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REVISED SIMPLIFIED FORMULAE FOR CA L CU~A1ING THE SPEED OF
SOUND IN SEA WATER

by

Donald Ross

ABSTRACT

Recently-pub lished data on the speed of sound in water as a function of
temperature , sal inity, and pressure reveal si~.gnz.f wan t difference s fro m
data ~tsed by Wilson in 1960 in the development of his sound speed formulae.
conseq~rzs’~itly, the simple equatwns developed by Leroy using Wilson ‘sfo rmulae also require correction ‘S In the present memorandum a nwnber of
simple equations are developed fro m the new data Sound sp eeds calculated
using these equations are shown to be in agreement with the new data to
within 0.1 rn/ s over a wide range of temp erattcres and sal inities at
atmospheric pressure, and to within 0.5 ‘n/s at great depths~ It is also
s hown tha t the disagreement betwcen experiments is of such magnitude as
not to meri t equations any more precis e than tho.c~ developed herein

INTRODUCTION

For many purposes it is sufficient to assume that the speed of sound in
sea water is given by its nominal value of 1 500 metres per second. The
true value varies from this value by as much as ±60 or 70 m/s, which Is
less than 5%. However , the propagation of underwater sound is quite
sensitive to small changes of the sound speed , and , for purposes of
sound propagation calculat~ons , sound speed should be known to anaccuracy of about O~i mfs~
The speed of sound in water is a functi~r- of temperature , salinity , and
pressure. Prior to 1950, when accurate direct measurements became
possible , it had been the practice to calculate the speed of sound from
the compressibility , B , and denS I ty, p~ us~ng the fundamental relationship:

c = / ~ -~ [Eq~ 1]

This was the method used by ~(uwa ba~a (1] shortly before World War I!.
His results were used universally for about twenty years. In the late
1950’s consistent discrepancie s were found with Kuwahara ’s tables , and
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in 1 960 these were supplanted by formu)ae developed by Wilson (2 & 3)
to represent his own measurements of sea-water samples Wilson expressed
the speed of sound (ci directly 1 n terms of the three basic quantities
by formulae of the form~

c(t,S,P) c0(O ,35,O) + c
~
(t) + c5(S-35 ,t)

c~ (P ,t,S_ 35) [Eq. 2]

where t is temperature in °C,
S is salinity in parts per thousand ,
P Is absolute pressure in kg/cm 2 

-

Each of the terms was expressed by a pol ynom ial In his first formula
(2) Wilson fitted data in the narrow salin ity range of 33%.~ to 37%~. His
second formula (3) extended the sahnity range to that of fresh water
and is the one usual l y used .

Wi lson ’s equations contain about twenty terms , each with coefficients to
five significant figures Wh ile readily ‘~mp~emerted on a computer , theyare not suitable for rapid hand calu lati or , ~cnseq~iently a number ofapproxima tions have been developed , c~ wh~ch those by Kinsle ’- and Frey
[4] and Leroy [5] are the most widel y used Kir sle~ and Frey representedthe first Wilson equat~on by:

c 1 449-0 ~ 4 60t - 0 055t2 0,0003Ot i

1 .39(S-35) - 0 O’12t(S—35) O,0~
72, [Eq 3]

where z is depth in metres Leroy deve ” opea two formulae , of which his
second ~s best, both designed to fit Wils on

’ s second formula. He also
expressed the pressure dependenc ies in  terms of depth , using a number of
teems to cover thIs aspect . In deriving his formu ae, Leroy rec~gn)zedthat for fresh water Wilson ’s formula does nct a~’ee we~l wth the
resu lts of’ Greenspan and Tschiegg ~6) and he oojusted h’s coefficientsto obta’1n a better fit to their data

