

was done in the United Sta tes and in England during World War I 
and during the i ntervening years between Wars I and II. 

During a recent visi t to t hi s country, Prof. Dr. Ing. 

Gunter H. Ziem (o f the Forschungsans talt des Bundesweehr fur 
Wasserschall and Geophysik, Kiel, Germany) ca lled t he attention 
of the writer to an article on underwater sound that appeared in 
the Physikalische Zeitschrift f or 191 9*. This paper is part i cu­

larly noteworthy in t hat it appears t o antedate any other 
scientific paper on underwater sound. It is remarkab l e for its 

scientific perception of the underlying phenomena of sound propa­
gation in the sea. For example, the author correctly deduces the 
effects of temperature, salini t y and depth on sound velo~ity and 

uses the existing static measuremen ts on sea water , as did Kuwahara 

some twenty years lat er, t o compute the velocity of sound in 

terms of its determining variables. He conc ludes that, like 

sound propagation up-wind and down-wind in air, sound ranges 

should be be t ter in winter than in summer because of refraction, 

*The WWI armist ice was signed on 11 Nov. 1918. 
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and backs up this conclus i on by f ield data obtained in a variety 

of shallow water areas. He says t hat in deep water the upward 
re f raction produced by pressure should produce extraordinarily 

long sound l i s ten i ng r anges -- a f act that we have only recen tly 

been able to explo it in sonar systems. All i n all, the paper 
is an as tonishi ng scientific achievement on i t s subject for its 
t ime, and is doubtl ess the outgrowt h of t he t remendous capability 
of ear ly t went ieth cent ury Ger man physics applied to the defense 

of t he Kaiser 's U-boat f leet duri ng World War I. 

The paper has been most ably translated by an eminent 
underwater acoustician, Dr. A. F. Wit tenborn , of Tracor. It i s 
pre sented by both of us wi t h a sens e of awe and humility of the 

great understanding Qf t he physics of t he sea reached by German 

phys icists during the difficult, t r oub lesome years of World War I. 

(1) T. G. Bell , Sonar and Submari ne Detection, USN Underwater 
Sound Lab. Report 545, 1962 . 

( 2) A. B. Wo od, From t he Board of Invention and Research to the 
Roya l Naval Scientific Service , Jour . Roy . Nav. Sci. Serv o 
20, 16, 1965. 

(3) E. Klein, Underwater Sound Resear ch and Applications Before 
1939 , J. Acous . Sci. Am . 43, 931 , 1968. 

(4 ) M. Lasky , Review of Worl d War I Acoustic Technology USN 
J. Underwater Acous. 24, 363, 1973. 

( 5) M. Lasky, A Hi s t or i cal Review of Underwa ter Acoustic 
Techno l qgy 1916 -1939, J . Underwater Acous. 24, 597, 1974. 
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On the Influence of Hor izont al 

Temperature Layers in Seawater on 

the Range of Underwater Sound Signals 

By H. Li chte 

With the r esumption of shi p traffic to and f rom German 
harbors, the provi ding of mine- free shipping l anes has become of 

increased impor t ance. One of the more important aids to this 

process is the use of underwa t er sound signals. Therefore it is 

of interest to explore the propagat i on of sound in water. 

There is a genera l opinion that water is significant ly 

be t ter for t he transmission of sound signals than air because it 

is more homogeneous. Th i s, however, is not the cas e . On t he 

contrary, for a variety of reasons , water is acoustically inhomo­

geneous in hor i zontal l ayers . As a result, a deviation of sound 

rays from straight l i ne s , i.e., a bending of the sound rays take s 
place . The various caus es fo r this bending will be examined in 

the following. For t he sake of clarity, numerical examples will 

be given for specific ca ses. 

The velocity of sound, v, in a medium is dependent on 

the density, p, and t he compres s ibil ity, x, of the medium 
according to t he relationship 

(1) 

For water, the compressibil i ty has been measured t o be 0.000049 
-1 1 atm ,or, in CGS units , 

(980.66)(1033. 3) cm sec2 
( 2 ) 

0.000049 gm 
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Thus, the ve locity of sound is 

v :::: 
o 

1013300 em/s ec 

0 . 000049 

:::: 1439 m/sec. 

