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This report cc-:, e ns a meeting held at Charlottenlund Slot,
Denmark, on 5/6 October, 196U. The meetin* vas sponsored jointly 
by the Hydrographical Committee of ICES and Unesco, and vas convened 
by Dr. R.A. Cox who took the Chair. Present were:

1. Members of the joint IAPO/SCOR/ICES/UNESCO nanel on oceanographic 
tables and standards:

D.E. Carritt (U.S.,.)
R.A. Cox (U.K.)
N. P. Fofonoff (U.S.A.)
F. Hermann (Denmark)
Y. Miyaki (Japan)
O. Saelen (Norway)

Apologies for absence were received from C. Dietrich (Germany) 
and G.N. Ivanoff-Frantzkevich (U.S.S.R.)

2. Participants in the meeting, in addition to the members of the 
panel included:

First Session,

Argentina - A. Orlando
Denmark mm S.F. Larsen, J. Smed
Finland — I. Hela, A. Voioio, F.

Koroleff
Germany mm K. Grasshof, 0, Weichart
Iceland - S.A. Malmberg
Netherlands - R. Do^restein
Norway - J. Epgvin, E. F8yn
Snain - N. Menendez
Sweden — B. Kullenberp, A, Svansson 

S.H. Fonselius
U.K. — F. Culkin, D.P.D. Scott
UNESCO - K.N. Fedorov
U.S.A. - J. Lyman

Monday morning

In his introduction, the chairman. Dr. R.A. Cox, referred to the 
first and second reports of the joint panel on the equation of state of 
sea water and explained that on the disbanding of this committee in 
Berkeley in August, 1963, the members, with the addition of Dr. 0. Saelen, 
were designated the joint panel on oceanographic tables and standards.
He listed certain problema which would be considered by the meeting. 
Following is a summary of the chairman's remarks, as distributed before 
the meeting:-
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The "Enuation of State" of Sea Water

The "equation of state" of sea water is the mathematical expression 
to calculate density from measurements of temperature, pressure and 
salinity, or from other parameters dependent on these. In its most usual 
form the equation is expressed with density or specific volume as a 
function of temperature, pressure and salinity. Salinity, however, can be 
replaced by any of a large range of neasured properties such as 
conductivity, refractive index or sound velocity. Ali these properties, 
however, are themselves dependent on both temperature and pressure; 
computing the density from temperature, pressure and conductivity, for 
example, is more difficult than from salinity,

Virtually ali the computations of density of sea water made during 
the last 6o years have been based on measurements of density, chlorinity 
and salinity by Forch, Knudsen and SHrensen, published in 1903, and of 
compression by Anagat in 1893 and Beman in 1908. .Ali these measurements 
were of very high quality, and even today it is unlikely that we can 
greatly improve on them. However, there are several aspects of the 
problem which have recently attracted considerable attention, and it is 
new certain that we do not know enough about the basic relationships; in 
consequence the full precision of modern techniques of measurement cannot 
be used.

Among the points where we need further knowledge are these

1. "Density". We refer our densities as ratios to the density of "pure 
water, hut nobody has defined the pure water. Density of water 
varies according to the source, e.g., rain water is lighter than 
distilled sea water.

2. "Absolute density". Physical oceanographers take specific gravity 
measurements, take the reciprocal (specific volume) and give it 
units of em^/g. This is ouite wrong, and we do not know the 
conversion factor to make it right.

3. Nobody has neasured salinity for 60 years. At present chlorinity, 
conductivity and refractive index measurements are ali being 
converted to "salinity" by inadequate tables of often doubtful 
origin. Ali moke assumptions regarding constancy of relative 
proportions of the various ions, which are doubtful and may be quite 
unjustified, to the precision of our modern measurements.

The "Standard sea water programme” at the Rational Institute of 
Oceanography has been run to try. and answer some of ttiese problems; 
siri Far work is underway in several laboratories. Among other subjects 
for discussion at this meeting will be the present state of this work; 
and thé future prospecta.



-3-

In addition delegates vill no doubt wish to discuss the iecomend- 
ations of the ioint ICES/SCOR/IAP0/U1ÏESC0 committee on the equation of 
state of sea water, and in particular how those recommendation* may need 
modification from recent work. The members of the Coralittee ere anxious 
that discussion and criticism should be as general as possible.

We hone that, at this meeting* the delegates will be able to describe 
other work in propress, or projected, in this difficult but important 
field.

Another matter which should be discussed is the intention of the 
International Bureau of Weights and Measures to re-define the litre as a 
cubic decimetre. This has a bearing on oceanographic units, and it may 
be that this meeting will wish to make representations to the International 
Bureau on the subject*.

The Standard Sea Water Service is intending to distribute standard 
sea water as soon as is practicable, certified in conductivity as veli 
as, or es an alternative to, chlorinity. There are serious difficulties 
to be overcome before this can be done, and it nay veli be helpful to 
discuss these difficulties.

The meeting then discussed certain details of the first and second 
reports. Most important was the problem of the definition of salinity,
The chairman referred to discussions between Dr. Saelen and himself on 
the problems of an absolute standard of density; these discussions led to 
the conclusion that it would be preferable to use conductivity as the 
reference parameter* since this would shortly be determinable in absolute 
terms. Moreover, it was intended thftt the standard sea water would then 
be calibrated inconductivity. ^

The N.I.O. had about UOO determinations of conductivity and 
chlorinity on natural sea water samples. A repression enuation had been 
computed from these connecting chlorinity (or salinity defined es 
I.80655 cl %») with conductivity ratio, defined as the ratio of the 
conductivity to that of standard sea water batch P 31, chlorinity 19.37^, 
both samples hein»* at 15°C. Equations had been computed from these values 
up to the sixth order, but it vas found that beyond the second order there 
was no sipnificant imnroverent in fit to the data. The quadratic 
enuation was hénee used to compute a table connecting relative 
conductivity with salinity. A sheet from this table, covering the 
salinity range 3U.91 - 35.11 vas distributed to the meeting, and is 
included with this report. (Appendix A). e
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ni is equation could serre as the definition of salinity. However, 
there vas a difficulty. Most of the samples with a salinity of about 
35*. were deep samples; many of these contained more caloi un than surface 
water and hence had a fractionally higher conductivity than standard 
sea water, which is Atlantic surface water. Thus a conductivity ratio 
of 1.0 did not correspond to a salinity/of 35*®, but with 3^.99^*»•
This va» a perfectly correct result, ana reflected the fact that the 
standard water vas not quite average. However, this result vas potentially 
confusing, and would mean that Atlantic deep salinities, for example, 
connuted from the new tables would not exactly correspond with older 
figure3.

Various ways of resolving this discrepancy were discussed. These 
included:

1. Using deep water for preparing future standard sea water

?.. Increasing the conductivity of the standard by adding, for 
example, sodium sulphate

3. Displacing the equation by adding a constant

1. Connutinr a new equation, usin" surface observations only

5. As U, but if necessary adding a constant to the equation 
to make ratio 1*0 exactly correspond to salinity 35*®.

After a long discussion, the fifth course of action vas adooted.
The computinp of the new equation, using surface observations only, is 
at present underway at the N.I.O. This equation will serve as the 
definition of salinity; at the moment it will be available only in terms 
of relative conductivity, but shortly it will be possible to give the ' 
definition aiso in tenus of the ohm and centimetre. This salinity, so 
defined, will correspond with the chlorinity of surface sea water as 
nearly as is permitted by the natural scatter of the relationship.
However, to conpute the most probable chlorinity of a deep oceanic water 
from this salinity, a small depth correction will be necessary, reflecting 
th<= different average composition of deer water.

The next step will be to relate this salinity to density. The 
chairman explained that ali we can do at the moment is to relate 
salinity to specific gravity; that is a ratio of density to the density 
of e defined pire water at The intention vas to prepare such a
pure water by distillation of sea Hater. There vas considerable 
discussion on the best location from which to take the water, but it vas 
finally agreed that water from POOH n dowi in the western basin of the 
Mediterranean Sea would be as good as any; several speakers emphasized 
that the distillation procedure should be defined es closely es possible, 
and the water so prepared should be characterised by isotonic analysis.
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There vas aiso general agreement that comparisons should he made with 
water fr«a various sources, to see if significant variations in density 
were apparent.

