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ABSTRACT 

The P-V-T properties of seawater calculated fr om the sound deri ved equati on of state of 
Wang and Millero (1973) 

PV O 
VO- ~ P = B+A, P +A2 P2 

(where VO and VP are the specifi c volumes at one atmosphere and pressure P, V~ is the 
specific volume of pure water at one atmosphere; B, A1 and A2 are empirical constants) are 
compared with the data of various workers. The equation of state was derived from the 
velocity of sound data of Wilson (1960b). Using the velocity of sound data of Del Grosso and 
Mader (1972), another equation of state was deri ved in the same form. The maximum 
absolute di fference over the oceanographic range between the velociti es of sound for the 
two sets of workers is 1.77 m/sec at 37°/0-0, 5°C and rnoo bars pressure. Below 5°C the devia-
tions remain large, especially at the higher pressures. A t temperatures above 5°C the agree-
ment is within the 0.3 m/sec standard deviation of Wil son's equation (after the two sets of 
data were shifted to agree at one atmosphere). T he sound-derived P-V-T properti es are in 
excellent agreement over the oceanographic range except at low temperatures. The sound-
derived specifi c volumes agree to within ± 35 x rn-6 cml g- 1, the compressibilitie s agree to 
within ±o.064x rn-6bar-1, and the expansibiliti es agree to with in ± r.8 x 10-6deg- 1 • Since 
the sound velocities of Del Grosso and M ader are not consistent with the direct experi-
mental P-V-T measurements of Emmet and Mill ero (1974), Bradshaw and Schleicher (1973) 
and Chen and Mille ro (1974), we favor the equation of state deri ved fr om the sound velocity 
data of Wilson. P-V-T data calculated fr om this equation of state are compared to the results 
of Ekman (1908), Crease (1962), Newton and Kennedy (1965), Li (1 967), Wil son and 
Bradley (1968), Bradshaw and Schleicher (1970), Lepple and Mill ero (1971), Bradshaw and 
Schleicher (1973), Duedall and Paulowich (1973), Emmet and Mill ero (1974), and Chen and 
M ill ero (1974). Our equation of state is precise in compressibi l ity to wi thin ±0.01 x 10- 6 
bar- 1, in specifi c volume to wit hin ± 10 x ro-6cml g- 1, in expansibilit y to within ± 2 x 10-6 
deg-,, and should therefore be used to obtain the most reli able P-V-T properti es of seawater. 
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1. Historical introduction 

In recent years a great deal of controversy has centered on the P-V-T prop-
erties of seawater. The presently used equation of state for seawater (which is 
an analytical expression of the P-V-T properties) was based on the one atmos-
phere densities of Knudsen ( I 90 I) and the high pressure compressibilities of 
Ekman (1908). Recent work (Cox et al., 1970; Kremling, 1972; Millero and 
Lepple, 1973) showed that the one atmosphere densities are accurate to within 
1 o x 10-6 g/cm3. The major controversy involved the effect of pressure on the 
P-V-T properties of seawater and the subsequent representation of this pressure 
effect by various equations of state. In this section, we briefly review work done 
on the high pressure P-V-T properties of seawater and the resulting equations 
of state of liquids (including seawater). 

Many of the currently used equations of state are based on the Tait ( I 888) 
equation. This equation was derived to represent the P-V-T properties of pure 
water 

or rearranged 

po_ pp _A 
k = ~ ~ = - -pop n+P 

.A pP = po_ pop _ _ 
n+P 

(1) 

( Ia) 

po and PP are, respectively, the specific volumes at zero (one atmosphere) and 
P applied pressure, A is a constant, and n is a function of temperature. The 
term k is the secant compressibility. This was referred to by Tait and others 
(Ekman, 1908) as the average or mean compressibility. Using seawater samples 
from the HMS CHALLENGER expedition, Tait measured the secant com-
pression (average compressibility) of seawater. 

Hayward (1967) revealed that most authors in the last sixty years used the 
Tait equation in, what we shall refer to as, the misquoted form 

I (f) PP) C 
- po a P T - B + P 

or integrated 

(2a) 

In equations (2) and (2a), C is a constant, Bis a function of temperature and 
(f/0 - PP)/P of the original Tait equation was replaced by -(fJPP/fJP). 

As researched by Hayward (1967), the earliest occurrence of the use of the 
misquoted Tait equation was found in a book published by Tamman in 1907. 
We understand the history of misuse, since in the low pressure range (below 
500 bars) that concerns the majority of workers, a plot of (PO- PP)/PO vs 
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pressure will give nearly a straight line. Therefore, (f/O - f/P) /P will be almost 
equal to the negative of the slope (fJf/P/fJP). 

Shortly after Tait, Ekman (1908) measured the secant compression (or mean 
compressibility) of seawater at 31.13 and 38.53°/00 salinity. He made his 
measurements relative to the o°C compression data for pure water (kw) of 
Amagat ( 1893). Hi s measurements covered the range of o to 20°C and o to 
600 bars pressure. Ekman fitted his results to an equation of the form 

(k - kw) = a+ bt+ct2 + dtLP(e+ft+ht2)+lP 2 t (3) 

in which t is the temperature in degrees centigrade, P is the pressure, and a 
through / are constants. l\,1uch of the present controversy surrounding the 
equati on of state involves the work of Ekman. Many modern oceanographers 
examined hi data and their results will be discussed throughout the paper. 

At the same time as Ekman measured the compression of seawater, the 
Tumlirz ( 1 909) equation was deri ved 

(f/P-B)(P + D) = A (4) 

in which B, D, and A are temperature dependent constants. Equation (4) was 
used by Eckart ( 1958) to fitthe data of several workers (Amagat, 1893); Ekman 
1908; Bridgman, 1913; Gibson and Loeffl er, 1941; and Kennedy, 1957). 
He obtained results that were accurate to only± 2oox 10-6cm3g- 1 in specific 
volume. 

The Tumlirz equation (4) is actually a rearrangement of the Tait equation 
(1). This becomes apparent by realizing in equation (4), that at P = o bars 
(one atmosphere absolute pressure) B = f/0 - AjD. Then solving equation (4) 
for f/P and substituting the value for B at P = o, we have 

f/P = (vo -i) + - A-
D P+D 

Finding a common denominator and adding the two terms in equation (4a) 
that are involved with A results in 

,t p 
f/P = f/0- _ _ _ 

DP + D 

By comparing this equation with (1a), it is clear that if Di s equated ton and 
J../D = Ajn equated to .Af/O, the Tumlirz equation becomes equivalent to the 
original T ait equation. . 

Using the Tumlirz equation, Wil son and Brad~ey (1968) fitted th: •r_meas-
urements of the specific volume of seawater with a standard dev1at1on of 
130 x 10- 6cm3gm-1. Employing a modified form of the Tumlirz equation, 
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Fisher and Dial ( 1968) fitted the same data of Wilson and Bradley to within 
70 x 10-6cm3g- 1. Wilson and Bradley estimated their experimental data to be 
six times more precise than the data represented by their equation. Although the 
P-V-T data of Wilson and Bradley are in fair agreement with the work of 
N ewton and Kennedy (1965), their results are in poor agreement with all of 
the recent studies (Lepple and Millero, I 971; Emmet and Millero, 1974; 
Bradshaw and Schleicher, 1970; and Wang and Millero, 1973-as will be 
shown later in the paper). 

Newton and Kennedy (1965) measured the specific volume of seawater 
under pressure (o to 1300 bars), from o to 25°C with a precision of 7ox 
1 o-6cm3g-1. The comparisons of their specific volume data with other workers 
(Knudsen, 1901; Ekman, 1908; Crease, 1962)indicated(tothem)thatasyste-
matic difference of up to 500 x 10- 6cm3g-1 occurred at the highest pressures. 

