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ABSIRACT

The purpose of this report is to present
the latest available cdata on the velocity of sound in
sea water as modified by changes in temperature, salinity,
and depth. These are given in both metric and English
units in a series of tables, curves, and squations for
depths to 1300 feet.

The basic data have been compiled from the
published reports of competent authorities who calculated
the velocities from fundamental physical squatioas whose
constants have been experimentally determined with precision.
They have been checked with numerocus direct measurements,
and agree within an experimental error estimated to be less
than C 2». The soundness of the theoretical dasis for the
caleulations and the consistency of the results indicate that
the calicvlated values are accurate to within less than 0.05%
at temperatures below 70° F.

A bibliography of source materials is included.
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Tho Velocity of Sound in Sea Water

INTRODUCT ION

1. Experimental determination of the velocity of
sound in sea water over wide ranges of temperature and salinities
presents many difficulties. Consequently several somnyted tables
have been published based on fundamental physipal thsory and data.
These tables are more accurate and comprehensive than direct
experimental determinations,

2. The purpose of this report is to present some of
the latest available data in a form convenient for use.

DEFINITION OF SALINITY

3. The salinity is a measure of the salt contcnt of
the water in parts per thousand by weight and is written S = ppt.
or 0/00,

4o The salinity of the open sea water may ranpe from
30 to 40 prt. "Standard" salinity is conventionally chosen as
35 ppt.

CALCULATION OF THE VALOCITY OF SOUND IN WATR
Se The velocity is given by the expression

"'\/%? (1)

where p is the pressure and £ is the density. For convenience in
calculation from well established physical data the formula used is

ve [ XL
\/ '{-’C (2)
where v is the ratio of the specific heats at constant volume and
constant pressure and C is the commessibility, The numerical values
of these quantities depend on the temperature, salinity, and depth

or pressure. The detailed formulae and the necessary corrections
are explained fully in the references to the original data.

CALCUIATED VELOCITY DATA

6. The first commrehensive tables were pubiished by
Heck and Service in 1924. They checked their table:s by wire
soundinps, and cencluded that the caleuluted values were probably
more accurate than the experirentil determinatiors. 1In 1927, the
British Admiraly published an c<cellent set of tables fer both pure
and sea water that viere the most nxtensive and accurate at that time,
In 1939, Kuwahara breurht cut a new set of velecity tables ~with




Added refleemone o ot e 0 Sy the Britdeh Anirality

published a revised odiz"om -0 o« ca- tables which aproec very
clocely with Kuwalarat, Veooi o e hig BTexthool of Sound® (10}?),
rives s emogreal equabion for e vejocity In o men water at “"zeroh
depil,

A Table 1 shows a copacicon of velecitivs under
firferent conditions as gvey by Lo above autherities,

8. “ince the tablec nf Kuwaha: . are belierved to be

the nest acomrate availelle at this time, they have been used in
the mrepar ation of the sea water curves and equations eiven in
later sectiona of this rencrt.  For frech water and «<ligtilvy aline

water, the valu-s used are those of the British Admiralty tables of
199.

YELOCITY TAHLES

9. Because the velocity tables of Kuwahara may not
read:ly be avallable; a part of his data is eiven as Table 2, Far
depths less than 400 metors, a pressure correction of 0.0181 meter
per second per meter of depth should be added. For greater depths,
the pressure correction is not so simple, and reference should be
made to the original sowrce.

VELOCITY CURVES

10. Since the effect of pressure is not great, and a
correction mgy easily be made for depths not exceeding about 400
meters or 1300 feet, the velocity curves in this report have been
drawn for zero depth.

11, Plate 1 pives the velocity in meters per second in
ordinary sea water for Centiprade temperatures. These curves are
as precise as the data fror which they were dresn - that iy, to the

2 {49 ivy

nearest 0,1 meter por seoond,

12, Plate 2 shows in metric unita the temperature
coefficient of velocity ~ that i3, the change in velocity in meters
per second for & chenps in the temperature of one degree Centigrade,
It i3 to be noted that this coefficient is by no mesns constant,
decreaging fram about 4.7 to about 2.0, so that it cannot be used
to calculate accurataly the velocity at one temperature from a
knowledge of the velocity of another temperature, unless the twe
temperatures are quite close together. Although this curve was
drewn for S = 35 ppt., 1ittle error will be introduced by using it
for any salimity bLetween 30 ppt. and 40 ppt. 1In cass greater
accuracy is required, the equations piven in Paragraphs 17 to 22
inclusive, may bs used.