To cornute density in absolute units, in g/cm^, the absolute 
density of the reference water must be determined. Ibis determination 
is beyond the resources of the N.T.O., hut the chairman resorted that the 
National Physical Laboratory in England would be prepared to undertake 
this determination if the necessary funds were available. The order of 
cost vas estimated at £3 i,000 ($100,000).

The meetinp decided to write to the Bureau International des Poids 
et Mesures, askin* their support in this work. A copy of the letter 
and that of the answer are appended. (Appendix B.).

Mr. Hermann, on behalf of the Standard Sea-Water Service, reported 
that several requests had been received for standard water with high and 
low salinities, in addition to the nannai 35k. The meeting felt that 
there vas no point in such alternative standards for Chlorinity 
determination, and little point for low-range conductivity measurements 
because of the wide natural scatter usually found at low salinities.
In the special case of the Mediterranean, however, there might be a cali 
for a conductivity standard with a salinity of about 38.5$*. The use 
of such a standard should lead to a significant improvement in precision 
by greatly reducing transfer errors.

When the new conductivity apparatus is working a high-salinity 
standard could be prepared on the same basis as the present standard, 
given a supply of suitable water. Dr. Fedorov undertook to raiae the 
natter at the forthcoming meeting of Mediterranean oceanographers, in 
Monaco.

Second Session, Monday afternoon : ' ■ . : -

The chairman gave the meeting a description of the apparatus for 
determination of absolute conductivity, which is at present tinder 
construction at the N.I.O. It is hoped to start trials with this 
apparatus within the next month, and if the first results are satisfactory, 
to have the apparatus complete early next year.

The apparatus involves a fused silica cell of known -nhysical 
dimensions, in which are mounted two platinua electrodes, one fixed and 
the other movable. The cell contains the solution under test in a 
thermostat at 15°C - 0.0005GC. A transformer bridge compares the resistance 
of the solution with that of a standardsresistor. The-movable electrode 
is then moved a known distance, and the resistance again measured. The 
change in resistance should be independent of electrode effecta, and a true 
measure of conductivity in absolute units.
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nie intention was firstly to use this apparatus te measure the 
absolute conductivity of standard water P 31 at 15°C. Measurements 
would aiso be made at 15°C and 25°C on other sea waters and sodium and 
potassium chloride solutions. These measurements should take only a few 
weeks, after which the apparatus would be available for the calibration 
of the standard sea water in conductivity, and for such studies as the 
chanae in conductivity with time under various storape conditions.

Mr. Hermann raised the question of maintenance of the apparatus, 
pointing out that the Standard Sea Water Service had no access to skilled 
electronic maintenance staff. He suggested it would be better that the 
apparatus be kept at the N.I.O., where such help was available. The 
chairman said the apparatus vas being designed and built to reduce 
maintenance to a minimum, and in case of major difficulties the N.I.O. 
staff would be able to help. It was decided, on the chairman’s suggestion, 
that Mr. Hermann should visit the N.I.O. during the final tests and 
measurements with the apparatus, and that the oueation of the fined 
location of the apparatus should then be agreed between Mr. Hemann and 
Dr. Cox, who should then ask the committee to armrove their decision.

The chairman gave a brief account of measurements of refractive 
index, which were underway at N.I.O. A Jenin interferometer had been 
borrowed from Oxford University, and was giving good results. It seemed 
that with a IO cm path length it would be possible to determine 
differences in refractive index to a few units in the 7th decimal, which 
would compare well with the precision of conductivity salinometers. The 
determination of absolute refractive index vas far more difficult, end 
probably not possible to this precision; this difficulty did not, however, 
affect the use of the method for salinity determination, using standard 
sea water as reference. Tables would be issued relating salinity to 
refractive index anomaly, using standard water as reference. The N.I.O. 
were using mercury green light (Wratten filter 77A, 5b6lA°). Dr. Rusby 
has found it necessary to use a low-power lamp and define the conditions, 
as high-power light sources cause frequency drift as they warra up.
Basic measurements are to be at 20°, with certain additional measurements 
to see how much refractive index anomaly changed with température.

Third Session - Tuesday morning

The session started with the presentation of two panera:

1. Paner No.139. The bronide/chlorinity ratio of Baltic Waters, 
by F. Koroleff.

2. The sulphate content of Baltic Water and its relation to the 
chlorinity, by B. Kwiecinski, presented by S.R. Fonaelius.
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The discussion on these interesting panera raised the important 
ouestion of the uninue composition of Baltic Water. The chairman could 
not promise that the relationships computed at the N.I.O. would be valid 
for the Baltic; so far, only samples within the salinity range 30 - k?.%m 
had been used for the compurations. It might prove necessary to employ 
special tables for such areas. If the Baltic observations were included, 
ali the evidence suggested that zero chlorinity and zero salinity would 
not agree. This disagreement presented problems when considering the 
dilution of sea water by pure water, such as rain or snow; it was not 
possible to provide a table applicable to bo$h situations.

The committee undertook to bear in mind the special problem of the 
Baltic oceanographers, and to cooperate with them in the preaaration of 
such tables as are appropriate for this important region.

The chairman and Dr. Culkin described certain problems which had 
arisen in the determination of chlorinity in the N.I.O. programme.
Mr. Hermann had repeated a sinaii number of chlorinities, and his results 
confirmed the suspiciens of the N.I.O. that there were a few erroneous 
results in the series. In view of the importance attached to these 
results, and to our understanding of the causes of variations in 
chlorinity/conductivity ratio, it has been decided to repeat ali the 
chlorinity determinations, aiso repeating the conductivity ratio on the 
same tube of water.

This work is to be shared between Liverpool University and N.I.O., 
and has already started. 0? some 30 results so far available at N.I.O,, 
the original chlorinity vas confirmed within • 0,o02?# in most cases, but 
in some 1* samples the new value was significantly nearer that computed 
from conductivity. On these 30 results alone, the root mean snuare 
deviation between each chlorinity and the mean line has been reduced from 
about 0.012JÉ» to O.OOfijt* . Mr, Crease, who was superintending the computer 
work on the results, thought the effect of these new values on the existing 
conductivity/chlorinity line would be (mite negligible; however, by 
eliminating the small proportion of errors, the fit to the chemical 
analysis should be greatly improved.

The present chlorinity determinations are being made by Dr. Culkin 
and Dr. Orlando, at N.I.O., using a weipht burette/volumetric method.
An endpoint meter designed by Dr. Cox was used, in which dichloro- 
fluorescein indicator caused a colour change observed by a photo-electric 
system. This system was reliable, but unfortunately not ouite sensitive 
enough to .iudge the endpoint to within O.OOlJf#. Mr. Hermann strongly 
advocated a change to the electrode system which he favoured, where the 
reference electrode was a silver wire inside the burette .iet, the tip 
of which was in the titrated solution. In discussion, several members 
agreed that this system was more reliable than the mercurous sulphate 
reference electrode favoured by Dr. Riley. Mr. Hermann offered to make 
a set of electrodes for the N.I.O., which offer was gratefully accented.
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Fourth Session, Tuesday afternoon

The amenât* for this final session covered the details and 
distribution of new oceanographic tables. The chairman opened the 
discussion by presenting the sample sheet of tables, in this case 
relating relative conductivity to salinity (Appendix A). Members of 
the committee had discussed details with Dr. Fedorov, and proposed that:

1. The tables be issued as single sheets, suitable for 
binding in a loose-leaf file, as this vould facilitate 
addition of further sheets as these became available, 
or replacement if necessary.

2. The sheet sise should be 2? x 21 cm (loi x 8 ins.).

3. When tables were prepared by computer, a direct photographic 
reproduction of the print-out should be used, to avoid 
type-setting errors.