In 1935, Gibson extended the misquoted T ait equation to solutions. He 
derived what is referred to as the T ait-Gibson equation 

(
f)VP) C' X, 

- fJP T = B*+P (5) 

or integrated 
VP= 170_ X,C' ln[(B* +P)/B*] (5a) 

X , is the weight fraction of solvent, C' is a constant, and B·lf is a function of 
temperature and concentration. 

Rearrangement of the Tait-Gibson equati on gives 

1 /(fJf/P/fJP) = a+ bP (6) 

in which a = - B*/C' X, and b = - 1/C' X, in equati on (5). Differentiation of 
the Tait equati on (1a) with respect to pressure gives 

1/(fJVP/fJP) = a' + b'P+ c'P2 (7) 

where a' = - n/ 17° .A, b' = - 2/ 17° .A, and c' = - 1 / 170 .An in equation ( 1 ). Better 
results were obtained from fitting the sound-derived seawater data of Wil son 
(1960b) to equation (7) than to equation (6). For example, (Figure 1) at 35°/oo 
and o°C, the maximum deviation of the fitt ed sound data is 1.068x 102 bar -
g/cm3 for the linear equation (6 ), and 1. 1 bar - g/cm3 for the quadratic equation 
(7). These differences are equivalent to deviations of approximately 0.2 x 10-6 
bar-1 and 0.002 x 10- 6bar-1, respectively, in compressibility . Compressibility is 
the negati ve reciprocal of the specific volume times the partial derivative of the 
specifi c volume with respect to pressure [(/1 = - 1/VP(fJVP/fJP)T]. 

Li (1967) derived equations in the T ait-Gibson form from both compressi-
bi lit y and sound velocity data 

VP= 170_ (1 - S x 10- 3) x C' log [(B + P)/B] (8) 
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in which S is the salinity in parts per 
thousand (0/oo), C' is a constant, and 
B is a temperature and salinity de-
pendent function. Although the B 
parameter should be independent of 
pressure, it actually does vary with 
pressure. This is evident, since 
neither the P-V-T pure water data 
of Kell and Whalley (1965), the 
pure water sound data (Fine and 
M illero, 197 3), or the sea water 
sound data (see above), can be fitted to 
the Tait-Gibson equation (6) within 
experimental error. However, the 
specific volume data can be fitted 
to the true Tait equation (7) (Fine 
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Figure 1. Deviations of the sound-derived 
1/(fJVPffJ P) from a linear [Equation 
(6)) and quadratic [Equation (7)) equa-
tion for 350/00 S seawater at o°C from 
o to I ooo bars. 

and Millero- in press) to within ± 20 x 1 o-6cm3g-1 • 

Li examined the one atmosphere sound data for seawater of Wilson ( 1960a) 
and the directly measured values of Ekman (1908) using eq. (8). He directed 
attention to a difference at one atmosphere between the compressibility data of 
Ekman and the sound-derived data of Wilson ( 1960a). Li concluded that in 
spite of this baseline shift, the work of Ekman was internally consistent. These 
conclusions were also arrived at by Crease (1962), Bradshaw and Schleicher 
(1970) and Lepple and Millero (1971). 

Using the seawater velocity of sound equation of Wilson (1960b), Crease 
(1962) derived an equation of the form 

f7P = L At1kPtt1(S-35)k (9) 
tjk 

in which there are twenty-two coefficients Attk for the ranges: o to 6°C, o to 
1000 bars, 33 to 37°/oo; o to 30°C, 33 to 37°/oo, and o to 500 bars. The 
claimed accuracy of his equation was 3 x ro-6cm3g-1 for the specific volume. 
However, this accuracy is in doubt due to the method of derivation of the equa-
tion (Wang and Millero, 1973). Crease concluded that over most of the oceans 
basins the error in the work of Ekman was less than 30 x ro-6cm3g-1 • 

Bradshaw and Schleicher ( 1970) measured the expansibility ( o:) 

o: = 1/ f7P(fJf7P/fJT)p (Io) 

of seawater over the range - 2° to 30°C; 30.50, 35.00, and 39.50°/00; and 7 
to rooo bars. They reported a maximum uncertainty in their measurements 
of ± 3 x 1 o-6deg-1 • After comparing their data to the temperature dependence 
of the equation of Ekman, they concluded that their results were in very good 
agreement. 
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From their direct experimental measurements, Lepple and Millero ( 197 1) 
showed that although the data of Ekman is internally consistent, there is a large 
baseline shift. This shift will be discussed further in a later section. Using a 
piezometer, Lepple and Millero measured the compressibility of seawater over 
the range o to 40°/oo salinity, o to 40°C, and up to 34 bars pressure with an 
accuracy of± o.o 5 x 1 o-6bar-1• They derived a theoretical compressibility equa-
tion for seawater in terms of the apparent equivalent compressibility ('PK) and 
the compressibility of pure water (fJw) 

(11) 

Ax and Bx are temperature dependent constants related to the infinite dilution 
apparent molal compressibility (ipi) and a concentration dependent term; 
C/(0/ 0 0) is the chlorinity. They also showed that the constants, ..AK and BK, 
could be estimated for seawater from binary solution data. The resulting com-
pressibiliti es agreed with the measured values to within ± 0.07 x 10-6bar-1 over 
the entire salinity and temperature range (Millero, l 97 3). 

Hayward (1967) investigated a more useful form of the T ait equation (1) 
known as the linear secant bulk modulus (K) equation 

1 

k 

pop 
po_ PP= K = KO+ BP (12) 

This equation is a reciprocal form of the original Tait equation. This can be 
seen by letting KO = n /.A and B = 1/.A in equation (1). In equation (12), KO 
is the bulk modulus at sea level pressure ( equal to the reciprocal of the com-
pressibility, 1 / /J) and B is a function of temperature and salinity. · 

Macdonald (1969) analyzed several experimental and analytical equations 
of state. He chose the Murnaghan equati on. 

in which 'Y/ = [8(1 //3)/oP]T at P = o and (30 is the compressibility at P = o, 
as generally superi or to the misquoted T ait equation for pure water. But, he 
concluded that if the misquoted T ait equation and the Murnaghan equation 
were both expanded to second order in pressure, then the results obtained from 
both would agree. 

Recently, several workers made high pressure compressibility or den-
sity measurements for seawater. Duedall and Paulowich (1973) employed a 
bell ows-type differential compressimeter to determine the difference between 
the compressibilit y of pure water and 35 °/oo S seawater at 1 5°C and up to 
900 bars. They reported a precision of from ± 0.03 x 1 o-6 to ± 0.07 x 1 o-6 

bar-1 in their compressibili ty measurements. Emmet and Mill ero ( 197 4) meas-
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ured the density of 35°/oo seawater using a high pressure magnetic float densi-
meter (Millero, et. al., 1972). Their measurements covered the range of o to 
40°C and o to I ooo bars pressure. They reported an accuracy of 20 x I o-6 
cm3g-r in vP. Bradshaw and Schleicher (personal communication, 1973) 
determined the compression of seawater at 10°C. Combination of these com-
pression results with their earlier expansibility work ( 1970 ), enabled them to 
derive specific volumes for seawater over the entire oceanographic range. Chen 
and Millero (1974) measured the specific volume of 30, 35, and 40°/oo salinity 
seawater using a high pressure magnetic float densimeter (Millero, et. al., 1972). 
Their measurements covered the range of o to 40°C and o to I ooo bars pres-
sure. They reported an accuracy of Io x 10-6cm3g-1 • These results (Duedall 
and Paulowich, Emmet and Millero, Bradshaw and Schleicher, and Chen and 
Millero) will be discussed in a later section. 

In an attempt to resolve some of the above mentioned discrepancies and 
check the internal precision of the direct experimental measurements, Wang 
and Millero (1973) used the seawater velocity of sound data of Wilson ( 1960b) 
to determine a new equation of state in the form of the non-linear secant bulk 
modulus. 

