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PREFACE

This series, the Unesco Technical Papers in Marine Science, is
produced by the Unesco Division of Marine Sciences as a means of
informing the scientific community of recent developments in oceanographic
research and marine science affairs.

Many of the texts published within the series result from research
activities of the Scientific Committee on Oceanic Research (SCOR) and are
submitted to Unesco for printing following final approval by SCOR of the
relevant working group report.

Unesco Technical Papers in Marine Science are distributed free of
charge to various institutions and governmental authorities. Requests for
copies of individual titles or additions to the mailing list should be
addressed, on letterhead stationery if possible, to :

Division of Marine Sciences,
Unesco,

Place de Fontenoy,

75700 Paris,

France.
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INTRODUCTION

In 1962, a Joint Panel on the Equation of State of Seawater,
appointed by Unesco, ICES, SCOR and IAPSO, brought forward several
problems which appeared in the basic relatiomnships used for the deter-
mination oc density of seawater. In 1964, this committee was replaced
by the Jcint Panel on Oceanographic Tables and Standards (JPOTS). Since
this date, the Panel has been concerned with the precise definition of
the equation of state of seawater (Unesco 1965, 1966, 1968, 1970, 1974,
1976, 1978, 1979 and 1981).

The equation cf state of seawater is the mathematical expression
to calculate density from measurements of temperature, pressure and
salinity, or from other parameters dependent on these. Virtually all
the computations of density of seawater made since the beginning of the
century have been based on the direct mcasurements of density, chlorinity
and salinity, made by Forch, Knudsen and S8renecen, published in 1902, and
of compression of sezcwater, made by Ekman (1908). A new equation of state
was considered urgenctly desirable because newly acquired data indicated
slight discrepancies with the Knudsen-Ekman equation of state of seawater
(Grasshoff, 1976). This old equation was cttained from measurements of
density of natural seawater in which the proportions of the various ions
are not exactly constant. To be consistent with the new definition of
the Practical Salinity, 1978, the new equation of state is based on mea-
surements of density of standard seawater solutions obtained by weight
dilution with distilled water and by evaporation. As the absolute density
of pure water is not known with enough accuracy; the density of distilled
water ugsed for these rieasurements was determined from the equation of the
SMOW (Standard Mean Ocean Water) whose isotopic composition is well defined
(IUPAC, 1976). Intensive work was then carried out in different labora-
tories with different measuring equipment. This resulted in considerable
data on which the new Iniernational Equation of State of Seawater is based.
The full equation is composed on a one atmosphere equation based on 4567
data points, combined with a high pressure expression based on 2 023 data
points. The density computed with these equations is relative to the IUPAC
(1976) recomrended equation for density of SMOW.

The mathematical expression adopted by the Unesco/ICES/SCOR/IAPSO
Joint Panel on Oceanographic Tables and Standards as the International
Equation of State of Seawater 1980, gives the density (p, kg m™3) of sea-
water as a function of practical salinity (S), temperature (t, °C) and
applied pressure (p, bars); its form is :

p(S,t,0)

p(S,t,p) =
1- p/K(s!t:P)

where p(S,t,0) is the one atmosphere International Equation of State 1980,
and RK(S,t,p) is the secant bulk modulus, the full expressions of which are
reported in the two definitions (p. 9 and 10).



The International Equation of State, 1980 has been formulated and
adopted by the Unesco/ICES/SCOR/IAPSO Joint Panel on Oceanographic
Tables and Standards, Sidney, B.C., Canada, 1 to 5 September 1980, and
endorsed by the International Association for the Physical Sciences of
the Ocean (IAPSO) in December 1979, the Internmational Council for the
Exploration of the Sea (ICES) in October 1979, the Scientific Coumittee
on Oceanic Research (SCOR) in September 1980 and the Intergovermmental
Oceanographic Commission (IOC) of Unesco in June 1981. The new equation
is to be used for all values published on and after 1 January 1982.

The present document is a report of all the work and data om which
the International Equation of State of Seawater, 1980 is based. This
report consists mainly of two published papers from Deep Sea Research,
and two unpublished reports on the summary of data treatment for the one
atmosphere and the high pressure equations of state of seawater. The
cooperation of the publishers of Deep Sea Research in granting permission
for reproduction of the two papers 1is greatly appreciated.

This report is divided into two sections and a conclusion :

- Background papers and supporting data oa the one atmosphere
International Equation of State of Seawater, 1980.

- Background papers and supporting data on the high pressure
International Equation of State of Seawater, 1980.

The International Equation of State of Seawater, 1980 as endorsed
by the JPOTS at its last meeting in September 1980, is reported in the
Conclusion.

New international oceanographic tables, in replacement of the old
Knudsen~-Ekman tables, have been prepared by the Division of Marime Sciences,
Unesco, as Volume 4 of the International Oceanographic Tables. This
volume will be published shortly in the series Unesco Technical Papers
in Marine Science, No. 40, and will be available, free of charge, upon
request from :

Division of Marine Sciences,
Unesco,

Place de Fontenoy,

75700 Paris,

France.
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The One Atmosphere Intermational Equation

of State of Seawater, 1980

Definition

The demsity (p, kg m 3) of seawater at one standard atmosphere
(p = 0) is to be computed from the practical salinity (S) and the
temperature (t, °C) with the following equation :

p(S,t,0) = p_ + (8.244 93 x 107! - 4.0899 x 1073 ¢t

+ 7.6438 x 1075 t2 - 8.2467 x 10”7 t3 + 5.3875 x 1079 t¥)s

+(-5.724 66 x 10~3 + 1.0227 x 10~% t ~ 1.6546 x 1076 t2)s3/2

+ 4.8314 x 10~* s?

where Py the density of the Standard Mean Ocean Vater (SMOW) taken

as pure water reference, is given by
Py 999,842 594 + 6.793 952 x 10™2 t - 9.095 290 x 1073 t2
+ 1.001 685 x 10~* t3 - 1.120 083 x 1076 ¢*
+ 6.536 332 x 10-9 5
The one atmosphere International Equation of State of Seawater,

1980 is valid for practicél salinity from 0 to 42 and temperature
from -2 to 40°C.




The High Pressure International Equation

of State of Seawater, 1980

Definition

The density (p, kg m~3) of seawater at high pressure is to be
computed from the practical salinity (S), the temperature (t, °C)
and the applied pressure (p, bars) with the following equation :

- p(S,C,O)
p(S,t,p) = 7= p/R(S,t,p)

where p(S,t,0) is the one atmosphere International Equation of State
1980, given on the preceding front page and K(S,t,p) is the secant
bulk modulus given by

K(S,t,p) = R(S,t,0) + Ap + Bp2
wvhere

R(S,t,0) = K + (54.6746 - 0.503 459 t + 1.099 87 x 102 ¢2

6.1670 x 10~5 £3)S + (7.944 x 102 + 1.6483 x 10-2 ¢

5.3009 x 10~% ¢2) §3/2 |

A=A + (2.2838 x 10-3 - 1.0981 x 10~5 t - 1.6078 x 10-6 t2)s

+

1.910 75 x 10~* §3/2

B =3B +(-9.9348 x 107 + 2.0816 x 1078 t + 9.1697 x 10-10 t2)s

the pure water terms Kw’ Aw and Bw of the secant bulk modulus are
given by

K, = 19 652.21 + 148.4206 t - 2.327 105 t2 + 1.360 477 x 102 t3
- 5.155 288 x 10~5 t“

A, = 3.239 908 + 1.437 13 x 1073 t + 1.160 92 x 107" ¢2

- 5,779 05 x 10”7 ¢3

B, = 8.509 35 x 1075 - 6.122 93 x 1076 ¢t + 5.2787 x 10~8 ¢2

The high pressure International Equation of State of Seawater,
1980 is valid for practical salinity from O to 42, temperature from
=2 to 40°C and applied pressure from 0 to 1000 bars.

PRI




Note on the symbols, units and nomenclature used in the

background papers on the International Equation of

State of Seawater 1980

With the exception of the paper by Millero and Poisson, Deep
Sea Research, 28A, 1981, the papers presented in this report were
published or submitted for publication before the meeting of the Joint
Panel on Oceanographic Tables and Standards, held in Woods Hole, USA,
from 1 to 5 September 1980, during which time the definition of the
Practical Salinity 1978, S, was established, and before the IAPSO Gereral
Assembly, held at Canberra, Australia, in December 1979. The symbol
S(9/00) has been used in these papers for the practical salinity, instead
of the adopted symbol S (Sun Report, 1980). The reader must read S
instead of S(°/o0o) and thus ignore the "°/no" when they appear in the text
regarding the practical salinity. For example, S(®/o00) = 35.238 or
S = 35,238%/00 corresponds to S = 35.238.

It should also be borne in mind that in some places, the equation
referred to as the Unesco Equation of State of Seawater is now known as
the International Equation of State of Seawater.



BACKGROUND PAPERS AND SUPPORTING DATA ON
THE ONE ATMOSPHERE INTERNATIONAL EQUATION

OF STATE OF SEAWATER, 1980
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Deep-Sen Research, Vol. 28A. No. 6, pp. 625 to 629, 1981. 0198-0149/81/060625-05 $02.00/0
Printed in Great Britain. © 198 Pergamon Press Lid.

NOTE

International one-atmosphere equation of state of seawater
FRANK J. MILLERO®* and ALAIN Poissont

(Received 21 August 1980; accepted 2 October 1980; final revision received 20 November 1980)

Abstract—The density measurements by MILLERO, GONZALEZ and WARD (1976, Journal of Marine
Research, 34, 61-93) and PoissoN, BRUNET and BRUN-COTTAN (1980, Deep-Sea Research, 27, 1013-
1028), from 0 to 40°C and 0.5 to 43 salinity, have been used to determine a new 1-atm equation of
state for seawater. The equation is of the form (I°C; S; p kg m™3)

p = po+AS+BS¥* +C52 |

where
A=824493x 107" —4.0899 % 1073 +7.6438 x 10~ %13~
8.2467x 10" 71 +5.3875x 10~ °r*

B= ~572466x1073+1.0227 x 10" %~ 1.6546 x 10412
Cw=48314x]0~*
and p, is the density of water (BIGG, 1967, British Journal of Applied Physics, 8, 521-537).

Py = 999.842594 +6.793952 x 1031 —9.095290 x 101> +
1.001685 x 10™%1* ~ 1.120083 x 10~ %¢* + 6.53633 2> 10~%r%,
The standard error of the equation is 3.6 x 10~* kg m~3. This equation will become the new I-atm
equation of state of seawater that has been suggested for use by the UNESCO (United Nations

Educational, Scientific and Cultural Organization) joint panel on oceanographic tables and
standards.

INTRODUCTION

AT THE UNESCO panel meeting held in Paris, France (UNESCO, 1979), Poisson and
Brunet presented some new measurements on the density (p) of seawater at 1 atm and
S = 35 that suggested that the proposed (UNESCO, 1978) equation of state of MILLERO
et al. (1976) may be in error at temperatures above 25°C. As shown in Fig. 1 the equation of
MiLLERO et al. (1976) does not fit their direct experimental measurements or the new
measurements of PoissoN et al. (1980). Because standard seawater may be used as a density
standard, these differences needed to be clarified. The UNESCO panel recommended that
we examine these differences and use the data of MILLERO et al. (1976) and PoissoN et al.

* Roesentiel School of Marine and Atmospheric Science, University of Mhmi. Miami, FL 33149, US.A.
+ Laboratoire de Physique et Chimie Marines, Université Pierre et Marie Curie, tour 24, 4 Place jussieu, 75230,
Paris Cedex 03, France.
625

@1981 Pergamon Press Ltd. Reprinted, with permission, from
DEEP SEA RESEARCH, Vol. 28A, No. 6, pp. 625 to 629, 1981,

-13 -




626 FRANK J. MILLERO and ALAIN PoissoN

® Mitiero ot of (1976)
© Poisscn ¢f al.(1980)

1, °C

Fig. 1. Comparisons of the measured and calculated (equation 1) relative densities of seawater at
§ = 35. The solid circles are the data of MILLERO et al. (1976) and the open circles are the data of
POISSON er al. (1980). The curve is the equation of state of MILLERO er al. (1976).

(1980) to generate a new 1-atm equation of state. This note summarizes our findings and
gives the new equation, which was suggested for general use by the UNESCO panel. The
full details of the data analysis are given in a UNESCO data report (MiLLERO and PoIssON,
1981).

DENSITY OF STANDARD SEAWATER (S = 35) AS A
FUNCTION OF TEMPERATURE

The relative density measurements (p — p,, where p, is density of water) at a salinity of 35
consist of 19 points from 0 to 40°C from MIiLLERO et al. (1976) and 20 points from 1.1 to
30°C from PoissoN et al. (1980) These relative densities were fitted to the equation

(p—p,) = 28.265—1.2247 x 10~ 1£+2.383 x 10~ 32— 3.0775 x
10-5%3 +2.115x 10~ 7¢* 1)

with a 6 =2.6x10"*kgm~3. A comparison of the measured and calculated values of
p—p, are shown in Fig. 1. Equation (1) and the equation of MILLERO et al. (1976) show
differences from' 26-to 38°C that are as large as 7.7x 10"*kgm™3. The cause of the
differences is an increase in the salinity of the S = 40 samples from 0 to 30°C (MiLLErRO and
Poisson, 1981).

EQUATION OF STATE OF SEAWATER

The relative density data (p — p,) used to determine the new equation of state consisted of
122 points (0 to 40°C) from MILLERO et al. (1976) and 345 points (0 to 30°C) from PoissoN
et al. (1980). Before the data sets coild be combined, it was necessary to make some
adjustments and normalizations. As th:: measurements of PoissoN et al. (1980) were made



International one-atmosphere equation of state of scawater 627

3105  Millero ond Porsson

Fig.2. Comparisons of the smoothed densities by MILLERO ¢1 4l. (1976) and POISSON ¢t al. (1980).

relative to a seawater of S = 35, this was done by using the values of (p—p,) at § = 35 at
a given temperature calculated from equation (1). The salinities of the S = 40 samples of
MivLLero et al. (1976) have been adjusted by using extrapolated functions of (p — p,) vs § and
the equations of PoissoN et al. (1980). The recalculated salinitics agreed to + 0.004.

The form of the equation of state was (MILLERO ¢1 al. 1976)

(p—p.) = AS+ BS*? +CS?, 2)

where A, B. and C are functions of temperature (1°C, IPTS-68). A number of temperature
forms for the parameters A4, B, and C have been examined (MiLLERO and Poisson, 1981).
The criterion used for sclecting the fewest number of terms was based on an ‘F” test analysis
of the residuals (FReunD, 1962) and the rcquirement that (p—p,) at S = 35 agree (to
+2x10"*kgm™?) with the values calculated from equation (1). A nine-parameter
equation, 9(54. 3B, 1C) was found to be necessary for the individual and total data. The
data of PoIssoN et al. (1980) gave

A=824501 x 107! -4.0639 x 10721 +7.5719 x 10” %¢* ~

8.8910x 10" "1>+6.616 x 10™°¢* ~ (3a)
B= —57728x1072+9.7437 x 10~ %t — 1.3747 x 10~ %2 (3b)
C =49054x10"* (3c)

with a ¢ = 3.33 x 10~ 3 kg m ~3. The data of MILLERO et al. (1976) gave
A=823997x10""'~4.0644 x 10~ %1+ 7.6455 x 10~ %3 —

8.3332x 107191 +5.4961 x 10~ '3¢* (4a)
B= —5.5078 x 103 +9.7598 x 10~ % — 1.6218 x 10~ %2 (4b)
C=4.6106x10"* (4c)

-15 -
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Fig. 3. Frequency of deviations of International equation of state.

withae = 3.49 x 107 % kg m~>. A comparison of the smoothed input data from 0 to 30°C is
given in Fig. 2. The differences between the smoothed data of MILLERO et al. (1976)
and PoissoN et al. (1980) are within + 5 x 1072 kg m~3 over the entire salinity and
temperature range.

The coefficients for the combined data are

A=824493x 107" -4.0899 x 10731 +7.6438 x 10~ *¢?
—8.2467 x 10771 +5.3875x 10™°1* (53)

Table 1. The International equation of state for seawater (m” kg™ ')

v =1 -P/K)
= 1/p°(1 - P/K).
where

p° = 999.842594 +6.793952 x 10~ 21 ~9.095290 x 10~ %12 +
1.001685 x 10 "% — 1.120083 x 10~ %74 4
6.536332x 10~ °1° +(8.24493 x 10" —
4.0899 x 10" %1 +7.6438 x 10~ 1% —
8.2467 x 10~ 71° +5.3875 x 10~ °1%) S +
(=5.72466 x 10" +1.0227 x 10~ % —
1.6546 x 107%1%) S¥2 +-4.8314 x 104 §?

K = 19652.21 + 148.4206¢ — 2.327105¢% + 1.360477 x 10~ 31° -
5.155288 x 10~ %1% 4+ S(54.6746 — 0.6034591 +
1.09987 x 10~ 212 ~6.1670 x 10 3°) + S¥3(7.944 x 10" +
1.6483 x 10~ 2 — 5.3009 x 10~*r?) + P3.239908 +
143713 x 10721 +1.16092 x 10417 = $.77905 x 10~ "r* +
S(2.2838 x 10-3~1.0981 x 10 *¢—1.6078 x 10~ %12) +
5%3(1.91075 x 10-4)] + P[8.50935 x 10~ * — 6.12293 x 10~ ¢ +
$.2787 % 107 "3 +5(-9.9348 x 107 +
2.0816x 10-%+9.1697 x 10~ *%2)]

Check values: s ! P p K

35 5C Ob 1027.67547 22185.93358
1000 1069.48914 25577.49819
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International one-atmosphere equation of state of seawater 629

B= -5.72466 x 1072+ 1.0227 x 10~ *t— 1.6546 x 10~ *¢? (5b)
C=48314x10"" (5¢)

with an overall & = 3.66 x 10~ 3 kg m~>. The frequency of the deviations shown in Fig. 3
indicate that they have a near normal distribution.

To determine absolute densities from the relative density equation, it is necessary to
know the density of SMOW (Standard Mean Ocean Water), which was used in these
studies. At present the density of SMOW is based on the calculations of BigG (1967)

polkg m™3) = 999.842594 4 6.793952 x 10~ 2t —~
9.095290 x 107312+ 1.001685 x 10~ %1 —
1.120083 x 107%r* +6.536332x 10~ 5. (6)

The values of p, calculated from equation (6) can be added to p—p, calculated from
equations (2) and (8) to yield densities (kg m ~?) for seawater. Should a new equation for
SMOW become available in the future, it can be used in place of equation (6).

The full International equation of state can be obtained by combining our 1-atm results
with the high pressure equation of MiLLERO, CHEN, BRADSHAW and ScHLEICHER (1980). The
resulting equation is

v =0 (1 - P/K] 7N
or
pF = p°[1/(1 = P/K)], (8)

where v = 1/p” is the specific volume at applied pressure P(P = 0 is 1 atm) and K is the
secant bulk modulus. The coefficients for equations (7) and (8) are given in Table 1. This
full equation of state of seawater is the new equation suggested for oceanographic use by
the UNESCO panel on oceanographic tables and standards.
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ERRATUM

A number of printing errors occurred in this paper that were not detected
in proof. Thege are listed below.
1. The first equation in the abstract should be

3/2 4 cg?

pP=r, + AS + BS
2. The last term in the density of water equation in the abstract and
Table 1 should be 6.536332 x 1072,
3. The Pt2 term of the secant bulk modulus (K) equation in Table 1 should
be 1.16092 x 10™7,
4. A right parenthesis [ ) ] should follow the last termm (... 10-10t2)]")

of the secant bulk modulus (K) equation in Table 1.

These errors have been modified in the preceding reprint of this paper.
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ABSTRACT

The experimental measurements of Millero et al. (1976) and Poisson et al.
(1980) have been used to determine a new 1 atm. equation of state for sea-

water. The equation is of the form (t°C; S ®loo; p kg m-3)

p=P, + AS + 353/2 + CS2

where

5,2

3 +7.6438 x 107t

A= 8.24493 x 10 T - 4.0899 x 10~

- 8.2467 x 10~ 7¢3 + 5.3875 x 100"

3 6.2

B = -5.72466 x 10 ~ + 1.0227 x 107% - 1.6546 x 1075

C = 4.8314 x 107

and p_ is the density of water (Bigg , 1967).

p,.= 999.842596 + 6.793952 x 10 2t ~ 9.095290 x 107 ¢ +

/1001685 = 10> - 1.120083 x 107%* + 6.536336 x 107’

—_—

The standard error of the equation is 3.6 x 10—3kg m-a. This equation will

become the new 1 atm. equation of state of seawater suggested for use by

th? Joint Panel on Oceanographic Tables and Standards.
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INTRODUCTION

At the meeting of the Joint Panel on Oceanographic Tables and
Standards in Woods Hole, Massachusetts (UNESCO, 1978), the one atmosphere
equation of state of Millero, Gonzalez and Ward (1976) was suggested for
use as the basis of a new equation of state for replacement of the earlier
equation of Knudsen et al. (1902). At the Panel meeting held in Paris,
France, September 1978 (UNESCO, 1979), Poisson and Brunet presented some
new measurements on the density of seawater (p) at one atmosphere and
salinity, S = 35, that suggested the equation of state of Millero et al.
(1976) may be in error at temperatures above 25°%c. a comparison of the
measured relative density results (p° is density of water) of Poisson and
Brunet and the values calculated from the equation of Millero et al.
(multiplied by 0.999974, the maximum density of Miami water - Millero and

Emmet, 1976)

3/2 2

(o - po) = AS + BS + CS 1)

A= 8.25917 % 10™% - 4.4490 x 107 % + 1.0485 x 10”72 - 1.2580 x 10~ %¢3

+3.315 x 10 134

B = ~6.33761 x 10™° + 2.8441 x 10 't - 1.6871 x 10 5t2 + 2.83258 x 1010:3

C = 5.4705 x 10”7 - 1.97975 x 10™%¢ + 1.6641 x 10 2t2 - 3.1203 x 10”113

(0 = 3.3 x 1079

is given in Table I. Between 0 and 20°C the average differences are t 2.1
x 10-6; while the values above 25°C indicated that the equation of Millero
et al. ylelds values of density that are 8.4 * 1.4 x 10'-6 too high.

The experimental measurements and the fit of the experimental measure-

ment at S = 35 of Millero et al. (1976) to the equation

-21 -




TABLE I. Comparisons of the measured densities of seawater (p) relative

to pure water (p ) of Poisson and Brunet and the equation of Millero
. ¢

et al. (1976) at S = 35

I 90)1033 cmf3
Temp. Measured® Calculatedb g;gf
0°c (28.265) 28.265 (0)
1.169 28.133 28.127 6
1.176 28.128 28.126 2
1.195 28.124 28.124 0
2.373 27.988 27.991 -3
5.0 (27.717) 27.712 (5)
7.120 27.509 27.508 1
27.509 27.508 1
10.0 (27.257) 27.253 %)
10.423 27.219 27.219 0
10.498 27.218 27.213 5
15.0 (26.874) 26.873 | (1)
15.682 26.829 26.828 1
| 26.829 26.828 1
19.695 26.574 26.577 -3
19.715 26.574 26.576 -2
20.0 (26.557) 26.559 (-2)
24,235 - 26.329 26.336 -7
5.0 (26.294) 26.299 (~5)
25.360 26.276 ' 26,283 =7

25.597 26.261 26.273 =12
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TABLE I (Continued)

Temp. Measured” c;;éﬁla:edb s10°

30.0 26.075 /x'!ze.osa -8
26.075 //// 26.083 -8
(26.074) / 26.083 -9)

a) Measurements of Poisson and Brunet using a hydrostatic balance.

The values in pateg;ﬁégis have been calculated from the equation (3b)

(o - p)10° = 28565 - .119231¢ + 1.99189 x 10>t

//’io'5t3 (0 = 2.7 x 10-63 cm-3).
/ .

- 1.5065 x

b) Calculated from the equation of state of Millero et al. (1976).

-23-




3

(- pn)lo3 = 28.2657 - 1.234052 x 10_1t + 2.480943 x 10~ tz - 3.400130 x

10793 + 2.452071 x 107 ¢? (2)

(6 = 1.8 x 1079

supported the contention of Poisson and Brunet (see Table II). At 5 to
35°C the equation of Millero et al. (1976) yields densities that are too
high compared to the actual experimental measurements. Although the differ-
ences are within 20 = 6 x 10-'6 at most temperatures, the overall equation
does not represent the "best" fit at S = 35. Since standard seawater
(S = 35) may become a density standard, the cause of these aifferences
neeied to be examined.