The quantities which determine the sound velocity, 

compressibility and dens i t y , are dependent on variou s f acto r s, 

bu t most importantly on temperature, salinity and pr essure . 

(3) 

(4) 

We will now f i rs t de termine the ef fect of these fac t ors, 

and then examine t he path of sound r ays i n a heterogeneous water 

layer. The effect of temperature is the most impor tan t . I t wil l 

therefore be considered fi rst . 

Let us assume tha t the temperature of the water 

decreases uniformly with depth from the surfac e to t he bottom. 

We place the x axis ( fig. 1 ) a t t he water Burfac e wi th t he y axis 

perpendicular, pointing downward. Since we can con side r t he 

temperature as constant and a sound r ay a s l inear i n a very thin 

l ayer, we get, from the refraction law, 

v 

sin a sin a o 

(5) 

Here, v is the sound ve l ocity and a is the angle of 

incidence in an arbitrary layer ~y. The quantit i es wi t h t he 

index 0 correspond to the water surfa c e . 0 is t he i n i tial angle 

from the horizontal f or the r ay under con s ider a tion. The ray 

begins at the coordinate origin. Then from f i g. 1, 
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t:,.x tan a 

= 

Since 

~=~o Po 
v XP o 

co s 0 

2 cos 0 

where the depth dependence for X and p is given by 

and 

then 

X = X (1 + € y) o 

p p ( 1 + y y), o 

cos 0 

t:,.x = ~(1 + € y)(1 + Y y) 

J cos 2o 

~ 1 - (1 + € y)(1 + y y) 

5 

(6) 

(7) 

( 8 ) 

(9) 

(10) 
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and, by integration, 

f cos 0 dy 
x = ..r;=.=2=5: =+ ===+====­

~sln u s y y y 

2 cos 0 ...1 2 
~ sin 0 + s Y + y Y + c . = 

(s + y) 

(11) 

(12) 

Since for x 

be 

o we also have y = 0, the constant is deter mined to 

c 

Thus 

from which 

2 sin 0 cos 

s + y 

sin 20 

s + y 

4 2 .2 4 2 cos 0 Sln 0 + cos o·y 

( s + y)2 (s + y) 

2 + tan O.X. 
x 

(13) 

(14) 

(15) 

This equation is the equation for our s ound ray. For 

small 0, i.e. for rays initially almost horizontal, 
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y E: + Y 2 - - ...:...x ( 1 6) 
4 

At this point , equation (15) is completely general, 

since nothing has been sai.d. about the significance of E: and Y. 

But, if changes in the compressibility and the dens i t y with water 

depth are due to a change in t he temperature, T, as we as s umed 

above, then 

and 

But 

so that 

E: = 

Y = 

1 

1 

ax 
aT 

x = 49 X 10- 6 

-2 X 10- 7 

-4 X 10-3 . aT 
ay 

7 

aT 
ay 

aT 
ay 

(17) 

(18) 

(19) 

(20 ) 

( 21) 
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Futhermore2 , since Po = 3. and ..2...e. is of order 10-4 

aT 

y _10-4 aT 
ay 

(22) 

One can, therefore, neglect y re lative to E with negligible error , 

i.e., the change in sound veloc ity in water as a re sul t o f 

temperature changes is due to a change in the compressibili t y; 

changes in density as a func tion of temper ature are no t of pract i­

ca l significance. 

The equation for a sound ray f or horizontally stratifi ed 

temperature layers is thus 

2 co s 8 

or, for an initial ly horizon t a l ray , 

y = -10-3 aT 
ay 

x 2 + tan 8·x 

2 x 

For example, if the water depth is 30 m and t he t emperature 

difference between the surface and bo ttom i s 10 
- t he h igher 

temperature to be at the surfac e - then 

aT 1 = 
ay 30 

and 

y = 3.33 X 10- 5 . 