13, Plate 3 showi spproximately the salinity coefficient
of velecity - that is5, the champe in velocity in meters per second
for a chanpe im the salinity of one ppt. This coeificient is nearly
independent of the salinivy, o0 that for a fixed teaperature, the
velority at one salinity may be calculated from a knowledge of the

-2 -




velocity at some other value of salinity. For preater accuracy,
the equations riven in Paragraphs 17 to 22 inclusive may be used,

14. Plate 4 gives a summary on one sheet of the data
of the preceding plates with some loss of mrecision due to the
smaller scale.

15, Plate 5 shows the velocity of sound in pure and
nesrly pure water, in metric units,; with a precision of about 0.5
meter per cecond.

16. Plates 6 to 10 give the same data as plates 1 to 9,
exrressed in Enplich units of feet mmd Fahrenheit degrees.

VELOCITY EQUATIONS

17. Two empirical equations have been set up and the
constants calculated to fit the data «iven in the tables and curves
with the precision specifiec. 1In order to rreserve the accuracy
of the eaustions, the variatles should not fall outside the ranres
indicated. The feollowing symbols will be employed,

Vm ¢ velocity of sound in sea water, in meters per
second

Ve = velocity of sound in sea water, in feet per
second

S5 = salinity ir ppt., between 30 and 40 ppt.

Ym * depth in meters below sea surf:nce; between
0 and 400 meters

Y¢ = depth in feet below en surface; between O
md 1300 ft,
t. = water temper ature in °C; between O and 32°C.

tp = water temperature in °F; between 32 and Q0°F.

18, For a fir-t approximation, a auadratic function of the
temperature was asrumed, U-ing the Methad of Lenst auares,
expression for the velocity in meters per recond as a function of the
Centirrade temper~ture was chtained for zerc .epth snd standard
salinity of 35 rrt. Then this exprescion was =edified to reprecent
the vrlocity in feet ner =econd tor Fohrenheit te~wrotures, Theee
equations are:

v - Y2 e ""‘6 3 oo R LS 2 M
m adds s ’ e b Ll T etiae D0 b (3}
and

u - LA 0 4 1D, et ! R 2 (%)

4 L . RS

M * r i .

Value of veleoihy wmrot o bor ot D) e itk ol e 1
[UARS (3031

Fiven by Farahorn e ks IR CL RIS S e "‘./".!'(" cr o,
an aver e errer o 00 e e en oy




difference in velocity per depree temperature diffirerse -4
vith the aid of eruction (3) may bLe in error bv 17 to 107,
(4) is of the sime rercentare preciciom as eauatien (3).

19. Jreater coencordance writh the data may he obtained
from a cubic eauation, Using the Method of Lea:t Squares, an
equation for the velocitv in =eter: per secend as s function of tie
Centiprade temmerature war. obtained for ze¢ro depth and standard
salinity of 35 rpt. Then this eruation wne =modified to reprecent
the velccity in feet per second for Fahrenheit terperatures. These

equations are;:

2 3
vm = 1445.44 + L.6684 to = 0.056,527 t,7 +0,0003151 to (5)

and Ve = 4742.2 + 8.509 (t; - 32) ~ 0,052,239 (t; - 32)°
+ 0,0001773 (g ~ 32)1 (6)

Values of velocity computed with the aid of equation (5) arree with the
values given by Kwrahars to within a maximum error of 0.1 m/sec, or
0.007¢, and an ave. cme error of 0.04 m/ser, a 0,003%. Morcover,

it is believed that the values fer the difference in velocity per
degree difference in temperature, as caleculated from equation (5), are
precise to 0.01 m/sec, or 0,5% or better. Sauation (6) is of the

same percentage mrecision as equs tion (5),

20, Having obtained the sbove cnbic exmressions for the
velocity in terms of the temperature at stendard salinity and zero
depth, other terms for the salinity and pressure effects vere added,
yielding

= 1445.44 + 4.6684 t, - 0,056527 232 . 0.0003151 t_°

+ {1,304 - 0.0106 t_ + 5,7 x 10 tcé}[(5—35; + 5.2 %
107% ¢, (5-35)2] + 0,018 y, 7)

n

Ve = 4742.2 + 2,509 (t; - 32) ~ 0.057,239 (tfh32)2# 0.0001773

(b -32)3 [4:278-0.0193(t~32) + 1.78 x 1078(14-32)4)
[(3~35) + 2.9 x 107> (£p-32) (5-35)%]+ 0.0281 y, ()

21, The precision of equations (7) and (8) is not as preat
as the precision of equations (5) and (6). However, in about 100
well~distributed trials over a temperature ranre of 0 to 30°C, over a
salinity ranpe of 30 to 40 ppt. and over a depth ranpe of 0 to 400
meters, the velocities corputed from equation (7) apreed with the
velocities given by Kuwshara's tebles to 0,1 meter per second or better,
The larger discreparcies were fourd at the extremes of temneroture,
salinity and aepth. The percentare pracizion of eauation (8) is the
same as that cf equation (7).

