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ABSTRACT

The velocity of sound has been measured in
natural sea water samples at megacycle fre-
quenc.es by means of modern interferometric
teckniques. From these measurements, an
empirical equationhas been formulated, andnew
tables and graphs of the velocity of sound in
natural sea water at “zero” depthare presented
on the basis of this equation.

The validity of utilizing these velocity tables
at sonar frequencies isbasedon theoretical work
which indicates the error introducedby so doing
is at least an order of magnitude smaller than
the claimed accuracy. The accuracy of these
tables is estimated to be within $0.2 meter per
second. Thevelocity values range approximately
2-4 meters per second higher than those in
existing tables.

PROBLEM STATUS
This is an intarim report; wbrk on the gen-
eral project is conlinuing.
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THE VELOCITY OF SOUNPD
IN SEA WATER AT ZERO DEPTH

_ INTRODUCTION

An accurate knowledge of the velocity of sound in sea water as a function of tempera-
ture, chemical composition (salinity and dissolved gas content), and pressure (depth) is
egsential to sonar-not only for ranging determirations but for calculation of possible
refraction which may operate either to channel the sound energy or to send this energy
into the ocean depths.

Availab'e tables for the calculation of sound velocity in the ocean are based either on
theoretical computaticns or radio-acoustic ranging (1-5). These latter field measure-
ments, however, assume the existence of homecgens=ous water between two distant points.
The theoretical tables use compressibility and density determirations made over forty
years ago and assume the temperature dependence of specific heat for di-tili 4 water to
be the same as {or sea waler.

Kuwahara's tables (3), calculated from empirical formulas for the compressibility
of sea water, are as accurate as any, and are generally used in this country. These
tabies have been graphically presented (6), and used by the Naval Research Laboratory.
A comparison of velocity values obtained from various tables is made {or “normal” sea
water of 35 parts per thousand (ppt or ®/e ) salinity in Table 1.°

BACKGROUND

Preliminary measurements of sound velocity in sea water with a less accurate
instrument {7) (f.e., *l m/sec) indicated that Kuwahara's *ables yield velocities that are
ton low by 3-4 m/sec. The Revised British Admirality Tables (4) yield velocities slightly
lower than Kuaabarz's., Kuwahara clafims an accuracy of 3 m/sec for his tables, bat the
preliminary evideace seemed to indicate that his error is systematic and that his values
are consistently low, More infornut.en was desired 10 checek the need {or revision of
sound velueily tables.

The ultrasonic interfermneters in present use at e Naval Rescarch lateratory,
capabic of measuring the velocity of sound in liguids 10 a precision of 1 part in 10.03¢,

were chosen as ddeal mastrunients for checling the exdisting Lbles.
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2 NAVAL RESEARCH LABORATORY

on tite basls of clarity ard freedom from foreign matertal. Dz:a concernlng these samples
will be lound In Table 2. Th2 sumples were received within one to four days after collection,
and their sound veloclty was determlned with a one-megacyc.e ultrusonlc Interfecon eter
as soon as recelved, and at Intervals throughout the investizatlon. Chlorinltles were
determined by the Mohr methed of AgNO, titration uslng a special elongated-scale bure.te
made by the Machlett Company and patterned after a modification of the original Mohr
burette suggested by the Woods Hole Oceanographic Instltutlon. Toward the end of this
investigation a potentlometric titration with the Beckmin automatic titrater and a Ag-AgCi
electrode In conjunctlon with a calomel reference electrode was developed. This technique
{rees the operator from the close control required as the end polnt i3 approached, and
eliminates the human factor In choosing the relatively difficult to determine colorimetric
end point,

The temperature of the interferometer bath was controlied by Magna-Set thermo-
regulators adjusted to better than *0.01° C by meaw.s of 2 Leeds and North-up 8160 Platinum
Resistance Thermometer In conjunction with an L&N G-1 Mueller Bridge and an L&N
2430-A galvanometer. The interfercmeter cell temperature was determined by Bureau of
Standards calibrated mercury-ln-glass thermometers which could be estimated to $0.02° C.