Poisson and Brunet also presented relative measurements of standard
seawater diluted with water and evaporated. They fitted their results to the

equation

103 - p,) = S{L/35[h(E)] +@ - 35)g(t,S)} (3a)

where

h(t) = 28.265 - 0.119231t + 1.99189 x 10 3t2 - 1.5065 x 10 t>

(0 = 2.7 x 1079 (3b)

3 4

g(t,S) = -0.3057 x 10~ + 0.2054 x 10~%s + 0.1440 x 10~*t - 0.5073 x

6 2

65t - 0.3710 = 10752 + 0.4706 x

1075s% - 0.1966 x 10~

9..2

8¢3 st + 0.5209 x

107853 + 0.3111 x 1078 2

t +0.1253 x 10
10783

(0 = 3.2 x 1079 (3¢)

-24 =
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TABLE II. Comparisons of the measured and curve fitted values of
{p - po)_ag S=35 of Millero et al. (1976) and the 1 atm.

equation of State

103(p - po) ﬁ;gf

Temp. Exp” Fie® 0ld EQ  New Eqd Exp® Fit®

o°c 28.265 28.266 28.265 28.265 0(0) 1(1)

5 27.707 27.707 27.712 27.711 -5 (-4)  =5(~4)
10 27.250 27.248 27.253 27.253 -3(-3) -5(-5)
15 26.866 26.870 26.873 26.874 -7(-8) -3(-4)
20 26.557 26.557 26.559 26.560 -2(-3) -2(-3)
25 26.295 26.296 26.299 26.299 -4 (-4) -3(-3)
30 26.076 26.077 26.083 26.082 -7(-6) -6(-5)
35 25.894 25.896 25.903 25.901 -9(-7) -7(~5)
40 25.751 25,751 25.752 25.753 -1(-2) -1(~2)

a) Magnetic float densities adjusted to S = 35 and converted to g cm-3

?) From eq 2 (fit of cxperimental values of p - oo).

c) From eq 1 (Millero et al, 1976)

d) New-fit of original data of Millero et al (1976) using a non-weighted least squares
program,

e) 6 = p(meas. or fit) - p (Eq), the values in parenthesis use the new non-weighted

fit of the original data.
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" A comparison of the values of (p - po) calculated from equation (3) of
Poisson and Brunet and equation (1) of Millero et al. is given in Table
IITI. The differences at various salinities at a given temperature are
simiiar to those fuund at S = 35. If the differences are normalized to
give no error at S = 35 (which in affect ;s making the h(t) term the same
as evaluated from eq (1) at S = 39, the density differences between the
two studies are withir +7 x 10-6 g cm3 (See Table III). These results
indicate that the salinity dependence of density found in the two stud-
les is in excellent agreement.

In order to be sure that some of the differences showm in Table III
are not due to the equations used in the two studies, the results of
Poisson and Brunet have been fitted to equation (1). The coefficients are

glven by (0 = 3,33 x 10-63 cm-3).

A= 8.243858 x 10 - 0.39703 x 10 °t + 0.64285 x 10 't
-0.4126  x 107 7¢3 (4a)
B = -0.5750416 x 10~ + 0.97209 x 10 't - 0.1388477 x
1078;2 (4b)
C = 0.49002 x 10°° (4c)

Thé differences between the densities of Poisson and Brunet and
Millero et al, using the same equation are shown in Table IV. The results
are quite similar to those given in Table III. The two studies agree to
within 5.0 x 10-63 em > except at higher temperatures and salinities.
These differences are related to the differeﬁces in density at various

temperatures for seawater with S = 35, If the two studies are normalized
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TABLE III. Comparisons of the density measurements of Poisson and Brunet

and Millero et al. (1976)%

AplOG, g cm-s

s(°/00) 0°c 5% 10°%¢ 15° 20% 25°% 30°%
5 -2 -1 0 -1 -2 -5 -8
10 -1 0 0 -1 -1 -3 -6
15 -2 -1 -2 -1 -1 -2 - -9
20 -1 -2 -1 -1 0 -1 -7
25 0 0 -1 0 0 0 -6
30 2 3 2 1 1 -2 -6
35 0 5 A ). -2 -5 -9
40 -5 6 5 0 -6 -10 -11

(overall average deviation is #2.77 x 10-6)
Normalized 69106, g cm—3

s°/o0 0° 5% 10% 15°%c  20% 25°¢ 30°¢
5 -2 -6 -4 -2 0 1
10 -1 -5 -4 -2 1 2 3
15 -2 -6 -6 -2 1 3 0
20 -1 -7 -5 -2 2 4 2
25 0 -5 -5 -1 2 5 3
30 2 -2 -2 0 3 3
35 0 0 0 0 0 0 0
40 -5 1 1 -1 4 -5 -2

a) &p = p(Poisson and Brunet) - p(r‘!(:l.llero‘ et al.)

A




TABLE IV. Comparisons of the densities of Poisson and Brunet and Millero

et al using the same equationa

Ap106, g cm_3
s°/00 [ 5°¢ 10°%  15% 20°¢ 25°% 30°%
5 -2 -1 0 -2 -4 -5 -6
10 -2 0 0 -2 -3 -5 -7
15 -2 1 0 -1 -2 -3 -7
20 -1 1 1 0 -1 -2 -5
25 -1 2 1 0 -1 -2 -5
30 0 3 2 0 -1 -3 -6
35 -2 4 4 0 -3 -6 -9
40 -4 6 5 -1 -7 -10 -12

(overall average deviation is t 3.1 x 10-6)

Normalized Ap106, g c:m-3
§%/00 0% 5% 10°%  15% 20°¢ 25°% 30°%
5 0 -5 -4 -2 -1 1 3
10 -4 -4 -2 0 1 2
15 0 -3 -4 -1 1 3 2
20 1 -3 -3 0 2 4 4
25 1 -2 -3 0 2 4 4
36 2 -1 -2 0 2 3 3
35 0 0 0 0 0 0 0
40 -2 2 | -4 -4 -3

- p(Hillero et al)

28 -




to the same density for § = 35 seawater, the maximum differences over the
entire temperature and salinity range are within *5 x 10-63 cm-3.

The Panel recommended that Millero and Poisson look into the
differences in density at S = 35%/00 and use the data of Millero et al. and
Poisson et al. to generate a new one atmosphere equation of state for
seawater.

This data report summarizes our work in generating a new one atmos-

phere equation of state for seawater.

Density of 35°/oo Salinity Seawater as a Function of Temperature

The summary of all the relative density (p - po) measurements at
S = 35°/oo of Poisson et al. and Millero et al. are given in Table V. The
temperature of earlier measurements of Poisson and Brunet have been correc-
ted after a recalibration of the platinum resistance thermometer. These
results are combined with the recent results of Poisson, Brunec and Brun-
Cottan (1980). The experimental measurements of Millero et al. (1976)
have been corrected to a salinity of 35°/oo. The data set consist of 19
points from O to 40°C from Millero et al. and 20 points from 1.1 to 30°C

from Poisson et al. These relative densities were fitted to the equation

1 2

(o - p°)103 = 28.264, - 1.22473 x 10 1t + 2.38306 x 10 3t

9

- 3.0775 x 10°°t3 + 2.11504 x 10 ¢4

(%)

with a 0 = 2.6 x 10-63 cm-s. A comparison of the measured and calculated
values of p - Po are shown in Table V. The deviations shown in Figure 1
are reasonably random. The differences between the densities of the equa-

tion of Millero et al. and the new equation are given as a dotted line in
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TABLE V. The relative densities (g cm-a) of seawater at S = 35°/oo

and various temperatures

G - 90)103, g et
Temp. Measured Calculated” Algi Author
0.000°C 28.266 28.265 1 Millero et al.
28.263 -2
28.264 -1
28.264 -1
28.267 2
28.267 2
28.265 0
28.267 2
28.264 -1
5.000 27.707 27.708 -1
10.000 27.250 27.250 0
15.000 26.866 26.871 -5
20.000 26.557 26.556 1
26.557 1
25.000 26.295 26.294 1
26.299 5
30.000 26.076 26.076 0
35.000 25.894 25.895 -1
40.000 25,751 - 25,781 0
1.163 - 28.124 28.126 -2 Poisson et al.
2.340 : 27.987 27.991 -4

5,21 - '27.690 27.687 3
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TABLE V (Continued)

Temp. Measured Calculated Algi Author
5.220 27.688 27.686 2 Poisson et al.
7.100 27.505 27.505 0

10.412 27.217 27.216 1

10.478 27.217 27.210 7

15.681 26.828 26.824 4

19.697 26.576 26.574 2

19.717 26.576 26.573 3

20.725 26.511 26.515 -4

20.759 26.511 26.513 -2

20.932 26.504 26.504 0

24.239 26.330 26.331 -1

25.368 26.279 26.277 2

25.423 26.274 26.274 0

25.435 26.268 26.274 -6

25.577 26.262 26.267 -5

30.006 26.079 26.076 3

30.067 26.075 26.073 2

a) The calculated values were determined from equation 5. The
measured values of Millero et al. from 5 to 40°C were weighted
by a factor of three due to the higher precision of the magnetic
float density méasurements.; To obtain the statistically best
eéuation (i.e., using an F-test), we found it necessary to use

a five parameter temperature polynomial.




FIGURE 1

® Millero et al.(1976)
O Poisson et al.(1980)
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Figure 1. Except for the temperature range between 26 to 38°C the differ-
ences are within 5 x 10-6g cm—3 (the maximum difference is 7.7 x 10-6). The
densities at S = 35 calculated from the equation of Millero et al. (1976)
are higher than the new equation over the entire temperature range. This

is similar to the results shown in Table II. These results indicate that
the overall equation of Millero et al. (1976) does not give the "best" fit
for seawaters of S = 35°/0o because of either fitting errors or a shift in
salinity due to evaporation (especially at S = 40°/oo).

Data Set Used to Determine a New Equation of State

The relative density (p - po) data used to determine the new 1 atm.
equation of state of seawater were taken from the work of Millero et al.
(1976) and Poisson et al. (1980). The data consist of 122 points from 0 to
40°C from Millero et al. and 345 points from Poisson et al. from O to 30°C.

The various salinity and temperature ranges covered are given in Table
VI. About 332 of the data of Millero et al. and about 602 of the data of
Poisson et al. are in the oceanographic range of salinity (30 to 42°/oo).
The data of Poisson et al. at most salinities represent two to three dupli-
cate measurements on the same sample; while the measurements of Millero et
al. are the averages of at least two duplicate nmeasurements.

Before the two data sets can be combined, it is necessary to make some
adjustments and normalizations. Since the measurements of Poisson et al.
were made relative to a seawater of 35°/oo salinity, this can easily be done
using the values at a given temperature calculated from equation 5. For the
relative densities below a salinity of 35°/oo, this was done by using the

equation (at each temperature)
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TABLE VI, Summary of the one atmosphere data set used to derive the UNESCO Equation

of State for Seawater

Data of Poisson et al. (1980)

Salinity (oloo)

Temp 5 10 15 20 25 30 35 38 40 42 Sum
0.03°% - - - - - - 4 4 & 4 16
0.3 4 4 3 4 4 5 5 - - - 29

2 - - - - - - 2 2 2 2 8

5 4 3 4 3 2 2 4 7 5 5 39
10 4 4 4 4 2 4 8 5 5 4 &4
15 6. 6 6 5 5 4 12 4 4 4 56
20 4 4 4 4 4 4 12 7 5 6 54
25 4 4 4 4 4 4 15 9 7 3 58
30 AL 4 4 4 4 4 8 4 4 4 u
Sum 27 29 29 28 25 27 70 42 36 32 345

Data of Millero et al.(1976)
Salinity (°/oo)

Tewp  0.1-5 5-10 10-15 15-20 20-30 30 38 40 Sum
0% 5 4 2 1 3 2 2 29
5 5 2 1 - 2 1 1 13
10 4 2 - 1 1 1 1 11
15 2 2 1 - 2 1 1 10
20 2 2 - - 2 1 1 10
25 4 3 2 1 3 2 2 20
.30 2 1 - 1 2 - 1

35 4 2 2 - 2 - 1 12
40 2 2 1 = 2 = —
- Su 9 6 19 8 122
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Adj 0l1d new
(b - 00)35 ¢
- = - ——
(o po)s’t (p po)s’t x oI (6)

(o - po)3s’t

For the samples with salinity above 35°/oo, the salinities have been
redetermined usiqg smoothed equations of (p - po) as a function of S. The
values of (p - po)IO3 corrected in this manner are given in Table VII.

Before the data of Millero et al. (1976) could be used, it was necessary
to determine the cause of the generated equation not giving the '"best”
temperature fit for S = 35°/oo. Since Millero et al. (1976) used a weight-
ing method to fit their data, we first examined the fitting procedure. The
generalized least squares program used in fitting the high pressure PVT
data of seawater was used to refit the data. The differences in the new
and the old fit of the same data using the same number of parameters are
glven in Table VIII. As is quite apparent from this table the differences

68 ).

are all well within the standard error of the fit (3.3 x 10~
The largest source of error in the measurements of Millero et al.
(1976) is in the determination of salinity. All of the magnetic float
measurements were made on weight diluted or evaporated standard seawater.
The salinities for the hydrostatic density measurements were determined
on a salinity bridge that had a large off set and required a calibration
wi.th samples of known salinity (by weight dilution and evaporation).
Since the initial magnetic float experiments from 0 to 25°C for the
szmples of § = 30, 35 and 40°/oo were made in a closed cell, the salin-
1ty of the samples could not change during an experiment. It is, thus,

possible to examine the internal consistancy of these experiments by

exanining the salinity dependence at a given temperature. If the den-

- 35 =

S,
Mo [ . .
N P T R P L VR . e DT LA R A
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Table VII
Normalized data used to determine UNESCO Equation of State

Poisson et al. (1980)

0.271

- 36 -

t,°C s(°/o0) (0 - )10, g em 52 §°
0.029 35.099 28.340 0 0
0.029 35.099 28.336 -4 -4
0.029 37.842 30.555 -1 -1
0.029 37.842 30.555 -1 -1
0.029 39.715 32.070 0 0
0.029 39.715 32.070 0 0
0.029 41.791 33.746 -4 -3
0.029 41.791 33.747 -3 -2
0.030 34.760 28.068 2 2
0.030 34.760 28.066 0 0
0.030 38.227 30.865 -2 -2
0.030 38,227 30.867 0 0
0.030 39.878 32.201 -1 -1
0.030 39.878 32.199 -3 -3
0.030 41.674 33.650 -5 -5
0.030 41.674 33.653 <2 -2
0.272 5.006 4.068 -2 -2
0.271 5.006 4.069 -1 -1
0.271 5.019 4.083 3 2
0.271 5.019 4.084 4 3
0271 10.032 8.126 -2 -2
10.032 8.136 8 8
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Table VII (continued)

t, °c 5(°/00) (o - p,)10°, g cum > & &°
0.271 10.041 8.132 -3 -3
0.272 10.041 8.139 5 4
0.271 14.976 12.112 3 3
0.272 14.976 12.108 -1 -1
0.271 14.999 12.128 1 0
0.271 19.994 16,142 -3 -5
0.271 19.994 16.141 -4 -6
0.271 20,011 16.155 -4 -5
0.272 20.011 16.152 -7 -8
0.271 24,567 20.147 0 -1
0.272 24,967 20.153 7 5
0.271 24.968 20.156 8 7
0.271 24.968 20.148 1 -1
0.271 29.981 24,186 2 1
0.271 29.981 24,188 4 3
0.271 29.981 24,188 4 3
0.272 29.991 24,194 2 1
0.271 29.991 24.195 3 2
0.271 35.000 28.231 1 0
0.272 35.000 28.229 -1 -2
0.271 35.000 28.233 3 2
0.271 35,000 28.233 3 2
0.271 35.000 28.235 5 4

34.807 27.900 2 1

1.760°

- 37 -
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Table VII (continued)

- 5.001

t, % S(°/oo) (o - p°)103, g cm-3 &2 6b
1.780 37.784 30.292 5 4
1.780 40.034 32.093 -1 -2
1.780 41.863 33.559 -6 -6
1.783 34.796 27.893 4 3
1783 37.772 30.279 2 1
1.783 40.021 32.080 -4 -4
1.783 41.849 33.550 -3 -3
4.998 36.589 28.970 1 1
4.998 36.589 28.971 2 2
4.998 37.901 30.010 -1 -1
4.998 37.901 30.013 2 2
4.998 39.694 31.438 3 3
4.998 39.694 31.438 3 3
4.99% 41.579 32.934 1 1
4.998 41.579 32.934 1 1
5.001 37.986 30.076 -2 -2
5.001 37.986 30.082 4 4
5.001 37.986 30.080 2 2
5.001 39,927 31.619 -1 -1
. 5,001 39.927 31.622 2 2
5.001 39.927 31.621 1 1
5.001 42.082 33.334 1 1
.~ 5.001 42,082 33.334 1 1
42.082 33.337 4 4
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Table VII (continued)

e, % 5(°/00) (0 - pg)10°, g cn 52 &°
5.055 5.040 4.017 3 4
5.055 5.040 4.017 3 4
5.035 5.051 4.013 -9 -9
5.054 5.051 4.024 2 2
5.054 10.020 7.948 -6 =7
5.055 10.047 7.974 -2 -2
5.055 10.047 7.976 0 0
5.035 14.548 11.525 -7 -8
5.054 14.548 11.523 -9 -9
5.055 14.994 11.884 0 Y
5.055 14.994 11.884 0 0
5.054 20.002 15.831 -7 -8
5.055 20.013 15.841 -7 -6
" 5,055 20,013 15.846 -1 -1
5.035 24,863 19.683 3 2
5.054 24.863 19.680 1 1
5.035 29,904 23.664 -3 -4
5.054 29,904 23,661 -5 =5
5.035 35.000 27.706 1 1
5.054 35.000 27.697 -6 -6
5.055 35.000 27.700 -3 -3
5.055 35.000 27.701 -2 -2
10.018 34.863 27.144 2 2
34.866 27.145 1 1

10.018
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Table VII (continued)

t, °¢c S(oloo) (o - p°)103, g cm-'3 &2 Gb
10.018 37.992 29.585 -2 -2
10.018 37.992 29.591 4 4
10.018 39.916 31.094 1 1
10.0:8 39.916 31.098 5 5
10.018 41.779 32.550 -2 -2
10.018 41.779 32,551 -1 -1
10.042 34.648 26.972 0 0
10.042 34.648 26.973 1 1
10.042 37.947 29.543 -7 -7
10.042 37.947 29.557 7 7
10.042 37.947 29.550 0 0
10.042 40.203 31.316 1 1
10.042 40.203 31.319 4 4
10.042 40.203 31.317 2 2
10.042 41.861 32.617 3 3
10.042 41.861 32.612 -2 -2
10.186 5.023 3.922 -3 -3
10.186 5.023 3.918 -7 -7
10.186 10.022 7.810 -1 -1
10.136 10.022 7.804 -7 -7
10.186 14,983 11.663 1 0
10.186 14.983 11.662 0 -1
10.186 20.019 15.574 2 1
10.186 20.019 15.572 0 -1
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Table VII (continued)

e, °% 5(°/00) (o - p)10°, g cu > 52 &°
10.186 29.993 23.328 -2 -2
10.186 29.993 23.328 -2 -2
10.186 35.000 27.236 1 1
10.186 35.000 27.233 -2 -2
10.189 5.050 3.951 4 5
10.189 5.050 3.949 2 3
10.189 10.040 7.824 -1 -1
10.189 10.040 7.821 -4 -4
10.189 14.995 11.673 1 1
10.189 14.995 11.671 -1 -1
10.189 20.019 15.569 -3 -4
10.189 20.019 15.569 -3 -4
10.189 24.975 19.424 0 0
10.189 24.975 19.422 -2 -2
10.189 29.986 23.325 1 0
10.189 29.986 23.322 -2 -3
10.189 35.000 27.233 -1 -2
10.189 35.000 27.231 -3 -4
15.034 5.028 3.877 5 6
15.035 5.028 3.872 0 0
15.035 5.029 3.876 4 4
15.035 5.029 3.877 5 5
15.035 10.034 7.707 1 1
15.035 10.034 7.705 -3 -3

T -4l -
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Table VII (continued)

£, °c 5(°/00) ® - p)10%, g em”3 5 &b
15.034 10.234 7.864 3 3
15.035 10. .34 7.868 7 7
15.035 14.979 11.491 -2 -3
15.035 14.97° 11.492 -1 -2
15.034 15.014 11.523 3 2
15.035 15.014 11.526 6 5
15.035 20.018 15.356 3 2
15.034 20.021 15.347 -9 -9
15.035 20.021 15.344 -12 -12
15.035 24,957 19.150 8 7
15.035 24,979 19.162 3 2
15.035 24.979 19.158 -1 -2
15.035 29,964 22,984 -6 -6
15.035 29,964 22,987 -3 -3
15.034 29.971 22,999 4 3
15.035 29,971 22,992 -3 -4
15.034 35.000 26.872 3 3
15.035 35.000 26,866 -3 -3
15.035 35.000 26.867 -2 -2
15.035 35.000 26,867 -2 -2
15.034 35.133 26,974 3 3
15.034 35.133 26,971 0 o
15.034 37.950 29,148 3 3
15.034 37.950 29,147 2 2

- 42 -
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Table VII (continued

)

.~ .15.306 -

24.921

- 19.104

t, °c $(%/00) (p - p°)103, g cm’3 ® Gb
15.034 40,147 30.841 -2 -2
15.034 40.147 30.842 -1 -1
15.034 41.848 32.157 -2 =2
15.034 41.848 32.158 -1 -1
15.143 35.011 26.871 1l 1l
15.143 35.011 26.870 0 0
15.143 37.581 28.852 0 0
15.143 39.943 30.674 -3 -3
15.143 43,076 33.104 3 4
15.185 34.747 26.666 3 3
15.185 34.747 26.661 -2 -2
15.185 37.950 29.135 1 1
15.185 39.855 30.606 0 0
15.185 42.076 32.321 -3 -2
15.307 5.006 3.854 3 2
15.306 5.006 3.853 2 1
15.307 9.999 7.678 4 3
15.306 9.999 7.675 0 0
15.307 14.981 11.487 -0 0
15.306 14.981 11.487 0 0
- 15.307 20,031 15,360 8 7
15.306 20.031 15,353 1 0
. 15.307 - 24,921 o . 19,105 .4 &
.3 3
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TABLE VII (continued)

t, °c 5(°/00) G - p°)103, g em™> &2 s°
15.307 35.000 26.849 2 -1
15.306 35.000 26.852 -1 2
20.002 5.008 3.810 3 3
20.002 5.008 3.812 5 5
20.002 5.031 3.827 3 2
20.002 5.031 3.830 6 5
20.002 10.048 7.616 -5 -7
20.002 10.048 7.622 1 -1
20.002 10.058 7.629 0 -1
20.002 10.058 7.630 1 0
20.002 14.995 11.363 -1 -3
20.002 14.995 11.366 2 0
20.002 15.561 11.787 -6 -7
20.002 15.561 11.795 2 1
20.002 20.004 15.153 S -6
20.002 20.004 15.157 0 -2
20.002 20,017 15.167 0 -1
20.002 20.017 15.168 1 0
20.002 24.961 18.920 3 2
. 20,002 24,961 | 18.920 3 2
v 20.002 ' 24,965 18.922 2 1
: 20.002 24:965 - 18.925 5 4
C U000 29973 22.723 -3 -4

20,002 29,973 - 2T 22,72 - -3

S 0
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LYABLE VII (continued)
t, °c S(oloo) G - p°)103, g cm-3 &2 Gb
20.002 29.973 22.726 0 -1
20.002 29.973 22.725 -1 -2
20.002 35.000 26.555 -1 -2
20.002 35.000 26.555 -1 -2
20.002 35.000 26.559 3 2
20.002 35.000 26.555 -1 -2
20.060 34.704 26.328 1 1
20.060 34.704 26.325 -2 -2
20.060 37.867 28.743 1 1
20.060 37.867 28,745 3 3
20.060 40.154 30.489 -2 -1
20,060 40,154 30.488 -3 -2
20.060 41.959 31.871 -2 -1
20.060 41.959 31.874 1 2
20,065 34.718 26.336 -2 -2
20,065 34.718 26.342 4 4
20,065 34,750 26.363 1 1
20,065 34,750 26.360 -2 -2
20.065 36.543 27.730 0 0
20.065 37.981 28.826 -3 -3
20.065 38.009 28.847 -3 -3
20.065 40.096 30,448 2 3
20.065 41.944 31.860 -1 o
0 1

20,065

. 420584

32,351
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TABLE VII (continued)

e, °c 5(°/00) (0 - p,)10°, g cu & s°
20.076 34.987 26.543 1 1
20.076 34.987 26.544 2 2
20.076 37.970 28.819 -1 0
20.076 37.970 28.819 -1 0
20.076 40.143 30.480 -1 -1
20.076 40.143 30.479 -2 -2
20.076 41.797 31.746 -2 0
20.076 41.797 31.748 0 2
264.889 34.171 25.669 -4 -5
24.889 34.171 25.671 -2 -3
24.889 39.675 29.843 4 5
264,905 35.001 26.296 -3 -4
24.905 35.001 26.298 -1 -2
24,905 . 37.465 28.165 1 1
24.905 140.093 30.156 0 1
24.905 42.028 31.626 2 3
24.910 34,925 26.242 0 -1
24.910 3%.925 o 26.243 o 0
24,910 36.986 27.797 -4 -4
24.910 . 37.882 | £ 28.484 5 4
24.910 39.166 . 29.451 o -1
"""" © 25,009  5.012 0 3.766 . -3 -4
25,009 - 5,012 c 3,766 -3 -4