The purpose of this paper is to compare the sound derived P-V-T properties 
of seawater with direct experimental measurements. Employing the methods of 
Wang and Millero (1973), the sound speed data of Wilson (1960b) and that 
of Del Grosso and Mader (1972) were used to derive equations of state for 
seawater. We present a comparison of these two sets of velocity of sound data. 
In addition, we compare the P-V-T properties from the equation of state 
(derived from Wilson's sound speeds) to the P-V-T data of other workers. 

2. The equation of state from sound speeds 

To achieve an accuracy of 0.01 x 10-6bar-1 in compressibility we found it 
necessary to use a second degree bulk modulus equation for our equation of 
state 

where K is the secant bulk modulus; f/O and f/P are the specific volumes (cm3 

g-1) at sea level and applied pressure P; V~ is the specific volume of pure 
water at sea level pressure; B, Ar, and A2 are functions of temperature (t in 
0 C) and salinity ( S in 0/00) defined in the appendix. Sea level absolute press~re 
of one atmosphere is equivalent to o bars of gauge pressure. Gauge or appli ed 
pressure is used in the equation of state. 

In a compressible medium, the velocity of sound (c) is related to the adiabatic 
compressibility ((Js) by the Laplace equation 
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f7P 
c'=-

/Js 

[32,3 

where fJs= -(1/f7P)(of7P/oP)s and Sis the entropy. Although this equation is 
difficult to verify by direct experimental measurements (Hayward, 1969), it 
was indirectly verified at I atm by a number of workers (Lepple and Millero, 
1971 and Bradshaw and Schleicher-personal communication). 

The adiabatic compressibility (fJs) is related to the isothermal compressibility 
via the ratio of the specific heats (Gp constant pressure and Gv constant volume) 

Therefore, by substituting the equation 

Ta2 P 
Gp= Gv---

fJ 

(Tis the absolute temperature), which was derived from the first law of ther-
modynamics, and equation ( 16) into equation ( 15) we obtain 

f7P Taz f7P 
fJ=-+ - -

C2 Gp 
or 

Thus, the compressibility (fJ) or compression (of7P/oP) can be determined from 
sound speeds, providing heat capacity, expansibility and specific volume data is 
available at P = o. Since the second terms of eqs. ( 18) and ( 19) are small com-
pared to the first terms, it is possible to determine fJ or (of7P/oP) from sound 
data by treating the correction term as a perturbation to the general equation. 
That is 

(20) 

where Lis is the adiabatic correction. 
Differentiation of our equation of state with respect to pressure gives 

(
c)f7P) l7~(B-.A2P2

) 

- aP T = (B +.ArP +.A,P2
) 2 

By combining this equation with eq. ( 19), it is possible to determine the con-
stants B, Ar, and .A2 (given in the appendix) from sound speeds using the in-
terative computer technique developed by Wang and Millero (1973). To effect 
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this interative technique, we used 
the pure water specific volume and 
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,,,.. compressibilit y data of Kell (1967, 
1970); the one atmosphere seawater 
specific volumes from the Knudsen 
sigma-t\ (1901), as formulated in 
an equation by Fofonoff (1962)-
Sweers ( 197 1); the speci fie heats 
of Cox and Smith (1959) or Millero, 
et. al. (1973); and then the velocity 
of sound data from Wilson ( I 960b ). 
The heat capacities at higher pres-
sures, which were needed in this 
interative method, were calculated 
from the thermodynamic relationship 

0 200 .dOO 600 800 1000 
PRESSURE IN BARS(APPLIED) 

Figure 2. A comparison of the velocities of sound 
measurements of Wilson with those of 
Del Grosso and Mader for 33 and 
35°/oo s seawater at 4°C from O to 
1000 bars. 

Cp(P) = Cp(o)- T J: (a2 VP/iff2)dP (22) 

The accuracy or convergence in compressibility was achieved with a maximum 
deviation of less than ± 0.01 x 10-6bar-1 over the real oceanographic range. 
(For a detailed description of the derivation, see Wang and Millero). 

Equation (14) can be used to calculate the P-V-T properties of seawater 
over the entire oceanographic range. The specific volume at any pressure, P, 
was calculated from 

f/P= vo-vg,PJ(B+ArP + A2P2 ) 

Equation (23) was differentiated with respect to temperature to give the ex-
pansibility 

1 (aVP) 1 (avo) P(avg,;aT) 
a - f7P ar p - VP ar VP(B +A, P +A,P') + 

p vo (aBJaT) + P (a.Ar /aT) + P2 (a.A2JaT) 
w f7P(B+ArP+.A,P2)2 l 

and differentiated with respect to pressure to give the compressibility 

1 (avp) vg, (B -A,P') 
f3 = - f7P aP T = VP(B +Ar P +A2P2 )2 

The VP, a, and f3 for 35°/0 0 salinity seawater generated from equations (23), 
(24), and (25), respectively, are given in Tables I, II, and III. Some of the 
many uses of these parameters to oceanographers are in the calculation of the. 
stabilization frequency, the dynamic depth parameter, the adiabatic lapse rate, 
the velocity of sound, etc. 
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Table I. The specifi c volume of 35 °/oo salinity seawater at various temper-
atures and pressures calculated from the sound-derived equation of state. 

V(cm3g- 1) 

P. Bars 0°C 5°C 10°c 15°C 20°c 25°C 30°c 

o ... 0.972669 0.973076 0.973764 0.974695 0.975844 0.977198 0.978743 
100 . . . 0.968233 0.968758 0.969539 0.970543 0.971748 0.973139 0.974710 
200 . .. 0.963933 0.964567 0.965436 0.966508 0.967765 0.969193 0.970789 
300 . .. 0.959762 0.960498 0.961449 0.962586 0.963892 0.965356 0.966975 
400 . .. 0.955715 0.956547 0.957575 0.958773 0.960125 0.961623 0.963266 
500 . .. 0.951788 0.952708 0.953808 0.955063 0.956459 0.957991 0.959657 
600 . .. 0.947975 0.948977 0.950144 0.951453 0.952892 0.954455 0.956145 
700 ... 0.944272 0.945351 0.946580 0.947939 0.949418 0.951013 0.952726 
800 ... 0.940675 0.941824 0.943111 0.944518 0.946035 0.947660 0.949397 
900 . .. 0.937180 0.938393 0.939734 0.941186 0.942740 0.944394 0.946155 

1000 .. . 0.933782 0.935055 0.936446 0.937941 0.939529 0.941212 0.942997 

Table II. The expansibility of 35 °/oo salinity seawater at various temperatures 
and pressures calculated from the sound-derived equation of state. 

J06,x, deg-• 
P, Bars 0°C 5°C 10°c 15°C 20°c 25°C 30°c 

0 . . . 51.52 I 13.91 167.22 214.21 256.92 296.82 335.03 
100 .. . 78.79 136.13 185.03 228.19 267.54 304.56 340.37 
200 .. . 104.43 157.10 201.93 241.52 277.75 312.09 345.68 
300 . .. 128.50 176.87 217.95 254.23 287.58 319.45 350.99 
400 . . . ISi.Si 195.51 233.14 266.37 297.07 326.66 356.33 
500 . . . 172.17 213.05 247.52 277.97 306.23 333.74 36!. 71 
600 . . . 191.88 229.53 261.14 289.06 315.09 340.72 367.l 7 
700 .. . 210.25 245.00 274.03 299.66 323.69 347.63 372.72 
800 . . . 227.31 259.50 286.22 309.80 332.05 354.48 378.38 
900 .. . 243.13 273.05 397.75 319.51 340.17 361.29 384.17 

1000 . . . 257.73 285.71 308.63 328.80 348.10 368.07 390.10 

Table III. The compressibility of 35°/oo salinity seawater at various temper-
atures and pressures calculated from the sound-deri ved equati on of state. 