To obtain various salinities in the range 19-41 parts per thousand, the natural sea
water samples were diluted with distilled water and evaporated under vacuum. The
chlorinity of each of the solutiors was actually determined by Mohr titration in the same
manner as the chlorinities of the original samples. The salinities were calculafed by the
empirical relationship estahlished by an International Commission (8). This relationship is

Salinity = 0.03 + 1.805 x Chlorinity.

Sound velocities in the varicus sea water samples obtained by the above m=thod were
determlned over a temperature range of 0° to 40° C. The measurements were made at a
one-megacycle {requency, but several determ.inations were made at three megacycles.

RESULTS AND DISCUSSION

The experimental determinations ol sea water scuad velocity were plotted in twu
serius of graphs (not given here), velocity vs. temperature with salinity parainater and
veiocity vs. salinity with temperaturs parameter. The points in the fatter graph formed
stralght lines for individual tomporatures., From s gragh, velocity values at lneegrail
temperatures ad saiinities ~ere read to 70.1 meter per seccnd  These values were then
processed by the method of feast squares to yleld the foilowing emipirical equation [or the
velcceity of sound in sea water over a range of salinities frowm 19-41 parts per thousaad
and 1 range of temperatures from ¢° to 40° C.

Vi = 1448.6 » 4.613 t¢ - .0523 ¢
+1.25 {§-35) - 011 (5-33) (8¢} +.C027 x 1077 {5-35) ¢
T2 1077 (B=35)Y (1= S5 4 - B0 B

The ot term of this equation becumes significant aas salicy thes 2ero, and yelds

1

velociites In agreement wish experimental valies DO dstiiliod anitrr (3 537, o). Hovawner,
A o determinations were made from 0-13 pars per thousand alusty, e ase of thes
St Bn el s Eaneliol SaRTeAed 5 50t Toeeiiiayaidetl e Tl 3kl oS ity

determinrations of velocity are cumparad adid the velseniios reervipon g o U san o
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NAYAL RESEZARCH LABORATONY 3

No aignlflcant difference was observed between the three natural sea water samples
obtalned from dliferent locatlons when taelr measired velocltles were compared with the
sound velocltles obtalned by use of the empirical equatlon. No change in measured sound
velocity wa3 detectad In any of the natural sea water samples over an approximately two-
week pericd after receipt.

Table 4 1s a comparison of velocity values obtained from Kuwahari's tables and the
emplrical equation.

Figure 1 and Figures la-g are graphlcal representations of this equation in metric
uni's and Figure 2 and Figures 2a-p are the 32me graphs in British units. Figures 3 and
4 show the temperature deperndence of the saiinity coefficient of velocity in metric and
British units respectively, together with a comparlson of Kuwahara's values.

Tables 5, 6, and 7 are the cprrections to the velocity of sound in sea water of 35
parts per thousand salinity at 0" C temperature and “zero” depth (VO"C 35 pot, Op =
1448.6 m/sec) for changes in teuperature and/or salinity. !

Tatle § contains values of V,, the temperature correction to the velocity of sound in
sea witer of 15 ppt salirity referred to a temperature of 0° C. Table § contains values
of Vg, the salinity correction to the veiocily of sound in sea water at 0° C temperature
referred to a salinity of 35 ppt. Table 7 enntains values of Vgy. the combined salinity-
temperature correction to the velocity of sound in sea water of 3% zpt salinity and 0° C
tempervature for any slmultarnecus changes of temperature and salinity. These tables
are believed to yield values of sound velocity to the same degree of precision as the
empirical equation, {.e., better than ¢0.2 m/sec.