8 

2 
x 

(23) 

(24) 

(25) 

(26) 
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A horizontal sound ray originating from a point in the vicinity 

of the surface therefore reaches the bottom after traveling about 

1000 m, where the sound energy is essentially absorbed. All 

other sound rays which have an initial angle 8 to the horizontal, 

reach the bottom earlier. 

In acoustics we cannot speak generally of sharply 

bounded sound rays. One will still hear a little bit outside of 

the geometric bounds of the sound rays due to diffraction. 

If the temperature difference between the surface and 

the bottom is greater, the curvature of the sound rays is 

increased, and the distance at which the sound can be heard will 

become even smaller than in our example. 

If the temperature gradient is in the opposite 

direction, i.e., the temperature on the bottom is higher than at 

the surface, then the sound rays will curve upward instead of 

downward. But since the water surface i s practically a perfe ct 

reflector l , the sound rays will first be reflected downward, at 

an angle equal to the angle of incidence, and then, as a result 

of the temperature layers, again bent toward the surface, if, as 

might be possible for a rough surface, a significant part of the 

sound energy is not reflected into the bottom, where it would be 

absorbed. 

Similarly to a change in temperature with water depth, 

a change in salinity will also produce a bending of sound waves 

in water, and thus a deviation from straight line paths. The 

compressibility decreases with increasing salinity, as the 
.. 4 

following table, taken from Krummel's Handbook of Oceanography, 

shows. 
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Salinity in PPT: 

Compressibility X 107 : 

Salinity in PPT : 

Compressibil ity X 107 : 

o 
490 

25 

461 

5 

484 

30 

455 

10 

478 

35 

450 

15 

472 

40 

422 

20 

466 

If the salinity varies by 1 PPT , the compres sibili t y varies by 

about 1. 2 X 10- 7 . A corres ponding change in compr essibility is 

produced by a temperature change of 0 . 6oC, which corresponds t o 

a change in sound velocity of 1.8 m/sec. 

The dependence of t he density on salinity is given with 
sufficient accuracy by the formul aS 

p == 1 + 0.0008·S 

where S is the salinity in PPT. 

An absolute increase in salinity of 1 PPT thus 

corresponds to a relative increase i n density of 0.8 PPT and a 

decrease in sound veloci t y of 0 . 4 PPT , i . e ., 0.58 m/sec. The 

effect of density changes produc ed by sal i nity changes on sound 

velocity is about 1/3 of that produced by changes in compres si­

bility. 

A further cause f or the bending of sound rays , which 

very likely plays a role only at very great water depths , i s the 

change in sound velocity as a function o f pre s sure . Density and 
compressibility, which determine sound vel ocity , are dependent 

on water pressure, with density increa s i ng wi th i ncreasing 

pressure6 while the compr e ssibil ity, on the o t her hand, decreases 7 . 

The percentage change in density wit h i ncreasing pres­

sure can, however, be neglected compared t o the change in compres­
sibil ity, as can be seen from the tab l es. I t i s thus necessary 
to consider only the influence of the compre s sibility. From the 
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1 measurements of Amagat above , the change in the compressibility 

of water at 00 caus e d by an inc r ease in pressure from 1 to 200 atm 

is the same as that wh i ch occurs for a water temperature increase 
o 0 0 from 0 to 20 . In water 200 m deep, a temperature difference 

of 200 between surfa c e an d bottom is completely compensated for. 

In still deeper water, a bending of the sound rays toward the 

surface takes p l a ce . 

Fina l ly, i t is mentioned that natu r a l currents in 

water, with respec t to the au dib i lity of sound, playa role 

similar to that of t he wind in the propagation of sound in air. 

It is well k nown that one can hear better with the wind than one 

can against it. The exp l anation for this8 can be found in the 

change of sound velocity with height above the earth. Thus, a 

sound ray traveling against the wind will generally be bent upward, 

and wil l, at some distance , travel over the head of an observer. 

A sound ray which travels with the wind will, on the other hand, 

be bent downward so that, as a result, one achieves greater ranges 

in this direction. 

The results are exactly like this in water. Naturally, 

however, they are n ot as directly observable as they are in air. 