U. The Office of Oceanography, UNESCO, vould be responsible 
for publication and distribution of the tables.

A general discussion followed. The presentation and layout of the 
sample sheet received general approval, the chairman pointing out that 
to correspond with the proposed sheet Bise, a reduction of about 15% 
in the size of the computer's print-out would be necessary. The 
sheet which is given in Appendix A is somewhat smaller than the size 
proposed in (2) above. Besides, as follows from page 5» this sheet will 
have to be re-calculated. The issue of single sheets vas criticised 
because of their tendency to tear. Lt. Cdr. Scott suggested it would be 
better to issue each table as a booklet, without stiff covers, and 
suitable for binding with others in a file cover. Others emphasized 
that whatever binding vas adopted, the pagés must open and lie flat when 
in uBe. Single sheets might be better if suitably reinforced. Dr. 
Fedorov undertook to consult with the UNESCO publishing department on 
these matters;

Dr. Fedorov agreed that it vould be appropriate to provide each 
océanographie institution with one free copy of the Tables. This 
would be a valuable step towards securing their general adoption. Ali 
additional copies would have to be paid for either through a system of 
subscription or by making it possible te purchase individual tables or 
sheets as replacements or for special purposes.

It vas agreed that the conductivity ratio/salinity table at 15° 
should be distributed first, as it vas urgently wanted to resolve problems 
of sali nome ter calibration. This should be available within a few veeks. 
Professor Kallenberg thought that expense could be reduced by printing 
one less decimal of conductivity, with an interpolation table for the 
last place; however, several users of salinometers disagreed strongly,
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and it vas decided to proceed with the full table. There was discussion 
on the use of such a table with non-thermostat salinometers, such as the 
Auto-lab and Hytech instruments, for which the present tables are 
computed to be correct at 22.5°. The chairman said there would be no 
difficulty in computing tables of conductivity ratio to salinity applic­
able to any desired temperature. However, it vas doubtful if this vas 
strictly necessary. Whatever tables were used with a non-thermostat 
meter, second-order corrections would be necessary if the samples varied 
much in temperature, unless the salinity was very close to 35/5# . These 
corrections were, however, minimised by computing the table for the mean 
working temperature. 22.5° was too hiph for most European laboratories, 
but was a compromise between temperate and tropical ranpes. The 15° 
tables was perfectly valid for use with such salinometers, rrovidinp the 
appropriate corrections were made for operating temperature, and a suitable 
correction table vould be computed. The corrections would, however, be 
about four times preater when workinp at 25° than with the present tables. 
Some workers in warn repions had found that they could legitimately 
disregard these small corrections, but with a 15° table this mipht no 
lonper be possible. If there was a sufficient demand for a "tropical" 
table, the committee would consider providinp it.

Probably the next most important tables are those for computing 
density. The meetinp favoured a table for computing (specific pravity 
anomaly) from terrerature and salinity. The form of this table, and of 
tables for specific volume anomaly, vas not decided; it vas supeested 
that sample sheets of existing tables should be circulated, and comments 
requested from oceanographers. A selection of such sample sheets is 
appended (Appendix C).

Tables so far suggested for the series are listed below:

la. Conductivity ratio/salinity at 15°.
lb. Conductivity ratio, variation with temperature and salinity.
lc. Conductivity variation with pressure (depth).
2a. Specific pravity anomaly from T and S.
2b. Specific volume anomaly variation with pressure.

(The details of group 2 to be decided after further discussion).

3a. Refractive index anomaly at 20°, ?U6lA°, to salinity.
3b. Refractive index anomaly, variation with temperature and salinity.
4. Velocity of sound, from T, S, P.
5. Adiabatic expansion correction, for insulated water bottles.
6. Potential temperature, from T, P, S.
T. Specific heat, from T, S.

The Committee would welcome suggestions for additions or modifications 
to this list, as veli as suggestions on the most convenient format of the 
various tables, in particular the specific pravity and specific volume 
tables. Suggestions can be sent to any member of the Committee, or to the 
Director, Office of Oceanography, UNESCO, As work on the tables will 
start very soon, suggestions should be made as early as possible.

Prepared by 
Roland A. Cox.



Appendix A. Sample sheet of proposed new tables.

Relative Conductivity —Salinity 34-91—3511 q/qq

0 1 3 3 4 5 6 7 8 9

©•99 eo 34* 915 916 916 917 91 7 91 7 91 8 918 919 9i9
8i 919 920 92O 921 93 1 93 1 923 932 922 93 3
8 a 933 93 4 934 934 935 93 5 92 0 926 926 9i?
83 93 7 92 8 928 93 8 939 939 930 930 930 931
8* 931 932 932 93a 933 933 933 934 934 935
85 935 935 936 936 937 937 937 93s 936 939
86 939 939 940 940 941 941 941 942 943 942
87 943 943 944 944 944 945 945 946 946 946
88 947 947 948 948 948 949 949 950 950 950
89 951 951 951 953 953 953 953 953 954 9 5 4

0.99 90 955 955 955 956 956 957 957 957 958 950
91 959 959 959 960 960 961 961 961 962 962
93 $62 963 963 964 964 964 965 965 966 966
93 966 967 967 968 968 968 $69 969 970 970
94 970 971 971 971 973 972 973 973 973 9 74
95 974 975 975 975 976 976 977 977 977 970
96 978 979 979 979 980 980 981 981 981 982
97 983 982 9 83 983 984 984 984 985 985 986
98 986 986 987 987 988 988 988 989 989 950
99 990 990 991 991 991 993 993 993 993 993

1.00 00 994 994 995 995 995 996 996 997 997 997
01 998 998 999 999 999 000 000 001 001 001
03 35* 002 002 0C2 003 003 004 00 4 004 00 5 00 5
03 006 006 OO6 007 007 008 008 008 009 009
04 010 010 OlO oti Oil Oil 012 012 013 0 1 3
«5 013 014 OI4 01 5 015 015 016 016 017 017
06 017 018 018 019 019 019 020 03 0 02 1 03 1
07 03 1 022 032 023 02 3 033 02 4 02 4 02 4 O35
08 03 s 026 02 6 O36 03 7 03 7 028 028 028 O39
09 039 030 O3O 030 031 031 031 O33 033 O33

1.00 IO 033 033 O34 O34 035 035 035 036 036 037
11 037 037 O38 038 039 039 039 O4O 0 40 04J
13 041 041 O42 O42 043 043 043 O44 044 O44
U 045 045 O46 O46 046 047 047 O48 048 O48
14 049 049 O50 O3O 050 051 051 051 053 O53
15 053 053 O53 O54 054 055 055 OSS 0 56 056
16 0 57 057 O57 038 058 059 059 O59 060 060
17 061 061 06 1 OÓ3 062 062 063 063 064 064
18 064 06 5 06 5 066 066 066 067 067 068 O68
19 068 069 O69 O7O 070 070 071 O71 073 O73

1 .oo 30 073 073 O73 O73 074 074 075 075 075 O76
31 070 077 O77 O77 078 078 079 O79 079 O60
33 080 081 081 081 083 083 082 083 0S3 084
33 084 084 08 3 083 086 086 086 087 087 088
*4 088 088 069 089 090 090 090 O91 091 O93
35 093 092 O93 O93 093 094 094 09 5 095 O95
36 096 096 O97 O97 097 098 09& O99 099 O99
37 loo loo loi IO! 101 103 103 103 103 IO3
38 104 104 104 IOS ios 106 106 106 107 107
»9 108 108 108 IO9 109 110 110 1 IO 111 111



Appendix B

Copy of letter freri the Connittee on Oceanographic Tables and Standards 
to the International Bureau of Weights and Measures, and of the reply 
received from the Director of the Bureau.

tl

AVS/9/ll^B a October 1?6U

Dear Sir,

The joint committee of experts on oceanographic tables and 
standards (which is appointed jointly by UNESCO, ICES, SCOR and IAPO)* 
has been considering the problems inherent in the determination of the 
density of sea water. This is normally computed from measurements of 
temperature, salinity and pressure, and is today commonly reported to a 
precision of 1 in IO0.

The oceanographic tables are based on measurements of specific 
gravity referred to an undefined "pure water". As you are, of course, 
aware, the density of pure water varies somewhat, depending on its 
isotopic composition, which varies both with source and treatment.

Oceanographers would like to report their density values in terms 
of the gram and centimetre and I am sure the Bureau would wish us to do 
this. Before this can be done, however, we would need reference water of 
known density. In order that this standard could be reproduced, its 
isotonic composition should aiso be defined.