J06fJ, bar-• 
P, Bars 0°C 5°C 10°c 15°C 20°C 25°C 30°c 

o . . . 46.326 45.055 44.029 43.216 45.590 42.124 41.796 
100 .. . 45.109 43.911 42.940 42.168 41.568 41.119 40.797 
200 ... 43.935 42.808 41.889 41.154 40.580 40.146 39.829 
300 . .. 42.802 41.742 40.874 40.175 39.625 39.204 38.891 
400 . . . 41.709 40.713 39.894 39.229 38.701 38.291 37.981 
500 . . . 40.653 39.719 38.946 38.314 37.807 37.407 37.098 
600 .. . 39.632 38.759 38.030 37.429 36.941 36.551 36.241 
700 ... 38.646 37.830 37.143 36.572 36.102 35.720 35.410 
800 . . . 37.692 36.932 36.286 35.743 35.290 34.915 34.602 
900 . . . 36.769 36.063 35.456 34.940 34.503 34.133 33.818 

1000 .. . 35.877 35.221 34.652 34.161 33.739 33.375 33.057 
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Figure 3. A comparison of the normalized (to 
I atm) velocit ies of sound measure-
ments of Wil son with those of Del 
Grosso and Mader for 35°/oo S sea-
water at 5 and I 5°C from o to IOOO 
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P(bars) 

Figure 4. A contour diagram of the differences 
in the compressibilitie s obtained fr om 
our results (Wil son) and the data of 
Del Grosso and Mader for 3 5 °/00 S 
seawater from o to 30°C and o to 
1000 bars (unit of contour is 10-G 

bar- 1). The broken line indicates the 
oceanographic range. 

Recent high pressure velocity of sound measurements were published 
by Del Grosso and Mader (1972). Their measurements cover the range of 33 
to 38 °/oo S, o to I 5°C and o to l000 bars. W e also used their sound data 
(T able VI of their paper) to derive an equation of state of the same form as 
equation (14). The equation has an accuracy of ± 0.02 x 10- 6bar- 1 in compres-
sibility. The constants B, .A,, and .A2 are given in the appendix. 

Del Grosso and M ader claimed an accuracy in their sound measurements of 
± 0.05 m/sec as compared to approximately ± 0.20 m/sec achieved by Wil son; 
their standard deviations were, respectively, 0.044 and 0.3 m/sec. Even if there 
was an error of 0.3 m/sec in sound velocity, this would result in an error of 
approximately 0.01 x 10-6bar-1 in compressibility . An error of this size is 
several times small er than the accuracy achieved by the best direct experimental 
measurements in compressibilit y. In Figure 2 the velocity of sound measure-
ments of Wil son ( 1960b) and those of Del Grosso and Mader (Table VI, 
1972) are compared. This compari son is at 4°C, 33°/oo and 35°/oo salini ty. The 
maximum deviation of 1.77 m/sec was found at 37°/oo salinity, 5°C, and 1000 
bars. This difference corresponds to an error in compressibility of approximately 
0.07 x 10-6bar- 1• The effect of pressure on the sound velociti es of Wil son and 
Del Grosso and M ader is shown in Figure 3. This comparison was made by 
subtracting the one atmosphere values from those obtained at higher pressures. 
The one atmosphere sound velociti es of Wil son and Del Grosso (1970) were 
shown by a number of workers (Carnavale, et. al., 1968; Del Grosso, 1970; 
Mackenzie, 19 7 1) to disagree by as much as o. 6 m/sec. The compari sons in 
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Figure 5. A contour diagram of the differences 
in the specific volumes obtained from 
our results (Wilson) and the data of 
Del Grosso and Mader for 35°/oo S 
seawater from o to 30° C and o to 
1000 bars (unit of contour is 10-6 

cm3g- 1) . The broken line indicates the 
oceanographic range. 
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Figure 6. A contour diagram of the differences 
in the expansibiliti es obtained from 
our results (Wil son) and the data of 
Del Grosso and Mader for 350/00 S 
seawater from o to 30° C and o to 
1000 bars (unit of contour is 10 -6 

deg-1) . The broken line indicates the 
oceanographic range. 

Figure 3 show that above 5°C, at all the saliniti es in the range of both their 
measurements, the differences are less than 0.3 m/sec (which is the standard 
deviation of the equation of Wil son). At temperatures of 5°C and below, how-
ever, the discrepancies are larger than 0.3 m/sec (maximum is 1.26 m/sec or 
0.05 x 10-6bar- 1 in /3). We are presently making high pressure sound velocity 
measurements on seawater in an attempt to clear up this discrepancy. 

Using a contour diagram, Figure 4 shows the differences in compressibiliti es 
at 35 °/oo salinity determined from the sound data. The data for this figure is 
from the two equations of state which we derived. The dotted line indicates 
the boundary for the oceanographic range. The differences displayed in this 
figure were normalized to agree at one atmosphere, and over most of the oce-
anographic range are within the accuracy of the equations of state ( ± 0.02 x 
10-6bar-1). It should be pointed out that the larger deviations occurring at the 
higher temperatures, even at low pressures, are due to the use of the equation 
of Del Grosso and Mader outside of the range of their measurements (their 
high pressure sound data is only valid to 15°C). For example, at 35°/oo, 30°C 
and 400 bars the difference between the velocities of sound of Del Grosso and 
Mader and Wil son is 5.08 m/sec. As shown in Figure 4, this gives a large com-
pressibility difference (0.23 x 10-6bar-1). When discussing our comparisons, we 
only consider the data within the range of Del Grosso and Mader's measure-
ments (i.e., below I 5°C). 

The difference between the specific volumes obtained from the two equa-
tions of state are examined in Figure 5. At zero bars pressure, both equations 
use the Knudsen densities causing ,1170 to be equal to zero. The maximum 
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Figure 7. A contour diagram of the differences 
in the specific volumes obtained from 
our results and the data of Crease for 
35°/oo S seawater from o to 25°C and 
o to 1000 bars (uni t of contour is 
2 x 10-6cm3g-•). T he broken li ne in-
dicates the oceanographic range. 
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Figure 8. A contour diagram of the differences 
in the specific volumes obtained from 
our results and the data of Li for 
3 5 °/00 S seawater from o to 20°C and 
o to 1000 bars (unit of contour is 
20 x I0 -6cm3g-1). The broken lin e 
indicates the oceanographic range. 

deviation found in the range of both equations was 35 x 1 o-6cm3g-1 occuring 
at 37 °/oo, o°C, and 1000 bars. In Figure 6 the expansibilities derived from the 
equations of state are compared. Over most of the oceanographic range, the 
agreement is excell ent (within ± 1 x 1 o-6deg-1). These results point out the 
insensiti vity of high pressure expansibilities to compressibility errors. 

Crease (1962) and Li (1967) also derived equations of state for seawater 
from W ilson's sound data. The specifi c volumes, compressibilities, and expan-
sibiliti es calculated from these equations were compared to our sound-derived 
data (Wilson, I 960b ). I n Figures 7 and 8 the specific volumes for 35 °/oo salin-
ity at various temperatures and pressures are compared. Over most of the oce-
anographic range our specific volume results agree with those of Crease to 
within ± 4 x 1 o-6cm3g- 1 • The results of Li show larger deviations (maximum 
to 16o x 10-6cm3g-1) . As discussed elsewhere (Wang and Mill ero, 1973), al-
though Crease reported an error of 3 x ro- 6cm3g- 1 in his derived specific 
volumes, this error is in doubt due to the method used by him to determine his 
equation. Wang and Mill ero also showed that except at one atmosphere, the 
compressibiliti es derived from the equati on of Li were in poor agreement (0.2 
x 10-6bar-1) with those derived from equation (25). These differences were 
caused by the use of only I atm. sound data, and the failure of Li' s equation of 
state (i.e., the T ait-Gibson equation). The compressibiliti es from the equation 
of Crease are in excell ent agreement with ours in the low and middle pressure 
range. Differences of up to 0.06 x 1 o-6bar-1 occur at I ooo bars, o°C, and 
35°/00 salinity. At the low saliniti es (30°/oo) the deviations are much greater 
(up to o. I 3 x ro-6bar-1). The expansibiliti es of Crease are in good agreement 
with ours at 35 °/0 0 salinit y. At low saliniti es the deviations are larger (up to 



'Journal of Marine Research [32,3 

10 x 10-6deg-1). For the expansibiliti es calculated from the equation of Li, 
large deviations are found over the entire oceanographic range. 