THE CONCEPT OF SALINITY

A word of caution is advisable in the phiysical interpretation of these tables. The
concept of sallnity has been estaklished by an Interrational Commission and salinity is
defined as “the total amount of sciid material in grams contained in one kilogram of sea
water when all the carbonate has been convertad to oxide, the bromine and iodine replaced
by chlarine, and al! srgaric matter completely oxidized™ (8). It has been found that
“regardless of the absolute concentration, the velative propertions of the different
major canstituents are virtually constant except in regioas of high diiution (low salinuty)
where minor deviations mav accur® (8). * Thus salinity is usually determined by measuring

chlcrinity, a defined irm, nuw icdelined tu Le made indegendent ol changes in atomic
weights thus: “The number giving the chloruuty it grams per kilogram of a sea water

sample is identical with the numblier giving the tnass in grams of ‘atnmic weight siiver’
just necessary to precipitate the halogaens in 0.3235233 xilogram of the sea watsee samplo,”
Because of changes in atonie weights, the original definiticn of chlurinily is now called
the chiorine-equivaient. The chizrine-equivalent is the quantily determined by the AZNO,
titration, and the ratio of chlurine-equinalent to chlorimty is at present 1.90045. Neiwther
the chlurine-equivalent tor the chlorily represent the actual amount of crlorine 1 a

sea water samgle, bromire nd iodine, a5 aell a5 chlorite, particpate 1n the AgNO,
titration, whereas fluorine loes not, Newther duaes the salizty, by definilion, repregent

the tutal quantity of driscived s0lids in sed water. The techmgque of delormining the
Jefired salieny, however, vields roproduebiv resclts. The Dlloweg empirical «(quati n
ba e obtauzed (3) for e o Ao sokds centet

]
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The point to be brought {orth here i3 that Knudsen's Hydrogragaical Tacies (in wide-
ipr-ad vge by oceanograpghers) have been shown to hold very well uves the curingl range
of the concentratlon of sea water but are not necessarily valid {or hlghly diluted or
correntrated sea water. The diluted samples (from the Baltic Sea; used in pregaring
Knudien's tables had been diluted by river water containing relat:vely large quantities
of dissolved solids. Thus, the equation relatlng salimity to chlorinity shows a salinity
a7 0 53 pot for zero chlorinity. The sallnity determired by titration of sea water that
had Seen diluted by water containing a lesser quantity of dissolved solids would be smaller
thai that antained from Knudsen's tables. Converzely, if the seca aater azre 2ilited with
watr containing a greater quantity of dissolved snlids, the salinity abtained from Kooloon's
taiizs would bﬂ too low.

The validdity of the chlorinity-salinity-density relationships a5 established hy the
Internaticral Commission depends upon the ratios of the more aburdant substances in
sea water heing virtually constant. However, “chlorinities”™ determined by titration of
sea wter diluted by m~lting sea ice were consistently higher than those computed {roa
density measurements (:0,11). In this case, the diluting water was essentially distilled
watar. The dependence of the Cl-S-density relaticas on the dissolved solids ccntent
of the diluting water and the restricted application of these relations to highly diluted
water occurring naturally or prepared in tire laboratory should be xept in mind

The sea water samples used in this investigation were prepared by evazoratian
wrdsr vazuum ar by dilztinn with ula:h.&d wiater of “mud-ocean”™ adler. Previcds acri
fas stown the velocity of sound in sea water to be an agproximately linear summration of
the ws<locities of the cam,onentb (7), arc thus the vaiidity of this work alse deponds o
the constazey of the ratios of major constituents of s«<i water,

VAL!IDITY OF THESE MEASUREMENTS AT S0N5AR FREQUENCIES

A question arises concerning the validity of utilizing at sonar {requencies these
vei:city measurements obtained at megacycle frequencies. A reivxational pheremenon
ex:sts far sea walter with a frequancy of atout 200 ke at 22.53° €. [t s true that o small
disg srsion of sound velocity accompanies a re! .u.xtmml ahsorption, but the ganerally
acegied worx of Kaeser (13) shows this dispersion te be vory _;.“_:I B! ‘:d. He gives
the exiression

) = 2 e,
T-V» =?"'m\'.“’

-
=

wWies= ¥ty the sound veluoity at very low {reguency. Vs the sorand velaait il very
WeE Aocn non D, AV dae s (RS oRD & xlw of the amphitede coeffictent of alizorptian
e L et ol deagmamicnt N ST e st e i el
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TABLE 1
YVelocity of Sound in Se. Water
(from various tables)