We should be grateful if the Bureau would advise us bn any work, 
either in progress or contemplated, which would assist us in this aim. 
This Committee would be happy to cooperate with any international or 
national organisation which is working in this field.

Mr. Jean Terrien 
Director,
International Bureau of Weights & Measures 
i'avillon de Breteuil 
SEVRES (Seine et Oise)

* ICES « International Council for the Exploration of the Sea 
SCOR * Scientific Committee on Oceanic Research 
IAPO * International Association of Physical Oceanography
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Dr. Fedorov, Director of the Office of Oceanography, Unesco, 
would he happy to provide further information on our Problems, should 
the Bureau so wish, and could serve as a liaison between the Bureau and 
our Committee.

On behalf of the Committee,

(Stfd.) K.N. Fedorov 
Director

Office of Oceanography, Unesco

cc: Prof. D.E. Carritt, IAPO
Dr. R.A. Cox, ICES 
Prof.Dr. C. Dietrich, SCOR 
Dr. N.P. Fofonoff, IAPO 
Dr. G.N. Ivanov-Frantzkevich, UNESCO 
Dr. Y. Miyake, SCOR 
Dr. F. Hermann, ICES 
Dr. 0. Saelen,'ICES
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BUREAU INTERNATIONAL Pavillon de Breteuil 
Sèvres (S. efe 0.) FranceDES

POIDS k MESURES

Jb/Co 21 octobre 19^4

Monsieur K.N. Fedorov 
Directeur
Bureau döOnéanographie
U.N.E.S.C.O.
Place de Fontenoy 
PARIS (le)

Monsieur,

Nous avons pris connaissance de votre lettre 
AVS/9/114B du 8 octobre 1964, relative à la masse volumique 
de 11 eau de mar.

La détermination préalable de la masse volumique 
d'une eau pure de composition isotopique connue n'a pas été 
faite et n'est pas en cours ni au Bureau International des 
Poids et Mesures, ni ailleurs à notre connaissance. Si une 
étude aussi importante était entreprise par un organisme 
possédant tout ou partie des moyens nécessaires, il est 
possible que le Comité International des Poids et Mesures 
autorise l'exécution totale ou partielle den travaux au 
B.I.P.M.

Je vous signale, pour le cas où vous ne le sauriez pas, 
que Mr. MENACHE, à l'Institut Océanographique (MED 34-46), 
s'est déjà beaucoup occupé de questions analogues.

Veuillez agréer, Monsieur, l'expression de ma 
considération distinguée.

Le Directeur 

(Signé) J. Terrien fl



Appendix C

SAMPLES OF TABLES FOR SPECIFIC GRAVITY AND SPECIFIC VOLUME

Following are sample sheets from seven sets of tables for 
deriving sigma-t from salinity and temperature, in some cases 
through an intermediate stage of sigma-0 or rho-17.5. There 
is aiso one example of a reverse table (salinity from sigma-t) 
and three samples of specific volume tables from salinity 
temperature and pressure.

We would like potential users of such tables to consider 
seriously which type of tables they would prefer, and if sporn or j. 
suggest compromises or modifications of the format given here.

In the headings to each sample an estimate is gi'vén 
of the number of sheets of figures which would be needed to cover 
the salinity range 30 to ^2°/00. This does not necessarily 
imply that we should not include tables for lower or higher 
salinities, but this is the range of greatest interest to most 
oceanographers, and initially it is proposed to concentrate on 
this range. ' . '

Comments or suggestions regarding these or other tables 
should be sent to any member of the committee on oceanographic 
tables and standards, or to the Office of Oceanography, UNESCO.

The Editors apologise for the rather pool quality of 
reproduction of the sample tables in this annex as double 
copying was involved in its process. The Editors hope, 
however, that it will not create inconvenience since these 
sample tables are not meant for actual use.



Knudseni hydrographical tables. Two stages, salinity to 
sigma-O, sigma-o and temperature to sigma-t.

8 sheets + 4 sheets

Appendix C/l
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Appendix C/B

Zhubov <% Czihirin. Ocea.nological Tables. Foscow, 1940

Salinity to rho-17.5. (see last sheet- identical with 
Knudsen’s tables)
D.ho-lv.5 and temperature to sigma-t.

8 sheets + 17 sheets.

T. ft. Coffcttew C hr (to MMttihHiaJ My
•/ ■ hr*»-K

X

Pl7-5 \
20.0 20.2 20.4 20.6 20.8 21.0 21.2 21.4 21.6 21.8 22.0

0.00 1.77 1.83 1.87 1.91 1.94 1.93 2.02 2.07 2.11 2.16 2.20
1.00 .78 .83 .87 .91 .95 .99 .04 .08 .13 .17 .22
2.00 .79 .83 .87 .92 .96 2.00 .05 .09 .14 .18 .23
3.00 .79 .84 .88 .92 .97 .01 .06 .IO .15 .20 .24
4.00 .80 .85 .89 .93 .98 .02 .07 .11 .16 .21 .25

5.00 .8! .85 .90 .94 .99 .03 .08 .13 .17 .22 .26
6.00 .82 .86 .91 .95 2.00 .04 .09 .14 .18 .23 .28
7.00 .82 .87 .92 .93 .01 .05 .IO .15 .19 .24 .29
8.0J .83 .88 .92 .97 .01 .06 .11 .16 .20 .25 .30
9.00 .84 .88 .93 .98 .02 .07 .12 .16 .21 .26 .31

10.00 1.84 1.89 1.94 1.99 2.03 2.08 2.13 2.17 2.22 2.27 2.32
11.00 .85 .90 .95 .99 .04 .09 .13 .18 .23 .28 .33
12.00 .86 .90 .95 2.00 .05 .09 .14 .19 .24 .29 .34
13.00 .86 .91 .96 .01 .06 .10 .15 .20 .25 .30 .35
14.00 .87 .92 .97 .01 .06 .11 . 1»> .21 .26 .31 .36

15.00 .88 .93 .97 .02 .07 .12 .i? •» .27 .32 .37
16.00 .*8 .93 .98 .03 .08 .13 . 4 .23 .28 .33 .38
17.00 .89 .94 .99 .(4 .09 .14 . 1 9 .24 .29 .34 .39
18.00 .89 .99 .04 .09 .15 .J0 .25 .30 .35 .40
19.00 .90 .95 2.00 .05 .IO .15 .21 .26 .31 .36 .42

20.00 1.91 Î .96 2.01 2.06 2.11 2.16 2.21 2.27 2.32 2.37 2.43
21.00 .91 .97 .02 .07 .12 .17 .22 .28 .33 .38 .44
22.00 .92 .97 .02 .07 .12 .18 .23 .29 .34 .39 .45
23.00 .93 .98 .03 .08 .13 .19 .24 .29 .35 .40 .46
24.00 .93 .99 .04 .09 .14 .20 .25 .30 .38 .41 .47

25.00 .94 .99 .05 .io .15 .20 .2r» .31 .37 .42 .48
26.00 .95 2.00 .05 .11 .16 .21 . •? .32 .38 .43 .49
27.00 .95 .01 .06 .12 .17 .22 .28 .33 .39 .44 .50
28.00 .96 .02 .07 .12 .18 .23 .29 .34 .40 .45 .51
29.00 .97 .02 .08 .13 .19 .24 .30 .35 .41 .46 .52



Appendix c/c

United States Hydrographie Office publication 619

temperature pius a linear correction from salinity to 
sigme-t. Precision limited to about o.o2. 6 sheets

Thus: Given 15.70*C and 36.47%a S.

From table for Salinity 30.00 to 39*99%., enter column one 
at lower limit of temperature interval (15.69)

obtain base 
value in
column two t

f- factor 
of column 
three x

last three 
digits of • 
given S.

22.00 7680 6.47

26.968960 (round to two decimal places) ANSWER 26.97

DENSITY (<rt)

Salinity 30.00°/oo to 3?«99°/bo

'T. #C. f

27.01 18.98
•OU .97
.07 .96
.11 .95
.Ui •9U
.17 .93
.20 .92
.23 •91

.7520.26 .90
.30 .89
.33 .88
.36 .87
.39 •86
.1*2 •65
.65 •8b
.68

eo.