25,008 . - 5016 . . . 3.775 -3 2
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TABLE VII (continued)

; '?54909-

. 35.000

t, °C $(°/00) (- po)103, g cm.-3 &2 Gb
25.009 5.016 3.771 -1 -2
25.009 10.042 7.540 3 1
25.009 10.042 7.538 1 -1
25.009 10.045 7.537 -2 -4
25.009 10.045 7.537 -2 -4
25.009 14.995 11.245 -2 -4
25.009 14.995 11.247 0 -2
25.009 15.011 11.256 -3 -5
25.009 15.011 11.255 - -6
25.009 20.004 15.006 4 1
25,009 20.004 15.002 0 -3
25.009 20.007 15.004 -1 -3
25.009 20.007 15.008 3 1
25.009 24.953 18.729 10 7
25.009 24.953 18.728 9 6
25.009 24.964 18.731 4 1
25.009 24.964 18.730 3 0
25.009 29.969 22.490 = -8
25.009 29.969 22.496 1 -2
25.009  29.996 22,513 -3 -5
25.000° - 29.996 22.509 -7 -9
25.009 35.000 26.293 -1 -2
25000 35.000 26.293 -1 -2
| | 26.295 1 0
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TABLE VII (continued)

t, °c S(oloo) (p - p°)103, g cm73 82 Gb

25.009 35.000 26.292 -2 -3

25.054 34.680 26.050 1 -1

25.054 34.680 26.052 3 1

25.054 34.680 26.046 -3 -5

25.054 37.931 28.514 5 5

25.054 37.931 28.509 0 0

25.054 37.931 28.508 -1 -1

25.054 39.798 2,928 4 5

25.054 39.798 29.921 -3 -2

25.054 39.798 29.920 -4 -3

25.059 35.196 26.438 -1 -2

25.059 35.196 26.438 -1 -2

25.059 37.761 28.381 -1 1

25.059 37.761 28.380 0 0

25.059 39.723 29.865 -2 -1

25.059 39.723 29,864 -3 -2

25.059 © 41.852 31.485 3 4

- 25.059 41.852 31.484 2 3
| 29,903 5.021 3.742 -1 -3
S 29.08 © 10.028  7.468 5 2.
w7 20,90 10.028 7.460 -3 -6
s 29.903 10.069 7.494 1T -2
29.903;  10.069 748 =5 -8

290908 . ;16,989 - % 11,154 i g 2
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TABLE VII (continued)

© 29.997

- 49 =

t, °% s(°/00) (o - p°)103, g cm-3 &8 Gb
29.903 14.989 11.146 -2 -6
29.903 14.998 11.157 2 -1
29.903 14.998 11.153 -2 -5
29.903 20.017 14.887 0 =4
29.903 20.017 14.884 -3 -7
29.903 20,018 14.883 -5 -9
29.903 20,018 14.886 -2 -6
29.903 24,955 18.563 -4 -7
29.903 24,955 18.565 -2 -5
29.903 24,968 18.582 6 2
29,903 24,968 18.578 2 -2
29.903 29,981 22,318 -3 -5
29.903 29.981 22,321 0 -2
29,903 29,983 22.323 0 -2
29.903 '29.983 22,317 -6 -8
29.903 35.000 26.083 1 2
29.903 35.000 26.078 -4 -3
29.903 35.000 26.079 -3 -2
29,903 35.000 26.080 -2 -1
29,997 34.706 25.863 6 6
29.997 34.706 25.857 0 0
29,997 .. 34.839 25.962 5 5
29997 34.839 25.954 -3 -3
' 38,028 28.348, -4 -2
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TABLE VII (continued)

t, ° 5(°/00) ¢ - p)10°, g cu &2 s°
29.997 38.028 28.352 0 2
29.997 38.096 28.405 2 4
29.997 38.096 28.403 0 2
29.997 39.722 29.626 0 3
29.997 39.722 29.622 -4 -1
29.997 40,235 30.020 8 11
29.997 40.235 30.016 4 7
29.997 41.574 31.021 1 5
29.997 41.574 31.016 -4 0
29.997 41.980 31.327 1 5
29.997 41.980 31.326 0 4
a) &= (Apmeas. - Apcalc.) 106 where Pealc. is from equation for individual

data set (eq. 7 for Poisein et al. and eq. 8 for Millero et al.).

6
b) 6= (Apmeas. =80 _.qc.) 107 where Peglc, 18 from final UNESCO equation.(eq. 10).
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TABLE VII (continued)

Millero et al. (1976)

t, ° S(°/oo) (p - po)103, g cm—3 62 Gb
0.000 1.386 1.136 2 2
0.000 1.400 1.149 4 3
0.000 1.920 1.569 0 -1
0.000 3.338 2.726 4 3
0.000 3.429 2.796 0 -1
0.000 5.272 4.283 -7 -8
0.000 6.940 5.642 2 1
0.000 7.304 5.926 -8 -9
0.000 9.172 7.441 -3 -3
0.000 14.281 11.560 -5 -4
0.000 14.424 11.678 -2 -1
0.000 19.998 16.171 0 2
0.000 22.488 18.173 -2 -2
0.000 25.249 20.395 -5 -4
0.000 25.973 20,985 2 2
0.000 30.054 24,275 2 2
0.000 30.221 24,409 1 2
0.000 34,993 28.262 4 4
0.000 35.000 28.265 1 1
0.000 35.002 28.264 - -1
0.000 35.002 28.265 -1 0
0.000 . 35,002 28.268 2 3
0.000 35.002 28.268 2 3

- 51 -
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TABLE VII (continued)

t, °c S(oloo) ( - p°)103, g cm-3 &2 Gb
0.000 35.012 28.274 0 1
0.000 35.013 28.274 0 0
0.000 35.013 28.276 2 2
0.000 37.675 30.422 -3 -3
0.000 40.017 32.314 -4 -4
0.000 40.447 32.668 2 2
5.000 0.611 0.490 0 0
5.000 1.154 0.926 2 2
5.000 2.255 1.802 0 0
5.000 3.546 2.828 0 -1
5.000 4.599 3.667 3 2
5.000 6.925 5.509 1 1
5.000 9.036 7.185 6 7
5.000 14.575 11.564 7 8
5.000 20.291 16.077 5 7

5.000 27.933 22.118 6 7.
5.000 30.054 23.792 2 2
5.000 35.002 27.708 -2 -2
5.000 40.017 31.684 -6 -7
10.000 0.477 0.375 0 -1
10.000 1.039 0.816 0 -1
10.000 1.597 1.253 0 -1
10.000 3.673 2.871 -5 -5
6.569 5.135 3 4

10,000

- 52 -



- 33 -

TABLE VII (continued)

t,OC S(o/oo) (o - p°)103, g cm-3 §2 6
10.000 8.637 6.736 -5 -4
10.000 17.775 13.834 -6 -4
10.000 20.696 16.108 -2 0
10.000 30.054 23.390 -2 -1
10.000 35.002 27.251 -1 -1
10.000 40.017 31.172 0 -2
15.000 0.448 0.348 1 1
15.000 2.045 1.582 3 3
15.000 6.368 4.898 -2 -2
15.000 8.865 6.813 -1 0
15.000 11.822 9.081 2 3
15.000 20.181 15.491 8 10
15.000 25.144 19.297 7 9
15.000 30.054 23.062 -1 0
15.000 35.002 26.867 -6 -6
15.000 40.017 30.743 0 -2
20.000 1.064 0.817 4 5
20,000 2.206 1.685 3 4
20.000 4.695 3.576 5 6
20.000 9.788 7.434 8
20.000 20.970 15.896 2 5
20.000 27.422 20.789 0 2
20,000 30.054 22.789 -1 0
20,000 35.002 26,558 0 0
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TABLE VII (continuzd)

t, °c $(°/00) (-~ po)103, g cm-3 62 Gb
20.000 35.006 26.561 0 0
20.000 40.017 30.389 2 0
25.000 1.306 0.989 3 3
25.006 1.425 1.078 2
25.000 3.017 2.275 1 2
25.000 3.024 2,277 -2 -1
25.000 5.194 3.908 0 1
25.000 6.613 4.970 -2 -1
25.000 8.124 6.098 -6 -5
25.000 13.963 10.478 1 2
25.000 14.408 10.805 -7 -5
25.000 19.632 14.722 -7 -4
25.000 22,107 16.585 -2 1
25.000 24,730 18.554 -3 -1
25.000 25.647 19.244 -3 0
25.000 29,772 22.350 -1 0
25.000 30.054 22,564 0 2
25.000 35.002 26.296 0 -1
25,000 35.137 26.403 4 4
25.000 36.953 27.771 0 -1
25.000 40.017 30.093 3 1
25..000 40.068 30.130 1 -1
30.000 1.064 0.799 -2 2
30.000 4.609 3.438 -2 0
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TABLE VII (continved)

t, % $(°/00) (p - p°)103, g cm_3 52 Gb
30.000 9,752 7.260 -2 0
30.000 16.465 12.256 6 9
30.000 20.891 15.540 -3 1
30.000 27.427 20.416 2 4
30.000 35,006 26,080 -2 -2
30.000 40.054 29,872 3 0
35.000 1.579 1.177 3 3
35,000 3.185 2.367 3 4
35.000 3.680 2,733 3 4
35.000 4.659 3.457 3 5
35.000 6.359 4.709 0 2
35.000 8.550 6.327 1 3
35.000 10.908 8.068 2 5
35.000 14,857 10.984 4 8
35.000 20.591 15,220 5 9
35.000 25,942 19.175 1 4
35.000 35.004 25,897 -3 -4
35.000 40,033 29.652 5 1
40.000 1,445 1.071 2 2
40,000 2,909 2.147 -2 -1
40,000 5.916 4,356 -4 =2
40.000 9.885 7.269 -5 -2
40.000 | | 14,960 11.000 2 6

40.000 21.825 16.044 4 8
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TABLE VII (continued)

3 -3 a b
t, % S(O/oo) {p - p°)10 , B cm 8 8
40.000 27.989 20.579 2 5
40.000 35.006 25.755 2 =2
40,000 " 40.033 29.481 2 -2
6
a) § (Apmeas. - Apcalc.) 10" where Pealc. is from equation for individual

data set (eq. 7 for Poisson et al. and eq. 8 for Millero et al.).

b) & = (Ap - 4p

6
neas. calc.) 10" where Pealc. is from final UNESCO equation (eq. 10).

- 56 -
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TABLE VIII. Differences between new and old fit of original Millero et
al, density data

Aploelggicm_3
s®/00) 0% 5% 10°% 15°%¢ 20°% 25°¢c 30°% 35°% 40°%

5 -3 -1 0 0 0 -1 -1 -1 0
10 2 0 0 1 1 0 0 -1 1
15 -2 0 0 1 1 1 0 0 1
20 -1 0 0 1 1 2 0 1 2
25 o o 0 1 1 1 1 1 2
30 1 o0 o0 1 1 1 0 2
35 0 -1 0 1 1 0 1 -l 1
40 0 -1 1 1 o -1 3 .-z A
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sities below S = 35 are fitted to equation (1), it is possible to examine the
densities of the samples of S = 30 and 40°/00. When this is donme the ex-
perimental values at S = 30 were found to agree with the calculated values
to within %4 x 10'63 em 3. The salinities determined from the weight dilu-
tion equations from O to 25°C were equal to 30.051 + 0.003 which agrees very
well with the assigned value (30.054). A similar calculation using the
equation of Poisson et al. (1980) gives densities that agree to +4 x 10-63 cm-3
and a salinity equal to 30.055 * 0.003. These comparisons indicate that the
weight dilution runs on S = 35°/00 seawater are internally consistent from
0 to 25°C.
A similar calculation at S = 40°/oo yields densities that are con-
sistently lower than the experimental values. A value for the S = 40.017
t 0.004 i3 found by extrapolating our weight dilution runs which is consid-
erably higher than the assigned value (40.004). If the equations of Poisson
et al. are used a value of S = 40.016 * 0.003 is found. A similar analysis
of the extrapolated weight dilution density runs at 30°C yielded a § =
40.056 + 0.004 for the sample with a reported salinity of 40.033. The
equation of Poisson et al. gave a value of S = 40.054 at 30°C. Although the
. high salinity seawater used at 35 and 40°C was the same as the sample used
at 30°C, the extrapolated weight dilutions are nearly the same as the
assigned value (S = 40.036 + 0.005). This apparently is due to the se-
quence in which the sample was used (40°, 35° and 30°C) in the individual
experiments. We, thus, used the assigned S = 40.033 at 35° and 40°C. These
. caleculations indicate that the salinities of the 40°/oo samples from O to
30'0 are slightly higher than reported and caused the overall equation to
give a poor fit at S = 35°loo. We will use the corrected salirities in

fur;har calculations.

x
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In the hydrostatic experiments the evaporatiorn effects were supposed-
ly accounted for by making conductance experiments on the samples after
the density was measured. A comparison of the measured densities with
fits of the magnetic float measurements are in good agreement at 0° and
25°C except for the highest salinities (37 to 48°/00). The measured values

6 3 higher than expected. Since the differences are higher

are 10 x 10 g cm
at 25° than 0°C, this is probably due to evaporation effects. Using the
weight dilution extrapolations and the equation of Poisson et al., we de-
termined S = 40,452 * 0,002 at 0°C compared to the assi‘ned value of
40,447, A&t 25°C, for the higher salinity samples, we obtain S = 40.068

+ 0.002 and S = 36.953 + 0,002 compared to the assigned values of 40.049
and 36.944, The selinity differences at 25° are higher than expected

(20 = ¢ 0.0060/00) for eonductance calibration. We have thus used the back

calculated salinities at 25°C.

Since the measurements of Millero et al. (1976) were made relative to
water at 4°C (i.e. specific gravities), it is necessary to multiply the
measured values of (p - po) by the absolute density of water at 4°C,

b, = 0.999974 g cm > (Millero and Emmet, 1976). An adjustment of the
meuasured censities of Millero et al. to & given density for S = 35 is not
recessery since the fit of the experimental values (e¢. 2) agrees very well
fxritkiv * 1.6 1c"g cn-s) with the assigned values (eq. 5). The corrected
data set of lMillero et &al. (197€) ere given fr Tatle V7T,

Pefcre certining the various dete sets we kave examined ther Individ-
ually to have an idea of the precision of the individual data and differ-

ences between the two sets of data (using the equation of state of Millero

et al., i.e. équation 1), As in the examinations made by Millero et al.

(1976), we have determined a number of temperature forms for the terms
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A, B, and C. The criterion for selecting the fewest number of temperature
parameters was based on an "F" test analysis of the residuals (Freund, 1962).
Since the S = 35°/oo data required a five parameter temperature fit, the
minimum terms required in the A parameter was also five (5A). This was
necessary to insure the values of p - p, at S = 357 calculated from the
overall equation agreed to #2 x 10-63 cm-3 with the assigned values obtained
from equation (5).

The summary of the fits of the data of Péisson et al. to equation (1)
is given in Table IX. The fewest number of parameters statistically needed

to fit the data was the 8(4A, 3B, 1C) equation with a 0 = 3,48 x 10-63 cme_

To obtain values of p - o at § = 35°/oo that agree to +2 x 10-6 with those
calculated from equation (5), the 9(5A, 3B, 1C) equation was needed. This
is the equation we have selected as being the best representation of the

measurements of Poisson et al. The coefficients for the A, B, and C terms

are given below (0 = 3.33 x 10—63 cm )

A= 8.24501 % 10°% - 4.0639 x 10~ 8¢ + 7.5719 x 10782 - 8.8910 x 107103
+ 6.616 x 10 ‘24 (7a)

-6 -8 -9 2
B = -5.7728 x 1075 + 9.7437 x 10" 3¢ - 1.3747 x 10 %t (7b)
C = 4.9054 x 1077 (7¢)

A comparigon of the measured and calculated values of p -~ Py is given in
Table VII. These deviations shovn in Figure 2 are random.

The summary of the fits of the data of Millero et al. to equation (1)
is given_in‘Table,x. As with the data of Poisson et al., we have selected
the 9(54,,33,‘10) equation as being the best representation of the measure-

" ments ofvug%lqro et al. The coefficients for the A, B, and C terms are

- 60~
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Table IX

Summary of the fits of the normalized data of Poisson et al.

to the equation (p - po) = AS + BS3/2 + CSz
Parameters 6106,_3;:91:1_3
15(5A, 5B, 5C) 3.21
14(5A, 5B, 4C) 3.21
14(5A, 4B, 5C) 3.24
13(5A, 4B, 4C) | 3.25
12(5A, 4B, 3C) 3.24
12(5A, 3B, 4C) 3.27
12(4A, 4B, 4C) ' 3.43
11(5A, 4B, 2C) 3.25
11(5A, 3B, 3C) 3.34
11(5A, 2B, 4C) 3.26
10(5A, 4B, 1C) " 3.26
10(5A, 1B, 4C) 3.36
10(5A, 3B, 20) . 3.34
9(5A, 3B, 1C) 3.33
9(5A, 1B, 30C) 3.43
9(5A, 2B, 2C) 4.04
8(4A, 3B, 10) 3.48
8(5A, 2B, 1C) 4.05
8(4A, 23‘, 20) 4.15
8(5A, 3B, 0C) ' 11.10
7(4A, 3B, OC) ' 11.06

6(4A, 2B, 0C) 11.76
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Table X
summary of the fits of the normalized data of Millero et al.
to the equation (p :;po) = AS 4+ BS3/2 + CS2
Parameters 0106, g cm'-3
15(5A, 5B, 5C) 3.22
14(5A, 5B, 4C) 3.21
14(5A, 4B, 5C) 3.21
13(5A, 4B, 4C) 3.34
12(5A, 4B, 30C) 3.38
12(5A, 3B, 4C) 3.36
12(4A, 4B, 4C) 3.80
11(5a, 4B, 2C) 3.45
11(5A, 3B, 3C) 3.48
11(5A, 2B, 4C) 3.35
10(5A, 4B, 1C) 3.43
10(5A, 1B, 4C) 3.50
10(5A, 3B, 2C) 3.55
9(5A, 3B, 1C) 3.50
9(5A, 1B, 3C) 3.65
9(5A, 2B, 2C) 5.88
8(4A, 3B, 1C) 3.95
8(5A, 3B, 0C) 10.95
é(SA, 2B, ld) 5.86
8(4A, 2B, 2C) 6.12

*******
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given below (o = 3.50 x 10-6g cm-3)-
A = 8.23997 x 10°% - 4.0644 x 10 % + 7.6455 x 10°5:2 - 8.3332 x 10103
+5.496 x 10”124 (8a)
-6 -8 -9 2
B = -5.5078 x 100 + 9.7598 x 10 St - 1.6218 x 10 ¢ (8b)
C = 4.6106 x 10~/ (8¢)

A comparison of the measured and calculated values of p - Py is given in
Table VII. These deviations shown in Figure 3 are random.

A comparison of the densities of Millero et al. and Poisson et al.
determined from the smoothed equations 7 and 8 is given in Table XI and
Figure 4. Over most of the temperature and salinity range the differ-~
ences are within #+5 x 10 g cm73. The maximum difference is 7.8 x 10_6 g cm-3
betweep 15 to 20%/00 salinity and 30°C. These differences are larger
than expected and were examined further by comparing an equation generated

from the data of Millero et al. excluding the 35 and 40°C data. The coeffi-

cients found for this data are given below (0 = 3.4 x 10-63 cm-3)

A = 8.23725 x 10°% - 3.9986 x 10~6¢ + 7.4386 x 10782 - 8.8622 x 107103
+ 6.421 x 10" 124 (9a)

-6 -8 -9.2
B = -5.42528 x 10" + 8.5107 x 10 O¢ - 1.08996 x 107t (9b)
C = 4.5502 x 10~/ ©c)

A comparison of the‘smoothed densities of Millero et al. (eq. 9) and
Poisson et al. (éq. 7) using only the 0 to 30°C is given in Table XI, b,
.gnd_ghquhin Figure 5. Theseicomparisons demonstrate that the 0 to 30°C data

'"“ofgﬂiliﬁf¢ et al. and Poisson et al. are internaily consistent to
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TABLE XI. Comparisons of the smoothed fitted data of Millero et al. and

Poisson et al.

(a) Ap106, g o>

- Temp . 5°/oo 10°/oo 15°/oo 20°/oo 25°/oo 30°/oo 35%/00 40°/00

0°c 0 0 1 2 2 2 1 .0
5 -1 1. 1 2 2 2 1 -1
10 0 1 1 2 2 1 1 -2
15 0 2 2 3 3 1 0 -2
20 1 3 4 4 4 3 1 -3
25 2 4 6 6 5 3 1 -3
30 3 6 7 8 6 4 -1 -5
(b) A9106, g cm™>

Temp. 5%°/c0 10°/o0 15°/00 20°/00 25°/00 30°/oo 35°/00 40°/00

0°c -1 -1 0 1 1 2 1 1
5 0 1 2 2 2 2 0 -2
10 1 2 3 3 3 2 0 -3
15 13 3 4 6 2 0 -3
0 1 3 4 5 5 3 1 -3
_. 25 1 3 5 5 5 3 1 -2
s s 1 3 4 5 4 4 1 -1

(a) Using fit of O to 40°C data of Hillerdiet al. (eq. 8).
’T},(b)” Uaiqg £it of 0 to 30°C data of Millero ét al. (eq. 9).

. =66 -




FIGURE 4

5108 (Millero- Poisson)

40 , — —
ﬁ\ﬂ-\..;Z Qi‘
0 — —_—
| —
30 } / |
> )
S(%.) 20 | 3 4685 6 7 |
;\ -
'o-\
Ny
o [ [ § [ 1
0 10 20 30
t(°C)
- 67 -

§ o AL
Pi¥ere, g 7



FIGURE 5

810€(Millero-Poisson)

40

30

S(%e.) 20

10

t(°C)

- 68 =~




- 49 ~

5 x 10-68 cm-a. The inclusion of the 35 and 40°C uf Millero et al. causes
larger deviations at 30°, These larger deviations apparently are caused by
fitting errors (i.e. end effects). Since most of the world oceans are be-
low 30°C, we have given less weight to the 35 and 40°C when fitting the total
data.

We have fitted the total data set to a number of temperature forms for
the terms A, B, and C. As with the individual data we have selected the
9(5A, 3B, 1C) equation as being the best representation. We have also ex-
amined various weighting techniques. Since the data of Poisson et al. con-
silsts of about three times more data than Millero et al., we have used a
3 to 1 weighting factor. The differences between using 1 to 1, 2 to 1 and
3 to 1 weighting factors caused a maximum difference in p - Po of 1 x
10-63 cm.-3 from 0 to 30°C. Since the Millero data at 35 and 40°C appears
to be slightly inconsistent with the 0 to 30°C data, we have not weighted
this data. The coefficients of the combined equation (herein called UNESCO)

glven below

-6 8, 2 1°t3

A= 8.246493 x 1074 - 4.0899 x 1079 + 7.6438 x 10782 - 8.2467 x 10~ +
5.3875 x 10 124 (10a)
-6 -7 -9 2
Bw -5,72466 x 10 ° + 1,0227 x 10 't - 1.6546 x 10 "t (10b)
C = 4.8314 x 107 (10c)

The differences between the measuted and calculated values of p - Py for

the dats are given in Table VII. The overall standard error is 3.60 x

=6 gm cm-3 (3.6 x 10"6 for the data of Poisson et al. and 3.8 x

3

10

-6

10 g cm - for the data of Millero et al). As shown in Figure 6 the de~

- 69 -
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viations are random. A comparison of the UNESCO equation with the smoothed
data of Poisson et al. and Millero et al. is given in Table XII and shown
in Figures 7 and 8. The maximum difference between the UNESCO equation and

6

the smoothed input data is 5 x 10” g cm—3. Over most of the oceanographic

range of temperature (0 to 30°C) and salinity (30 to 40°/oo) the differences
are less than 3 x 10°° P em >,

To determine absolute densities (p) from the relative density equation,
it is necessary to know the density of SMOW (Standard Mean Ocean Water)
used in these studies. At present the density of SMOW is based on the equa-

tion of Bigg (1967)

o (8 en™3) = 0.999842594 + 6.793952 x 10 ¢ - 9.095290 x 10 °¢% +

1.001685 x 10 '+ - 1.120083 x 10 °t* + 6.536332 x

107123 (11)

The values of p determined from equations (10) and (11) are given in
Table XIII.