——— e e

Velocity (m/sec)
Depth em Sal. ] e
(m) (OC)P (%0 Heck. & Wond | Br- Adm. | Br. Adm. | Kuwahara
: %/ | Service 1927 1939 1939
0 0 " 35 1450 1450 | 1445.3 1445.4 1445.5
g 10 3s 148 1423 | 148%.5 2967 1498.8
0 20 35 1514 1519 | 1518.6 1518.7 1518.7
0 30 35 -- 1543 | 1543.0 1543.1 1543.2
TABLE 2
Sample Data
. e 1 . Original Temp. Exper.
Sabr‘np‘e | . ﬁ“i il PHLE 4 L :;t"“ -”:“"“ Salinity [ “in situ® | Satinity
. ¢ (55 ve . cny. .
e e Lo (*/0) (°c) (°/o0)
l 7/30/51 T 3N 24%25'N | 81%26'w 34.27 29 34.27
! 7/30/51 7/31/51 24°25'N | 81%26' W 34.27 29 40.43
! 7/30/51 7/31/51 24025'N | 81%2¢6"w 34.27 29 29.02
1 7/30/51 7/31/51 24°25'N | 81%26° W 34.27 29 19.77
2 3/24/51 3,21/51 2% | sotuor 37.12 29 37.12
2 8/24/51 8/21/51 24°40'N | 80°%46' W 37ali2 29 31.49
3 A3751 9/4/51 RS ¢ GREd | 374 2% E7e23 |
3 IL 3/31 /51 I 9/4/51 32718°N s#’:o’zvj 37.29 24 24.20 |
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TABLE 3
Comparison of Experimental Determirations and Values
from Empirical Equation

Salinity !Tcmperaturc Vexp. Vegq. l Vexp.-Veq.
Pl | (o) (m/sec) | (m/scz) | (m/sec)
40.43 40.¢ 1569.2 1£69.: +0.1
30.2 1551.6 1551.3 Sei
20.0 1527.5 1527.5 0.0
10.1 1496.5 1496.3 +0.2
0.0 14553 1455.4 -0.1
37.29 | 39.1 1564.9 1565.0 3.3
300 1548.0 1548.2 802
25.0 1537.1 1537.2 -0.1
20.0 1524.3 1524.3 0.0
15.0 1509.5 1509.4 { +0.1
10.0 1492.5 1492.5 0.0
5.0 1472.9 1473.2 -0.3
0.0 1451.4 1451.5 | -0.1
£y YD) 29.9 1547.7 | 1547.9 LB
34.27 40.0 1563.6 | 1563.6 | +0.2
i 30.0 | 15453 1 15455 -0.2
20.0 1521.3 15211 | +0.2
10.0 1489.1 1489.0 | +0.1
0.0 M | 1447.7 0.0
3,85 40.0 1561.3 | 15b1.2 \ +0.1
30.0 1542.8 1542.6 +0.2
20.0 1sh83 | usnas +0.2
10.0 1485.8 | 1485.8 I 0.0
0.0 1444.2 { 4.2 0.0 |
29.02 40.0 [558.9 | 1553.0 4051
30.0 1540.5 | 1543.5 | -0.1
20.0 15!5.9 | 1515.7 ! o |
10.0 1483.1 | 14829 | s0.2 |
0.0 1441.1 441,01 | 0.0 1
24.20 40.0 1554.3 1554.9 | 0.1 |
| 30.0 USget | wESRL | 0.0 |
B Boricis 15i0.3 Flo i |
| lo.e P 1477.5 | 14775 | 0.0 |
] 0.0 ITTETETE .0.2 !
19.77 | 40.0 5k 1551.0 ol
b 390 ©1532.2 15319 0.3
| 200 1536.4 1505.2 .0.2
‘ 10.0 14725 1472.5 0.1
5.0 1450 14322 s0i
0.0 1429.7 1429, +0.1
0 10.0 1520.5 5207 ).
33.0 AR ol 0.2
3e.2 1531.) 1533 0.0 - @)
5.0 14 el 1497 20 .9.2
2N & T4, 1432, 7 NONE!
13,9 NitksnsS 1490.3 0.0
14332 o )
3.0 IAEE N 20,4
> 9.0 <z Hianms .