Throughout the 1960’s improvements we#e made ~n ve 1 ocimete~s and moreprecise laboratory mea~urements were a
’so made , especiafly by De~ Grossoat the US Nava l Research Laboratory Del Grosso [7/ founc’ that hls , as

wel 1 as other , laboratory data differed s’gn”icant~y, often by 0 5 to1 5  mis, from Wilson ’s Mac kenzie ~8/ also noted errors “n Wilson ’s
formulae , especiall y for fresh water Since 1971 , three papers have
been pub lished by Del Grosso (9 , 10 & ii j and two by M! l 1 ero and his
students [12 & 13), whIch prov ide new data and new formulae . All of
these are in close agreement with each other at atmospheric pressure and
all differ significant l y from those of Wi lson for this condition ,

In view of the large discrepancies between the Wilson formu l ae and
recent data , it ‘s proposed that the formulae given in this memorandum ,
which are based on the data in references 9 to 13 , replace formulae
base d on W i lson ’s data in future sound—speed calcu lations ,

2
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1 SPEED OF SOUND IN WATER AT ATMOSPHERIC PRESSURE

As indicated by Eq.~ 2, the formula for sound speed can be divided intoseparate terms for the temperature, salinity, and pressure or depth
dependencies. It is convenient to examine the temperature and salinity
terms separately from those that are depth dependent, This separation
app roach i s also useful s ince some users require formulae In terms of
pressure and some prefer depth; thus two sets of equations can be
develo ped for use below the sea surface,

Four equations for sound speed in water at atmos pher ic pressure are
given in references 9 to 13, all of wh ich agree with each other to
within a maximum discrepancy of 0,1 rn/s over the range of salinities
from zero to 4O%~ and of temperatures from 0° to 40°C. All of these
publ ished equations express the salinity In parts per thousand relative
to fresh water , rather than relative to 35%~ as was done by W ilson and
his followers ,

The following simple equation agrees with the new equations to the same
degree as they agree wi th each other; i.e., to within 0,1 m/s, and uses
35%~ as the reference salinity ,

Ca = 1449 10 + 4.565t - O.0517t2

+ 2,21 x l0”t3 + l.338(S—35) [Eq. 4]

— O.Ol 3t(S—35) + 1,0 x 1O ’~”t2(S_ 35).

As compared with the published equations, which have as many as ten
terms given to twelve significant figures, the present equation has-
only seven terms , none of which Is given to more than five significant
figures. Table 1 compares values calculated from Eq. 4 with those
given by the other four equations for combinations of temperature and
sal inity covering the full range of practical Importance. For
comparison , values calculated using Wilson ’s second formula are also
given. It is apparent that Eq. 4 Is in far better agreement with
the new data than is Wilson ’ s formula* , and also that Eq. 4 is in
slightly better agreement with Del Grosso ’s results than wi th those of
Millero.

Sound speeds are listed in Table 1 to the nearest 0.01 rn/s. However ,
these are more precise by at least a factor of ten than can be expected
from ord inary measuremen ts. Thus , a precision of 0.05 rn/s would require
temperature measurements accurate to about 0,01°C and salinity to 0.03%~,

*0)114 ~ ~o/ unu.La ha6 been evaluciled a.t P = 1.

3
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TABLE I
SOUND SPEED AT ATMOSPHERI C PRESS URE

S (%.) 
___________t (‘C)

05. 20%, 30%. 35~, 38~, 40%,

1402.27 1429.03 1442.41 1449.10 1453.11 1455.79

02.39 29.14 42.45 49.14 - 55.85
02.39 29 .17 42 .48 49.15 — 55.84
02.39 29.03 42.39 49.08 - 55.78

- 42.32 49.06 — 55.80

02.44 28.72 42.36 49 .30 - 56 .34

1426.02 1451 53 1464.28 1470.66 1474.49 1477 ,04
26.16 51.67 64.36 70.73 — 77 .12

5’ 26.15 51.63 64 .31 70.70 — 77.12
26.10 51 .51 64.26 70 .64 — 77 .03- - 64.30 70.68 - 77.06
26.13 51 .28 64.36 7 1 .02 - 77 .78