The thermal expansibilities of seawater solutions
a = =1/p[3p/3T] (12)

can be obtained by differentiating equations (10) and (11) with respect

to temperature. The differential 3p/3T is given by
(3p/3T) = 6.793952 x 10™° - 2 x 9.095290 x 10~ %t + 3 x 1.001685 x

“7e2 _ 4 x 1.120083 x 100t + 5 x 6.536332 x 10 2¢% +

6

10

+2x 7.6438 x 108 - 3 x 8.2467 x
7

S(-4.0899 x 10~

107102 4 4 x 5.3875 x 10123y + s1*3(1.0227 x 10”

1.6566 x 10~ ¢) (13)

-2 x

-71 -
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TABLE XII. Comparisons of the UNESCO equation and the smoothed input data of

Poisson and Millero

(a) ap10%, g o3

Temp . 5°/oo 10°/oo 15°/oo 20°/oo 25°/oo 30°/oo 35°/oo 40°/oo

0°C 1 0 1 1 1 1 1 1
5 0 1 0 0 0 1 1 0
10 0 0 0 0 0 0 0 -1
15 0 0 0 1 0 0 0 0
20 0 1 2 2 2 2 1 1
25 1l 2 3 3 3 1 1 -1
30 2 3 4 3 2 -1 -2

(b) Ap106, g cm >

Temp . 5°/oo 10°/oo 15°/oo 20°/oo 25°/oo 30°/oo 35°/oo 40°/oo

0°C 1 0 0 -1 -1 -1 0 1
5 1 0 -1 -2 -2 -1 0 1
10 0 -1 -1 -2 -2 -1 -1 1
15 -1 -2 -2 -2 -3 =1 (] 2
20 -1 -2 -2 2 -2 -1 0 2
25 -1 -2 -3 -3 2 -2 0 2
30 -1 -3 3 -4 -3 -2 0 3
35 -2 -3 -4 -4 -3 . =1 1 3

- 1 3

6 @ -2 . -3 - -4 -4 -3 -2

(a) 8p = p(UyESCO) = p(Poisson)
(b) &p = o (UNESCO) - p(Millero)

-72 -
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The densities (§7cm_3) of seawater as a function of temperature

Temp.
0°c
5

10

15

20

25

30

35

40

and salinity
s5=0 S5=5

0.999843 1.003913
0.999967 1.003949
0.999702 1.003612
0.999102 1.002952
0.998206 1.002008
0.997048 1.000809
0.995651 0.999380
0.994036 0.997740
0.992220 0.995906
§=25 § =30

1.020041 1.024072
1.019758 1.023714
1.019157 1.023051
1.018279 1.,022122
1.017154 1.020954
1.015806 1.019569
1.014252 1.017985
1.012509 1.016217
1.010592 1.014278

s =10

1.007955
1.007907
1.007501
1.006784
1.005793
1.004556

1.003095

1.001429
0.999575

S = 35

1.028106
1.027675
1.026952
1.025973
1.024763
1.023343
1.021729
1.019934
1.017973

-75-

S =15

1.011986
1.011858
1.011385
1.010613
1.009576
1.0C8301
1.006809
1.005118
1.003244

S = 40

1.032147
1.031645
1.030862
1.029834
1.028583
1.027127
1.025483
1.023662
1.021679

s=20
1.016014
1.015807
1.015269
1.014443
1.013362
1.012050
1.010527
1.008810
1.006915

P .
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The values of a for seawater solutions calculated from equations (10), (11),

(12) and (13) are given in Table XIV. These values are precise to +0.5 x

Comparisons With Other Equations of State

Since the new equation will replace the Knudsen equation (1902), it is
appropriate to compare the results of the two equations. In Figure 9 we
give the differences in the densities obtained from the UNESCO equation and
the Knudsen equation. Similar comparisons ar- made with the equation pro-
posed by Cox et al. (1970) and Millero et al. (1976) in Figures 10 and 11.
In the low salinity range both the work of Knudsen and Cox et al. show
large deviations. As discussed elsewhere (Millero et al., 1976; Millero and
Kremling, 1976) these differences are due to the salts that are present in Bal-
tic river waters. The low salinity waters used .in both Knudsen and Cox et al. work
were Baltic waters, while in our studies we used seawater diluted with water

6 -3
g cm

At a salinity of 35%°/00 the densities of Knudsen are 6 + 1 x 10~
lower than the new equation from O to 25°C. This is in geneial agreement
with the findings of other workers (Cox et al., 1970, Kremling 1972, Millero
et al. 1976 and Poisson et al. 1980). The fact that this difference is
independent of temperature (as the differences at other salinities) indi-
cates that the differences are due to errors in salinities not the densi-
ties. The internal precision of the Knudsgn work is very good.

The UNESCO equation agrees with the eduation of ﬁillero et al. to with-

6

in $5x 10 " g cm-3 except at high salinities between 25 to 35°C. As dis-

cussed earlier this is due to errors in the assigned salinities at 5 =
% 40°/00 and the resultant overfitting of the data. The differences of the

UNBSCO eq. and the work of Cox et al. at S = 35 are quite low at 0 and 25°C

-6 3

but show lnigl ténperature variations (-13 to 7 x 10 ° g cm ~ differences
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TABLE XIV. The thermal expansivities (K-%) of seawater solutions as a

function of temperature and salinity

u106, K'-1

Tenp. s=0 525 s=10 5=15

0°c -68.0 ~48.4 -30.0 -12.4

5 16.0 31.9 46.8 61.1
10 88.1 100.9 112.9 124.4
15 150.9 161.1 170.8 180.0
20 206.7 214.7 222.4 229.7
25 257.0 263,2 269.,2 275.0
30 303.1 307.7 312.2 316.7
35 345.7 348.8 352.0 355.3
40 384.9 386.6 388.6 390.7
Temp. 5 =25 5 = 30 5=35 5=40

0°c 21.1 37.1 52.6 67.6

5 88.2 101.1 113.6 125.8
10 146 .3 156.7 166.8 176 .6
15 197.6 206.0 214,1 222.1
20 243,8 250. 6 257.2 263.6
25 286,2 291.7 297.0 302,2
30 325.5 329.8 334.1 338.4
35 362,0 365.3 368.7 372.1
40 395.4 397.8 400.4 403.0
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from 5 to 20°C). These differences are related to uncertainties in the
density measurements of Cox et al. as a function of temperature.

The comparisons of the expansibilities derived from the UNESCO equa-
tion of state and the work of Knudsen et al. (1902), Cox et al. (1970) and

Millero et al. (1976) are shown in Figures 12, 13 and 14. The expansi-

bilities from UNESCO agree to * 2.3 x 10-6 Kfl with Knudsen, * 1.5 x 10-6 K

6 K-lwith Cox et al. These comparisons

with Millero et al. and 5.0 x 10
show the very good precision of the density measurements of Knudsen et al.

and the large temperature errors of Cox et al. (1970).
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BACKGROUND PAPERS AND SUPPORTING DATA ON

THE HIGH PRESSURE INTERNATIONAL EQUATION

OF STATE OF SEAWATER, 1980




NOTE TO THE READERS

In the published paper "A New High Pressure Equation of State
for Seawater" by Millero, Chen, Bradshaw and Schleicher (Deep Sea
Research, 27A, 1980) as well as in "Summary of Data Treatment for the
International High Pressure Equation of State for Seawater", by Millero,
Chen, Bradshaw and Schleicher (submitted to Unesco in September 1978),
which both appear in this section, the one atmosphere equation of state
of Millero, Gonzalez and Ward (1976) was used to normalize the various
data sets. Since the values of - vP come directly from the experimen-
tal data, the values of the_secant bulk modulus fitted are not strongly
affected by the values of v0, For example, at 0°C, P == 1000b, S = 35
and K = 28 080.74. An error of *+ 5 x 10~%cm® g7! in v0 - vP yields an
error of *4.07 in K, while a similar error in v* yilelds an error of
* .15 in K. The maximum error in the new equation of state of Millero
and Poisson (1981) is 10 x 10™° cm® g~!, or an error of *0.3 in K which
is well within the experimental error of K(24.1l).
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NOTE

A new high pressure equation of state for seawater

FRANK J. MILLERO®, CHEN-TUNG CHENT,
ALVIN BRADSHAWS and KARL SCHLEICHER?

(Received 29 November 1978 ; in revised form 15 November 1979 accepied 20 November 1979)

Abstract—A new high pressure equation of state for water and seawater has been derived from the
experimental results of Millerv and coworkers in Miami and Bradshaw and Schieicher in Woods
Hole. The form of the equation of state is a second degree <ecant bulk modulus

K =P (=)= K°+ AP+ BP?
K® = K§ +aS+hS*?

A=Ay +cS+dS*?

B=By+eS

where r® and ¢ are the specific volume at 0 and P applied pressure and S is the salinity (%,). The
coefficients K3. Ay. and By for the pure water part of the equation are polynomial functions of
temperature. The standard error of the pure waler equation of stateis 4.3 x 10" *cm® g~ ' in ¢f.. The
temperature dependent parameters a. b, c. d, and e have been determined from the high pressure
measurements on scawater. The overall standard error of the seawater equation of state is
9.0x10"*cm’g~" in ©. Over the oceanic ranges of temperature, pressure, and selinity the
standard error is 5.0x 10 * cm’ g~ ' in ¢”. This new high pressure equation of state has recently
(1979) been recommended by the UNESCO Joint Panel on Oceanographic Tables and Standards
for use by the oceanographic community.

INTRODUCTION

AT THE 8th meeting of the Joint Panel on Oceanographic Tables and Standards (UNESCO,
1978) a recommendation was made to formulate a new equation of state for seawater based
on the high pressure specific volume data (v) of Cxen and MiLLERO (1976, 1978), CHEN,
Fine and MiLLErO (1977), and Brabpsuaw and ScHLEICHER (1970, 1976, unpublished data).
A thorough summary of the formulation of this new equation of state has been completed
{MiLLERO, CHEN, BRADSHAW and SCHLEICHER, 1979). 'n this short note, we will brielly
outline how the new equation of state was formulated and present the new high pressure
equation of state.

The form of the high piessure equation of state is the second degree secant bulk modulus
(K) (CHen and MiLLEro, 1975)

K = Pv°/(v°—v") = K° + AP+ BP?, (1)

where v° and v” are the specific volumes at zero and P applied pressure, K° = 1/8° is the
reciprocal of the ! atmosphere compressibility [8° = — (1/v°)(0v"/0P),], and A and B are

* Rosenstiel School of Marine and Atmospheric Science, University of Miami, Miami, FL 33149, U.S.A.
t Oregon State University, School of Oceanography, Corvallis, OR 97311, U.S.A.
3 Woods Hole Oceanographic Institution, Woods Hole, MA 02343, U.S.A.

255

@1981 Pergamon Press Ltd., Reprinted, with permission, from
DEEP SEA RESEARCH, Vol. 27A, pp. 255 to 264.
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Table |. Summary of the data used for the equation of state

S(%) Pressure range Temperature range No. of points Reference
(bar) ')

0 100-1000 -4-40 282 et
s 100- 1000 0-40 135 b
10 100~ 1000 0-40 134 b
15 100- 1000 -2-40 186 3.8
20 100-1000 040 134 bl
25 100- 1000 0-40 135 s
30 100- 1000 ~2-40 28 3.8
35 1001000 -4-40 366 .80
40 100-1000 -2-40 229 L8

189

® ChueN, FINE and MiLLERO (1977).

t+ BrapsiAw and SCHLEICHER (1976, unpublished results).

$ Cuen and MiLLERO (1976).

§ Brapsuaw and SCHLEICHER (1970, 1976, unpublished results).
It CHEN and MILLERO (1978).

temperature- and salinity-dependent parameters. The salinity (S in %,) dependence of K,
A, and B is given by

K° = K% +aS +b§*? (1a)
A=Ay +cS+ds*? (1b)
B = By +e6S. (l¢)

The terms K%, Ay, and B, are temperature-dependant parameters for pure water, while
the terms 1, b, ¢, d, and e are temperature-dependent parameters for seawater. The
advantage of formulating the high pressure equation of state in this manner arises from the
ability to adjust the pure-water terms, the 1-atmosphere terms, or the high-pressure terms
at a future time without affecting the other terms.

A summary of the data used to formulate the equation of state is given in Table 1. A total
of 1908 values of v* for water (298) and seawater (1610) over the temperature range of —4
to 40°C, the pressure range of 0 to 1000 bars applied pressure, and 0 to 407/, salinity make
up the data. To make the various sets of data for water and seawater self-consistent, it was
necessary to make some adjustments to the published results (MiLLERO et al., 1979). In the
next section we will outline the .-atmosphere data treatment.

One-atmosphere data treatment
To calculate the secant bulk modulus of water and seawater

K = v°P/(v°=v") Q)

it was necessary to have specific volume data at 1 atm. (v°) over the entire
temperature and salinity range of the measurements. The relative density measurements (d)
of MiLLero, GonzaLez and WARD (1976) satisfy this need. To be consistent with the
maximum density assigned to distilled standard mean ocean water
(Pmax = 0.999975 g cm =) and the maximum density of Miami (MiLLERO and EMMET, 1976)
Water (pp,, = 0.999974 g cm ~3), some adjustments had to be made to the relative density
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measurements (d = p/pg,,) by MILLERO et al. (1976). The absolute differences in the density
of seawater (p) and pure water (p,). (p— po) can be obtained by multiplying the relative
densities (d—d;) by pp,, = 0.999974. As the 1-atm seawater equation of state of MILLERO et
al. (1976) is given by

d—dq = AS+ BS*? +CS?, (3)

the coefficients can be adjusted by multiplying A, B, and C by p,,, = 0.999974. The density
of pure water p,,, was taken from the interim equation of Menaché for standard mean ocean
water (SMOW) (UNESCO., 1976). This equation is based on the work of BiGG (1967 —see
also WAGENBRETH and BLANKE, 1971). The equation has been adjusted by 1 x.10"* gcm ™3
at 0°C to account for the differences between ion-exchanged Miami and distilled SMOW
{MiLLero and EMMET, 1976).

p = (0.999841594 +6.793952 x 10~ 31 —9.095290 x 10~ %¢*
+1.001685 x 10 7¢3 — 1.120083 x 10~ %¢* +6.536332 x 10~ '21%)
+(8.25917 x 1074 —4.4490 x 10~ %1+ 1.0485 x 10~ "¢
—1.2580 x 107%1* +3.315 x 10~ 12%)S
+(—6.33761 x 10 +2.8441 x 10~ "1~ 1.6871 x 10~°¢
+2.83258 x 107 1%¢3)5%2 4 (5.4705 x 10~
—1.97975 x 1078 + 1.6641 x 10~°7
-3.1203x 107 !1¢%)S2. )

The standard error of this equation is 3.3 x 10°¢ g cm =3 in p from 0 to 40°C and 0 to 40°/,
salinity. The 1-atm density measurements by CHEN and MiLLErRO (1976) agree on the
average with the values determined from equation (4) to +4.5x10"®gcm~3. As the
values of v° - v come directly from the experimental data, the secant bulk modulus is not
strongly affected by the values selected for v°. For example, at 0°C, P = 1000, and S = 35,
K = 28080.74, a+ 5 ppm error in v°—vf yields an error of +4.07 in K while a +5 ppm
error in v° yields an error of +0.15 in K.

The 1-atm values of the secant bulk modulus of water and seawater have been
determined from the sound speed measurements by DeL Grosso (1970) and DeL Grosso
and MaADERr (1972) for water and MiLLERO and KusiNski (1975) for seawater. KELL (1975)
determined the isothermal compressibilities of water at 1 atm from the sound speed (U)
measurements of DeL Grosso (1970) and DeL Grosso and MaADEr (1972)

1 Ta?

B"pU; +pcp' (5)
whers T is the absolute temperature (°K), a = (1/v)(v/dT) is the thermal expansibility and
¢p is the heat capacity. Kell's compressibility results for water from 0 to 40°C were used to
determine K% = 1/8% and fit to

Ky = 19652.21 + 148.4206¢ — 2.327105¢% + 1.360477 x 10”313 - 5.155288 x 10~ %¢*  (6)

with ¢ = 0.1 bar.
The 1-atm compressibilities for seawater were determined from the relative sound speed
measurements of MiLLero and Kusinski (1975), which have been refitted by CHeN and
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MiLLERrO (1977). The heat capacities were taken from the work of MiLLErRO, PERRON and
Desnovers (1973) and the densities and expansibilities were obtained from equation (4).
The secant bulk modulus for seawater at 1 atm (K°® = 1/8°) determined from equation (5)
are reliable to +2.0 bar. The K° values for seawater were fitted to the equation

K°—K$, = aS+bS* 2, )]

where K}, is given by equation (6) and
a = 54.6746—0.603459 + 1.09987 x 10~ 21> —6.1670 x 10~ 3¢* (7a)
b=7944x10"2+1.6483 x 102t —5.3009 x 10~ *¢>. (7b)

The standard error in the fit is 1.9 bar in K° and 0.004 x 1076 bar~! in g°.

High pressure dutu treatment

To make the various high pressure data sets sell-consistent, it was necessary to make
some adjustments to the published results. BrapsHAw and ScHLEICHER's (1976)
compression mcasurements were made at 10°C for water and scawater. These results have
been fitted to a function of salinity and pressure f(S. P). the specific volume compression
relative to P = 6.38b. The specific volumes at 10°C were calculated from this function by
using the equation

v"(10°C) = v°(10°C) + f(S, 0)- f(S. P). (8)

where f(S,0) is evaluated at P = 0, and 1°(10°C) = 1/p°(10°C) can be determined from
equation (4). Equation (8) was used to convert the expansion measurements of BRADSHAW
and ScHLEICHER (1970) to specific volumes at a given pressure (MILLERO et al., 1979).

The specific volumes for water from the sound derived equation of CHEN et al. (1977) and
the expansion results of BRapsHAW and SCHLEICHER (unpublished results) have been used to
calculate the secant bulk modulus

K& = v P/(oh —v}). )
These values of K% have been fitted to an equation of the form
K;-K?y = AwP"’Bsz, (10)

where K§ is given by equation (6). The results of the various fits are given in Table 2. The
seven-parameter equation (4A, 3B) gives the best fit with the fewest number of parameters.
An evaluation of the six- and seven-parameter equations using the F-test indicates that at
the 95%, confidence level seven parameters are needed. The values of 4, and B,, are given
by

Ay = 3.239908 +1.43713 x 10731 +1.16092 x 107412 —5.77905 x 10~ "¢>  (10a)
By, = 8.50935x 1075—~6.12293 x 1041+ 5.2787 % 10782 (10b)

The standard error is 4.3x 107 cm?® g~! in v},. The differences in the values of vf
calculated from equation (10) and the values measured by BRADSHAW and SCHLEICHER
(unpublished results) and CHEN et al. (1977) are shown in Figs 1 and 2.

The high pressurc specific volume data for seawater of various workers (CHEN and
MiLLERO, 1976, 1978 and BRADSHAW and SCHLEICHER, 1970, 1976, unpublished results)
must be normalized to the same 1-atm specific volumes and the same values of vy, at each
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Table 2. Summary of the bulk modulus fit of pure water data hy
BrapsHAW and SCHLEICHER and CHEN. FINE and MiLLERD®

K& = K3+ Ag P+ By P?
Parameters o(K) 10® a(r)
10(5A. $B) 593 433
9(SA. 4B) 591 432
8(5A. 1B) 591 432
7(SA. 2B) $.95 445
6(5A. B) 9.00 8.45
B(4A. 4B) 591 434
7(4A. 3B) 591 433
6(4A. 2B) 594 446
S(4A. B) 9.06 8.46

* The data were weighted by P/200+1. The results of
Bradshaw and Schleicher 2t P = 8.3 bar were not used due 10
the large uncertainty in K.

pressure and temperature. The need for this normalization can be demonstrated by
comparing the differences in ¢” for 35%, seawater at 10°C of BRaDSHAW and SCHLEICHER
{1976) and Cuen and MiLLero (1977). The differences are shown in Table 3. The maximum
difference is 14 x 10~ cm® g~! in v". By comparing the differences between seawater and
water (v—voy), the deviations are decreased to 1x10"%cm®g~! in (v"—vh). These
comparisons clearly demonstrate that the relative specific volumes for seawater are in
excellent agreement.

As the measurements of CHEN and MiLLERO (1976, 1978) were made relative to pure
waier, the easiest way to normalize the data was to use an equation of state for pure water
determined from the measurements by BRaDsHAW and SCHLEICHER (unpublished results).
The equation .of state for water generated from the measurements [equation (10)] has a
standard deviation of 2.3x 10" cm3 g~! in v}, (MiLLERO et al., 1979).

10% (V® UNESCO - vV” Brodshaw and Schisicher)

For Water
30

P

4

. ‘

20F -

[

T.°C g
(Lo} J [+] 2 ﬁ
4

s

(o) k
o} 800 1000

Fig. 1. Differences in the values of o for water calculated from equation (10) and the measured
values of Bradshaw and Schieicher vs pressure at several temperatures.
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10%(V” UNESCO -V” Chen, Fine and Millero) for Water
40 ¥ \ g T T - T
\_o =2

(o]

' i / i
0 200 400 600 00 1000
P, bar

Fig. 2. Diflerences in the values of ¢” lor water calculated from equation (10) and the measured
values of Chen, Fine and Millero vs pressure at several temperatures.

The individual normalized data sets of CHEN and MiLLERO (1976, 1978) and BrADSHAW
and ScHLEICHER (1970, 1976, uppublished results) have been fitted to the equation
(MiLLERO et al., 1979)

KP— K% —(K°=K%) = [cS +dS¥*]P+[eS]P>. (11)

The individual data sets were lound statistically to give the ‘best’ fit for a seven-parameter
equation (3C, D, 3E). A comparison of the individual equations at S = 35°%,, is shown in
Figs 3 and 4. The sound-derived data of Cxen and MiLLero (1978) are in excellent
agreement with the results of Bradshaw and Schleicher for low temperatures but appear to
deviate at high temperatures. The comparisons of Bradshaw and Schleicher’s results with

Table 3. Comparisons of the specific volume measurements of
Brapsraw and ScHLEICHER and CHEN and MILLERD at 10°C

P(bar) Avt0t® A(v- vy )10%
0 0 0
100 -1
200 4 0
300 6 1
400 6 1]
500 7 0
600 7 1
700 9 0
800 10 0
900 12 |
1000 14 0

® Arl0* = ¢” (Chen and Millero)~v" (Bradshaw and

Schleicher).
‘¢ Alv~0y)10P mp~vy (Chen :nd Millero) —v-vy
(Bradshaw and Schieicher).
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10%(v®B/S - vP Sound, C/M), SW (35%s)

40 T 14 T
M o \\\ 40
| 32
24
30 \ 16
8
Tec 4
/O v 2

20

]
0 200 400 600 800 1000

Fig. 3. A comparison of the individual equations a1 35%, seawater for v" of Bradshaw and
Schleicher and v” sound of Chen and Millero vs pressure at several temperatures.

the direct ineasurements of Chen and Millero show the opposite trend. Over most of the
oceanic range of temperature and pressure the three studies are in good agreement.

The combined results from the three independent data sets were fit to equation (11) and
gave

¢ =2.2838x 1072~ 1.0981 x 10~ 5t~ 1.6078 x 10~ %¢? (11a)
d=19107,x107* (11b)
e=—99348x 107 +2.0816 x 10~ % +9.1697 x 10~ 1°¢2, (11c)

The overall standard deviation is 9.0x 10" cm® g~! in v”. The standard deviation is
4.0 x 10~ ° for Bradshaw and Schleicher's data, 9.6 x 10~¢ for the direct measurements by
Chen and Millero, and 5.0x 10 ¢cm?® g~"! for the sound measurements by Chen and

108 (VP B/S-VPDirect, C/M), SW {35%.)

40 [ T ﬁ\i>§

30F 10
LI s 7
20

127, o]
1 ff/_4//'?42‘
0 . 200 400 600 800 1000
P, bar

Fig. 4. A comparison of the individual equations at 35%, seawater for v* of Bradshaw and
Schieicher and v” direct of Chen and Millero vs pressure at severa) temperatures.
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108(vP UNESCO-VPB/S), SW (35%.)

4o ANy
30} \-lzi‘,/-
TeCc } ) -.6_?.4

* "—/_\O
9
10F
- o -
0 1 L K—:ﬂ_-z"—r'“
(o] 200 400 600 800 1000
P, bar

Fig. S. A comparison of the new equation r” and " of Bradshaw and Schleicher vs pressure for
35%,, seawater at several temperatures.

Millero. Over the oceanic ranges of P, T, and S the three independent data sets give an
overall standard error of 5x 10" ®cm3g~! in .

Comparisons of the new equation with the equations generated from the three data sets
are shown in Figs 5, 6, and 7. The full equation of state [equation (1)] is given in Table 4.
The specific volume of seawater at pressure P can be determined from the secant bulk
modulus equation using

v? = %(1-P/K). (12)
The thermal expansibility [x* = (1/v7)(0v"/dT),] can be determined from
1 [ec® °P K
p__ | g_ ki
* _v’[c’T“ PR+ 6T']' (13)

10%(vPUNESCO -VPDirect, C/M), SW (35 %)

FRERSSSSRTs

20

¥

o]
o 200 . 400 600 _800 1000
P, bor

Fig. 6. A comparison of the new equation ¢” and v” direct of Chen and Millero vs pressure for
38%,, seawater at several temperatures.
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10%(VPUNESCO-V°Sound, C/M), SW (35%.)