In the next section, we compare the sound-derived P-V-T data to the direct 
measurements of various workers. When doing this, we concern ourselves only 
with the equation of state derived from the data of Wilson (1960b). We con-
sider the pressure dependence of Wil son's data to be more reliable than that of 
Del Grosso and Mader (see Tables IV, V and VI). This is because of the 
excell ent agreement of the seawater specific volumes derived from Wilson with 
the direct experimental measurements (Emmet and Mill ero, 1974; Bradshaw 
and Schleicher-personal communication, I 97 3; and Chen and Millero, 1974). 
T wo of these sets of measurements (Emmet and Mill ero; Chen and Mill ero) 
were calibrated with the pure water equation of state of Fine and Millero 
(1973). That equation was derived from the sound data of Wilson (1959). The 
agreement of the sound-derived and direct experimental data shows the good 
internal consistency of the sound data of Wilson. 

3. Comparisons with direct measurements 

In this section we compare the P-V-T results derived from our seawater 
equation of state [ from the sound velocity data of Wilson ( I 960b )] to that of 
other workers. Since we used the one atmosphere density data of Knudsen 
(Sweers, 1971 ), in this paper we are only examining the pressure effect on the 
sound-derived P-V-T data. Therefore, the differences found at one atmos-
phere are due to compari sons between the data of Knudsen and that of the 

Table IV. Comparisons of the specific volumes obtained by various workers 
for 30°/oo salinity seawater at o°C. 

IQ6LJ V, cmJg-1 
P, Bar a b C d e f 

0 . ........... 0 0 - 6 53 0 0 
100 ........ . ... 0 17 133 77 I 2 
200 ............ 2 25 66 92 - 2 4 
300 .... . ....... 3 27 131 99 0 6 
400 . .. ... . ..... 5 27 23 IOI -I 8 
500 ........ .... 7 25 238 97 - 4 9 
600 .... . ....... 9 26 270 89 - 6 8 
700 ..... . ...... II 28 214 78 - 9 6 
800 .. . ......... 12 36 267 63 -II 2 
900 ... ....... .. 12 50 324 47 -II - 7 

1000 .. . ......... 12 72 280 30 - 9 -17 
a) V (our results) - V (Del Grosso and Mader) 
b) V (our results) - V (Ekman) 
c) V (our result s) - V (Newton and Kennedy) 
d) V (our results) - V (Wi lson and Bradley) 
e) V (our result s) - /7 (Bradshaw and Schleicher), at ro° C 
f) V (our result s) - V (Chen and Millero) 
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Table V. Comparisons of the specific volumes obtained by various workers for 
35 °/oo salinity seawater at o°C. 

I06LlV, cmJg-1 
\ 

P, Bar a b C d e f g 
o .. . . . .... 0 0 77 103 0 0 0 

JOO ..... .. •. 2 18 84 131 3 0 9 
200 ....... .. 4 28 82 149 6 I 14 
300 .. . .. . .. . 6 32 98 159 6 2 15 
400 . . ... . ... 8 33 62 163 6 3 13 
500 . .. .. .... 11 33 33 160 5 4 9 
600 ....... .. 14 34 19 152 4 5 5 
700 ... . .. . .. 17 38 16 140 3 5 1 
800 ... . . . ... 21 48 117 124 3 3 - 2 
900 .. . ... . . . 24 64 121 106 6 I --4 

1000 . . . .... . . 28 89 122 85 9 3 - 5 
a) V (our results) - V (Del Grosso and Mader) 
b) V (our results) - V (Ekman) 
c) V (our results) - V (Newton and Kennedy) 
d) J7 (our results) - V (Wilson and Bradley) 
e) V (our results) - J7 (Bradshaw and Schleicher), at 10°C 
f) V (our result s) - V (Chen and Millero) 
g) V (our results) - V (Emmet and Millero) 

Table VI. Comparisons of the specific volumes obtained by various workers 
for 40°/oo salinity seawater at o°C. 

I06LlV, cm3g- • \ 
P, Bar a b C d e f 

0 . ..... ... . .. 0 0 84 157 0 0 
100 ... . ... .. . .. 3 20 81 188 5 -I 
200 ... ... . . .... 6 31 65 207 9 -2 
300 ............ 9 37 76 221 11 -I 
400 . ....... .. . . 13 39 107 225 12 0 
500 .... ... . .. . . 16 41 53 223 14 I 
600 ....... . . . . . 21 43 Ill 214 15 2 
700 ... . .... . .. . 26 49 76 201 16 2 
800 ... ... ...... 32* 60 143 183 19 0 
900 .......... .. 38* 79 109 162 24 - 3 

1000 . ..... . ... . . 46* 106 170 138 32 -8 

a) V (our results) - V (Del Grosso and Mader), 
• out of range of measurements of Del Grosso and Mader 

b) V (our results) - V (Ekman) 
c) V (our results) - V (Newton and Kennedy) 
d) V (our results) - V (Wilson and Bradley) 
e) V (our results) - V (Bradshaw and Schleicher), at 10°C 
f) V (our results) - V (Chen and Mille ro) 

workers in question. We estimate that the one atmosphere results of Knudsen 
are good to within 10 x 10-6g/cm3• At 1000 bars the internal precision of our 
equation of state in terms of specifi c volume is 3 x 10-6cm3g-1, the accuracy 
is 1o x10-6cm3g-1 • 
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Figure 9. A contour diagram of the differences 
in the specific volumes obtained from 
our results and the data of Ekman for 
35°/00 S seawater from o to 16°C and 
o to 1000 bars (unit of contour is 
10 x 10--6cm3g-1). The broken line 
indicates the oceanographic range. 

3a. Specific volume. 
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Figure 10. A contour diagram of the differences 
in the specific volumes obtained from 
our results and the data of Wilson 
and Bradley for 35°/oo S seawater 
from o to 30°C and o to 1000 bars 
(unit of contour is 40 x 10--<icm3g-1). 
The broken line indicates the ocean-
ographic range. 

In this section we compare the specific volumes determined from our sound-
derived equation of state to the specific volumes measured directly by various 
workers. In Tables IV, V, and VI we have a comparison of the differences in 
the specific volumes between our work, and that obtained by others for 30°/oo, 
35°/oo and 40°/oo salinity seawater at o°C and various pressures from o to 
1000 bars. The comparisons of our results, and those of Bradshaw and 
Schleicher, were made at 10°C (the temperature at which they made their 
compression measurements). 

As is apparent from these comparisons, the directly measured specific 
volumes of Ekman (1908), Newton and Kennedy (1965), and Wilson and 
Bradley (1968) do not agree with our sound-derived data; while the recent 
work of Emmet and Millero (1974), Bradshaw and Schleicher (1973), and 
Chen and Millero (1974) agree with the sound data to within± 19 x 10-6cm3 

g-1 over the entire oceanographic range. The average deviations for the latter 
three workers, respectively, are 7.0, 7.9, and 3.5 x 1O-6cm3g-1 over the entire 
salinity range. Figures 9, lo, and 1 I are a pictorial representation at 35 °/oo 
salinity of the deviations of the direct experimental data from our work. The 
contour diagrams show the poorer agreement of our results with the data of 
Ekman (Figure 9) and Wilson and Bradley (Figure 10). This is in comparison 
to the better agreement shown with the more recent data of Bradshaw and 
Schleicher (Figure 1 1 ). 