27.?? 18.62
.59 .81
.58 .30
.61 .79

T. 'C. f

28.32 18.56
.36 .55
.39
.62

.56

.53 .7510

•65 .52
.68 .51

28.51 18.50
.56 .69
.57 .68
.60 .67
.63 «66
.66 .65O

s
sO* .66

.72

.75
•63
.62 .7510

.78 .61
•81 •60eo. .39
•88 .38
.01 .37



Kalle * Thorade* labellen imd Tafeln fur die Dichte des 
Seewassers. (Hamburg, 1940)

3igma-t from temperature and either salinity or chlorinity, 
with interpolation tables.

\bout 3b sheets

Appendix C/D

pillae = 1 + 0,001 ot. 39

81 49 »727 00

28 01
29 01
30 02

30 02

32 04

78__ 49 19

80 51 21 90 59 2637 09

Beiapiel:
Gieben 8=36,ia*/**; t= i8,6<’C; gesncht e,40 13

AoflOanng:
HirapUafd: 36,1a*/**; 18*................. .. 36,15
Piff. f. i*......... —35; Einncfaalttalel | ~

43 15



Appendix C/E

Matthews, I.C.S.S. --932. S
A.n extended version of Enudsen s

from aigma-0 and temperature, 
tables (see sheet A.).

^alinitv to sigma-0,8 sheets , _ , .
Sipraa-ti" f»nd temperature to sigma-t, 18 sheets.

INSTRUCTIONS FOR USING THE TABLES 
These tables are not to be used to calculate D toi temperature» lower thaii

—2°.00 C or higher than 33°.00 C. . , ,
11 Ii «r. is exactly 0.00 or 28.00 the value ol D san be taken from one of the 

left hand'pages 1, 3. 5 .. . opposite a right hand page in which these values of

ff* ‘Exlmjfe: <r0 = 0.00, t - 11°23. By the tables on pages 11,13, 17 or 23 D 
is 0.27. This value is accurate to two decimal places for ali temperatures from 
11° 23 to 11°.32, but not for 11°.33.

Example: o0 = 2800, t = 15°.46. By the tables on pages 33, 39, 49, or
63 D = 2.23 to two decimal places. . .

’ 2) If oD is not exactly 0.00 or 28.00, take ont the appropriate adjustment 
from one of the right hand tables, add t to the temperature and thea find D from
the left hand table opposite. . ^

Example: <r0 = 7.00. I = 12°.00. The adjustment is 2.40 by the table on
page 20, the adjusted temperature is 14°.40 and D is 0.66 by the table on pege 19

opposite, e ^ _ 7 08 t ^ i2°,63. Interpolation is necessary for a, and for t. 
Exact interpolation gives 2.38 as the adjustment and D is 0.76.

a, 0-0 to 16.0 
t! 1.6 to rA

t".6 1*.7 1°.8 1*9 2°.0 2°.l 2*4 2*4 2*.4 2°4 2® .6 2°.7 2°.8

04 04 04 04 04 04 04 04 04 04 04 04 04 04
1.0 —0.2 —0.2 —0.2 —04 —0.3 —04 —04 —0.4 —0.4 —0.4 —0.5 —0.5 —0.5
1.5 .2 .3 .3 4 .4 .4 .5 4 .5 .6 .6 .7 .7
2.0 .3 .4 .4 .4 .5 .5 .6 .6 .7 .7 4 —0.9 —0.9
2.5 .4 .5 .5 4 .6 .6 .7 .8 —0.8 —0.9 —0.9 —1.0 —1.0
3.0 .6 4 .6 .6 .7 .8 .8 —0.9 —1.0 —1.0 —1.1 .2 .3
3.5 .6 .6 .7 .7 .8 —0.9 —0.9 —1.0 .1 .1 .2 .3 .4
4.0 .7 .7 .8 .8 —0.9 —1.0 —1.0 .1 .2 .3 4 .4 .5
4.5 .8 .8 .8 —0.9 —1.0 .1 .1 .2 4 .4 .5 .6 .7
S4 —04 -04 -04 -14 -u —14 -14 ~u -14 -1J -14 -1.7 -14
5.5 —0.9 —0.9 —1.0 l 4 4 4 .4 4 .6 .7 .8 —1.9
6.0 ^-1.0 —1.0 .1 4 .3 4 .4 .5 4 .7 .8 —1.9 —2.Î
6.5 .1 .0 4 4 .3 .4 4 .6 .7 4 —1.9 —2.1 .8
7.0 .t .1 4 .3 .4 4 .6 .7 4 —1.9 —2.0 .2 4
7.5 .2 .2 .3 .4 4 4 .7 4 —14 —2.0 .1 4 .4
S.0 .2 4 .4 4 4 .6 4 —1.9 —2.0 .1 .2 .4 .5
6.5 .2 .3 .4 4 .6 .7 .9 —2.0 .1 .1 4 4 .6
9.0 .4 4 .6 .7 .8 —1.9 .1 .2 4 .4 4 .7
95 .3 .4 4 .7 .8 .9 —to .1 4 .4 4 .6 .8

104 -14 -LO -14 -1.7 -14 1—1JS —240 -240'-ZM -245 —241 -2.70 -245
10.5 .4 .5 .7 .7 —1.9 —2.00 .15 .25 .40 40 .<5 .80 —2.98
11.0 .5 .6 .7 8 —2.0 ■IO .20 45 .45 .60 .75 .85 —3.00
11.5 .6 .7 .« —1.9 .0 .15 .30 .40 .55 .70 .80 —2.95 ■IO
12.0 .6 .7 .8 —2.0 .1 .20 .3d .50 .00 .75 .90 —3.00 .15
12.; .8 —1.9 .0 O .25 .'.0 .55 .70 .80 —2.95 .10 .25
i3.a .7 .8 —2.0 .1 4 .30 .50 .60 .75 .90 —3.05 .20 .30
13.5 .8 .9 .0 .1 J .40 45 .70 .80 —2.95 .10 .25 .40
14.0 .8 —1.9 .1 4 4 .45 .60 .75 .90 —3.05 .15 .30 .45
14.5 .8 —2.0 4 4 .4 50 .«5 .80 —2.95 ■IO .25 .40 .55
1S4 -14 —24 —24 24 —24 -240 —2.70 -245 -248 -2.15 —2J0 -245 —240
15.5 —1.9 n .2 .3 4 .65 ."d .90 .05 .20 .35 .50 .65
16.0 —2.0 .1 4 .4 * .70 .80 .95 •IO 40 .45 .60 .75

t° j D

—0.98 0.07
—0.86 0.06
—0.74 0.05
—0.61 0.04
—0.48 0.03
—045 0.02
—0.21 0.01
—0.07 0.00

0.08 —0.M
0.23 —0.02
0.40 —0.03
0.57 —0.04
0.75 —0.05
0.94 *“©•06
1.15 —047
147 —0.08
1.63 -““©«09
1.81
2.2C —04!
2.« —0.12
3.18 1—0.24

observed temp eraftwo— t*.W 
adjustment___ — —1*.45
adjusted teopentan — —



Appendix c/P

United States Hydrographie Office publicatjonbl5. Sigma-t from 
temperature and salinity. The most detailed tables available,