——
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TABLE 4

Comparison of Velocity Values from Empirical Equacuions and Kuwahara's Tables

Meters per Second

Temp S =31 ppt S = 35 ppt S =39 ppt
(OC) Kuwahara NRL Kuwahara NRL Kuwahara NRL
0 1440.3 1443.7 1445.5 1448.6 1450.7 1453.7
1 44.8 48.1 50.0 53.0 52.2 58.1
2 49.4 52.6 £4.5 57.5 59.6 62.4
3 53.8 57.0 58.9 61.9 64.0 66.7
4 58.1 61.2 63.1 66.0 68.1 71.0
5 1462.3 1465.5 1467.3 1470.4 1472.3 1475.2
6 66.5 69.6 71.4 74.5 76.3 79.2
7 70.5 73.6 75.4 78.4 80.3 83.1
g 74.5 7.4 79.3 82.2 84.2 87.0
9 78.2 81.2 83.1 86.0 87.9 90.7
10 1422.0 85.1 1486.8 1438.8 1491.6 1494.4
1 85.7 88.7 90.4 93.4 95.1 97.9
2 89.2 92.2 93.9 97.0 98.6 1501.3
13 92.7 95.7 97.3 1500.3 1502.0 04.7
14 6.0 99.0 1500.6 03.6 05.2 08.0
15 1499.3 1502.4 1503.9 1506.9 1508.5 1511.2
16 1502.5 05.6 07.0 10.0 1.5 14.2
17 05.6 08.8 10.1 13.0 14.6 153
18 08.6 11.8 13.0 16.0 17.5 20.2
19 11.5 14.8 15.9 19.0 20.3 23.1
20 1514.3 1517.8 | 1518.7 1521.9 | 15211 1526.0 |
21 17.2 20.6 | 21.5 24.7 25.9 28.7
22 15.5 23.2 4.1 27.3 28.4 3.3
2 22.4 25 9 5.7 29,9 310 MY
24 250 | 234 29.2 32.4 13.5 16.4
25 1527.5 1531.0 | 1531.7 1535.0 1535.9 1538.2
20 29.9 1 34 14.1 37.3 33.3 a2
27 3 133 16.4 39.6 10.5 435
23 145 | 30 | 18.7 11.9 $2.9 15.3
:a 0.9, 403 | 41.0 4.1 5.1 43.0
] (l !
Isfms b s gms 1543.2 oc%: 1559.2