The agreement of the specific volume sound data with the work of Newton 
and Kennedy, as well as with that of Wilson and Bradley at 350/00 S would 
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be better if the data were baseline shifted at one atmosphere. If this were done, 
the maximum deviations at 35 °/oo salinity and o°C would then be 61 and 
60 x I o-6cm3g-1, respectively. The poor agreement of the sound data with that 
of Wil son and Bradley at higher 

V(OURS)-V(BRADSHAW & SCHLEICHER) 

0 
25 

20 

pressures is probably due, in part, to 
their choice of the Tumlirz equation 
(4) to represent the data. This equa-
tion employes a first order pressure 
dependence for the secant bulk mod-
ulus. From our results it is apparent 
that more than a first order pressure E 15 

relationship is necessary to achieve 
greater accuracy in the representa-
tion of the specific volume data. 

3 b. Expansibility. 

The e>..7Jansibilities from the direct 
experimental data are compared to 
those from the sound-derived equa-
tion of state. The comparisons in 
Table VII are at 35 °/oo salinit y sea-
water, 0°C and o to 1000 bars pres-
sure. Except for the data of Wilson 
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Figure Ir. A contour diagram of the differences 
in the specifi c volumes obtained from 
our results and the data of Bradshaw 
and Schleicher for 35°/00 S seawater 
from o to 30°C and o to rooo bars 
(unit of contour is 5 x ,o~cm3g- 1). 

The broken lin e indicates the ocean-
ographic range. 

and Bradley (1968) and Ekman (1908), the results at o°C and 35°/oo salinity 
are representative of the results at the other temperatures and salinities. 
Smaller one atmosphere shifts were found for the data of Wil son and Brad-
ley at higher temperatures; however, the absolute deviati ons remained the 
same. Smaller deviations were also found from the data of Ekman at higher 
temperatures. These deviations sometimes amounted to half of those found 
at o°C. 

Bradshaw and Schleicher ( 1970) are the only workers who have directly meas-
ured the expansibility of seawater under pressure. They estimated their maxi-
mum uncertainty to be within ± 3 x 10-6deg-1 • At one atmosphere the sound-
derived expansibiliti es were obtained by differentiating (with respect to temper-
ature) Foffonoff and Sweer's reformulation of Knudsen's ap's. In Table VII, 
the one atmosphere expansibiliti es derived from Knudsen are compared to the 
one atmosphere expansibili ties from the measurements of Bradshaw and 
Schleicher. As a result of this comparison, a baseline shift was revealed in the 
data of Bradshaw and Schleicher compared to Knudsen (a simil ar shift was 
found at 30 and 40°/oo salini ty at o0 C). After the experimental data is shifted 
to agree with Knudsen's values at one atmosphere (Table VII--column din 
brackets), then over the whole range, the results of the comparison with the 
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Table VII. Comparisons of the expansibiliti es obtained by various workers for 
35 °/oo salinity seawater at o°C. 

I06LJa, deg-1 

' P, Bar a b C d 

0 . . .... . .. .. . -0.1 -0.1 - 27.9 [ 0 ] - 2.3 [ 0 ) 
100 ..... . ...... 0.0 -0.3 -28.1 [-0.2] -2.2 [ 0. l) 
200 ......... ... 0.0 -0.5 -28.4 [- 0.5] -2.3 [ 0.0) 
300 ......... . .. 0.0 -0.8 -28.7 [-0.9] -2.5 [-0.2] 
400 . . . .. . . .... . 0.0 - 1.2 -29.2 [- 1.3) - 2.8 [-0.5) 
500 .... .. .. ... . 0. I -1.6 - 29.9 [-2.0) -3.2 [-0.9] 
600 .. . . . . . . ... . 0.1 - 2.1 - 30.7 [-2.8) - 3.6 [-1.3) 
700 .. . .. . ... . . . 0. I -2.6 - 31.7 [-3 .8] -4.1 [-1.8) 
800 . .. . . ... .. . . 0.0 - 3.3 - 32.9 [-5.0J -4.4 [-2.1) 
900 .... . . ... .. . -0.1 -4.1 - 34.4 [- 6.5] -4.8 [-2.5) 

1000 ... .. .. . .... -0.3 -5.0 - 36.0 [-8. I] -5.1 [-2.8) 

a) a (our results) - a (Del Grosso and M ader) 
b) a (our results) - a (Ekman) 
c) a (our results) - a (Wilson and Bradley) 
d) a (our result s) - a (Bradshaw and Schleicher) 

sound are well within the maximum uncertainty of Bradshaw and Schleicher's 
measurements (± 3 x 10-6deg-1). 

Table VII also shows the excellent agreement of our expansibiliti es with 
those deri ved from the sound data of Del Grosso and M ader (1972) and those 
from the data of Ekman (1908)-especially in the lower pressure (below 600 
bars) range where he made his measurements. The expansibility data of Wilson 
and Bradley ( 1968) are also in reasonable agreement with our results, once it 
is baseline shifted to agree with the sound-derived data at one atmosphere. 

3c. Compressibility. 

The one atmosphere compressibilities for 30.5°/oo, 35°/oo, and 39.5°/oo salin-
ity seawater obtained from equati on (25) are compared in Table VIII to the 
direct measurements of L epple and Millero ( 1971) and Bradshaw and Schleicher 
( 197 3). From this comparison, we note that at one atmosphere our sound-
derived compressibiliti es are in excellent agreement with the direct experi-
mental measurements. The maximum deviation from the sound-derived data 
is 0.06 x I o- 6bar- 1 for Lepple and Mill ero and o.o 5 x I o-6bar-1 for Bradshaw 
and Schleicher. The average devi ations are 0.02 x I o-6bar-1 for both workers. 

As was done for the specific volumes and expansibilities, we compared the 
compressibiliti es (up to 1000 bars pressure) derived from the sound equation 
of state to the direct experimental measurements of several workers at o°C and 
35°/oo salinity seawater. From the results of extensive comparisons, as typifi ed 
by Table IX, we estimate that the compressibilities derived from the sound 
data of Del Grosso and Mader (1972) agree with our results to within ±0.07 
x 10-6bar-1, the experimental compressibiliti es of Ekman ( 1908) agree to 
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Table VIII. Comparisons of the one atmosphere compressibiliti es obtained by 
various workers for seawater. 

I06L1p, bar• \ 
30.5°/oo s 35°/oo s 39.5°/oo s 

T emp, °C a b a b a b 

0 ........ . . .. O.Ql 0.02 0.00 0.01 0.01 0.03 
5 ... . .... . ... O.Ql 0.01 0.01 0.00 0.00 0.02 

10 . . . . .... .. .. 0.00 0.01 0.01 0.01 -0.03 0.04 
15 . . .. . . . ... . . 0.02 0.01 0.01 0.02 0.00 0.02 
20 . ........... -0.02 0.02 -0.04 -0.03 0.06 0.01 
25 . .......... . 0.05 0.03 0.02 - 0.04 0.04 0.00 
30 .... . .. . . . . . - 0.01 0.05 -0.02 0.02 -0.04 0.03 
35 ... . . . ...... 0.04 0.04 0.03 
40 . . . ......... 0.01 0.01 -0.03 

a) {3 (our results) - {3 (Lepple and Mill ero) 
b) {3 (our results) - {3 (Bradshaw and Schleicher) 

Table IX. Comparisons of the compressibilit ies obtained by various workers 
for 35°/oo salinity seawater at o°C. 