TN /ﬂ AR
T-E:i/ &

Fig. 7. A comparison of the new equation & and t” sound of Chen and Millero vs pressure for
35%,, scawater at several temperatures.

Table 4. New UNESCO high pressure equation of siate for seawater

K = t°P/(1° —v") = K° + AP + BP?
KO = K% +aS +b§*?
A= Ay+cS+dS*?
B=By+eS
K = 19652.21 + 148.4206¢ — 2.3271051 + 1,360477 x 10~ 1 —5.155288 x 10~ 31*
Ay = 3.239908 + 1.43713 x 10314 1.16092 x 10412 - 5.77905 x 10~ 71
By = 8.50935x10°%—6.12293 x 105+ +5.2787 x 10~ *?
a = 54.6746 —0.603459¢ + 1.09937 x 10~ 31~ 6.1670 x 103
b=7944x10"2+1.6483 x 10~ 21 —5.3009 x 10 %*
¢ =2.2838x 1077~ 1.098] x 10~ %t —1.6078 x 10~%?
d=19107,x107¢
e=-99348x10"7+2.0816x 10~ % +9.1697 x 10~ '%?

Check values:
Fori=0,S=0, P = 1000, K = 22977.21;
For t =0, S = 35, P = 1000, K = 24992.00;
Fort = 25,5 =0, P = 1000, K = 25405.10;
For 1= 25,5 = 35, P = 1000, K = 27108.95.

The isothermal compressibility [” = — (1/v")(6v"/0P);] can be determined from

r__1[°POK
B = v’[K’ aP]' (14)

Values of v*, a”, and B calculated for seawater or various salinities are given elsewhere
(MILLERO et al., 1979).
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ABSTRACT
This data report gives a thorough summary of the formulation of a new inter-
national high pressure equation of state for seawater. The results of
Chen and Millero (1976, 1978), Chen, Fine and Millero (1977) and Bradshaw
and Schleicher (1970, 1976, unpublished results) were used as a data source.
The form of the equation of state is a second degree secant bulk mudulus

equation

K= onl(v0 - v?) = Kp + AP + BP2

Kp = Kwo + as + bS3/2

A= Aw + cS + ds3/z

B = Bw + e$
where v0 and v'P are the specific volume at 0 and P applied pressure and S
is the salinity (oloo). The coefficients Kwo, Aw and Bw for the pure water
part of the equation of state are given by

R“O 19652.21 + 148.4206t - 2.327105:2 + 1.360477 x 10-2t3

5.155288 x 10 ¢’

4 2

3. +1.16092 x 10™%

3.239908 + 1.43713 x 10~

N

5.77905 x 10" ¢>

6

3 ¢ + 5.2787 x 10~8¢2

B, = 8.50935 x 10°° - 6.12293 x 10~

The standard error of the pure water part of the equation of state is 4,33

x 10-6en3 3-1 in vh?. The coefficients a, b, ¢, d snd e are given by

.= 100 =




54.6746 - 0.603459t + 1.09987 x 10-21:2 - 6.167 x 10733

2 4 1.6483 x 10”2t - 5.3009 x 10 2¢2

3 _1.0981 x 107¢ - 1.6078 x 10 %¢2

4

7.944 x 10~

-
n

2.2838 x 10

(]
]

1.9107, x 10~

~9.9348 x 10~

d

7 4 2.0816 x 10~ % + 9.1697 x 107102

e
The overall standard error of the seawater equation of state is 9.0 x
10-6cm3g-1 in vP. Over the oceanic ranges of temperature, pressure and
salinity (t = =4 to 30°C, P = 0 to 1000 bars, S = 30 to 40 °/oo) the standard
error is 5.0 x 10-6cm33-1 in vP. Tables of the specific volume vP, the
thernal expansibility, o' = (1/v)(3v'/am),, and 8% = -(/¥") (avF/ap)
for seawater from 0 to 40°/co salinity (5°/oo iatervals), 0 to 40°C
(5° intervals) and 0 to 1000 bars (100 bar intervals) have been generated

from the new equation of state and are given elsewhere (UNESCO 1981).
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INTRODUCTION

At the eighth meeting of the Joint Panel on Oceanographic Tables and
Standards (UNESCC, 1978) a recommendation was made to formulate a new equa-
tion of state for seawater based on the high pressure specific volume data
(v) of Chen and Millero (1976, 1978), Chen, Fine and Millero (1977) and
Bradshaw and Schleicher (1970, 1976, unpublished data). This data report
gives a thorough summary of the formulation of this new international equation
of state for seawater.

The form of the high pressure equation of state is the second degree

secunt buirk moudulus (K)

K = po/ (0 - vF) = &0 + AP + BP? D)
& = g0+ as + bs*/? (1a)
A=A +eS+ as3/2 | (1b)
B = Bw + eS (le)

vnere Kwp, Aw and Bw are temperature dependent parameters for pure water (W)
and a, b, c, etc., are temperature dependent parameters for seawater (the

superscript zero or P are applied pressure and £ is the salinity ir o/oo).
It should be pointed out that the pure water (Kwo, Aw. and Bw) and the 1 atm
specific volume (vp) parts of the equation of state are independent of the
high pressure terms (a, b, ¢, d and e). It is thus, possible to use the
high pressure part of the equation of state with other values for the pure

vater terms (Kwo, Aw, and Bw) and the 1 atm terms (vp).
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Data Set For The Equation of State

As agreed upon at the 8th meeting of the Joint Pansl on Oceanographic Tables
and Standards, the data set for the equation of state of seawater will include :

1. The 1 atm seawater density data of Millero, Gonzalez, and Ward
(J. Mar. Res., 34: 61-93, 1976). The data consist of 115 points
from 0.5 to 40°/00 salinity and 0 to 40°C.

2. The high pressure specific volume data of Chen and Millero (Duep-
Sea Res., 23: 595-612, 1976). The data consist of 486 points from
0 to 40°C, 5 to 40°/oo salinity, and 100 to 1000 bars.

3. The high pressure compreasion data of Bradshcw and Schleicher
(Deep-Sea Res., 23: 583-593, 1976). The data consist of 40 points
at 10°C, 0 to 40°/oo salinity, and 8 to 1000 bars. This data
will be used to convert the relstive expansibility measurements to
absolut: values of specific volume.

4. The high pressura expansibilit§ data of Bradshaw and Schleicher
(Deep~Sea Res., 17: 691-706, 1970; and the results to be published).
The data consist of 612 points from -4 to 30°C, 0 to 400/00 salinity,
and 8 to 1000 bars (208 for H20 and 404 for seawater).

5. Tﬁe sound derived specific volumes for water (Chen, Fine, and Millero,
J. Chem. Phys., 66: 2142-2144, 1977), and seawater (Chen and Millero,
J. Mar. Res., in press). The data consist of 810 points from 0 to
40°C, 0 to 40°/co salinity, and 0 to 1000 bars (50 for H,0 and 720

for seawater).

A summary of the data set is given in Table 1.
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TABLE 1

SUMMARY OF THE DATA USED FOR THE EQUATION OF STATE

1 atm Data
5(%/00) Temperature Range Number of Points Reference
0.5 to 22 0 to 40°C 73 Millero, Gonzalez,
and Ward (1976)
26 to 40 0 to 40°C 42
115
Pressure Data
Sgoloo) Pressure Range Temperature Range Number of Points
0 8 to 1000 bars =4 to 40°C 298
5 100 to 1000 0 to 40 135
10 100 to 1000 0 to 40 134
15 8 to 1000 -2 to 40 202
20 100 to 1000 ‘ 0 to 40 134
25 100 to 1000 0to40 135
30 8 to 1000 -2 to 40 244
35 8 to 1000 =4 to 40 381
40 8 to 1000 -2 to 40 245

1908
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One Atmosphers Data Treatment

This gection summarizes the data treatment on the 1 atm part of
the equation of state (vo and KO). The density of water at 1 atm for
standard mean ocean water (SMOW) at various temperatures (0 to 40°C) were
determined from the equation of Bigg (1967). Since the Miami water used
to dilute the standard seawater has a densify of 1 x 10“63 cul-3 lower than
SMOW, (Millero and Emmet, 1976) the values to be used with the 1 atm equa-
tion of state of p for water should be lower by 1 x 10-6. This adjustment
was made by subtracting 1 x 10-6 from the first term of the Bigg equation
giving
o (MIAMI), g cm > = 0.999841594 + 6.793952 x 10 ¢t

- 9.095290 x 10-61:2 + 1.001685 x 10-71:3

-~ 1.120083 x 10~ t% + 6.536332 x 10 1243 (2)

Values of the density and specific volume calculated from equation (2) at
various temperatures are given in Table 2. It should be pointed out that
the densities calculated from the Bigg equation agree with the wider range
equation of Kell (1975) to+ 2 x 10 cn™> from 0 to 40°C. The thermsl

1 ¢rom 0 to 40°C. The den-

expansibilities ag:;ee to within + 0.4 x 10-6deg-
sity equation of seawater solutlons at 1 atm of Millero, Gonzalez and Ward
(1976) were expressed as differences in the specific gravities (or densities
expressed with Puax ™ 1.000000 g ml-l). To convert these values to absolute
differences (p - po) in density (g cm-3). it is necessary to multiply the
values of (d - do) by 0.999974 g cm-s. Since the maximum value of d - do

3 6

is ~ 32.3 x 10 ~, this decreases the value of d - d, by only 1 x 10,

wvhich is approximately the precision of the measurements. Since the 1 atm

oy
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TABLE 2

THE DENSITIES AND SPECIFIC VOLUMES OF MIAMI WATER

FROM THE BIGG EQUATION

Temp(°C) o(g cm ) Sen g h
-4 0.999418 1.000583
-2 0.999669 1.000332
-1 0.999764 1.000236

0 0.999842 1.000158
2 0.999942 1.000058
4 0.999974 1.000026
5 0.999966 1.000034
6 0.999942 1.000058
8 0.999950 1.000150
10 0.999701 1.000299
12 0.999499 1.000502
14 0.999245 1.000755
15 0.999101 1.000900
16 0.998944 1.001057
18 0.998597 1.001405
20 ~ 0.998205 1.001798
22 0.997772 1.002233
24 0.997298 1.002709
25 0.997047 1.002962
26 0.996786 1.003224
28 0.996236 1.003778
30 0.995650 1.004369
32 0.995029 1.004996
34 0.994375 1.005657
35 0.994035 1.006001

40 0.992219 1.007842
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seawater equation of state is given by the function

d_do..,s.s+1ss3"2+cs2 (3)

wvhere A, B, and C are temperature dependen: parameters, the coefficients can

be adjusted by multiplying by 0.999974.

A = 8.25917 x 10°% = 4.4490 x 10 %t + 1.0485 x 10 't2
- 1.2580 x 10~ 7¢3 + 3.315 x 107124 (%
-6 -7 -8 2
B = —6.33761 x 100 + 2.8441 x 10 't - 1.6871 x 10 o¢
+ 2.83258 x 107 20,3 (5)
7 8 9 2

C=5.4705 x 10 ' -1.97975x 10 "t + 1.6641 x 10 't

- 3.1203 x 10”113 (6)

The demsities of seawater solutions at 1 atm (g cm-3) can be calculated

from

o = (0.999841594 + 6.793952 x 107t - 9.095290 x 10 O¢?
+1.001685 x 10" 7¢3 - 1.120083 x 10 t* + 6.536332 x 107 12¢%)
+ (8.25917 x 10”4 - 4.4490 x 1075 + 1.0485 x 1077 ¢>
- 1.2580 x 1093 + 3.315 x 107 %Y 5
+ (-6.33761 x 108 + 2.8441 x 10”7t - 1.6871 x 10 O¢>
+ 2.83258 x 10~ 29%3) s3/2 4 (5.4705 x 1077
- 1.97975 x 10~% + 1.6641 x 107 ¢?
- 3.1203 x 107113y 2 (7

The values of p determined from equation (7) are given in Table 3. The values

‘of the specific volume, vV, determined from 1/p are given in Table 4.
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TABLE 3

THE DENSITIES OF SEAWATER SOLUTIONS AT 1 ATM

0°c
0.999842
1.003914
1.007955
1.011985
1.016012
1.020039
1.024070
1.028107
1.032150

25°C
0.997047
1.000812
1.004557
1.008300
1.012048
1.015803
1.01956°
1.023346
1.027136

o(g ci)
5°C 10°C
0.999966 0.999701
1.003949 1.003612
1.007908 1.007502
1.011859 1.011386
3..015809 1.015271
1.019760 1.019159
1.023716 1.023053
1.027678 1.026954
1.031647 1.030864
s;°c . 35
0.995650 0.994035
0.999383 0.997742
1.003097 1.001432
1.006810 1.005120
1.010526 1.008812
1.014251 1.012511
1.017986 1.016219
1.021733 1.019938
1.025493 1.023669
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15°C
0.999101
1.002952
1.006784
1.010612
1.016443
1.018279
1.022122
1.025974
1.029837
40°C
0.992219
0.995906
0.999577
1.003247
1.006919
1.010596
1.014280
1.017972

1.021672

20°C

0.998205
1.002009
1.G05793
1.009575
1.013360
1,017152
1.020953
1.024764
1.028588
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THE SPECIFIC VOLUMES OF SEAWATER SOLUTIONS AT 1 ATM
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TABLE &4

o0°c
1.000158
0.996101
0.992108
0.988157
0.984240
0.980354
0.976496
0.972662
0.968851

25°C
1.002962
0.999189
0.995464
0.991768
0.988096
0.984443
0.980807
0.977187

0.973580

'cm3 -1)
1.000034 1.000299
0.996066 0.996401
0.992154 0.992554
0.988280 0.988742
0.984437 0.984959
0.980623 0.981201
0.976834 0.977467
0.973068 0.973753
0.969324 0.970060

0°¢ 35°%
1.004369 1.006001
1.000617 1.002263
0.996912 0.998570
0.993236 0.994906
0.989583 0.991265
0.985949 0.987644
0.982332 0.984040
0.978729 0.980452
0.975140 0.976878
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15°c
1.000900
0.997057
0.993262
0.989499
0.985763
0.982050
0.978357
0.974684
0.971028

40°c
1.007842
1.004111
1.000423
0.996763
0.993128
0.989515
0.985921
0.982346

0.978787

20°¢
1.001798
0.997995
0.994240
0.990516
0.986816
0.983137
0.979477
0.975834

0.972206
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The expansibilities of seawater solutions at 1 atm can be calculated

from the temperature dependency cf p, a = -1/p (3p/8T)P =1/ (BV/BP)P.

The values of (9p/3T) at 1 atm can be calculated from

30y . (200 , (2A _By g1/2
GP =G *GpSt P S

3 2
+ & s

30° 5

-6
3T - 18.19058 x 10 't

= 6.793952 x 10

9.3

7e2 _ 4.480332 x 10 ¢

+ 3.005055 x 10

+ 32.68166 x 10™ T3¢

7

6 4 2.0970 x 10”7 ¢

A L 4.4490 x 107

oT

9.2

- 3.7760 x 10 7¢2 + 13.260 x 10”123

B o 2.8461 x 107 8

T

- 3.3742 x 10 8¢ + 8.49774 x 107102

9 -11 2

8 t -9.3609 x 10 ¢

€ . _1.9797, x 107

3T 5 + 3.3282 x 10

(8)

(9)

(19)

(11)

(12)

" These values of (3p/9T) are tabulated in Table 5. The thermal expansibility

calculated from equations (7) and (8) are tabulated in Table 6.
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TABLE 5

THE VALUES OF (3p/3T) FOR SEAWATER SOLUTIONS AT 1 ATM

2 x10° (g

0 67.94 -16.04 -88.07 -150.77 -206.28
5 48.38 -32.11 ~101.19 -161.43 -214.91
10 30.46 -47.19 -113.81 -171.91 -223.53
15 13.27 -61.72 -126.03 -182.12 -232.00
20 -3.52 -75.85 -137.88 ~192.03 -240.24
25 -20.11 -89.69 -149.40 -201.62 -248.23
30 -36.61 ~103.28 -160.59 -210.87 -255.95
35 -53.14 -116.68 -171.46 -219.77 -263.37
40 -69.75 -129.92 ~182.03 -228.31 -270.49
8(C/00) 25°¢c 30°c 35°c 40°C
0 ~256.25 -301.82 -343.66 -381.95
5 ~263.23 -307.49 -348.32 -385.82
10 -270.22 -313.04 -352.54 -388.79
15 ~277.14 -318.57 -356.78 -391.81
20 ~283.96 ~324.13 -361.22 -395.21
25 -290.64 -329.74 -365.95  =399.20
30 -297.18 -335.43  ~-371.04 -403.90
35 -303.58 ~341.19 -376.53 -409.42
40 -309.82 -347.06 -382.46 +  =415.82
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TABLE 6

THE THERMAL EXPANSIBILITIES'(K?I) OF SEAWATER SOLUTIONS AT 1 ATM

0

5
10
15
20
25
30
35
40

Ssoloo)

10
15
20
25

35
40

0°c

-67.95
-48.19
-=30.22
-13.12
3.47
19.71
35.75
51.68
67.57

25°C
257.01
263.02
269.00
274.86
280.58
286.12
291.48
296.65
301.63

ulQG(Kfl)
sc 10%
16.04 88.10
31.99 100.83
46.82 112.96
61.00 124.61
74.67 135.81
87.95 146.59
100.89 156.97
113.54 166.96
125,93 176.58
wc 3sc
303.14 345.73
307.68 349.11
312.07 352.03
316.41 354.96
320.75 358.07
325.11 361.43
329.50 365.12
333.94 369.17
338.43 373.62
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D A L

15°C
150.91
160.95
170.75
180.21
189.30
198.00
206.30
214,20
221.69
40°C
384.95
387.41
388.96
390.54
392,50
395.02
398.22
402.19
407.00

20°¢c
206.65
214.48
222.25
229.80
237.08
244.05
250.70
257.01

262.97
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The 1 atm values of the secant bulk modulus (Ko) have been determined
from the sound speed measurements of Del Grosso (1970) and Del Grosso and Mader
(1972) for pure water and Millero and Kubinski (1975) for seawater. Kell (1975)
has determined the isothermal compressibilities of water at 1 atm (BTO)
from the sound speed measurements of Del Grosso (1970) and Del Grosso and Mader

(1972), and the heat capacities of de Haas (1950),

2
s°-—17+1‘!— (13)

T pU pCp
vhere U is the sound velocity, a = 1/v(8v/3'r)P is the thermal expansibility
and Cp is the specific heat capacity (at constant P). He represented the

values from 0 to 95°C (based on 148 data points) by

1o°sT° = (50.88496 + 0.6163813t + 1.459187 x 10 -t
+ 20.08438 x 10-61:3 - 58.47727 x 10-9ta
=12 5 -3
+ 410.4110 x 10 ~“t7)/(1 + 19.67348 x 10 "t) (14)
with a standard error of 0.3 x lo-gbar-l. The values of BTO from 0 to 40°C

determined from this equation are given in Table 7. Also given in Table 7

are the values of Ko - IIBTO at v;rious temperatures. An error of 0.3 x

10" %bar™! in B, yields an error of % 0.15 in K. Chen, Pine and Millero (1977)
refitted the values of Kp - 1/a,ro for pure water determined by Kell

(1975) from 0 to 100°C by

%o - 19652.17 + 148.18t - 2.29995¢2 + 0.012810¢°

- 4.91564 x 10™0¢% + 1.03553 x 10”7 ¢° (15)

From 0 to 40°C this equation yields values of Kwo that are within 0.80

., .+ with those given in Table 7, vhich is equivalent to a difference of "
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TABLE 7

VALUES OF B,o AND Kw? FOR WATER AT 1 ATMOSPHERE FROM 0 TO 40°C

Temp 8,010° 28,20° # &0 AR
0 50.8850 0.0001 19652.16 =0.05
2 50.1505 -0.0003 19939.98 0.13
4 49.4812 -0.0004 20209.70 0.18
5 49.1692 -0.0003 20337.94 0.14
6 48.8712 -0.0003 20461.95 0.12
8 48.3152 -0.0001 20697.42 0.03

10 47 .8086 0.0001 20916.74 =0.05

12 47.3474 0.0002 21120.48 =0.11

14 46.9280 0.0002 21309.24 =0.10

15 46.7331 0.0003 21398.11 «0.12

16 46.5475 0.0003 21483.43 -0.12

18 46.2029 0.0001 21643.66 =0.07

20 45.8918 0.0000 21790.39 0.02

22 ‘ 45.6122 =0.0001 21923.96 0.03

24 45.3619 -0.0001 22044.93 0.07

25 45.2472 -0.0002 22100.82 0.10

26 45.1392 -0.0002 22153.69 0.11

28 46.9427 =0.0001 22250.55 0.05

30 44,7707 =0.0001 22336.04 0.04

35 44.4404 0.0002 22502.05 -0.12

40 44.2391 -0.0001 22604.44 0.04

6, 0

a) Asrmﬁ = 10 B:l' (Kell) - IOGBTO(calc. from equation 16)

b) AR = K, (Kell) - K (cale. from equation 16)
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1 0 o (4]
in B, . By refitting the values of K = = 1/8w from

0.002 x 10 %par”
Kell's results from O to 40°C, we have been able to eliminate nne temper-

ature term and improved the standard error. The equation is

2 2.3

Kwp = 19652.21 + 148.4206t - 2.327105t° + 1.360477 x 10 't

- 5.155288 x 10 °t® (16)

and the standard deviation is 0.10 bar in K. (0.0002 x 10 °bar = in &,).
The maximum deviation in Kwo is 0.18 bar (which is equivalent to ~ 0.0004

x 10 %par~?

0
in BT ).

The most reliable estimates of BTO for seawater at 1 atm are those de-
termined from sound velocities. Chen and Millero (1977) have refitted the
relative sound speed measurements of Millero and Kubinski (1975) to an

equation of the form

v - Uﬁ9<m gec !y = A, 5+ By §3/2 4
Gy % a”n

vhere the coefficients AU’ BU and CU are given by

Ay = 1.389 - 1.262 x 1072 + 7.164 x 10¢>

+ 2.006 x 1075¢3 - 3.21 x 107%:* (17a)
By = -1.922 x 1072 - 4.42 x 10"t | (17b)
Gy = 1.727 x 1073 (17¢)
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The standard deviation of the fit was 0.03 m sec-1 (wvhich is equivalent to

an error of % 0.002 x 10 °bar™’ in B = 1/pU%). The values of U° - 0.0 calcula-
ted from equation (17) agree to within 0.05 m sec-1 with the measure-

ments of Del Grosso (1972, 1974) and Kroebel and Mahrt (1976) and to within

1

0.03 m sec ~ with the equation of Millero and Rubinski (1975). The values

of Bs calculated from

Bg = 1/007 (18)

are given in Table 8. To convert these values of Bs to isothermal compres-
sibili:ieq, it is necessary to have specific heat data (equation 13 ) for
seawater solutions. Millero, Perron and Desnoyers (1973) have made precise
measurements on the relative specific heat of seawater solutions from 5 to
35°C. They fitted their results to equations of the form (to a standard

error of 0.0008 j K-lg-l)

Cp = Cpy + Agy CL+ B, c13/2 (19)

where.an is given by

Cpy = 4.2176 - 3.720283 x 107t + 1.412855 x. 10 't
- 2.654387 x 1073 + 2.093236 x 107%:* (192)
and the coefficients ACp and Bcp are given by
Agy = -1.38085 x 1072 4 1,938 x 107 - 2.50 x 107°t?  (19)
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TABLE 8

VALUES OF Bs FOR SEAWATER SOLUTIONS AT 1 ATM CALCULATED FROM SOUND SPEEDS™

10%,
-8(%/o0 0°¢c 5°c 10°C 15°C 20°C 25°C 30°C 35°C 40°C
0 50.854, 49.167, 47.7563 46.576, 45.591, 44.773, 44.100,  43.553, 43.117;
5 50.163  48.531L  47.167  46.026  45.07L  44.279  43.627  43.098  42.676
. BT R 49.491  47.913  46.593  45.489  44.566  43.798  43.167  42.655  42.248
5, 15 48.835  47.30°  46.032  44.963  44.069  43.327  42.716  42.220  41.827
z- 20 . 48.189  46.715  45.479  44.446  43.5B1  42.863  42.271  41.792  41.413
% é: 25 47.556  46.130  44.936  43.936  43.100  42.405  41.833  41.370  41.004
. N 30 46.932  45.554  44.400  43.433  42.625  41.953  41.399  40.952  40.600
35 46.317  44.986  43.871  42.937  42.156  41.506  40.971  40.538  40.200
;, | 0 45.711  44.426  43.349  42.446  41.691  41.063  40.546  40.129  39.804

a) Bs - llpuz, where p 1s the density (g cm-a) Millero, Gonzalez and Ward (1976) and U is the apeed
of aound (cm 'sec.l) Chen and Millero (1977).
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BCp = 4,29875 x 10-1’ -6.90 x 10-6t 4+ 1.250 x 10-71:2 (19¢)
Equation (19) can be converted to a function of S(oloo)
- e ' o3/2
Cp pr + ACp S + BCp S (20)
3/2
by dividing the coefficient ACp by 1.80655 and BCp by (1.80655)
A" = -7.64357, x 1073 + 1.07276, x 10" %
Cp * 5 ' 3
- 1.3838, x 10~°¢? (20a)
B. ' =1.77038, x 10 - 4.0771, x 10~
Cp 3 * 8
+ 5.148 x 10 O¢2 (20b)

The values of Cp calculated from equations (19a) and (20) are
tabulated in Table 9. The values of Cp determined. by Millero et al. (1973)

agree with the measurements of Cox and Smith (1959) and Bromley et al. (1967, 1968,

1970) to within + 0.002 j K-lg-l from 0 to 40°C and 0 to 40°/00 salinity.