1447d 7 1471 .53 1483.71 1489.80 1493 ,46 1495.89

47 .27 71 .64 83.74 89.82 - 95 .93
10’ 47 .24 7 1 .57 83.68 89.79 - 95.94

47.22 71 .50 83.68 89.78 - 95.89
- - 83.65 89.80 - 95.93

47,47 71 .49 84 .00 
- 

90.39 — 96.86

1465.90 1489.21 1500.86 1506.69 1510.18 1512 .52

65.93 89,26 00,85 06.66 - 12 .50
15’ 65.88 89.20 00.79 06.63 — 12.51

65.91 89.16 00.82 06.67 - 12 .51- - 00.73 06.65 - 12.57
66.43 89.33 01 .29 07.38 — 13 .53

1482.36 1504.72 1515 .90 1521 .49 1524 .84 1527 ,08
82.34 04.76 15 .88 21 .46 — 27.07

20’ 82.28 04.70 15 .83 2 1 .43 - 27.05

82.35 04.66 15.86 21.47 - 27,08
— - 15.82 21 ,44 — 27 .01

83.13 04,91 16.30 22.13 - 28.04

1496.72 1518.23 1528.99 1534 .37 1537.59 1539.74

96.69 18,30 29.01 34.39 - 39.79
25’ 96.62 18,25 28.97 34.34 — 39 .73

96,69 18.17 28.95 34.34 — 39 ,75
— .. 29.03 34.35 - 39 .67

97.78 18.44 29.27 34,82 — 40,46

1 509.16 1529.92 1540.30 - 1545.49 1 548.60 1550.68

09.13 30.04 40.40 45.59 — 50.8130 09.06 29.98 40.34 45.51 - 50.69

09.12 29.85 40.26 45.47 - 50.69
— - 40.33 45.52 50.65

10.75 30.29 40.56 45.83 - 51.17

1519.83 1539.94 1549.99 1555.02 1558.03 1560.05

19.81 40.10 50.14 55.18 - 60.23
35’ 19.74 40.04 50.07 55.08 - 60.09

19.79 39.87 49.95 55.00 - 60.06
— — — 55.08 - —

22.48 - - 55.59 - -

1528.89 1548.45 1558.23 1563.12 1566.06 1568.01

28.86 48.58 58.32 63.21 - 68.1240 28.80 48.54 58.29 63.17 - 68.05

28.86 48.40 5S1..20 63.12 - 68.04

- - - 64 .72 . -

1917 CHEN & MI LL E R O (13)
1975 HIL LERO 6 KUBINSE! (12) Each ~ectangtt cO’ILOii*4

o~z vaLt~t4 caLculated

~~~~ ~~~~~

1960 WI LSOB II (3)
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which are the limits that can be achie~ed in fie1d measurements
Normally, sound-speed errors of severa 1 tenths of a metre per second can
be expected to be caused by errors in the measurement of temperature and
sa 1 inity

As demonstrated by the comparisons of Tab’e 1 , Eq 4 is ~aii d c~er the
full range of salinit ies from fresh to ~ery saline water By u~~r.g 35%~as the reference salinity , it is ir, a part icu 1a~1y i~sefu~ form when
deal ing with the deep oceans, for which the salin ity is c Lose to that
va l ue. For the Mediterranean Sea , however , it is usefu l to ~ e 38%~ as
the reference salinity and 15°C as the reference temperature With
these values , Eq. 4 transforms into :

Ca = 1510 18 + 3-133(t-l5) — 0 0414(t--15)2

+ 2.2 x lO”(t—l5)~ + l 166(S-.38) [Eq 5j

- O,OlO (t—15)(S—38)

It is apparent that sound speeds in the Mediterranean generally exceed
1500 rn/s.

2 DEPENDENCE of SOUND SPEED ON PRESSURE

As exp ressed by Eq. 1, the speed of sound is directly a functien of the
compressibility and density of the medium , both of which quantities are
complicated functions of the pressure , temperature, an d salinity .