*s%«
X£-

11 12 13

1*6 
(16 
16 
16
16

5 0
51
52
53
54

i 6 5 5 
16 5 6 
16 57 
16 5 8
16 59

16 6 0 
16 61 
16 6 2 
16 6 3 
16 64

16 65 
16 6 6 
16 67 
16 6 8 
16 6 9

16 7 0 
16 71
16 72 
16 73 
16 74

16 7 5 
16 76 
16 77 
16 7 8 
16 79

16 8 0 
16 8 1 
16 8 21 
16 8 3 
16 8 4

16 8 5
16 86 
16 87
16 8 8 
16 89

16 9 0 
16 91
16 9 2
16 9 3 
16 94

16 9 5
16 9 6 
16 97
16 9 8
16 9 9

AS

3 4 0 
3 39 
3 37 
3 35 
3 33

331 
3 2 9 
327 
325 
32 3

321 
32 0 
3 18 
316 
314

3 12 
310 
3178 
3 6 6 
30 4

3 0 2 
3 0 0 
29 8 
29 7 
2 9 5

2 9 3 
291 
289 
287 
285

263 
28 1 
2 79 
277 
2 7 5

27 3 
2 7 2 
27 0 
2 6 8 
26 6

2 6 4 
2 6 2 
26 0 
2 58 
256

2 5 4 
2 52 
2 5 0 
248 
2 46

103 865 
101 864
099 862 
097 860 
095 858

093 856 
092 854
090 852 
0 8 8 8 5 0 
086 848

084 846
082 844
080 842
078 840
076 838

074 836
072. 834 
0 7 dR 8 3 2 
0 6 a 8 3 0 
067 829

065 827
063 825 
061 823
0 5 9 8 2 1 
057 819

0 55 
0 5 3 
0 51 
0 49 
047

0 4 5 
0 4 3 
0 41 
0 3 9 
0 37

0 3 5 
0 3 3 
0 3 2 
0 3 0 
0 2 6

02 6 
0 2 4 
0 2 2 
020 
0 18

0 16 
0 14 
012 
010 
008

817 
8 15 
8 13 
811 
809

807 
8 0 5 
8 0 3 
8 0 1 
79 9

797 
795 
79 3 
791 
7 8 9

78 7 
7 85 
78 3 
781 
779

777 
775 
773 
771 
76 9

762j 762 762

1 ll
14 1 15 1

16 17 18

62 8 3 9 0 151 913 675
62 6 388 149 911 673
62 4 38 6 147 909 671
622 38 4 145 907 669
620 38 2 143 905 667

618 3 8 0 141 903 6 6 5
616 3 7 8 139 901 66 3
614 3 7 6 137 899 661
612 3 7 4 135 897 6 5 9
610 3 7 2 133 895 6 57

608 3 7 0 131 893 6 5 5
606 3 6 8 129 891 6 5 2
6 0 4 3 6 6 127 889 6 5 0
60 2 3 6 4 125 887 6 4 8
60 0 3 6 2 123 885 6 4 6

59 8 3 6 0 121 883 6 4 4
59 6 112 -8 8 1
5^4 4jffc Iii |B 7 9
59 2 3 54 115 877 6TTB
5 9 0 3 5 2 113 875 6 3 6

5 8 8 3 5 0 III 873 6 3 4
586 3 4 8 109 871 6 3 2
58 4 3 4 6 107 869 6 3 0
58 2 3 4 4 105 867 6 2 8
580 3 4 2 103 865 6 2 6

5 7 8 3 4 0 101 863 6 2 4
576 3 3 8 099 861 6 2 2
57 5 3 36 097 859 6 2 0
57 3 3 3 4 095 857 6 18
5 71 3 3 2 093 854 6 16

56 9 3 30 091 852 6 14
567 3 2 8 089 850 6 12
5 6 5 32 6 087 848 6 0 9
56 3 32 4 085 846 607
5 61 32 2 083 844 60 5

5 59 3 2 0 OBI 842 60 3
5 57 3 18 0 7 S 8 4 0 6 0 1
5 55 3 16 077 838 5 9 9
5 5 3 314 075 836 5 97
5 51 3 12 073 834 5 9 5

5 4 9 310 071 832 5 9 3
547 3 0 8 069 830 5 9 1
5 4 5 3 0 6 067 828 58 9
54 3 3 0 4 065 826 5 8 7
541 3 0 2 063 824 5 8 5

539 30 0 061 822 5 8 3
537 29 8 059 820 5 81
5 3 5 29 6 057 818 5 7 8
533 2 9 4 055 816 5 7 6
531 2 9 2 053 814 57 4

762 761 762 761 761

19 20

4 36
4 3 4 
4 32 
4 3 0 
4 28

426 
4 2 4 
4 2 2 
430 
418

4 16 
414 
4 12 
4 10 
4 08

4 0 6 
4 0 4
i

397

18

3 9 5 
3 9 3 
391 
389 
387

3 8 5 
3 8 3 
3 8 1 
3 7 9 
3 77

37 5 
3 7 3 
3 71 
3 68 
366

3 6 4 
36 2 
3 6 0 
3 58 
3 56

3 5 4 
3 52 
3 50 
3 48 
3 46

3 4 3 
3 41 
3 39 
3 37 
3 35

19 8 
196 
19 4 
192 
19 0

18 8 
186 
18 4 
18 2 
180

17 7 
175 
17 3 
171 
16 9

16 7 
16 5

'6 
15 9

157 
155 
15 2 
15 0 
14 8

14 6 
14 4 
14 2 
14 0 
138

136 
13 4 
13 2 
12 9 
127

125
123
121
119
117

115 
113 
III 
10 8 
106

10 4 
102 
100 
098 
09 6

7611761



Appendix C/G

TTnited Stntes Hydrop-rnphic Office publication 614.

Similar to previous sheet, but e;iven to one less aeci mai 
of temperature, so that interpolation is needed in both 
variables.

7 sheets.

OCEANOGRAPHIC TABLES 93

Tam.» X.—8IGMÀ-T FOR VALUES OF TEMPERATURE AND SALINITY—Continued

Salinity, •/••
.temperature, u.

30 31 32 33 34 35 36 37 38

7.0........................................ 23. 512 24. 297 25. 082 25. 867 26. 653 27. 439 28. 226 29. 014 29. 802
7.1........................................ 23. 409 24. 284 25. 068 25. 853 26. 639 27. 425 28. 212 28. 999 29. 788
7.2........................................ 23. 486 24. 270 25. 055 25. 840 26. 625 27. 411 2a 198 2a 985 29. 773
7.3........................................ 23.473 24. 257 25. 041 25. 826 2& 611 27.397 2a 183 2a 970 29. 758
7.4........................................ 2a 460 24. 244 25. 028 25. 812 26. 597 27.383 2a 169 2a 955 29. 743

7.5........................................ 23. 447 24 230 25. 014 25.708 26.583 27. 368 2a 154 2a 940 29. 727
7.6........................................ 23. 434 24. 217 25. 000 25. 784 26. 566 27. 353 2a 139 2a 925 29. 712
7.7........................................ 2a 420 24. 203 24 986 25. 770 26. 554 27.339 2a 124 28. 910 29. 697
7.8........................................ 2a 406 24. 189 24 972 25. 756 2a 539 27. 324 2a 109 2a 895 29. 681
7.9........................................ 2a 393 24 175 24 958 25. 741 2a 525 27.309 2a 094 2a 879 29. 665

8.0........................................ 2a 379 24 161 24 944 25. 727 26. 510 27. 294 2a 079 2a 864 29. 650
8.1........... ....... ................... 23. 365 24. 147 24 929 25. 712 26. 495 27. 279 2a 063 28. 848 29. 634
8.2-...................... ............ 2a 351 24. 133 24 915 25. 697 2a 480 27. 264 2a 048 28. 832 29. 618
8.3........................................ 2a 337 24 118 24 900 25. 682 2a 465 27. 248 2a 032 2a 817 29. 602
8.4........................................ 2a 323 24 104 24 885 25. 667 2a 450 27. 233 28. 016 2a 801 29. 586

8.5.............. ........................ 2a 308 24 089 24 870 25. 652 26. 434 27. 217 28.001 2a 785 29. 569
8.6.................-..................... 2a 294 24. 074 24 855 25. 637 26. 419 27. 202 27. 985 28. 769 29. 553
8.7........................................ 2a 279 24 060 24 840 25. 622 2a 403 27. 186 27. 969 2a 752 29. 537
8.8....................................... 2a 264 24. 045 24 825 25.606 2a 388 27. 170 27. 953 2a 736 29. 520
8.9........................................ 2a 250 24 030 24 810 25. 591 26. 372 27.154 27. 936 2a 720 29. 503

9.0........................................ 2a 235 24 014 24 795 25. 575 26. 356 27. 138 27. 920 28. 703 29. 487
9.1........................................ 23. 220 23.999 24. 779 25. 559 26. 340 27. 122 27.904 2a 686 29. 470
9.2........................................ 2a 204 23. 984 24 763 25. 544 26. 324 27. 105 27.887 28. 670 29. 453
9.3........................................ 2a 189 23.968 24. 748 2A 528 2a 308 27. 089 27. 871 2a 653 29. 436
9.4........................................ 2a 174 2a 953 24 732 25. 512 2a 292 27. 072 27. 854 23 636 29. 418

9.5........................................ 2a 158 23. 937 24. 716 25. 495 26. 275 27. 056 27. 837 28. 619 29. 401
9.6............ ........................... 2a 143 2a 921 24. 700 25. 479 2a 259 27. 039 27. 820 2a 602 29. 384
9.7................ ....................... 2a 127 23. 905 24. 6b 1 25. 463 2a 242 27. 022 27.803 28. 584 29. 366
9.8........................................ 2a iii 23. 889 24. 60S 25. 446 26.226 27.005 27. 786 28. 567 29. 349
9.9.......................... ............. 2a 096 2a 873 24 651 2a 430 26.209 26. 988 27. 769 28. 549 29. 331



Appendix c/h

Fleming, in J. ^rjne ^es. (19?9) 2 9-11.