(Comparisons at 35°/00 are given in Table 10.) An error of + 0.002 in Cp is

6

equivalent to a maximum error of 0.001 x 10 ° in TazlpCp (see Table 11).

The largest source of errors in determining Taz/on is uncertainties in the
expansibilities, a. The values of a determined from the equation of state
of Millero, Gonzalez and Ward (1976) agree with those calculated from Knudsen's

6 KL, The errors ua TazlpCp at various tempera-

6 K—l

equation (1901) to 0.6 x 10~
tures, due to an error of 0.6 x 10 in a, are shown in Table ll. The
largest ervors of ().0037 xlO"6 occur at the higﬁeat temperatures. The maxi-

fpar~! at the high temperatures

mm error in Ta2/pCp at 1 atm is ~.0.004 x 10
and salinitcies.

The values of (Taz/pcp)lo6 calculated from the equation of state of
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TABLE 9

SPECIFIC HEAT OF SEAWATER SOLUTIONS, Cp, AT 1 ATM (j g-lx-l)

0°c
4.2174
4.1812
4.1466
4.1130
4.0804
4.0484
4.0172
3.9865
3.9564

25°C
4.1794
4.1515
4.1245
4.0982
4.0725
4.0471
4.0222
3.9977
3.9735

5°C
4.2020
4.1681
4.1356
4.1041
4,0733
4.0432
4.0137
3.9847
3.9563

30°C
4,1782
4.1510
4.1247
4.0990
4.0738
4.0491
4.0247

4.0007
3.9769
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10°C
4.1919
4.1599
4.1293
4.0995
4.0704
4.0418
4.0139
3.9864

3.9593

35°C
4,1779
4,1511
4.1251
4.0998
4,0749
4.,0505

4.0264

4.0026
3.9792

15°¢C
4.1855
4.1552
4.1261
4.0977
4.0700
4.0428
4.0161
3.9898
3.9639
40°¢
4.1784

4.1516
4.1258

4.1005
4.0757
4.0513
4.,0272

4.0035
3.9801

20°¢c
4,1816
4,1526
4,1248
4.0976
4,0710
4.0448
4.0191
3.9938

3.9689
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TABLE 10

COMPARISONS OF THE MEASURED AND CALCULATED SPECIFIC HEATS OF SEAWATER

OF 35°/00 SALINITY

Temp Cp(smooth) Cox and Smith A}Qﬁ Bromley Algi
0°c 3.9865 | 3.985 15 3.9871 -6
5 3.9847 3.986 -13 - -

10 3.9864 3.988 -16 3.9880 -16

15 3.9898 3.990 -2 -— R

20 3.9938 3.993 8 3.9940 -2

25 3.9977 3.995 17 -— -—

30 4.0007 3.999 4.0002 5

35 4.0026 -— - - -—

40 4.0035 _— - 4.0051 =16

+ 12 +9
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TABLE 11

ERROR IN 8. FOR 35°/00 SALINITY SEAWATER CALCULATED FROM SOUND SPEEDS,

HEAT CAPACITIES, AND EXPANSIBILITIES

ABTIOG(bar-l)

Temp From Sound Spgeda From Heat Capacigyb From Exp&nsibilityc Totaid
0°c 0.0026 0.0000 0.0004 0.0026
10 0.0024 0.0001 0.0014 0.0028
20 0.0023 0.0002 0.0022 0.0032
30 0.0022 0.0004 0.0030 0.0037
40 0.0021 0.0006 0.0037 0.0043

a) Error due to + 0.04 m sec T in sound speed.

b) Erzor due to + 0.004 j K-lg-l in heat capacity.
c) Error due to + 0.6 x 10-'61(-1 in expansibility.

d) Total error = YTAZ
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Millero et al. (1976) and the heat capacities of Millero et al. (1973) are
given in Table 12. The values of the isothermal compressibilities (BTO)
calculated from equation (13) are given in Table 13. The results agree on

6 with the earlier calculations of Millero and

the average to + 0.002 x 10
Kubinski from 0 to 35°C. Larger errors of as much as 0.016 x 10-6 occur at
40°C due to errors in the values of a calculated from the earlier density

measurements of Millero and Gonzalez. The results agree on the average to

6

+0.02 x 10" with the direct measurements of Lepple and Millero (1971).

The total error in BTO due to the errors in U and TuzlpCp is ~ 0.004 x

1 which is equivalent to an overall standard error of ~ 2.0 bar in Ko.

10 %ar™
The values of Ko (Table 14) have been fitted to equations of the form

Ko-Kwo-aS+b53/2+cS (21)

where Kwo is given by equation (16).

A summary of the residusls and standard errors of the various forms of
equation (21) are given in Table 15. To fit the values of Kp to a o better
than 1.9, the S2 term is needed. Since the expected standard error in Ko is
2.0, the 8 parameter equations (with the S2 term) are an overfit of the data.
The analyses of the variance of the 6 and 7 parameter equations using the
F-test

P = (0,9/(0,7) (22)

[vhere o, and o, are the standard errors of samples with size Nl and Nz

1
(wvhere N is the degree of freedom)], indicate that at 95% confidence level

the 7 parameter equations are more reliable. Since the 7 parameter equations
(4A, 2B, C) and (4A, 3B) are equivalent at the 952 confidence level, we have

selected the equation without the S2 term to represent Kp.

The equation for Kp at 1 atm for seawater is glven by

K°-xw°+as +b83/2 (23)
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TABLE 12
VALUES OF Ta’/pCp x 10° FOR SEAWATER SOLUTIONS AT 1 ATM® (bar 1)

$(C/o00) o°c 5°C 10°¢c 1s°c 20°¢

0 0.030, 0.001, 0.052, 0.156, 0.300,

5 0.016 0.007 0.069 0.179 0.324

10 0.006 0.015 0.087 0.202 0.349

15 0.002 0.025 ©0.106 0.226 0.375

20 0.001 0.037 0.126 0.250 0.399

25 0.003 0.052 0.148 0.274 0.425

30 0.009 0.069 0.170 0.299 0.449

35 0.018 0.087 0.193 0.323 0.473

40 0.031 0.108 0.216 0.347 0.497

0 0.473, 0.670, 0.887, 1.121,

5 0.498 0.693 0.907 1.139

10 0.522 0.715 0.925 1.151

15 0.546 0.736 0.943 1.163

20 0.571 0.759 0.961 1.178

25 0.595 0.781 0.982 1.196

30 0.619 0.804 1.004 1.218

35 0.643 0.828 1.029 1.245

40 0.666 0.852 1,056 1.278

a) The values have been normalized by a maximum of 0.0006 x 1078 to ve

consistent with the pure water values of Rell (1975).
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TABLE 13

VALUES OF BTO FOR SEAWATER SOLUTIONS CALCULATED FROM SOUND SPEEDS AT 1 ATM

1098 _O(bar 1y

107,
5(/o0) o°c 5°¢C 10°c 15°C 20°Cc_
0 50.885o 49.1692 47.8086 46.7331 45.8918
5 50.179 48.538 47.236 46,203 45,395
10 49.497 47.928 46.680 45.691 44,915
15 48.837 47.334 46;138 45.189 44.444
20 48.190 46,752 45.605 44,696 43,980
25 47.559 46.182 45.084 44,210 43.525
30 46.941 45.623 44.570 43.732 43.074
35 46.335 45,073 44.064 43.260 42.629
40 45.742 44,534 43.565 42.793 42,188
5C/o0) 25°¢C 30°¢ 3s°c 40°c
0 45.2472 44.7707 44.440a 64.2391
5 44.777 44,320 44 .005 43,815
10 44.320 43.882 43.580 43.399
15 43.873 43,452 43.163 42,990
20 43.434 43,030 . 42,753 42,591
25 43.000 42,614 42,352 42,200
30 42.572 42,203 - 41,956 41.818
35 02,149,‘ 41.799 41.567 41.445

40 41.729  41.398 41.185 41.082
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TABLE 14

VALUES OF K° FOR SEAWATER SOLUTIONS

AT ONE ATMOSPHERE (bar)

sCloo) - o€ s°c 10°¢ 15°c 20°¢
0 19652.16 20337.94 20916.74 21398.11 21790.39
5 19928.66 20602.41 21170.29 21643.62 22028.86
10 20203.24 20864.63 21422.45 21886.15 22264.28
15 20476.28 21126.46 21674.11 22129.28 22500.23
20 20751.19 21389.46 21927.42 22373.37 22737.61
25 21026.51 21653.46 22180.82 22619.32 22975.30
30 21303.34 21918.77 22436.62 22866.55 23215.86
35 21581.96 22186.23 22694.26 23116.04 23458.21
40 21861.75 22454.75 22954.21 23368.31 23703,42
5(C/o0) 25°€c 30°¢ 35°C 40°¢c
0 22100,82 22336.04 22502.05 22604.44
5 22332.89 22563.18 22724.69 22823.23
10 22563.18 22788.39 22946.31 23042.01
15 22793.06 23013.90 23167.99 23261.22
20 23023.44 23239.60 23390.17 23479.14
25 23255.81 23466.47 23611.64 23696.68
30 23489.62 23695.00 23834.49 23913.15
35 23725.36 23924.02 24057.55 2412°.36
40 23964,15 24155.76 24280.68 24341.56
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TABLE 15
SUMMARY OF BULK MODULUS FIT OF SEAWATER AT 1 ATM
x°=%°+as+i> s3/2 4 ¢ s?
Parameters Eéiggl a(R) 106058)a
10(4A, 4B, 2C) 48.01 0.88 0.0018
9(4A, 4B, C) 80.44 1.13 0.0023
9(4A, 3B, 20) 58.04 0.96 0.0019
8(4A, 3B, C) 90.63 1.19 0.0024
8(4A, 2B, 2C) 233.48 1.91 0.0038
8(3A, 3B, 2C) 491.07 2.77 0.0055
7(3A, 3B, C) 524.26 2.84 0.0057
7(3A, 2B, 20) 665.60 3.20 0.0064
7(4A, 2B, C) 267.85 2.03 0.0041
6(3A, B, 20) 688.57 3.23 0.0065
9(3A, 3B. 30C) 455.94 . 2.69 0.0054
3/2

x°-1%°+as+bs

8(4A, 4B) 228.61 1.89 0.0038
7(4A, 3B) 239.62 1.92 0.0038
6(4A, 2B) 415.80 2,51 " 0.0050
6(3A, 3B) 671.62 3.19 0.0064
5(3A, 28) 849.13 3.56 0.0071
5(4A, B) 525.28 2.80 0.0056

a) o(#) = 0.002 x 0 (K)
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where Kwp is given by equation (16).

2 5.3

a = 54.6746 - 0.603459t + 1.09987 x 10-2t - 6.1670 x 10 "t~ (23a)

b= 7.944 x 10”2 + 1.6483 x 10 2¢ - 5.3009 x 10 '¢2 (23b)

A comparison of the differences between the measured and calculated values

of Ko and BT calculated from equation (23) are given in Tables 16 and 17.

1 6

The standard errors are 1.92 bar in Ko and 0.0040 bar — in BTIO .

High Pressure Data Treatment

In this section we will outline the data treatment of the high preséure
PVT data for water and seawater. To make the various data sets self-consistent,
it was necessary to make some adjustments to the published results, which are
outlined below.

Bradshaw and Schleicher have made compression measurements at 10°C on
pure water and seawater solutions (S = 15, 30, 35 and 40°/oo). Their com-
pression results are given in Table 18. The observed volumes were used to

calculate the compression relative to P, = 7.390 bars (absolute). Third

A
degree polynomial fits to the volume data and the 1 atm density equation of
Chen and Millero (1976) were used to calculate the density at PA = 7,390 bars.

The specific volume compression relative to P, = 7.390 were calculated frcm

A
v7.390 ~ V2, = (7.390 = %2,)/¥7.390 * 7.390 (24)
The salinity erendence of the compressions (\77.390 - vPA) was assumed to
be of the form
Vo agn = Vo = (B, - 7.39)[a(P, - 7.39)S + b(P - 7.39)8°/2
7.390 P, A A
+ c(P - 7.39)s2) (25)

 where a(PA - 7.39), b(PA - 7.39) and c(PA - 7.39 are polynomials in (PA - 7.39).
' This form of salinity dependence has been found (Millero, Gonzalez and Ward,
1976) to represent the 1 atm density of seawater accurately and it represents

* the dpecific volumes as good, if not better, than it does the densities.
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TABLE 16
DEVIATIONS IN KO FOR SEAWATER AT 1 ATM DETERMINED FROM EQUATION (23)
8k = K% (meas) - ®(calc)

5(°/00) 0°C 5°C 10°C  15°C  20°C  25°C  30°C  35°C  40°C
5 2,19 3.32 2,97 3.63 3.73 2.88 2.07 0.53 -0.88
10 1.77 2.88  2.83  2.47 2.56 2.41 1.28 0.09 -0.80
15 -0.66 1.16 1.03 0.66 0.74 0.55 0.20 -0.33  0.37
20 -1.62 -0.13 -0.05 ~-1.19 -0.62 -1.58 <-1.16 -0.28 0.78
25 | -2.49 -1.03 -1.84 -2.07 -2.49 <-2.40 ~-1.75 -0.97 1.28
30 -2.16  -1.12  -1.95 -2.44 -2.24 =-2.39 -1.05 -0.31 1.1l
35 -0.31  0.30 -0.87 -1.26 -0.87 -0.99 -0.20 0.54 0.06
40 2,46 2.37 1.90 2.06 2.74 2.95 3.07 1.43 -2.65

EAZ = 28.00 28.86 29.45 37.12 40.88 38.06 20.94 3.85 12.06
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TABLE 17

DEVIATIONS IN BTO FOR SEAWATER AT 1 ATM DETERMINED FROM EQUATION (23)

6 a
_48,10

s(°/o0)  0°C 5°c  10°C  15°C  20°C  25°C  30°C  35°C  40°C

5 -0.006 -0.008 -0.007 -0.008 -0.008 -0.006 -0.004 -0.001 0.002

10  -0.004 -0.007 -0.006 -0.005 -0.005 -0.005 -0.002 0.000 0.002
15 0.002 -0.003 -0.002 -0.001 —0.001 -0.001 0.000 0.001 -0.001
20 0.004 0.000 0.000 0.005 0.001 0.003 0.002 0.001 -0.001
25 0.006 0.002 0.004 0.004 0.005 0.004 0.003 0.002 -0.002
30 0.005 0.002 0.0046 0.005 0.004 0.004 0.002 0.001 =0.002
35 0.001 -0.001 0.002 0.002 0.002 0.002 0.000 =-0.001 0.000
40  -0.005 -0.005 -0.004 -0.004 -0.005 -0.005 -0.005 -0.002 0.004
10942 = 159 156 141 176 161 132 62 13 %

a) ABT = BT(meas) - B.r(calc)

T
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TABLE 18

OBSERVED VALUES OF THE VOLUME OF DISTILLED WATER AND SEAWATER AS A

FUNCTION OF PRESSURE AT 10°C (IPTS 48)

s = 0? S = 14.987°foo _ S = 30.707°/00
Pressure Volumeb Pressure Volume Pressure Volume
(bars ,absolute) (cm3) (bars,absolute) (cm3) (bars,absolute) (gm3)
7.39 43.20807°¢ 7.39 45.90810 7.39 46.66906
10.83 43.20095 10.84 45.90079 10.84 46.66187
17.72 43.18677 17.73 45.88623 17.73 46.64765
201.30 42.81979 201.30 45.50948 201.30 46.27816
401.05 42.44327 401.06 45.12261 401.05 45.89821
600.79 42.08825 600.80  44.75749 600.78 45.53897
800.52 41.75363 800.52 44,41250 800.48 45.19918
1000.19 41.43709 1000.21 44.,08607 1000.16 44.87704
s = 34.891%/00 s = 38.878%/00
7.39 46.98518 7.39 47.56691
10.84 46.97806 10.84 47.55975
17.73 46.96389 17.73 47.54543
201.31 46.59543 201.30 47.17563
401.06 46.21646 401.05 46,79512
600.79 45.85797 600.79 46.43508
800.50 45.51869 800.51 46.09438
1000.18 45.19684 1000.18 45.77i05

a) Salinities sre weight dilution values, obtained from JPOTS values by making
use of equation (8), in Millero, Gonzalez and Ward (1976).

b) The volumes given here differ very slightly (by at most 0.00002 cma) from
those at 0, 30.7, 34.9, and 38.9 /oo presented in Bradshaw and Schleicher
(1976) ; the pressures also differ (by at most 0.5 bars, at 1000 bars); both
differences were the consequence of 1) a revision of calibration results and

. fluid head calculations, and 2) calibration of the pressure gage.

.+ ) The volumes at the lowest pressure were adjusted to exactly 7.390 bars.
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From polynomial fits at each salinity the highest power of PA required is

1/2, fits of successively higher order

not greater than 4. Letting X=§
were tried according to the scheme outlined in Table 19. The estimated

values of Vi.or ~ Vp are given by

A
vioL” vbA = £(X, PA - 7.39) - £(X, - 6.38) (26)
where
2 3 4
£(X, P - 7.39) = (301 + allx + a5y X + aalx )(PA - 7.39)

2 2 2 3
+ (a9, + 2% (P = 7.39)7 + (apy + 3, X ) (P - 7.39)

+ ag, (7 - 7.39)" @n

The coefficients for equation (27) are given in Table 20. The residuals of
the observations for this fit are given in Table 21. Equation (27) can be
converted to applied préasure P and S by substituting (P - 6.377) = PA -

1/2

7.398 and S = X,

£(S,P) = [47.75297 - 0.1492812 § +4.6343 x 10~ g3/2
+ 1.880611 x 10~% §2] (P - 6.377) + [~7.51105 x

1073 + 3.01752 x 107 8] (P - 6.377)°

6

+ [1,13507 x 10 = - 3.4178 x 10-9 8] (p - 6.377)3

10

- 1.3383 x 10°2° (P - 6.377)% (28)

The specific volumes at 10°C can be calculated from this function by using

the equation

v"(lo?c) = v(10°c) + [£(S,0) - f(S.l’)lw"6 (29)
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TABLE 19
SUMMARY OF COMPRESSION (v, 5o = vp ) FLTS OF BRADSHAN AND SCHLEICHER'S RESULTS
Parameters Regsiduals -
1 — —
(P-7.39) 41,852,931 1049
X2, (p-7.39)% 14,417,646 633
X3, (p-7.39)%%, (p-7.39)° 54,294 40.6
2, -7.39)%3, (p-7.39)2 X%, (p-7.39)% ° 255.4 2.97
X, ®-7.39)%", (2-7.39)2 22 2 (p-7.39)° x? 88.4 1.88
-7.39)2 2%, (p-7.39)° 23, (p-7.39)* ¥® 71.6 1.80
e-7.39)> 2%, (p-7.39)% %° 65.19 1.81
(-7.39)% x*  64.99 1.85

a) 8S due to this term is 14.6 (P-test = 4.1, F 5% = 4.2). Term was judged
to be not significant. Standard deviation of final equation = 1.99
b) The 4th power pressure term is by itself barely significant.

Note: The highest power allowed in X" term was 5 since there are only

5 salinities.
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TABLE 20

COEFFICIENTS FOR EQUATION (27)

= 47.75297

a,, = -0.1492812

- 4.6343 x 10~°

- 1.880611 x 10~%

- =7.51105 x 10~

-5
a, = 3.01751 x 10

- 1.13507 x 10~°

- -3.4178 x 102

-1.3383 x 10720

The residuals of the observations for this fit are given

in Table 21,
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TABLE 21
RESIDUALS OF ISOTHERMAL COMPRESSION OF SEAWATER REFERRED TO

P, = 7.39 BARS AT 10°C

A
Salinity Pressure Regidual Stand. Residual
0.000 7.39 -0.6 -0.3
0.000 10.83 -0.0 -0.0
0.000 17.72 -0.1 0.1
0.000 201.30 0.2 0.1
0.000 401.05 -0.8 -0.4
0.000 600.79 3.8 1.9
0.000 800.52 -2.3 -1.1
0.000 1000.19 -0.1 -0.1
14.955 7.39 0.0 0.0
14.955 10.84 0.2 0.1
14.955 17.73 0.3 0.2
14.955 201.30 1.2 0.6
14.955 401.06 -1.7 -0.9
14.955 600.80 -0.6 0.3
14.955 800.52 0.2 0.1
14.955 1000.21 0.4 0.2
30.705 7.39 -0.5 -0.3
30.705 10.84 0.2 0.1
30.705 17.73 -0.8 -0.4
30.705 201.30 -0.3 -0.2
30.705 401.05 -2,6 -1.3
30.705 600.78 1.1 0.5
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TABLE 21 (continued)

Salinity Pregsure Residual Stand. Residual
30.705 800.48 0.8 0.4
30.705 1000.16 2.3 1.1
34.891 7.39 2.5 1.3
34.891 10.84 2.2 1.1
34.891 17.73 1.1 0.5
34.891 201.31 0.9 0.4
34.891 401.06 -3.2 ~1.6
34.891 600.79 -1.0 -0.5
34.891 800.50 -2.1 -1.1
34.891 1000.18 -0.4 -0.2
38.884 7.39 -2.1 -1.1
38.884 10.84 -2.1 -1.0
38.884 17.73 -1.0 0.5
38.884 201.30 2.0 1.0
38.884 401.05 0.9 0.4
38.884 600.79 4.1 2.1
38.884 800.51 -0.3 -0.1
38.884 1000.18 -1.4 -0.7
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wvhere £(5,0) is the function evaluated at applied pressure P=0 and v0(10°C)
is the specific volume (= 1/p) evaluated from equation (7). The values of
QP at 10°C determined in this manner were used to convert ths relative expan-
sibilities measured by Bradshaw and Schleicher [VP(t°C) - VP(O°C)] to specific
volumes at a given pregsure and temperature. The values of Vw? for water at
various temperatures and pressures calculated in this manner are given in
Table 22.