Equations 4 and 5 have been developed for sea water at atmospher~cpressure and are based on several Sets of recently—measured data that
agree closely The situation is less satisfactory for ~ar- iati ons with
pressure~ Wilson made measurements for fresh water [147 and sea water
[2) and included pressure terms in both his equations [2 & 3) More
recently,  Del Grosso and Mader (9] and Chen and Millero (13] have made
comprehensive measurements The latter find that their- results are in
reasonably good agreement with those of Wi l son once his data have been
corrected by about 0.5 rn/s (15) . A l l in all , discrepancies between the
various data of several tenths of a metre per second are common and
exceed a half a metre per- second for depths -of over 3000 m .

The equations published by these various investigators include as many
as twenty pressure-dependent terms , some times gi ven to as many as twe lve
significant figures . In vIew of the large discrepancies between the
experimental data , wherein results are certainly not valid to better
than 0 1 m/s, the burdening of computationa l fadlities with any of
these equations Is clearly not warranted

S



Usi ng a weighted average cf t i’ie re - .u’t s of ~eferer,~e~. ~~ , ì&, and li,

~ ‘s found that the pre scure_dependence of the souna speed car be
represented b,) an equation having or- ’y s i x te’ms :

C p = 0 1592P + 1 25 X 10 P~

~ 2 - 0  x 10~~tP - 7 5 x ‘
~O tP [Eq 6]

~ 2.0 ~ 1O~~(S-35jP - 2 4 x

where P 15 gauge pressure in kg/cm~ i h s  equat1on gi~es cuff ~cient1yaccurate results for the fuM ‘arge ~~ tempe ratures , so ’ in~~ie~ , and
pressures found i~~ actua l seas and ocean’

Table 2 compares the value s- f~~r the pr e5s ~”e term C8 ’
~Cu l8ted using

Eq 6 w”th those publ’shed f0r c ompa~ab~e :cnd~tions ~r references i,
~o and 13 It is apparent that Eq 6 agrees quite we 11 w ’th the
results of Chen and M i1i e~o, being or’’y shght ’

~y l ower to account for
the l ower- values found by Wilson ara Del Grosso The masi rnum discrep-
ancy between the various values increases approximate l y line ar l y wIth
depth to about 3000 m , being about 0 03 mi s at ‘00 m , 0 1 m~s at 300 m ,and 0 3 m’s at 1000 m. ~or greate deptr’~ , the V â ”~~CuS in~estigatc.- c.
generally agree to w ithin about 0.6 rri :

Equa tion 6, as it stands , is e~p ecia i 1 y ~imp
1 e to ~~ in the At~ar~ticand Pac ific Oceans, for which the sa~i rity is close t~ 35%~ and the

temperature at great depths is under 5cC The Med iter~arean Sea , on the
other hand, is characterized by salini t ies of close tc 38%~ arid tempera-
tures above 12BC . For use with Med iterfane ar aata , a more suitab ’ e fc’~ris:

Cp 0~1630P + 2 0  x. lO ”” (t~ l5 ) P

— 7.5 x 1Q
7
(t~ l5)P2 [Eq 7]

of which , generally, only the f i rst  te’m is needed