22, To obtain the rate of chanre of velocity with respect to
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temperature, salinity, or depth, equations (¥) and (8) may be
dif faerentiated, obtaining

vy

@™, " 4.6584 — 0.113,054 ¢, + 0,0009453 tcz
+{0,0106 + 0.23 x 10-6 tc3] (5-35)
+£6.8 x 107 ~ 0,110 x 10~ t, ¢ 1.5 x 10~11 tcl‘] (3—35)2

(constant salinity and depth) (9)
dv_
T = [1.304 - 0.0106 t, + 5.7 x 2075 4 (1 + 1,04 x 107%4,(5-35)]
(constant temperature and depth) (10)
v,
T - o.ua (11)
m (constent tempersture and salinity) 5
dve

Ty = 8.9 - 0.114,478(ty ~ 32) + 0.0005318) (tg - 32)°
¢ [<0.0193 + 7.1 x 2078 (£-32)3) (5-35)
+ [12,400075 ~ 0.112 x 1075(t4-32)+25.8 x 10*13(tf..32)4]

(s-35) (12)
(constant salinity and depth)

£ -
T = [4278-0.0193 (+,-32) + 178 x 107 (1-32)%) 3
+5.8 x 1075(t; ~ 32) (5-35)] (13)
(constant temperature and depth) ,';
av, |
de = 0,0181 (14)

{constant temperature and salinity)

EXAMPLES IN THE USE OF THE GRADPHS AND TUATIONS

Txample 1

3. To finmi the a preximate veleeity in moters per
second for a temperatwe of 16.5°C, a salinity of 34.2 ppt, and a
denth of zero.

24, At 16.5°C, thx ~wrves on Plate 1 show V = 1506.2 for
=33, and V = 1508.6 for 5=35. Since enuaticr (7) :hows that the
salinity correction varies aporeximat v lincorly with salinity, we

have that the velocity for 9 = 34,2 is

~ Jhed - 33,6
V= 15%.2 - 3;_0 IR (R0R e 1500,

= ]ﬁO'?.(}, MeLere g - oncend,




Txamele L

5, Ui e curves on Plate 4, determine the
velocity in =moters 1o cecord for the same data as in “xample 1,

. 0 . . :

26, AL L85 7C, Zurve 1 of Flate 4 shows a velocity of
1508,5 for "=35.0. .t 16.59°C, Curve 3 shows a salinitv coefficient

of 1.132. ience, *he de=ired velocity is

Vo= 1508.5 ~ (35.0 - 34.2) x 1.137 = 1507.6 muters
per second,

Example 3

27, For the smme temperature and salinity data as in
Example 1, but for a depth of 275 meters, ind the velocity,

28, Since the velocity correction is 0.0181 m/sec per
meter of depth (see equation 7), the desired velocity is

V = 1507.6 + 0,0181 x 175 = 1510.8 meters per second,

Example 4

2. At a tempere ture of 8.8°C, and a salinity of 35 ppt.,
determine the tempercture rate of varialion of velocity.

30. From Plate 2, the answer i3 found to be 3,741 meters
per derree Centigrnade. From eauation (9) the calculated value is
3.747 meters per second per depree Centi;rade,

ADDITIOMAL DATA

33. The Naval Research Laboratory iz collecting data in
this field and would apnreciate contributions from any cource,
theoretical or experimental, or swrestions as to convenient forms of
presentitione

- -
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A pendix

The following tahle —ives arhroxizate values Uor she wojocity

i

sound in several :1odia. Thease valu s have Hoen takon Sroe o L ;
lished in handbooks and *extbooks, and are eli vl o »1lin ! Cthee
in 1% to 5%.
|
Temporature = 200 ¢, = 680 i, unleas att LN |
Al T ey T T e ey ¢ 1 ]
' 1 Meters ot f
v Haterial iper oo I
1 1iGreond  1Gocond } )
! i - 1 - 1 1
' Aluminum 1 5100 116,700 '
' Brass 1 350C 'o11, 500 '
' Copper ' 3560 ' 11,700 !
' Iron, cast v 4700 '15,400 !
' Lead ' 1230 ' 4,070 '
' Nickel v 4970 '14,300 !
' Silver v 2610 8,560 !
' Steel 1 5000 114,400 '
' Tin ' 2500 ' R,200 '
't Zine 1 370C 112,100 !
1 ) ' 1
! Brick 1 365C 1 12,000 !
11 Cork v 430~530 v 1400-17L0 1
v 3lass 15000-6000  116,400--19,700 1
' Ice, 0°c. v 3200 v 10,500 '
* Paraffin, 159 ¢, v 1300 4,260 1
! JQuartz ' 5500 ' 18,000 !
' Rubb:or ' 30~70 ! 98-230 !
' Wood 110004700  13300-15,47C !
] ] ! H
' Alcohol, 12.59 ¢, ' 1240 v 4,070 '
' Castor oil t 1555 ' 5,100 !
: Benzol, 17° ¢, ;1170 : 3,840 :
Hercury , 1410 . 4,625 .
1]
+ Air (dry, 760 mn.) ' 344 'o1,20 '
1+ Carbon dioxide, O° o 1 258 1 846 1
t Hydrogen, 0° ¢, 1 1270 LA 1
v Yethane, O° ¢, vo432 vo1,417 '
' Oxygen, O° c. LIS v/ v1,048 !
' Steam, 100° C v 405 o1, 08 !
' Adr, 0%, (dry, CO, free, 760 rm) 'o331.4 1,770 !