!?çvft r^e table of salinity from sigm^-t. Treeful for entering 
sigroa-t curves on S-f ingrami?.

2 shoots.

TABLE 1 
Tables for og

Values of lhe salinity (°/00) corresponding to unit values of eg and temperature

Ti-mp. a, 18 00 19,00 20.00 21 00 2200 23.00 24.OO 26.00 26.00 27.00 28.00 29.00 30.00
-2? C. 22.40 23.66 24.88 26.11 2735 28 59 29.82 31.06 32.29 33.52 34 75 35.98 37,21
-/ 22.40 23 64 24.88 26 12 2736 28 60 29.84 31.08 32 31 33 55 34.78 36.02 37.26

0 22.41 23.66 24.90 26.14 2739 28 63 29.87 31.11 32 36 33.60 34.85 36 09 37.33
1 22 43 23.69 24.94 26.18 2743 28.68 29.93 31.18 32 43 33.68 34.92 36.16 37.41
2 22.48 23.73 24 99 26 24 27.50 28.76 30.01 31.26 32 51 33 76 35 01 36 26 37 51
3 22.55 23.80 25.06 26.31 27.57 28.83 30.09 31.35 32.61 33.87 35.12 36.37 37 62
4 22.62 23.88 25.15 26 41 27.67 28.93 30.19 31.46 32.72 33.98 35.25 36 50 37.75
5 22 72 23.98 25 25 26.52 27.78 29.05 30.32 31.59 32.86 34.13 35.39 36.65 37.91
6 22 83 24 IO 25 38 26.65 27.92 29 19 30 47 31.74 33.01 34 27 35.53 36.80 38.06
7 22.97 24.24 25 52 26 79 28 07 29.35 30.62 31.90 33.17 34.44 35.71 36 98 38 25
8 23.12 24.40 25.67 26.95 28.23 29.52 30.79 32.07 33.35 34 63 35 90 37.18 38 45
9 23.28 24.57 25.86 27.14 28.42 29.70 30.98 32.26 33.54 34.82 36.10 37.38 38.66

IO- 23.46 24.75 26.04 27,32 28.61 29.90 31.18 32.47 33.75 35.04 36.32 37.60 38.88
11 23.66 24.95 26 24 27.53 28 82 30.11 31.40 32.69 33.97 35.26 36.55 37.83 39.11
12 23.86 25.16 26.46 27.75 29.04 30 84 31.63 32.92 34.22 35.50 36.76 38.08 39.36
13 24.09 25.39 26.69 27.99 29.29 30.59 31.88 33.18 34.47 35.76 37.05 38.34 39.62
H 24.33 25.63 26.94 28.24 9.54 30 84 32.14 33.44 34.74 36.04 37.33 38.62 39.91
IS 24.59 25.89 27.20 28.50 29 80 31.10 32.41 33.71 35.01 36.31 37.61 38.90 40.19
16 24.85 26.16 27.47 28 78 30 08 31.39 32.70 34.00 35.30 36.60 37.91 39.21 40.50
17 25.14 26.45 27.75 29.06 30.38 31.69 32.99 34.30 35.61 36.92 33.22 38.52 40 81
18 25.43 26.75 28.06 29.38 30.69 32.00 33.31 34.62 35.93 37.23 38.54 39.85 41.15
19 26.75 27.07 28.38 29.69 31.01 32.32 33.64 34.9$ 36.26 37.57 38 87 40.18 41.48
eo 26.07 27.39 28.71 30.03 31.35 32.66 33.97 35.29 36.60 37.91 39.22 40.53
tl 26.40 27.72 20.04 30.37 31.69 33.01 34.33 35.64 36.95 38.26 39.58 40.89
tt 26.75 28 07 29.40 30.72 32.05 38.37 34.69 36 00 37.32 38.64 39.96 41.26

TABLE II
Interpol ation Tabl* for Fractional Values or »,

Salinity
difference 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9

1.22 •/199 0.12 •/.. 0.24 a
© 

’

Neod
0o

0

0.49 */« 0.61 */« 0.73 */•• 0.85 7.. 0.98 7« 1.10o/o.
1.23 .12 .25 .37 .49 .62 .74 .86 .98 1.11
1.24 .12 .25 37 .50 .62 .74 .87 .99 1.12
1.25 .12 .25 .38 .50 .62 .75 .88 1.00 1.12
1.26 .13 .25 .38 .50 .63 .76 .88 1.0! 1.13
1.27 .13 .25 .38 .51 .64 .76 .89 ! .02 1.14
1.28 .13 .26 .38 .51 .64 .77 .90 1.02 1.15
1.29 .13 .26 .39 .52 .64 .77 .90 1.03 1.16
1.30 .13 .26 .39 .52 .65 .78 .91 1.04 1.17
1.31 .13 .26 .39 .62 .66 .79 .92 1.05 1.18
1.32 .13 .26 .40 .63 .66 .79 .92 1.06 1.19
1.33 .13 .27 .40 .63 .66 .80 .03 1.06 1.20
1 34 .18 .27 .40 .64 .67 .80 .94 1.07 1.21
1.35 .14 .27 .40 .64 .68 .81 .94 1.06 1.22
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Appendix C/l

Rjerknes, Tïyrtrog-raphio t^blep. Specific volume from Salinity Prep; 
and "’omperoture. " ’
^osic fable of specific volume - pressure, pius pix correction 
tables for salinity , temperature and pressure combinations.
About 12 Larg-e sheets. On our pap;e size, perhaps 2U sheets.

Table 8h (continued from p. 7A).— lo‘ali 0i, (*„<,, ■* specific volume of sea-water of 35 #/M salinity and t>° C.
at standard fressure, expressed in tritons').

Sca-pres-
sure

(decibars) ■
0 IO

.
30 36 40 50 60 70 80 90

SOOO 95» 73 95169 95165 95»6i 95» 57 95154 95150 95» 46 95143 951
5100 95134 95130 95127 95123 95119 95» IS 95III 95107 95103 951UJ
5200 95096 95092 95088 9S084 95080 95077 95073 95069 95065 95061
5300 95057 95054 95050 95046 95042 95038 95034 95031 95027 95023
5400 95019 95015 Mori 9500B 95004 95000 94996 94992 94988 94985
5500 94981 94977 94973 94969 94966 rtAcArjns»** 94958 94954 9495O 949475600 94943 94939 9493S 94931 949*8 94924 94920 94916 94912 94909
5700 94905 94904 94897 948ç>3 94890 94886 94882 94878 94874 948715800 94867 94863 94859 94856 94852 fufua 94844 nrlbn 94837 948335900 94839 94825 94822 94818 94814 94810 94807 94803 94799 94795
6000 94791 94788 947% 94780 94776 94773 94769 94765 94761 94758
6100 94754 94750 94746 94743 94739 94735 94731 94728 94724 94720

T3asic fable

Table 13 H.—io’ - 3rJ) (iT, = combined temperature~pressure correction in melton to the specific volume
of sea-water).