3 DEPENDENCE OF SOUND SPEED ON DEPTH

Acoustic propagation calculat ions require the scund-speed proflle, which
is the sound speed as a function o~ de~t~ ~or this reason it is
necessary to express the pressure in te rms of depth and then so 1-v e for
the depth as a function of pressure , Ex press ic ,nc for depth can then be
substituted into Eqs. 6 arid 7 to obta ’n formu l ae fo~ Sound speed as afunction of depth.

The actual relationship of pressure to depth i 5  very complex , requ iring
the so!ution of an integra l equat icri Le’oy j

~~) de~eloped ~ fl appro~ i~mate formula that has been adopted by many other ~n est ato r - ~4 1 S
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TABL E 2

DEPENDENCE OF SOUND SPEED ON PRESSURE

(S = 35%~)

P t (°C) 
__________ __________

(kg/c m 2) 0 5 10 15 20 25

1.593 1.60 1.61 1.62 1.53 1.64
10 1.605 1.61 1.615 1.62 1.63 1.64

1.57 1.58 1.59 1.605 1.60 1 .E~1.605 1.60 1.595 1.595 1.60 1.61

3.19 3.21 3.23 3.25 3.26 3,23
20 3.21 3.22 3.23 3.24 3.26 3.23

3.14 ~.155 3.19 3.21 3J9 3.15
3.21 3.20 3.19 3.19 3.20 3.22

4.79 4.82 4.84 4.87 4.90 4 .92
30 4.81 4.83 4.85 4.87 4 .90 4.93

4.71 4.73 4.79 4 .82 4.80 4.8
4.82 4.80 4.79 4 .79 4.81 4 .84

7.99 8.03 8.07 8.11 8.15 8.20
50 8.02 8 .C5 8.07 8. 10 8.15 8.21

7.88 7.91 7 .38 8.03 7 .98 -

8.0 4 8.00 7 .98 7 .98 8.0 1 8.06

16.05 16.1 1 16.17 16.23 16.33 16.37
100 16.07 1D .1 5  16.20 16. 26 16.34 16.43

15.85 15.89 16.02 16.09 16.0
16 . 13 16.05 16.02 16.00 16.05 16.14

32.34 32.39 32.44 32.49 32.54 —

200 32. 46 32 .~~ 32.50 32.54 32.64
32.085 32.07 32.23 32.26 32.2

_________- 
32.49 32.30 32.20 32.15 32.23 —

48.88 48.84 48.8 48.77 -

300 49.13 49.0 48.9 48.85 - —
48.65 48.5 48.6 48.5 - —
49.07 48.75 48.5 48.4 — -

65.68 65.48 65.28 65.08 - —
400 66.03 65.7 65.4 65.2 -

65.50 65.15 65.1 64.85 — —
65.89 65.4 65.0 64.8 -

82.72 82.3 81.85 81.4 - —
500 83.15 82.5 82.0 81.6 —

82.58 81.95 81.7 81.2 ROSS Eq. 6
82.93 82.25 81.7 81.4

__________ __________ ___________ ___________ ___________ - 
CHEN & M ILLERU [13]

100.02 99.3 98.5 97.8 DEL GROSSO [10]
600 100.04 99.5 98.65 98.0 WILSON II (3)

99.85 98.85 98.3 - -
100.2 99.3 98.5 97.9 — —
135.35 133.75 132.15 130.6 —

800 135.35 133.65 132.25 130.9 — —
134.75 132.9 - 131 .7 — — —
135.2 133.6 132.1 130.8 - 

—7



equat’on s:

P 0 ‘~O25O6 (i * O,OO528sin~~) ‘ ‘ 0 2524c’, [Eq 8]

~re’e 2 ‘S  depth in metres ,

~ s depth n k i o’retres ,

~ is the ~atitude

FO r m ’d-~ati tu des , Eq . 8 can be c ose ly reprecented by:

P r 0 )0268z 0 2524~~ 0 10268(1 + 4~ -)z. [Eq 9]

Inver t thg Eq 9, one can then express the depth in terms of the pressure
by.

z 9 74P -- 2 2 x ~O P ’ . [Eq 10]

A more accurate formula , in’~c1.irg the lat itude , is g iven by Bisset ard
Berman [16~ 

.~rd may be w r it t en :

2 —-- ----— --
~~~~