I06L1f3, bar- • \ 
P, Bar a b C d e 

o . .. . . .. -0.02 -0.24 -0.33 0.03 -0.01 
100 . .... .. -0.02 -0.14 -0.23 0.01 0.00 
200 ... . ... -0.02 -0.06 -0.14 - 0.01 0.01 
300 .... ... -0.02 -0.02 -0.07 -0.01 0.02 
400 . . . .... -0.03 o.oo, 0.00 -0.01 0.03 
500 .. . .... -0.03 -0.00, 0.06 -0.01 0.04 
600 ....... -0.03 -0.03 0.10 0.01 0.04 
700 . .. . ... -0.04 -0.07 0.14 0.03 0.06 
800 ... .... -0.04 -0.13 0.17 0.04 0.07 
900 . . . . . . . -0.04 -0.20 0.19 0.07 0.07 

1000 ....... -0.04 -0.29 0.21 0.09 0.07 

a) {3 (our results) - p (Del Grosso and Mader) 
b) {3 (our results) - {3 (Ekman) 
c) {3 (our results) - p (Wilson and Bradley) 
d) {3 (our results) - {3 (Chen and Millero) 
e) {3 (our results) - p (Emmet and Millcro) 

within ± o.2 ,<10-6bar- 1, those of Wil son and Bradley (1968) agree to within 
±o.3 x 10-6bar- 1 , and those of Chen and M ill ero (1974) agree to within 
± 0.09 x 1 o-6bar- 1 • As was found for the expansibil iti es, with the exception of 
the data of Wil son and Bradley and Ekman, the compressibil ity differences at 
35°/00 salinity and o°C (Table IX) are representative of the differences found 
elsewhere. 

T able X compares the recent compressibilit y work of Duedall and Paulowich 
( 1973) to the sound-derived compressibiliti es. The comparison is in the form 
of the measurements of Duedall and Paulowich. This is a difference between 
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Table X . Diff erence between the compressibility of 35°/oo salinity seawater 
and pure water at 15°C. 

_____________ - I06LJ,8, bar-1 -----------~ 

P, Bar 

0 .. . ... . .. . .... . 
100.2 . .......... . . 
200.2 ........ .. . . . 
300.4 . ........... . 
400.6 ... . ........ . 
500.6 . . .. ... . .... . 
600.4 ......... ... . 
700.2 ......... ... . 
800.2 ............ . 
900.2 ............ . 

a) Our resul ts: {J (seawater) - {J (water) 

a 

3.52 
3.37 
3.24 
3.10 
2.99 
2.88 
2.78 
2.69 
2.60 
2.52 

b) Duedall and Paulowich: {J (seawater) - ,8 (water) 

b 

3.54±0.07 
3.42 ± 0.06 
3.30 ±0.05 
3.18 ± 0.05 
3.06 ± 0.04 
2.93 ± 0.03 
2.81 ± 0.03 
2.67 ± 0.03 
2.54±0.04 
2.41 ± 0.04 

the compressibility of seawater at 35°/oo salinity and pure water. Their results 
are in good agreement with the sound data considering their estimated error at 
each point. The poorest agreement was found at their highest pressure, 900.2 
bars. Since we used the sound data from our equation of state for pure water 
(Fine and Mill ero, 1973), this compari son shows the good internal consistency 
of the sound data of Wil son (1959, 1960b). 

4. Conclusions 

Equations of state for seawater were derived from the sound velocity data of 
Wilson (1960b) and from that of Del Grosso and M ader (1972). The maxi-
mum difference between the two sets of sound data ( 1. 77 m/sec) resulted in a 
difference of 35 x 10-6cm3g-1 in specific volume. Because of the excellent 
agreement with the direct experimental measurements, as demonstrated in this 
paper, we favor the equation of state derived from Wil son's sound data. In 
addition, we conclude that the excell ent agreement of the sound data of Wilson 
with the direct measurements of Bradshaw and Schleicher ( 1970 ), Lepple and 
Millero (1971), Ducdall and Paulowich (1973), Emmet and Mill ero (1974), 
Bradshaw and Schleicher (in preparation, 1973), and Chen and Mill ero (1974) 
strongly substantiate the validity of this equation, and the internal consistency 
of the sound data of Wilson (1959, 1960a, 1960b). The equation of state is 
reliable in specific volume to within ± 1ox 10-6cm3g- 1, in expansibility to 
within ± 2 x 10-6deg-1, and in compressibility to within ±0.01 x 10-6bar- 1• 

Therefore, it should be used to calculate the most precise P-V-T properties 
of seawater. 
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Appendix 

The equation of state of seawater: 

vo p 
vo~vP = B + A,P+A,P2 

453 

in which VO is the specifi c volume at sea level, VP is the specific volume at pressure P, v 0 

is the specific volume of pure water at sea level, and B, A1 and A2 are functions of temperatu~ 
(t in °C) and salinity (S in °/oo)- P is the applied pressure in bars. 

V~ = (1 + 18. l 5972 5 X 10-3 t) (0.9998396 + 18.224944 X 10-3 / - 7-922210 X 10-6/2 -

55 .44846 x 10-913 + 149.7 562 x 10-12 t4 - 393.29 52 x 10- 15 tS)-1 [Kell , 1967 J cml /g 
VO = r.000027/(1 + ae 10-3) [Fofonoff-Sweers, 1971] cm3/g 
aT = AT+ BTao+ CT<r. 

O"o = - 9. 344586324 x 10-' + o.8148 76 577 S - 4.8249614 x 10--"' S2+6.76786136 x 10-6S3 
AT = (4.53168 t - o. 545939!2-r.98248 x 10-3 t3 - r.438 x 10-7 t4) (t + 67.26)-1 
BT = 1 -4.7867 x 10-3, + 9.818 5 x 10-512 - r.0843 x 10-613 

CT= r.803 10-5t-8.164x 10-7t2+ r.667x 10-8/3 
B = B1 +B2 

B1 = 10-6/{3~ = (r.0+2.165928x 10-2t)(50.8863+0.7171582t+o.7819867x 10-3t2 + 
3 r.62214 x 10-613 - o. 1323594 x 1O6t4+ 0.63457 5 x 10-9 tS)-1 [Kell, 1970] bar 

For equation derived fr om the data of Wilson (1960b) the constants are: 

B, = S [7.270886 x 101-4.77264 x 10-1/ + r.53360 x 10-'t'-5.24748 x 10--"'t3 + 
6.59438 x 10....S14 + 0.109644 x (S-35.0)] bar 

A, = 3.4823 - 4.937 x 1O-3t + r.763 x 10--"'/2+ 6.2 x 10-3 x (S-35.0) 
A, = 4.028 x 10-5 - 2.776 x 10-6/ + r.O49 x 10-7 t' - 7.3 x 10-7 x (S - 35.0) 

For equation deri ved from the data of Del Grosso and Mader (1972) the constants are: 

B, = S [7 .25116 x 101 -4.6352 x 10- 11 + 6.841 x 10-312 -6.6586 x 10-StJ+ 
3.8731 x 1O-7t4 + 6.51 x 10-' (S-35.0)] bar 

A1 = 3.4737 - 7 .1486 x 10-3 t + r.O2 50 x 10-3 t'- 3.9478 x 10-5/3 + 2.968 r x 10-7 t4 + 
9.45 x 10-J (S - 35.0) 

A, = 3.796 x 10-5-r.or 5 x 10-6/ - 3.790 x 10-7 !2+ 2.044 x ro- 8/3- 3.190 x 10-1014 -
4.57 x 10-6 (S - 35.0) 

Acknowledgement. The authors would like to acknowledge the support of the 
Office of Naval Research (Nooo14-67-A- 0201-0013) and the Oceanographic 
Section of the National Science Foundation Grant (GA-17386 [GA-40532]), 
for this study. 

REFERENCES 
AMAGAT, E. H. 