—
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TABLE 5
Correction Vy to Vo ¢, 35 ppt, Op * 1448.6 m/se= for Changes in Temperature
T
)| o &l 2 3 4 5 .6 .7 .8 .9
0 0.0 0.4 0.9 1.3 1.8 2.2 2.6 3.1 3.2 4.0
1 4.4 4.8 5.3 5.7 6.2 6.6 7.0 7.5 7.9 8.4
2 8.8 9.2 9.7 10.1 10.0 11.0 11.4 11.9 12.3 12.8
3 13.2 13.6 14.1 14.5 14.9 15.4 15.8 16,2 16.6 17.1
4 17.5 17.9 18.4 18.8 19.2 19.7 20.1 20.5 20.9 21.4
5 21.8 22.2 22.6 23.0 23.4 23.38 24.3 24.7 25.1 25.5
L) 25.9 26.3 26.7 27.1 21.5 27.9 28,2 28.6 29.0 2%.4
7 29.8 30.2 30.6 30.9 31.3 31.7 32.1 32.5 32.8 33.2
8 33.6 34.0 34.4 34.7 35.1 35.5 35.9 36.3 36.6 37.0
9 37.4 37.8 38.2 33.5 38. 39.3 39.7 40,1 40.4 40.8
10 41,2 41.6 41.9 42.3 42,6 43.0 43.4 43,7 44,1 44 .4
11 44.8 45.2 45.5 45.9 46,2 46.6 47.0 47.3 47.7 48.0
12 48.4 48.7 49.1 49.4 49.7 50.0 50.4 50.7 51.0 S1.4
13 51.7 52.0 52.4 52.7 53.0 53.3 53.7 54.0 54.3 54.7
14 55.0 £5.3 55.7 56.0 56.3 56.6 57.0 57.3 57.6 58.0
15 58.3 58.6 58.9 59.2 59.5 59.9 60.2 60.5 60.8 61.1
16 61.4 61.7 62.0 62.3 62.6 62.9 63.2 63.5 63.8 64.1
17 64.4 64.7 65.0 65.3 65.6 65.9 66.2 66.5 66.3 67.1
18 67.4 67.7 68.0 68.3 68.6 63.9 69.2 69.5 69.8 70.1
19 70.4 70.7 71.0 71.3 71.6 71.8 72.1 72.4 72.7 73.0
20 73.3 73.6 73.5 74.1 74.4 74.7 75.0 75.3 15.5 75.8
21 76.1 76.4 76.6 76.9 77.1 77.4 77.7 717.9 78.2 78.4
22 78.7 79.0 79.2 79.5 79.7 80.0 80.3 80.5 80.8 81.0
23 81.3 81.5 81.8 82.1 82.3 82.5 82.8 83.1 83.3 83.5
24 83.8 84.0 84.3 84.6 84.8 85.0 85.3 85.6 85.8 86.0
25 86.1 86.5 86.8 87.0 87.3 87.5 87.7 83.0 88.2 88.5
2% 88.7 88.9 89.2 89.4 89.6 89.9 90.1 90.3 90.5 99.8
27 9.0 91.2 91.5 9.7 91.9 92.2 2.4 92.% 92,3 93.!
23 93.3 93.5 93.7 94.0 94.2 94.4 94.3 94.8 95.1 95.3
29 95.5 95.7 9%.9 96.2 96.4 96.6 96.3 97.0 97.3 97.5
30 97.7 97.9 98.1 98.3 98.5 98.7 99.0 99.2 99.4 99 5
3t 99.8 100.0 100.2 100.4 100.6 160.8 1011 10t} 101.5 101.7
32 101.9 102.1 i02.3 102.5 102.7 102.9 103.2 103.4 }lO}.é 103.3
33 104.0 104.2 104.4 104.5 104.3 105.0 105.2 105.4 1105.% 105.8
34 105.0 106.2 105.4 1056.5 105.3 107.0 107.1 107.3 107.5 107.7
35 1+ 107.9 108.1 103.3 105.4 104.6 103.3 1043.0 109.2 199.3 109.5
36 ‘ 109.7 109.9 ilo0.! 110.2 110.4 110.% 119.3 111.0 1 1t
3% ;lll.S 111.7 1.3 111.9 3 B 1123 112.4 2L S et 14l %59
33 ti1yo 113.2 113.3 113.4 113.% 113.3 113.9 i-lHO 114.2 t14.4
39 ' 114.5 114.6 4.7 114.9 115.0 1151 1N 52 115.) 115.5 115.0
| .
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DEGREES CENTIGRADRE

Figure l-a
Figure 1 a-g - Velocity of Suund at Zeru Depth Meiric Units - Expanded Sca.e
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Office of Naval Rescarch, Naval Research Lab,,
Washington, D.C, (NRL Report 4002)
THE VELOCITY OF SOUND IN SEA WATER AT
ZERO DEPTH, by V.A, Del Grossp, 11 June'52,
39 pp. incl, tables, graphs, UNCLASSIFIED

Velocity of sound was measured in natural sea water
psamples at moegacycle frequoncies by means of
modorn intorferometric tochniques, An empirical
cguation was formulatod from those measurements,
and novy tablos and graphs of the velocity of sound in
natural oea wator at " zero" depth arc prosentod on
tho basio of thio oquauon. Tho validity of utmzl(ns )
ovar
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these velocity tables at sonar frequencies is based on theoretical work which
indicates the error introduced by so doing is at least an order of magnitude
smaller than the clalmed accuracy. The accuracy of these tables is estimated
to be within 10.2 meter per second. The velocity values range approxi mately
2-4 meters per second higher than those existing tables,