The values of va for water from the sound derived equation of Chen,
Fine and Millero are given in Table 23. These values have been adjusted to
the 1 atm values of vwo determined from equation (2). The values of va from
the work of Bradshaw and Schleicher, and Chen, Fine and Millero have been

used to calculate the secant bulk modulus

e s (30)

These values of Kw? have been fit to an equation of the form

Ky - K = AP +BP (31)
where Kwo is given by equation (16). The Chen, Fine and Millero equation
has 10 parameters (SAw, SBw) and is valid from 0 to 100°C. We have, thus,
started with the 10 parameter equation to fit the combined data. The results
of the various fits are given in Table 24. The 7 parameter equation (4A, 3B)
gives the best fit with the fewest number of parameters. An evaluation of
the 6 and 7 parameter equations using the F-test indicates that at the 95%

confidence level the 7 parameters are needed. The values of Aw and Bw are

given by
A, = 3.239908 + 1.43713 x 10t + 1.16092 x 10™'t>
- 5.77905 x 10" ¢3 (31a)
B, = 8.50935 x 107> - 6.12293 x 10"t + 5.2787 x 10 ¢ (31b)
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TABLE 22

Y, P FOR WATER FROM BRADSHAW AND SCHLEICHER

-W
0 bar®

1.0043689
1.0040689
1.0037781
1.0032244
1.0027089
1.0022329
1.0017979
1.0014054
1.0010571
1.0007552
1.0005016
1.0002990
1.0001501
1.0000580
1.0000260
1.0000581
1.0001584
1.0002356
1.0003316

' 1.0005827

7.316 bar

1.0040387
1.0034469
1.0028926
1.0023756
1.0018969
1.0014601
1.0010658
1.0007156
1.0004107
1.0001543
0.9999493
0.9997962
0.9997000
0.9996633
0.9996899
0.9997843

100.304 bar

200.207 bar 300.104 bar

0.9999205
0.9993159
0.9987457
0.9982099
0.9977110
0.9972509
0.9968305
0.9964506
0.9961136
0.9958203
0.9955742
0.9953762
0.9952303
0.9951386
0.9951052
0.9951323

a) From equation (2) where (v = 1/p)

0.9956282
0.9950085
0.9944221
0.9938681
0.9933477
0.9928623
0.9924128
0.9920024
0.9916308
0.9913005
0.9910123
0.9907685
0.9905719
0.9904250
0.9903301
0.9902897
0.9902919

0.9914540
0.9908209
0.9902186
0.98%6469
0.9891065
0.98859430
0.9881235
0.9876847
0.9872812
0.9869154
0.9865881
0.9863019
0.9860577
0.9858588
0.9857065
0.9856041
0.9855726
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TABLE 22 (continued)

Temp 399.996
30 0.9873978
29 -

28 0.9867528
26 0.9861346
24 0.9855459
22 0.9849869
20 0.9844582
18 0.9839589
16 0.9834913
14 0.9830580
12 0.9826590
10 0.9822954
8 0.9817690
6 0.9816810
4 0.9814333
2 0.9812281
0 0.9810670
-1 ————
-2 0.9809534
-4 S

499.883

0.9834570
0.9827992
0.9821679
0.9815621
0.9809838
0.9804334
0.9799120
0.9794193
0.9789570
0.9785264
0.9781286
0.9777646
0.9774362
0.9771439
0.9768895
0.9766748

0.9765022
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599.755

0.9796191
0.9789494
0.9783047
0.9776845
0.9770889
0.9765196
0.9759768
0.9754610
0.9749731
0.9745124
0.9740827
0.9736840
0.9733169
0.9729826
0.9726830
0.9724182
0.9721915
0.9720037
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699.601

0.9758835
0.9752040
0.9745464
0.9739119
0.9733005
0.9727134
0.9721500
0.9716115
0.9710988
0.9706121
0.9701530
0.9697223
0.9693202
0.9689474
0.9686047
0.9682951
0.9680184
0.9677767

799.483

0.9722482
0.9715578
0.9708878
0.9702401
0.9696135
0.9690082
0.9684260
0.9678667
0.9673318
0.9668199
0.9663323
0.9658717
0.9654371
0.9650286
0.9646479
0.9642950
0.9639729
0.9636810



TABLE 22 (continued)

Temp 913.132
30 0.9682166
29 S——

28 0.9675158
26 0.9668340
24 0.96617 ©
22 0.9655294
20 0.9649077
18 0.9643058
16 0.9637253
14 0.9631658
12 0.9626285
10 0.9621138
8 0.9616209
6 0.9611520
4 0.9607069
2 0.9602861
0 0.9598912
~1 ——
-2 0.9595215
-4 0.9591780

978.533

0.9655963
0.9652456
0.9645569
0.9638872
0.9632353
0.9626048
0.9619919
0.9614006
0.9608289
0.9602768
0.9597461
0.9592364
0.9587497
0.9582846
0.9578425
0.9574239
0.9570292
0.9566584
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978.553
0.9659522
0.9652448
0.9645569
0.9638864
0.9632356
0.9626044
0.9619924
0.9614001
0.9608281
0.9602760
0.9597454
0.9592362
0.9587489
0.9582838
0.9578422
0.9574231
0.9570281
0.9566577
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TABLE 23

v, 7 _FOR WATER FROM CHEN, FINE AND MILLERO

0 1.000158 1.000034 1.000299 1,000900 1.001798
100 0.995151 0.995195 0.995591 0.996294 0.997270
200 0.990307 0.990507 0.991026 0.991825 0.992875
300 0.985618 0.985963 0.986598 0.987488 0.988608
400 0.981078 0.981559 0.982301 0.983276 0.984463
500 0.976681 0.977287 0.978131 0.979185 0.980434
600 0.972420 0.973144 0.974081 0.975210 0.976517
700 0.968291 0.969123 0.970146 0.971345 0.972706
800 0.964289 0.965219 0.966323 0.967586 0.968998
900 0.960409 0.961429 0.962607 0.963929 0.965388

1000 0.956645 0.957748 0.958992 0.960369 0.961872
2, bar 25°¢ 0% 35°¢ a0°c

0 1.002962 1.004369 1.006001 1.007842
100 0.998491 0.999939 1.001597 1.003450
200 0.994152 0.995639 0.997322 0.999188
300 0.989937 0.991462 0.993169 0.995048
400 0.985842 0.987402 0.989133 0.991024
500 0.981860 0.983455 0.985208 0.987112
600 0.977988 0.979614 0.981389 0.983305
700 0.974219 0.975876 0.977672 0.979599
800 0.970550 | 0.972235 0.974050 0.975989
900 0.966976 0.968688 0.970521 0.972470

1000 '0.963693 0.965231 0.967081 0.969039
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TABLE 24

SUMMARY OF THE BULK MODULUS FIT OF PURE WATER DATA OF

BRADSHAW AND SCHLEICHER AND CHEN, FINE AND MYLLERO®

Ry TRy AE+BE
Parameters g(K) M)
10(5A, 5B) 5.93 4.33
9(5A, 4B) 5.91 4.32
8(5A, 3B) 5.91 4.32
7(5A, 2B) 5.95 4.45
6(5A, B) 9.00 8.45
8(4A, 4B) 5.91 4.34
7(4A, 3B) 5.91 4.33
6(4A, 2B) 5.94 4.46
5(4A, B) 9.06 8.46

a) The data were weighted by P/200 + 1. The results of
Bradshaw apd Schleicher at P = 7.3 bars were not used

due to the large uncertainty in lﬁi.
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The deviations between the measured values of V. P and those calculated from

W
equation (31) are shown in Figures 1 and 2. The overall standard error is
4.33 x 10-6cm3g.1 in Vhp.

The specific volume data for seawater of various workers (Chen and
Millero, 1976 and Bradshaw and Schleicher, 1970) must be normalized to the
same specific volumes of seawater at 1 atm (equation 7) and the same values

of Vw at each pressure and temperature. The need for this normalization

can be demonstrated by comparing the differences in VP for seawater at 10°C
calculated from Bradshaw and Schleicher's results (equations 28 and 29) and

the sound derived equation of state of Chen and Millero (1978). The dif-
ferences are shown in Table 25. The maximum deviation is 20 x 10-6cm33-1.
By normalizing the values to the same VP for water, the deviations are re-

duced to a maximum of 8 x 10"6<:t|13g-1 (Table 26). These comparisons clearly

demonstrate that the relative values of the specific volume for seawater
P
v

( sw
precision of the various studies we have normalized the relative measure-=

- va) are in excellent agreement. To take advantage of this internal

ments of Chen and Millero and Bradshaw and Schleicher to the same pure water
equation of state. Since the measurements of Chen and Millero were all made
relative to pure water, the easiest way to normalize the data sets was to
use an equation of state determined from the pure water from Bradshaw and
Schleicher. The values of va from Bradshaw and Schleicher (Table 22) have
been used to determine RwP which have been fit to equation (31). The results
of the various fits are given in Table 27, The 7 parameter (4A, 3B) equa-

tions qives the best statistical fit of the data. The values of Aw and Bw

are given by

%P-xw°+AWP+BwP2 - (32)
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TABLE 25

COMPARISONS OP'V:P OF BRADSHAW AND SCHLEICHER WITH

CHEN AND MILLERO AT 10°C

avi05 @

P S=0 S=15 .S=30 S=35 S=40

0 0 0 0 0 0 -
100 3 5 4 2 2
200 4 8 7 4 2
300 3 11 9 6 2
400 6 13 10 6 2
500 7 14 11 7 2
600 8 16 12 7 3
700 9 17 13 9 4
800 10 18 15 10 7
900 13 19 16 12 g

1000 14 20 17 14 11

a) AVlO6 - "P(Chen and Millero) -~ v‘P (Bradshaw and Schleicher).
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TABLE 26

COMPARISONS OF v AT 10°C OBTAINED BY

-V
sw HZC

BRADSHAW AND SCHLEICHER AND CHEN AND MTLLERO

6
_A.g.v SW Bl 4 w).li_

P S=15 §=30 §=35 §=40
0 0 0 0 0
100 2 1 -1 -1
200 4 3 0 -2
300 6 4 1 -3
400 7 4 0 -4
500 7 4 0 -5
600 8 4 1 -5
700 8 4 0 -5
800 8 5 0 -3
900 6 3 1 5
1000 6 3 0 3
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TABLE 27

SUMMARY OF THE BULK MODULUS FIT OF PURE WATER OF

BRADSHAW AND SCHLEICHER®

Ry n Ky AR

Parameters a(K) _Jgﬁl(g)
8(54, 3B) 5.84 2.29
7(5A, 2B) 5.88 2.39
6(5A, B) 8.69 7.47
5(5A) 9.72 8.49
8(4A, 4B) 5.84 2.28
7(4A, 3B) 5.82 2.28
6(4A, 2B) 5.86 2.38
5(4A, B) 8.86 7.45

a) The data were weighted by P/200 + 1. The results

at P = 7.3 bars were not used due to the large

uncertainty in %P .
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Aw = 3.2284045 + 1.659597 x 10-3t + 1.203186 x 10-4t2
-7 3
- 8.061151 x 10 't (32a)
-5 -6
- Bw = 9.5336507 x 10 © - 6.485090 x 10 't
-8 2
+ 5.855590 x 10 't (32b)
-1 P -6 3 -1
The overall standard deviation is 5.33 bar = in KW and 2.28 x 10 em"g ~ in
va. The deviations :lnirwP at various temperatures and p:-essures are given
in Figure 3.

The specific volumes of seawater solutions have been calculated from
the expansibility measurements of Bradshaw and Schleicher by using equations
(28) and (29). The values of Vo at 10°C have been determined from equation
(. The resultiné specific volumes are given in Table 28. The values of
v? for seawater (normalized to equation 32) of Chen and Millero are given in
Tables 29 and 30.
In the analysis of the direct measurements and sound derived secant bulk
modulus data for seawater, Chen and Millero (1976, 1978) have found equation
(1 ) adequately represented the data. They used an equation with 12 parameters (3A, 2B,-~
3C,D,3E) for the direct and 13 parameters (4A,2B,3C,D,3E) for the sound data which are
given in Tables 31 and 32. The standard error of equation (1 ) for the direct
measurements of Chen and Millero (1976) was 7.0 x 10-6cm33'1 in v'. The errors
in VP for the sognd derived equation cannot be directly determined, since tkLe
values of K? were obtained‘ditectly from the sound speeds. A comparison of
the values of v for 35°/00 salinity seawater is shown in Figure 4. Over
”":mbsp of the oceanic ranges of T and P the two studies agree to within + 20 x
10'6m33'1 in V°,

By normalizing the values of R? from the sound and diract measurements
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TABLE 28
vE POR SEAWATER FROM BRADSHAW AND SCHLEICHER
S = 14.975
200.207 bar 599.775 bar 1019.868 bar
0.9848506 0.9694505 0.9549233
0.9842135 0.9687710 0.9542094
0.9836053 0.9681134 0.9535111
0.9830268 0.9674782 0.9528291
0.9824789 0.9668645 0.9521642
0.9819623 0.9662754 0.9515168
0.9814782 0.9657095 0.9508854
0.9810277 0.9651684 0.9502720
0.9806120 0.9646511 0.9496754
0.9802335 0.9641596 0.9490962
0.9798918 0.9636952 0.9485358
0.9795886 0.9632571 0.9479935
0.9793269 0.9628475 0.9474697
0.9791075 0.9624670 0.9469652
0.9789332 0.9621158 0.9464790
0.9788056 0.9617949 0.9460123
0.9787606 = =———====  mme—m——
-------- 0.9615058 0.9455657
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TABLE 28 (continued)

Temp
30°C
28
26
24
22
20
18
16
14
12
10

&S o

200.2176 bar

0.9739092
0.9732545
0.9726259
0.9720251
0.9714509
0.9709058
0.9703898
0.9699029
0.9694467
0.9690225
0.9686315
0.9682743
0.9679534
0.9676687
0.9674232
0.9672182
0.9671316

s b

- 46 -

S = 30.504
599.7356 bar

0.9591056
0.9584163
0.9577468
0.9570977
0.9564694
0.9558620
0.9552753
0.9547107
0.9541679
0.9536482
0.9531514
0.9526795
0.9522317
0.9518085
0.9514115
0.9510416

0.9506986

- 151 -

999.161 bar

0.9457589
0.9450424
0.9443416
0.9436556
0.9429846
0.9423292
0.9416889
0.9410649
0.9404563
0.9398635
0.9391885
0.9387281
0.9381856
0.9376599
0.9371513
0.9366597

0.9361876



TABLE 28 (continued)
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S = 35.025 S = 35.032 S = 35.005
Temp 100.324 bar 200.247 bar 293.226 bar 399.986 bar

30°C 0,9746671 0.9707636 0.9671962 0.9632519
28 0.9740175 0.9701051 0.9665300 0.9625761
26 0.9733948 0.9694722 0.9658874 0.9619229
24 0,9728015 0,9688653 0.9652684 0,9612911
22 0.9722360 0.9682844 0.9646751 0.9606824
20 0.9716994 0.9677313 0.9641068 0.9600981
18 0.9711924 0.9672069 0.9635645 0.9595383
16 0.9707180 0.9667107 0.9630492 0.9590021
14 0.9702749 0.9662438 0.9625613 0.9584918
12 0.9696569 0.9658081 0.9621021 0.9580071
10 0.9694914 0.9654039 0.9616723 0.9575495

8 0.9691526 0.9650329 0.9612723 0.9571185

6 0.9688505 0.9646962 0.96090&5 0.9567173
4 0.9685878 0.9643945 0.9605678 0.9563443

2 0.9683664 0.9461299 0.9602650 0.9560020
0 0.9681874 0.9639046 0.9599976 0,9556911
-1 -; ----- 0.9638068 W —==—=- - (mm—————
=2 emeeeeme | eeecaee- 0.9597676 0.9554130
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TABLE 28 (continued)
S = 35,031

S = 35.004 S = 35.007 S = 35.002

Temp 499.883 bar 599.755 bar 699.621 bar 799.4836 bar
30°c 0.9596269 0.9591316 0.9527045 0.9493674
28 0.9589436 0.9554393 0.9520060 0.9486638
26 0.9582810 0.9547673 0.9513264 0.9479752
24 0.9576390 0.9541160 0.9506635 0.9473036
22 0.9570188 0,9534817 0.9500203 0.9466487
20 0.9564189 0.9528696 0.9493950 0.9460122
18  0.9558419 0.9522781 0.9487891 0.9453928
16 0.9552880 0.9517075 0.9482026 0.9447909
14 0.9547579 0.9511590 0.9476356 0.9442078
12 0.9542501 0.9506310 0.9470876 0.9436429
10 0.9537675 0.9501252 0.9465611 0.9430967

8 0.9533095 0.9496462 0.9460568 0.9425704
6 0.9528788 0.9491839 0.9455729 0.9420629
4 0.9524744 0.9487500 0.9451109 0.9415748
2 0.9520967 0.9483405 0.9446716 0.9411074
0 0.9517472 0.9479563 0.9442545 0.9406615
-1 S
-2 0.9514274 0.9475597 0.9438617 0.9402358
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TABLE 28 (continued)

S = 35.012 S = 35,991 S = 35.006
Temp 799,503 bar 906.245 bar 999,241 bar

30°¢ 0.9490061 0.9458937 0.9429272
28 0.9486557* 0.9451826 0.9422113
26 0.9479672 0.9444872 0.9415086
24 0.9472952 0.9438063 0.9408202
22 0.9466416 0.9431413 0.9401469
20 0.9460045 0.9424929 0.9394884
18 0.9453851 - 0.9418604 0,9388449
16 0.9447833 0.9412444 0.9382173
14 0.9442009 0.9406451 0.9376041
12 0.9436359 0.9400622 0.9370081
10 0.9430895 0.9394967 0.9364264
8 0.9425616 0.9389490 0.9358620

6 0.9420547 0.9384185 0.9353120
4 0.9415668 0.9379058 0.9347794

2 0.9410993 0.9374121 0.9342625

0 0.9406532 0.9369360 0.9337631
-1 --------------- - D D S S
-2 0.9402278 0.9364790 0.9332813
=4 0.9360408 0.9360408 ————————

- 49 -

*Temperature for this data point is 29°C.
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TABLE 28 (continued)

S = 39,502 S = 39,504 S = 39,507
Temp 200.227 bar 599,735 bar 999.221 bar

30% 0.9676361 0.9531664 0.9401004

28 0.9669731 0.9524720 0.9393815

26 0.9663356 0.9517964 0.9386783

24 0.9657225 0.9511410 0.9379881

22 0.9651356 0.9505049 0.9373128

20 0.9645747 0.9498881 0.9366523

18 0.9640413 0.9492909 0.9360069

16 0.9635358 0.9487146 0.9353752

14 0.9630584 0.9481589 0.9347586

12 0.9626109 0.9476234 0.9341581

10 0.9621942 0.9471099 0.9335718

8 0.9618095 0.9466189 0.9330013

6 0.9614575 0.9461506 0.9324466

4 0.9611384 0.9457059 0.9319068

2 0.9608561 0.9452845 0.9313846

0 0.9606110 0.9448884 0.9308780
-1 0.9605034 —— emm—— —
-2 ———— 0.9445165 0.9303869
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TABLE 29
v® FOR SEAWATER FROM CHEN AND MILLERO (SOUND)
s = 5°/00 —

Pobar 0% sec 10% 157 20°c
100 0.991182  0.991306  0.991766  0.992518  0.993532
200 0.986420  0.986693  0.987270  0.988115  0.989198
300 0.981808  0.982220  0.982908  0.983839  0.984990
400 0.977340  0.977883  0.978674  0.979686  0.980900
500 0.973012  0.973676  0.974563  0.975652  0.976925
600 0.968818  0.969593  0.970570  0.971730  0.973059
700 0.964752  0.965631  0.966691  0.967917  0.969297
800 0.960810  0.961784  0.962920  0.964208  0.965636
900 0.956988  0.958048  0.959255  0.960598  0.962071

1000 0.953281  0.954420  0.955690  0.957085  0.958599
100 0.994781  0.996247  0.997917  0.999777
200 0.990500  0.992004  0.993697  0.995568
300 0.986342  0.987881  0.989598  0.991480
400 0.982300  0.983873  0.985612  0.987506
500 0.978369  0.979975  0.981735  0.983641
600 0.974545  0.976182  0.977962  0.979879
700 0.970823  0.972490  0.974289  0.976216
800 0.967199  0.968892  0.970710  0.972648
900 0.963669  0.965387  0.967222  0.969170

1000 0.960228 0.961969 0.963820 0.965778
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TABLE 29 (continued)
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s = 10%/00
P, bar 0° s°c 10% 15% 20
100 0.987274 0.987471 0.987990 0.988790 0.989840
200 0.982593 0.982933 0.983564 0.984451 0.985568
300 0.978059 0.978531 0.979267 0.980238 0.981418
400 0.973666 0.974262 0.975096 0.976144 0.977385
500 0.969408 0.970119 0.971046 0.972166 0.973463
600 0.965281 0.966098 0.967111 0.968299 0.969648
700 0.961279 0.962195 0.963286 0.964537 0.965937
800 0.957397 0.958404 0.959569 0.960878 0.962323
900 0.953632 0.954722 0.955954 0.957317 0.958804
1000 0.949979 0.951144 0.952437 0.953849 0.955375
100 0.991117 0.992601 0.994281 0.996144
200 0.986894 0.988414 0.990117 0.991990
300 0.982792 0.984346 0.986069 0.987953
400 0.978803 0.980390 0.982134 0.984028
500 0.974924 0.976541 0.978305 0.980209
600 0.971150 0.972796 0.974579 0.976493
700 0.967476 0.969148 0.970950 0.972873
800 0.963897 0.965595 0.967413 0.969346
900 0.960410 0.962132 0.963966 0.965907
1000 0.957011 0.958755 0.960604 0.962553
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TABLE 29 (continued)

s = 15%°/00
P, bar 0°c s°c 10°c 15°¢ 20%
100 0.983406 0.983673 0.984249 0.985094 0.986178
200 0.978805 0.979207 0.979889 0.980818 0.981966
300 0.974347 0.974875 0.975657 0.976664 0.977873
400 0.970026 0.970672 0.971548 0.972629 0.973895
500 0.965837 0.966592 0.967556 0.968706 0.970026
600 0.961775 0.962632 0.963677 0.964892 0.966262
700 0.957835 0.958786 0.959907 0.961181 0.962598
800 0.954012 0.955050 0.956240 0.957570 0.959031
900 0.950303 0.951420 0.952674 0.954056 0.955556
1000 0.946702 0.947892 0.949205 0.950633 0.952171
100 0.987480 0.988983 0.9%0674 0.992540
200 0.983316 0.984852 0.986563 0.988438
300 0.979268 0.980836 0.982567 0.984451
400 0.975332 0.976930 0.978681 0.980574
500 0.971504 0.973131 0.974899 0.976802
600 0.967777 0.969432 0.971218 0.973129
700 0.964149 0.965829 0.967632 0.969552
800 0.960615 0.962319 0.964137 0.966065
900 0.957171 0.958897 0.960730 0.962665
1000 0.953814 0.955560 0.957406 0.959348
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TABLE 29 (continued)

s = 20°%/00
P, bar 0°c 3% 10°c 15°c 20°%c
100 0.979571 0.979905 0.980535 0.981422 0.982540
200 0.975047 0.975510 0.976241 0.977208 0.978386
300 0.970663 0.971245 0.972071 0.973113 0.974349
400 0.966412 0.967107 0.968022 0.969134 0.970424
500 0.962290 0.963089 0.964088 0.965266 0.966607
600 0.958292 0.959188 0.960264 0.961503 0.962892
700 0.954413 0.955398 0.956546 0.957843 0.959276
800 0.950647 0.951715 0.952930 0.954280 0.955754
900 0.946993 0.948136 0.949412 0.950811 0.952323
1000 0.943444 0.944657 0.945989 0.947432 0.948980
B, bar 25°¢ 30°c 35°¢ 40°c
100 0.983867 0.985387 0.987088 0.988959
200 0.979758 0.981310 0.983030 0.984908
300 0.975764 0.977345 0.979084 0.980971
400 0.971880 0.973490 0.975246 0.977141
500 0.968100 0.969737 0.971511  0.973414
600 0.964421 0.966084 0.967874  0.969784
700 0.960839 0.962525 0.964330 0.966248
800 0.957348 0.959057 0.960876 0.962801
900 o.9539§e . 0,955676 0.957508 0.959439

?i, - 1000 0.950629 0.952377 0.954222 0.956158
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TABLE 29 (continued)

s = 25%/00
P, bar o°¢c 3°C 10°c 15°C 20°¢c
100 0.975764 0.976163 0.976844 0.977772 0.978921
200 0.971316 0.971837 0.972614 0.973618 0.974825
300 0.967004 0.967638 0.968507 0.969581 0.970843
400 0.962822 0.963563 0.964516 0.965658 0.966971
500 0.958765 0.959606 0.960638 0.961842 0.963203
600 0.954829 0.955762 0.956868 0.958131 0.959537
700 0.951009 0.952027 0.953202 0.954519 0.955967
800 0.947300 0.948397 0.949635 0.951002 0.952490
900 0.943698 0.944867 0.946164 0.947578 0.949102
1000 0.940199 0.941435 0.942785 0.944242 0.945799
P, bar 25°C 30°c 35°¢ 40°¢c
100 0.980271 0.981808 0.983521 0.985398
200 0.976217 0.977784 0.979514 0.981398
300 0.972276 0.973871 0.975618 0.977509
400 0.968442 0.970064 0.971827 0.973726
500 0.964711 0.966358 0.968137 0.970042
600 0.961079 0.962749 0.964544 0.966455
700 0.957541 0.959234 0.961042 0.962959
800 0.954093 0.955807 0.957628 0.959551
900 0.950732 0.952465 0.954298 0.956226

1000 0.947454  0.949205  0.951049  0.952982
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TABLE 29 (continued)

s = 30°/00
2, bar 0°c 3¢ 10°c i5°c 0°¢c
100 0.971983 0.972444 0.973175 0.974142 0.975320
200 0.967608 0.968186 0.969008 0.970046 0.971279
300 0.963366 0.964052 0.964961 0.966066 0.967351
400 0.959251 0.960038 0.961028 0.962197 0.963531
500 0.955258 0.956140 0.957205 0.958433 0.959813
600 0.951383 0.952352 0.953487 0.954772 0.956194
700 0.947620 0.948671 0.949871 0.951207 0.952670
800 0.943966 0.945092 0.946352 0.947737 0.949236
900 0.940416 0.941611 0.942928 0.944356 0.945890
1000 0.936967 0.938225 0.939593 0.941062 0.942628
P, bar 25°C 30°c 35°C 40°c
100 0.976692 0.978245 0.979970 0.981856
200 0.972692 0.974273 0.976014 0.977906
300 0.968802 0.970410 0.972166 0.974064
400 0.965018 0.966650 0.968422 0.970326
500 0.961334 0.962991 0.964777 0.966686
600 0.957747 0.959426 0.961225 0.963140
700 0.954253 0.955952 0.957764 0.959684
800 0.950847 0.952566 0.954390 0.956314
900 0.947526 0.949263 0.951097 0.953026