Now, what do these results mean for underwater sound 

ranges? 

We are primarily i nterested in the waters o f the North 

and East Seas. From the tab l e s in Kr~mel's Handbook9 we find 

that in general ano the rmal layering occurs in summer, i.e., the 

water is warmer at the surface than below, while in the winter t he 

opposite (cathothermal) layering occ urs. 

Salinity, on the other hand, does not vary much with 

depth. The water is ei ther isohaline or there is a slight increase 

with depth both in summer and in winter. 

11 
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In any cas e , the magnitudes are such that the influence 

of changes of sal inity on the compress ibi l i ty is small as compared 

to t he effects of change s of t empera ture . Therefore, since as a 
rule the source ship s are not in deep water, we need, as a 

prac tical ma tter, t o concern ourselve s only about the temperatur e 

effects. The annua l course o f underwater sound ranges must there­

fore be the same as t he annual course of t he temperature profile. 
One would therefore expect, f or anothermal layering of the water, 

i .e . , ih summer, shorter ranges than f or cathothermal layering 
of the water, i . e ., i n winter. 

The ob servations agr ee with this very well. In the 
curves of Fig. 2, several measurement s of underwater sound ranges 

are s hown . The se were made f rom various source shipslO . The­

absc issa represents mon ths (Roman Numeral s ) an d t he ordinate 

represents ranges in nautical mile s. The numbers i n parentheses 

near the i ndividual points are the number of observations from 

which the mean val ue was calculated for t hat month . The numbers 

bel ow each of the curves are t he sma lles t and tho s e above are the 

largest ranges ob ser ved for that month. One can see that, 

corresponding to the t heory given above, t he ranges ar e greatest 

in winter and shortest in summer. Large variations occur with in 

the individual months, which can be explained'by coincidental 

currents as well as by differences in t he receiv ing equipment. 

There are no available ranges f or the deep ocean . How­

ever, because of the effec t of pres sure on the compressibility, 
and hen ce on the velocity of sound - compressibility decreasing 

from top to bottom t o produce i ncreasing sound velocity and thus 

upwa rd bending of the sound rays - one can expect significantly 

greater ranges than in shal low wat ers. 

12 
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The exact t ransmission loss f ormula, i.e., the dependence 
of signal strength on dis t ance, cannot be obt ained f rom t hese 
curve s . Extens ive exp eriments on t hi s subject were conduc t ed in 
1915/ 16. We will repor t on these in the future.* 

Kie1 , April 191 9 
(Received 2 May 1919) 

* A search of Physika1ische Zeits chrift for a number of subsequent 
years has revea l ed no trace of thi s report - R. J. Ur ick. 
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1. Kohlrausch, Lehrbuch der prak t ischen Physik, 2nd Edit ion, 
p. 708, Table XIXa . For water a minimum occurs in the 
compressibility (41. 2 X 10- 6) at 620. For practical considera­
tions, ax can be considered as constant. 

aT 

2 . Kohlrausch , l.c. , p . 694, Tab le IV. The density r eache s a 
maximum at 40 . ap/ aT is negative only for temperatures above 
40 . 

3 . Rayleigh, Theor i e des Schalles , Deutsch von Neesen 1880 , II, 
98 . 

.. 
4. Krummel, Handbuch der Ozeanographie, Bd. I, 1907, p . 285. 

This also contains additional lit erature. 

5. The formula corresponds to t he formula of Knudsen given in 
KrUmmel, l. c., Bd. I., 237 Column II . 

.. 
6. Krummel, l.c., Bd. I, p . 288. 

7. Kohl rausch, l.c . , Bd . I, p. 708, Table XIXh. 

8. Rayleigh, l . c ., p. 155 ff . 

9. Krummel, l.c., Bd. I , p . 468 ff., 480 ff. , 34 9 , 250. 

10. This material was gathered before the war by tugs equipped 
with underwater s ound receivers and was analyzed by myself 
from the point of view of the above theory. It was graci ous l y 
made available to me by Chief Engineer Wolf, for which I thank 
him here. 
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