TABLE 1

VELOCITY OF SOUND IN SEA “ATER

(From various tables and formulas)

Meters per Sanond

Depth
in Temp. | Sal. |Meck & Br.Adm. | Br.Adm.

Meters | ©°C. ppt. Service | Wood | 1927 1939 Kuwahara
0 0 31 1445 1445 | 144C.3 1440.2 1440.3
1 10 " 1482 1484 | 1481.9 | 1481.9 1482.0
i 20 " 1508 1515 | 1514.3 15143 1514.3
" 30 " - 1538 | 1539.0 | 1538.9 1539.1
0 0 35 1450 1450 | 1445.3 | 1445.4 1445.5
" 10 " 1489 1488 | 1486.6 | 1486.7 1486.8
n 20 " 1514 1519 | 1518.6 |1518.7 1518.7
" 30 " - 1543 | 1543.0 |1543.1 1543.2

400 0 35 1454 —  }1452.6 1452.7 1452.8
" 10 " 1492 — 11493.8 }1493.9 1494.1
" 20 n 1518 - 11525.8 [1525.9 1525.9
" 30 " —_ ~— 11550.3 1550.4 1550.6

3000 0 31 1490 - 14947 11494.6 1494.4
" " 35 |1498 - 1499.7 1499.8 1499.8




MW O |

Voters Popr o tiocored
e i R s vy I
1440.3 1447.9 144505 1 144801
Saei LTl 5C.0 52.6
A9.4 51.9 5445 57.1
S’)-R 5(’-/3 58~9 ()lulb
50.1 H0.6 63.1 65.6
1452.73 1464,.8 1467.3 1469.8
66.5 (2,9 71,4 73.9
70.5 73.0 5.4, 77.9
745 76.9 7%. 81.7
7823 *80.7 83.1 85.5
1482.0 14844, 14868 1489.2
85.7 88.0 90.4 92.8
89,2 91.6 93.9 96,3
92.7 95.0 97.3 99.6
96,0 98.5 1500.6 1502.9
1499.3 1501.6 1503.9 1506.2
1502.5 04.7 07.0 09.3
05.6 07.9 10.1 12.3
08.6 10.8 13.0 15.2
11.5 13.7 15.9 18.1
1514.3 1516.5 1518.7 1520.9
17.2 19.3 21.5 23,7
19.8 22.0 24.1 26.3
22.4 2.6 26.7 28.8
25.0 27.1 29,2 31.3
1527.5 1529.6 1531.7 1533.8
29.9 2.0 34.1 36,2
32.3 34.3 36.4 38.5
34.6 36.6 38.7 40,8
36.9 39,C 41.0 43.1
1539.1 1541.2 1543.2 1545.3
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UNITED STATES GOVERNMENT

memorandum

7103/911
DATE: 25 August 1999

FROM:  Burton G. Hurdle (Code 7103)
SUBJECT: REVIEW OF REFS. (a) THROUGH (c) FOR REMOVAL OF RESTRICTIONS

100 Code 12211 LR S(27(77

Vi Code 7100

REF: () NRL Report S-1204, 16 Oct 1935, E.B. Stephenson /7D 471 ?7?
(b) NRL Report S-1670, 3 Dec 1940, E.B. Stephenson A& D - /357 740

(c) NRL Report S-1722, 11 April 1941, E.B. Stephenson and F.J. Woodsmall
AD 22/ 6 /5

1. References (a) through (c) are a series of reports and documents in underwater
acoustics. Refs. (a-c) have been declassified earlier, but restrictions still exist.

2. The science, technology, equipment and operational utility of these reports have
long been superseded. The current value of these reports is historical. :

3. Based on the above, it is reccommended that references (a) through (c) be

available with no restrictions.
< M@%/

BURTON G. HURDLE
Acoustics Division

CONCUR:

Etbad 7 Zncdls 324/
EDWARD R. FRANCHI Date
Superintendent

Acoustics Division

OPTIONAL FORM NO. 19
(REV). 1-80)

GSA FPMR(41 CFR) 101-11.6
5010-114