1893. Memoires sur l'elasticite et la dialababilite des fl uides. Ann. de Chim. et Phys., 29: 
68- 136, 505- 574. 

BRADSHAW, A. and K . E . SCHLEICHER 
1970. D irect measurement of thermal expansion of sea water under pressure. Deep-Sea 

Res., r7: 691- 706. 

1973. Personal Communication. 



454 'Journal of Marine Research 

BRIDGMAN, P. W. 
1913. Thermodynamic properties of liquid water. Amer. Acad. A rts and Sci. Proc., 48: 

309-362. 

CARNVALE, A., P. BowEN, M . BASILEO and J. SPRENKE 
1968. Absolute sound-velocity measurement in d istill ed water. J. Acoust. Soc. Amer., 44: 

1098-1102. 

CHEN, A. and F. J. MILLERO 
1974. Direct measurements of the specific volume of seawater fr om o to 40°/oo salinit y, o to 

40°C and o to 1000 bars. Amer. Geophys. Union 55th Annual Meeting, Washing-
ton, D .C. 

Cox, R. A., M. J. McCARTNEY and F. CULKIN 
1970. The specific gravity/salin ity/ temperature relationship in natural sea water. Deep-

Sea Res., I7: 679- 689. 

Cox, R. A. and N. D. SMITH 
1959. The specifi c heat of seawater. Proc. Roy. Soc., A252: 51-62. 

CREASE, J. 
1962. The specific volume of seawater under pressure as determined by recent measure-

ments of sound velocity. Deep-Sea Res., 9: 209-213. 

DEL GROSSO, V.A. 
1970. Sound speed in pure and seawater. J. Acoust. Soc. Amer., 47: 947-949. 

DEL GROSSO, V .A. and C. W. MADER 
1972. Speed of sound in seawater samples. J. Acoust. Soc. Amer., 52: 961-974. 

DUEDALL , I. w. and s. PAULOWICH 
1973. A bellows-type differential compressimeter for determining the difference between 

the compressibili t ies of two seawater soluti ons to 900 bars. Rev. Sci. Instr., 44: 120-
127. 

ECKART, C. 
1958. Properties of water. II. The equation of state of water and seawater at low tem-

peratures and pressures. Amer. J. Sci., 256: 22 5-240. 

EKMAN, V. w. 
1908. Die zusammendrueckbarkit des meerwassers nebst einingen werten fu er wasser and 

quecksilber. Pub. de Circon. 43: 1-47. 

EMMET, R . T . and F . J. MrLLERO 
1974. High pressure density measurements of seawater-preliminary results. J . Geophys. 

Res.-in press. 

FINE, R. A . and F. J . MILLERO 
1973. The compressibilit y of water as a function of pressure and temperature. J.Chem. 

Phys., 59: 5529-5536. 

In press. The equation of state of water and seawater. Chem. Tech. 

FISHER, F. H . and 0. E . DIAL, JR. 
1968. Equation of state of water and seawater, 76th Ann. Meeting of Acoust. Soc. of 

America. J . Acoust. Soc. Amer., 45: 325. 

FOFONOFF, N. P. 
1962. Physical properties of seawater, In: The Sea. M. N. Hill, Editor. John Wiley & 

Sons, I nterscience, I : 3-30. 



1974] Fine, /Vang & Milfero: The Equation of State of Seawater 455 

GIBSON, R. E. 
1935. T he influence of the concentration and nature of the solute on the compressions of 

certain aqueous solutions. J. Amer. Chern. Soc., 57: 284-293. 

GIBSON, R. E. and 0. H . L OEFFLER 
1941. Pressure-volume-temperature relations in solutions, J. Amer. hem. Soc., 63 : 898 

-906. 

HAYWARD, A. T . J. 
1967. Compressibilit y equations for liquids : a comparative study. Brit. J. Appl. Phys., I8: 

965- 977. 

1969. Experimental verification at high pressure of the relationship between compression, 
density and sonic velocity. Nature, 22I: 1047. 

K ELL, G . S. 
1967. Precise representation of volume properties of water at one atmosphere. J. Chem. 

Eng. Data., I 2: 66- 69. 

1970. Isothermal compressibility of liquid water at r atm. J. Chem. Eng. Data, I5: 119-
122. 

KELL, G. S. and E. WHALLEY 
196 5. The PVT properties of water. I. Liquid water in the temperature range o to 1 50°C 

and at pressures up to 1 kb. Phil Trans. Roy. Soc. London, 258: 565- 614. 

KENNEDY, G. 
1957. Properties of water. I. Pressure-volume-temperature relati ons in steam to 1000°C 

and 100 bars pressure. Amer. J. Sci., 255: 724- 730. 

KNUDSEN, M. H . C. 
1901. Hydrographische Tabellen. G . E . C. Grad., Copenhagen. 

KR.EMLING, K. 
1972. Comparison of specific gravity in natural seawater from hydrographic tables and 

measurements by a new density instrument. Deep-Sea Res., I9: 377- 383. 

LEPPLE, F. K. and F. J. MILLERO 
1971. The isothermal compressibilit y of seawater near one atmosphere. Deep-Sea Res., 

I8: 1233- 1245. 

Lr, YUAN-Hur 
1967. Equation of state of water and seawater. J. Geophy. Res., 72 : 2665-2678. 

MACDONALD, ] . R. 
1969. Review of some experimental and analytical equations of state. Rev. Mod. Phys., 

4I: 316-349. 

MACKE NZIE, K. V. 
1971. A decade of experience with velocimeters. J. Acoust. Soc. Amer., 50: 1321-1333. 

MILLERO, F. J. 
1973. Theoretical estimates of the isothermal compressibilit y of seawater. Deep-Sea Res., 

20: 101-105. 

MILLERO, F. J., ]. H. KNox and R. T. EMMET 
1972. A high-precision, variable-pressure magnetic fl oat densimeter. J. Soln. Chem., I: 

173-186. 

MILLERO, F. J. and F. K. L EPPLE 
1973. The density and expansibility of artifi cial seawater solutions fr om o to 40°C and 

o to 21°/00 chlorinity. Mar. Chem., I : 89-104. 



Journal of Marine Research 

MILLERO, F. ] ., G. PERRON and J.E. DESNOYERS. 
1973. The heat capacity of seawater solutions from 5 to 35°C and 0.5 to 22°/oo chlorinity. 

J. Geophys. Res., 78: 4499-4 507. 

NEWTON, M. S. and G. C. KENNEDY 
196 5. An experimental study of the P-V-T-S relations of seawater. J. Mar. Res., 23: 88-

103. 

SWEERS, H. E. 
197 r. A comparison of methods used to calculate sigma-!, specific volume anomaly and 

dynamic height. M.T.S.J. 5: 7-25. 

TAIT, P. G. 
1888. Report on some of the physical properties of fresh water and seawater. The Voyage 

of H.M.S. CHALLENGER, HMSO, London, II : 1-76. 

TUMLIRZ, 0. 
1909. Die Zustandsgleichurzg der Flussigkeiten bei hohem Drucke. Wein Akad. Wissensch. 

Sitzungsberichte, Math-Naturwiss., Kl., II8 A: 203. 

WANG, D. P. and F. J. MILLERO 
1973. Precise representation of the P-V-T properties of water and seawater determined 

from sound speeds. J. Geophys. Res., 78: 7122-7128. 

WILSON, W. 
1959. Speed of sound in distilled water as a function of temperature and pressure. J. 

Acoust. Soc. Amer., JI: 1067-1072. 

1960a. Speed of sound in sea water as a function of temperature, pressure and salinity. 
J. Acoust. Soc. Amer., 32: 64r. 

1960b. Equation for the speed of sound in seawater. J. Acoust. Soc. Amer., 32: 1357. 

WILSON, W . and D. Bradley 
1968. Specific volume of seawater as a function of temperature, pressure and salinity. 

Deep-Sea Res., I5: 355-363. 