1000 0.944287 0.946040 0.947884 0.949816
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TABLE 29 (continued)
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s = 35%/00
B, bar 0°c s 10°¢ 15°¢ 20°c
100 0.968224 0.968747 0.969526 0.970528 0.971734
200 0.963921 0.964555 0.965420 0.966491 0.967749
300 0.959748 0.960484 0.961432 0.962567 0.963873
400 0.955698 0.956531 0.957555 0.958750 0.960103
500 0.951767 0.952690 0.953786 0.955038 0.956434
600 0.947951 0.948957 0.950120 0.951424 0.952862
700 0.944245 0.945328 0.946553 0.947907 0.949382
800 0.940644 0.941799 0.943082 0.944481 0.945991
900 0.937145 0.938366 0.939702 0.941143 0.942686
1000 0.933744 0.935026 0.936410 0.937890 0.939463
100 0.973127 0.974696 0.976434 0.978332
200 0.969179 0.970775 0.972528 0.974430
300 0.965340 0.966960 0.968727 0.970635
400 0.961604 0.963248 0.965029 0.966941
500 0.957967 0.959633 0.961427 0.963344
600 0.954425 0.956112 0.957917 0.959839
700 0.950974 0.952679 0.954497 0.956422
800 0.947609 0.949333 0,951160 0.953089
» 900 0.944328 0.946068 0.947905 0.949836
1000 0.941127 0.942882 0.944727 0.946661



N

P, bar

100
200
300
400
500
600
700
800
900
1000

P, bar

100
200
300
400
500
600
700
800
900

1000

0°c
0.964487
0.960254
0.956147
0.952161
0.948291
0.944533
0.940882
0.937333
0.933884
0. 930530

25°C
0.969575
0.965679
0.961890
0.958201
0.954610
0.951111
0.947702
0.944378
0.941135
0.937972

TABLE 29 (continued)
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5°C
0.965071
0.960943
0.956934
0.953039
0.949255
0.945576
0.941998
0.938518
0.935131
0.931835

30°C
0.971159
0.967288
0.963522
0.959855
0.956285
0.952805
0.949414
0.946106
0.942879
0.939729

s = 40%/00

10°c
0.965895
0.961850
0.957918
0.954097
0.950380
0.946765
0.943246
0.939821
0.936485
0.933236

35°¢C
0.972911
0.969054
0.965300
0.961646
0.958087
0.954619
0.951237
0.947939
0.944720

0.941577

':1163 -

15°¢c
0.966932
0.962951
0.959081
0.955317
0.951654
0.948088
0.944617
0.941235

0.537939
0.934726

40°C
0.974824
0.970970
0.967220
0.963570
0.960014
0.956549
0.953170
0.949874
0.946657
0.943515

20°C

0.968163
0.964231
0.960408
0.956687
0.953065
0.949539
0.946103
0.942754
0.939489
0.936305
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P(bars)
199.66

399.33
599.00
798.67
998.34

199.66
399.33
599.00
798.67
998. 34

0°c
0.986069
0.977023
0.968522
0.960534

0.953020

0.982618
0.973685
0.965314
0.957435
0.950018

TABLE 30

v’ FOR SEAWATER FROM CHEN AND MILLERO (DIRECT)

5°C
0.986355
0.977569
0.969301
0.961506

0.954162

0.982956
0.974288
0.966134
0.958446

0.351186

5.467°/00 Salinity

0°¢  15°%

0.986932 0.987793
0.978365 0.979384
0.970275 0.971443
0.962642 0.963938
0.955434 9.956831

20°C

0.988872
0.980594
0.972773
0.965362

0.958340

9.989°%/00 Salinity

0.983575 0.984474
0.975115 0.976172
0.967148 0.968336
0.959612 0.960924
0.952482 0.953896

0.985590
0.977413
0.969682
0.962370

0.955425

25°C

0.990178
0.981992
0.974259
0.966930

0.959969

0.986913
0.978825
0.971181
0.963936

0.957049

30°C
0.991684
0.983572
0.975899
0.968627

0.961718

0.988438
0.980416
0.972831
0.965641

0.958804

35°C

0.993374
0.985312
0.977680
0.970443

0.963573

0.990130
0.982153
0.974605
0.967458

0.960650

40°C

0.995259
0.987224
0.979610
0.972390

0.965539

0.992014
0.984076
0.969393

0.962604

—6g—
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: lP‘Q&tS,

199.66
399.33
599.00
798.67
998.34

199.66
399.33
599.00
798.67
998. 34

199.66
395.33
599.00
798.67
998.34

0°c

0.978847

0.970071
0.961825
0.954065
0.946753

0.974991
0.966366
0.95825’
0.950612
0.943404

0.971327
0.962841
0.954851
0.947333
0.940222

5°¢
0.979257
0.970720
0.962696
0.955105

C.947947

0.975461
0.967066
0.959152
0.951682

0.944628

0.971854
0.963593
0.955788
0.948425
0.941468

TABLE 30 (continued)

14.949%/00 Salinity

e 1%

0.979937 0.980871
0.971596 0.972682
0.963734 0.964948
0.956299 0.957631
0.949264 0.950697

20°¢2
0.981961
0.973888
0.966263
0.959040

0.952196

20.082°/c0 Salinity

0.976195 0.977164
0.967983 0.969096
0.960231 0.961471
0.952900 0.954252
0.945967 0.947414

0.978340
0.970383
0.962856
0.955738

0.948965

24.9890/00 Salinity

0.972632 0.973635
0.964538 0.965675
0.956901 0.958157
0.949662 0.951041
0.942828 0.944289

0.974840
0.966933
0.959574
0.952526

0.945849

22:9?
0.983301
0.975321
0.967771
0.960619

0.953825

0.979708
0.971834
0.964378
0.957318

0.950622

0.976220
0.968462
0.961106
0.954128

0.947511

30°c?
0.984829
0.976911
0.969417
0.962319

0.955572

0.981254
0.973437
0.966034
0.959027

0.952368

0.977789
0.970073
0.962763
0.955842

0.949266

3s°c?

0.986537
0.978658
0.971199
0.964143
0.957416

0.982971
0.975190
0.967819
0.960846

0.954204

0.979514
0.971834
0.964570
0.957684
0.951104

40°¢c?

0.988424
0.980558
0.973120
0.966078

0.959365

0.984852
0.977091
0.969739
0.962792

0.981419
0.973760
0.966512
0.959625

0.953081
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TABLE 30 (continued)

30.003%°/¢0 Salinity

P(bars) -0.051°C 4.948°C 9.946°C 14.940°C 19.935°C 24.929°C 29.926°C  34.924°C  39.919°C
99.83 0.971983 0.972437 0.973169 0.974138 0.975304 0.976673 0.978215 0.979942 0.981821
199.66 0.967604 0.968190 0.969017 0.970046 0.971272 0.972680 0.974249 0.975984 0.977873
299.50 0.963356 0.964062 0.964966 0.966068 0.967347 0.968790 0.970386 0.972137 0.97402)
399.33 0.959247 0.960041 0.961032 0.962201 0.963535 0.965004 0.966628 0.968403 0.970296
499.16 -— 0.956148 0.957211 0.958438 0.959813 0.961329 0.962974 0.964750 0.966653
$°9.00 0.951373 0.952355 0.953494 0.954782 0.956209 0.957738 0.959410 0.961209 0.963122
698.83 0.947615 0.948679 0.949879 0.951226 0.952676 0.954254 0.955945 0.957765 0.959702
798.67 -— 0.945104 0.946369 0.947751 0.949247 0.950850 0.952563 0.954403 0.956355
898.50 0.940413 0.941618 0.942951 0.944378 0.945920 0.947535 0.949276 0.951129 0.953097
998.34 ——— 0.938236 0.939605 0.941086 0.942666 0.944316 0.946078 0.947946 0.949916

_‘[9—
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P(bars)
99.83
199.66
599.50
399.33
499.16
599.00
698.83
798.67
898.50
998.34

o°c
0.968233
0.963944

' 0.959766

0.955723
0.951791
0.947974
0.944275
0.940671
0.937170
0.933787

TABLE 30 ( continued)

35.003% /00 Salinity

4.948°C 9.946°C 14.940°C 19.935°C 24.929°C 29.926°C  34.924°C  39.919°C
0.968759 0.969535 0.970531 0.971733 0.973124 0.974686 0.976417 0.978319
0.964572 0.965435 0.966497 0.967759 0.969184 0.970773 0.972515 0.974420
0.960505 0.961460 0.962585 0.963885 0.965351 0.966958 0.968733 0.970633
0.956554 0.957579 0.958768 0.960122 0.961615 0.963259 0.965024 0.966950
0.952712 0.953812 0.955061 0.956455 0.957981 0.959645 0.961434 0.963364
0.948976 0.950155 0.951448 0.952883 0.954439 0.956127 — 0.959879
0.945347 0.946589 0.947931 0.949402 0.950986 0.952704 0.954520 0.956469
0.941820 0.943123 0.944508 0.946012 0.947627 0.949365 0.951203 0.953158
0.938394 0.939739 0.941181 0.942713 0.944355 0.946112 0.947963 0.949920

—— 0.936447 0.937923 0.939499 0.941168 0.942932 0.944810 0.946769

—29—



TABLE 30 (continued)

39.864°/co Salinity

P(bara) -0.051°C 4.948°C 9.946°C 14.940°C 19.935°C 24.929°C 29.926°C 35.000°Cb 40.000°Cb
99.83 0.964590 0.965172 0.965987 0.967023 0.968246 0.969662 0.971232 0.973033 0.974952
199.66 0.960359 0.961047 0.961952 0.963053 0.964330 0.965766 0.967370 0.969178 0.971105
299.50 0.956252 0.957049 0.958025 0.959190 0.960511 0.961979 0.963607 0.965441 0.967363
i , 399.33 0.952272 0.953147 0.954201 0.955429 0.956789 0.958289 0.959944 0.961795 0.963722
£99.16 0.948399 0.949364 0.950487 0.951766 0.953172 0.954705 0.956386 0.958250 0.960175
1 599.00 0.944642 0.945683 0.946875 0.948211 0.949650 0.951208 0.952916 0.954789 0.956719
5 698.83 0.940988 0.942113 0.943359 0.944733 0.946212 0.947805 0.949529 0.951424 0.953351
'ij';'- l 798.67 0.957447 0.938632 0.939933 0.941350 0.942866 0.944488 0.946236 0.948128 0.950067
| 898.50 -— 0.935244 0.936601 0.938056 0.939618 0.941252 0.943021 0.944922 0.946863
998.34 _— 0.931950 0.933354 0.934845 0.936435 0.938104 0.939878 0.941781 0.943735

a) 15.034°/00 salinity.

b) 39.827°/00 salinity.

e
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TABLE 31

COEFFICIENTS FOR EQUATION (12) FROM THE DIRECT MEASUREMENTS

OF CHEN AND MILLERO

51.261 - 0.4506t + 2.643 x 10 t2

]
L}

0.6623 + 7.274 x 10 ¢t

o
L}

6 2

% + 3.598 x 10”5

4.809 x 10™°> - 1.675 x 10~

0
L}

-2.929 x 10°%

[~%)
L}

2

6 7

- - -Q
-1.125 x 10 ~ + 1,363 x 10 't - 2.134 x 10 "t

o
a

c=7.0x 10-6cm33-1 :l.uvP

e, e T

ot
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TABLE 32

COEFFICIENTS FOR EQUATION (12) FROM THE SOUND MEASUREMENTS

OF CHEN AND MILLERO

53.751 - 0.4607t + 7.030 x 10 t% - 5.107 x 10 °t>

-]
"

0.2322 - 4.838 x 10 3t

o
]

7.2

Se +4.68 x 10 't

4.692 x 107> - 8.387 x 10~

n
a

1.332 x 102

o,
"

9.2

6 t - 1.551 x 10 't

8

-1.412 x 10 ° + 9.006 x 10

e =
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of Chen and Millero to the same pure water (equation 32) and 1 atm values

of the secant bulk modulus for seawater (equation 23), we have

KP - KWP - (KO - Kwo) =[cS+d S3/2]P
2
+ [e SIP (33)
The values of ¢, d, and e are given by
-3 -5 -6 2
c = 2.5410 x 10 ~ - 1.5917 x 10 "t - 1.6231 x 10 't (332)
=4
d=1.6716 x 10 (33b)
e = -1.1722 x 1075 + 2.4204 x 10 %+ 9.9866 x 10710¢? (33¢)
-6 3 -1 P
The overall standard deviation in the fit is 9.8 x 10 cm'g = inV . The
standard deviation in vP is 13.4x 10_6c.m3g"1 for the direct measurements, and

6.3 x 10-6cm3g-1 for the sound derived data. Comparisons of the calculated

and measured values of vP for 35°/oo salinity seawater are given in Figures
6

5 and 6. (The overall standard deviation of the fit from 0-30°C is 7.6 x 10~ cmsg-l).
The values of KP for seawater from Bradshaw and Schleicher's work have

also been analyzed by using equation (33). A summary of the standard errors

in I(P and VP are given in Table 33. An analysis of the variance of the

various forms using the P-test indicates that at the $5X% confidence level

the 7 parameter (3C, D, 3E) is the preferred form - which is the same form

found by Chen and Millero for their experimental measurements. The values

of ¢, d, and e are given by

c= 2.4289 x 10--3 - 7.8668 x 10-5 t + 1.5649 x 1011:2 (34a)

d = 2.0285 x 10 (34b)
-6

o = -1.1439 x 10~ + 8.0470, x 1078 - 1.8638 x 10 3¢2 (34¢)
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TABLE 33

SUMMARY OF THE BULK MODULUS FIT OF SEAWATER FROM

BRADSHAW AND SCHLEICHER'S WORK®

KP-KWP- (Ko—l(wo) = (c:S+d83/2)P+eSP2
Parameters o(K) 106a§vz
12(4C, 4D, 4E) 8.50 3.80
11(4C, 4D, 3E) 8.59 3.87
11(4C, 3D, 4E) 8.51 3.83
10(4c, 4D, 2E) 8.63 3.88
10(4C, 2D, 4E) 8.53 3.95

9(4C, 4D, E) 8.69 4.10

9(4C, D, 4E) 8.54 3.95

9(3c, 3D, 3E) 8.72 3.97

8(4c, 4D) 8.67 5.02

8(4C, 4E) 9.01 4.50

8(3¢c, 3D, 2E) 8.69 4.03

8(3c, 2D, 3E) 8.67 h.lﬁ

7(3c, 3D, E) 8.75 4,24

7(3¢c, D, 3E) 8.68 4,13

6(3C, 3D) 8.74 5.13
6(3¢, 3E) 9.14 - 4.66

a) The values of KP at the lowest prassure (P = 7,37) were not used.
The data were weighted by P/125 + 1 since the high pressure values
of are more reliable. The total number of data points used
wag 341. .

B Thi LA
Ry
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6 1 P

The standard error of the f£it is 4.13 x 10 Pcmg * in v’ . The differences
in the measured and calculated values of v for Bradshaw and Schleicher’'s
results at 35°/oo salinity seawater are shown in Figure 7. As showm in
Figures 8, 9 and 10, the values of vE determined from the results of Bradshaw
and Schleicher at 35°/oo salinity seawater are in good agreement with the
direct, sound derived and combined values of v‘P determined by Chen and
Millero.

We have also analyzed the sound derived values of KP from Chen and
Millero combined with the values of Bradshaw and Schleicher using equation
(33). The 7 parameter equationm (3C, D, 3E) gives a standard error of 3.97

X 10-6cm3g-1 in vP. The values of ¢, d, and e are given by

7.2

3 3.2062 x 1075t - 7.2114 x 10" ¢ (35a)

c = 3.6709 x 10

d = -1.6279 x 10°° (35b)

e = -1.1319 x 100 + 5.9578 x 10~%¢ - 8.2546 x 107102  (35¢)

These results indicate that sound data of Chen and Millero are internally
consistent with Bradshaw and Schleicher's work to ~ 4 x 10-6cm33-1 which is
the 0 we get for the Bradshaw and Schleicher data. The direct measurements
of Chen and Millero appear to have a slightly higher spread when compared
with the sound data (as well as the Bradshaw and Schleicher data), ~ 8 x
lo-ecmsg.l. Since all the data sets have ¢'s of a similar order of magni-
tude, we have not attempted to we:l.ghi: the data sets.

The combined values of RP determined from the values of v? of Bradshaw
and Schleicher and Chen and Millero have been fitted to various forms of equa-
tion (33). A summary of the standard errors in KP and vt for the various
forms is given in Table 34. It is not possible to make a selection of the

"pest" £it by using various statistics since the o is greatly affected by
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TABLE 34

SUMMARY OF BULK MODULUS FIT OF SEAWATER USING COMBINED DATA®

K-k - -5 = (cs+a5¥p+esp?
Parameters o(K) m
12(4C, 4D, 4E) 9.96 8.78
11(4C, 3D, 4E) 9.97 8.79
11(4c, 4D, 3E) 9.99 8.80
10(4C, 2D, 4E) 10.04 8.96
10(4c, 4D, 2E) 10.00 8.80

9(4C, D, 4E) 10.08 8.99
9(4C, 4D, E) 10.30 9.06
9(3c, 3D, 3E) 10.01 8.84
8(4c, 4D) 10.31 9.10
8(4C, 4E) 10.46 9.34
8(3c, 3D, 2E) 10.02 : 8.84
8(3c, 2p, 3E) 10.07 9.00
7(3¢c, 3D, E) 10.32 9.10
7(3C, D, 3B) 10.12 9.02
6(3c, 3D) 10.33 9.14
6(3C, 3E) 10.50 9.37

a) The data were weighted by P/699 + 1.

Tt ey B
BRI e e T L
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the divergence of the data sets at high pressures and temperatures. Since
the individual data sets all were found to fit the same equation from a
statistical analysis, we feel that the 7 parameter (3C, D, 3E) gives the

best representation of the data. The values of ¢, d, and € are given by

6,2

c= 2.2838 x 107 - 1.0981 x 10" ¢ - 1.6078 x 10 °t (36a)

d= 1.9107, x 1074 (36b)

8 2

e = -9.9348 x 10~/ + 2.0816 x 10 2t + 9.1697 x 10 0¢2 (36¢)

The overall standard error is 9.02 x 10.6cm3 g-l in vP. The standard devia-

tion is 4.03 x 10-6cm3 g-l for Bradshaw and Schleicher's data, 9.62 x
10-6cm3 3-1 for the direct measurements of Chen and Millero, and 5.0 x
10-6cm3 g-l for the sound measurements of Chen and Millerc. A comparison
at § = 35°/oo of the new equation with the equations generated from the
individual data sets are shown in Figures 11, 12 and 13. Over the oceanic
ranges of P, t and S the three independent data sets agree with the combined

equation to 6 x 10-6cm3 3-1 in vP (the overall ¢ = 5 x 10_6cm3 g-l).
The specific volume, v, can be calculated from the secant bulk modulus

(equation 1) using
vP = vo (1 - %) (37)

Values of vP calculated from equation (37) are given in UNESCO Tables? The ther-

mal expansibility, a, can be calculated from the temperature derivative of

equation (37)

0 0
P 1 v P v P 9K
a VP [3'1' (1- K) + ;T ﬁ | (38)
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%
Values of aP calculated from equation (38) are given in UNESCO Tables. The
isothermal compressibility, BP, can be calculated from the pressure deri-

vative of equation (37),

0

*
Values of BP calculated from equation (39) are given in UNESCO Tables.
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CONCLUSION

During its last meeting in September 1980, the Joint Panel on
Oceanographic Tables and Standards drafted a document on the Practical
Salinity Scale and the International Equation of State of Seawater.

In conclusion, and set out hereunder, is a reproduction of the section
of this document relative to the International Equation of State of
Seawater, 1980. The following equations are to be used %o conpute
density of seawater.

The International Equation of State of Seawater, 1980

A new equation of state of seawater diluted with pure water or
concentrated by evaporation has been determined to be used with the
practical salinity scale (Millero, Chen, Bradshaw and Schleicher, 1980;
Millero and Poisson, 198l,a). This equation is more precise than the
currently used equations (Knudsen, Forch and Sorensen, 1902; Ekman, 1908;
Cox, McCartney and Culkin, 1970) and covers a wider range of temperature
and pressure. Data reports describing the details of the fitting proce-
dure are available (Millero, Chen, Bradshaw and Schleicher, 1981; Millero
and Poisson, 1981,b in Unesco 1981,b).

The density (p, kg m~°) of seawater as a function of practical
salinity (S), temperature (t, °C) and applied or gauge pressure (p, bars)
is given by :

p(S,t,p) = p(S,t,0)/{1 - p/K(S,t,p)} (7)

where K(S,t,p) is the secant bulk modulus. The specific volume
(ve=1/p, n’ kg'l) of seawater can be obtained from

v(S,t,p) = v(s,t,0){1 - p/K(S,t,p)} (8)

The density of seawater at one standard atmosphere (p == 0) can be
determined from

p(S,t,0) -0, * (b° + blt + bztz + b3t3 + bata)s

2,.3/2 2
+ (c° + ¢t + eyt )s + dos 9)




b = 8.244 93 x 10~! c, ™ -5.724 66 x 103

o

by = -4.0899 x 10™3 c; = 1.0227 x 1074
b, = 7.6438 x 10-5 c, = -1.6546 x 10~
by = -8.2467 x 1077

b, = 5.3875 x 10°° d, = 4.8314 x ic

The density of the reference pure water (SMOW) is givem by (IUPAC, 1976)

- 2 3 4 5
Py = 3, + al: + azt + a3t +ac ¢ aS: (10)

where

a_ ™ 999.842 594
= 6.793 952 x 102
= -9,095 290 x 10~3
a, = 1.001 685 x 10~
a, =-1.120 083 x 106
= 6.536 332 x 10™°

W N ~- O

8g

Should more reliable data for pure water become available in the future,
equation 9 can be easily modified.

The secant bulk modulus (K) of seawater is given by

K(S,t,p) = K(S,t,0) + Ap + sz (11)
where
- 2 2,.3/2
R(S,£,0) =B » (£ + £16 + £6% ¢ £,69)5 4 (5, + gyt + g,t20sY2  (12)
£, = 54.6746 8, = 7.944 x 10™2
q = =0.603 459 g, = 1.6483 x 102
£, = 1,099 87 x 10~2 g, = -5.3009 x 10™*
£, = -6.1670 x 1075
_ 2 3/2
A=A + (io + 1,6+ 1,t7)8 + 3 S (13)
1, = 2.2838 x 1073 3o ™ 1.910 75 x 10-%
i, = -1.,0981 x 1075

1
1, = -1.6078 x 1076




B™= Bw + (mo + Dyt + mztz)S (14)

m = -9.9348 x 1077
m =~ 2.0816 x 108
m, = 5.1697 x 10-%0

The pure water terms of the secant bulk modulus are given by

R, =e, + et + eztz " e3t3 + 041:4 (15)
e, = 19 652.21
e, = 148.4206
e, = -2.327 105
ey = 1.360 477 x 102
e, = -5.155 288 x 103
A, =h +bit +hyt? o byt (16)
w (-] 2 3

h_ = 3.239 908

h, = 1.437 13 x 10~3
h, = 1.160 92 x 10~
h, = =5.779 05 x 10~7

w NN -~ 0

Bw - ko + klt + kztz an
k, = 8.509 35 x 10-53
k, =-6.122 93 x 10-6
k, = 5.2787 x 10~8

The Intgmational equation of state is valid for S = 0 to 42;
t =<2 to 40°C; p = 0 to 1000 bars.

The following values are provided for checking the correct use of the
above equation. (Units : p in kg m~? and K in bars)

s £(°c) p(bars) p(S,t,p) R(S,t,p)
;, 0 5 0 999,966 75 20 337.803 75
: - 1000 1044,128 02 23 643,525 99
25 0 997,047 96 22 100.721 06
1000 1037.902 04 25 405.097 17
35 5 0 1027.675 47 22 185,933 58
1000 ) 1069.489 14 25 577.498 19

- 23 0 1023.343 06 23 726,349 49
: 1000 1062.538 17 27 108.945 G4




The International Equation of State is meant for use in all
oc2anic waters. However, these equations should be used with caution
i1: waters that have a chemical composition different from standard
seawater. In such waters, densities derived with the equations related
in this report, i.e. based on practical salinity measurements and the
International Equation of State, may deviate measurably from the true
densities (Millero, Gonzales and Ward, 1976; Millero and Kremling, 1976;
Millero, Gonzales, Brewer and Bradshaw, 1976; Millero, Forsht, Means,
Gieskes and Kenyon, 1978; Poisson, Lebel and -Brunet, 1980; Poisson,
Lebel and Brunet, 1981). However, it is important to note that in water
masses different in composition from standard seawater, the differences
in densities derived by the new equations involve only very small errors
(Lewis and Perkin, 1978). Corrections to the calculated denstties can
be made from direct density measurements or from calculations involving
the use of partial molal volume data and conductivity data if the chemical
composition is known (Brewer and Bradshaw, 1975; Poisson and Chanu, 1976
and 1980; Poisson, 1978; Millero, Forsht, Means, Gieskes and Kenyon, 1978;
Poisson, Périé, Périé and Chemla, 1979).
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