--
~
-
~~~~~

— — —  - 2~O7 i O P ~, [Eq 11 3
O OO53 s i n’~

where P ‘s ‘n kg/cm ’ gauge ,

v ew o~ the state of our knowledge of the dependence of sound speedon pressure “t 1S aaequate to uSe Eqs 9 and 10 to convert between
pressure and depth Subst itut ing Eq. 9 into Eq 6, the resu ltant
ex pre cc~ on b r  the depth dependence of sound speed can be represented
by:

c
~ 

0 01635z 1 75 x 1 O z ~
- 2 05 lO tz - 8~ x lO ”~ tz [Eq 12]

* 2 05 x 10~~(S-35)z - 255 x ~O
9(S~35 )z 2 .

S~m ’lar 1 y, ~o” the Mediterranean , Eq 7 becomes:

c2 O O !673z * 4 5 x l O z ~

+ 2 05 x 10
5
(t-15)z - 8 0 x 10~~(t~~5) z 2 , [Eq. 13]

wh ic h for mcst purposes can be represented with suf fic’ent accuraLy
simp ly by:

0.0168z, [Eq 14]

8
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CONCLUS ONS

Recently pub 1~shed data on the speed of Sound in sea water by Del Grosso
and Mi llero and the’r co--workers confirm that equations based on data
published by W i lson around 1960 co nta in sign ’ficant errors However ,
while these recent nve stigato rs obta’n ‘esults in close agreement for
valu es at sea level , their data d’verge for h’gh pressures Each of the
groups has used computer curve fitt’rg to obta~ri formulae involv ing
upwards of twenty terms , calculate d to many significant figures , to
represent their data . The present in~estigati ori finds that the SOurid
speed can be calculated from the temperature , salinity , and pressure by
formulae hav ing rio more than thirteen terms , none of wh ich is specified
to more than five significant figures

The approach taken has been to fit the publ ished data for sea— level
sound speeds with an equation that represents var’ations with tempera-
ture and saIin~ty to within 0 1  m~s over the ent ire range from OC to
40CC and from 0%~ to 4O%~ it ‘s shown in Table 1 tha t Eq 4 satisfies
this requirement A second equation was developed to account for the
dependence of Sound speed on pressure . This equation , Eq 6, has only
si, terms and gives results that agree with the mean of the various data
sets better than they agree with each other For ir vestigators requ ir ’ng
sound speed as a function cf depth, rather tha n press u re , a fo rmu la
given by Leroy has been used to ron.e v t Eq 6 to an equi valent one ~nterms of depth , name ly Eq 12 Thus , the c omp 1 ete e*presslon for the
Soun d speed as a function of all of the var iab~es ‘s given by Eq 4
toge ther with e1ther Eq 6 or Eq 12

Equa tions 4, 6 and 12 have been developed us rig 0CC aro 35% as reference
values of tempe rature and sa lin ity , as was done by W i lson Th is ‘s a
particu~arl y good choice for w ok in the deep oc eans , for wh ich the
sa linity ~s close to 35%~ and the temperature is •1roey 5CC at depth
The Mediterranean Sea , on the othe’ hard , i~~ bet ter represented by
formulae using 15CC and 38%~ as the reference va l ues A separate set of
equa tions (Eqs 5, 7 and 1 3) have been der ved for use when worki ng in
the Med iterranean ,

The equations developed in the present report ar~ for ca lcu 1a t ’u’g Sound
speed from independent measurements of temperatu re , salinity , and
pressure or depth. In v iew of the accuracies of the sound-speed formulae
and of the data on wh ich they are based , ~t is: clea r that the oceano-
graphic measurements need to be only sufficientl y accu ’~ te as to not
cause additional errors. Thus , nea r the surface it is worthwhi l e to
measure temperature to O .Ol C and salin it y to 0 O2%~ . However , for
depths in excess of a few hundred metres , er rors of twice this amount
are tolerab le , and for depths In excess 0f 1000 m , temperature need be
known onl y to 0 05CC and salinity on 1 y to 0 l%~

9
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