Temper, .ure ('C.).
sure — — — ——— — ——— — —

(deci­
bars). - 2 -I 0 3 4 5 • 0 7 8 9 IO 12 13

•
»4 io l6 I? 1819

1
20 21 22 23 24 25 26 27 28 29 30

O 0 0 0 0 O 0 O O 0 0 O O 0 0 0 O 0 0 0 0 O 0 0 0 0 0 O 0 0 O 0 0 O
loo I 0 0 0 I I I I I 2 2 2 2 2 3 3 3 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4200 I - 1 0 1 I I 2 2 3 3 4 4 4 5 5 5 5 6 6 6 6 7 7 7 7 7 8 8 8 8 8 8 8
3OO 2 - I 0 I 2 2 3 4 4 5 5 6 7 7 i 8 8 9 9 9 IO IO IO II ii ii II 12 12 12 12 12 13
400 2 - 1 0 I 2 3 4 5 O 6 7 8 9 9 IO II ii 12 12 «3 *3 *4 >4 ‘4 15 *5 15 16 ,6 16 16 17 17
5OO - 3 - I 0 I 3 4 5 6 1 8 9 IO h 12 12 43 *4 *5 «5 16 16 «7 17 18 18 19 *9 1920 20 21 21 21
6OO - 3 - 2 0 2 3 5 O 7 8 IO II 12 *3 >4 IS 16 47 17 18 *9 20 20 21 21 22,22 23 2324.242425 25
7OO 4 - 2 0 2 4 5 7 8 IO ii >3 »4 «5 IO *7 18 *9 20 21 32 23 ?3 24 25 25 26 26 27,27 282829 29
800 4 - 2 0 2 4 6 8 IO IK *3 *4 IO 47 18 20 21 22 23 34 252627 37 28 39303O 3» 3» 3* 3*:33 339OO 5 - 2 0 2 5 7 9 ii »3 *4 16 18 49 21 22 *3 35 26 27J28j29j30 31 32 32 33 34 35 35 3636^7 37

■''no of the correction f^hJew



Appendix c/j

^ubov <% Ozihirin. Océanologieal Tables, Moscow 1940

Specific volume from temperature, salinity and pressure. Basic table 
from salinity and temperature* with four correction tables.
"Precisian similar to Bjerknes' table, but needs more interpolation in 
tPip 'ressure corrections. Probably easier to read.

T>oqic tade B ohei ts. ftiven at closer spacing in the ^sheets
bu? do not; oov-r* Mediterranean or Red Sea. Correction tables b sheets

Would fit onto our format with only slight reduction.

T. 14. CoauUtiooal specific voIum «I

35.0 35.1 35.2 35.3 35.4

—j
35.5 I 35.6 3Sè7 35.8 35.9 36.0

X

72.57 72.49 72.41 72.33 72.26 72.19 72.11 72.03 71.95 71.87 71.80 —2.0
.57 .50 .42 .33 .26 .19 .11 .03 .95 .88 .81 -1.9
.57 .50 .42 .34 .27 .20 .11 .03 .95 .88 .81 .8
.57 .50 .42 .34 .27 .20 .12 .04 .95 .88 .81 .7
.58 .51 .42 .34 .27 .20 .12 .04 .96 .89 .82 .6
.58 .51 .43 .35 .28 .20 .12 .04 .96 .89 .82 .5
.58 .51 .43 .35 .28 .21 .13 .05 .96 .89 .82 .4
.59 .52 .43 .35 .28 .21 .13 .os .97 .90 .83 .3
.59 .52 .44 .36 .29 .21 .13 .05 .97 .90 .83 .2
.59 .52 .44 .36 .29 .22 .14 .06 .98 .90 .83 .1

72.60 72.52 72.45 72.36 72.29 72.22 72.14 72.06 71.98 71.91 71.84 —1.0
.60C. % .52eo .45j ^ .37 .30 .23 .15 .06 .98AA .91Art .84ne —C.9n

Basic Table
T. 18. Cometica (*♦) to apocHle ▼olono lor tonporotwo and proas oro

Vpts =* vt -f- Sp -f- tip +4*/» 4- tup

io 12 14 16 18 20 22 24 26 28 30
y

0 0 0 0 0 0 0 0 0 0 0 0
0.02 0.03 0.03 0.03 0.03 0.03 0.04 0.04 0.04 0.04 0.04 loo

.04 .05 .05 .06 .06 .07 .07 .08 .08 .08 .06 200

.07 .08 .08 .09 .IO .10 .11 .11 .12 .12 .13 3U0

.09 IO .11 .12 .13 .14 -15 .15 . 16 .16 .17 400

0.11 0.12 0.14 0.15 0.16 0.17 0.18 019 0.20 0.20 0.21 500
.13 .15 .17 .18 .20 .21 .22 .23 .24 .24 .25 600
.15 .17 .19 .21 .23 .24 .25 .26 .27 .28 .29 700
.17 .20 .22 .24 .26 .27 .29 .30 .31 .32 .33 800

IO ?> .25 07 OQ V oo U i* Ui 17 ora
Sample of correction table



Appendix C/K

Fofonoff & Froese, Tables of Physical Properties of Sea Water. 
(Fisheries {es. Pd. of (Janaria Manuscript report Wo. 24,

Specific volume at fairly wide intervals of temperature, salinity 
and pressure, with derivatives for interpolation, resigned for 
use with electronic commiter, ratner tnan tor the occasional

individual observation. 25 large shef-tg, probably 4U on our format.

units in every case are:

temperature

Salinity

pressure

t° C or T* Absolute 

S <

p decibars.

In Table 1, the specific volume «L- is tabulated as veli as the 

derivatives dt - ^ ^ , <*ee - ,

and Ast" * *^he tamperatures t and salinities S have been scaled

by IO2, the a's by 10^, *nd ali derivatives by 10^. The truncation 

errors in <At are ~2 in the fifth figure; in dl5 , ^ 2 in the sixth

figure; the last two figures in the second derivatives are not signifi­

cant.

Table 1 (cont'd). Specific volume, d- , and derivatives of cL ,

s - 3400 P - 03000

"t 4L df <*** dss

-0200 0960200547
0960423455

IOO6023 -7250746 111497 006780 023241
0000 I219604 -7205940 102333 006072 021574
0200 0960687331 1416252 -7164403 094585 005513 OI996I
o4oo 0960989068 I59Ô66I -7126005 088065 004954 018440
0600 0961326053 I769I3I -7090643 082552 004433 01694a
0800 0961696105 I92968I -7058205 078082 004023 015506
1000 0962097414 2082050 -7028584 074375 003706 0l4ll4

S - 3500 P « 03000

-0200 
0000 
noein

O9594756O8
O959703I6O
WwnnrM ■» Cr\

IO29O74
1241019
1

-7244148
-7200045

UO678
101495
nnorrAk

OO6388
OO5699

022868
021252
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INTRODUCTION

1. This report follows a meeting of the panel in Rone on 8-9 October 1965.
A panel meeting on 8 October was attended by :

Dr. R.A. Cox (Great Britain) in the chair 
Professor G. Dietrich (Germany)
Dr. K.N. Fedorov (Unesco)
Dr. N. p. Fofonoff (U.S.A. )
Mr. r. Hermann (Denmark)
Dr. G.N. Ivanoff-Frantzkevich (USSR)
Professor Y. Miyake (Japan)
Professor 0. Saelen (Norway)

Guests at the meeting included Dr. Grasshoff (Germany) Menaché (France) and 
Dr, Morcos (Egypt). An apology for his unavoidable absence was received from 
Professor Carritt (U.S.A.).

On 9 October an open meeting was held, attended by a number of delegates to 
the annual meeting of IO.?-., which was in progress in Rome. In addition to 
the members of the panel, about 25 scientists were present. The chairman gave an 
account of the recent work, and ef the decisions of the panel, which will be dis­
cussed later in this report. Mr. Maurice Menaché (France) read a paper entitled 
Variation de la Masse Volumique de l’eau en fonction de sa Composition Isotopique." 

As this paper will shortly be published in "Cahiers Océanographiques" it is not 
included with this report, but will be referred to in section 2c.

The chairman introduced two papers by Messrs. H. Charnock and J. Crease 
(Great Britain) entitled "The specification of salinity estimators and "A salinity 
estimator based on conductivity ratio", (these papers are-appended to this report 
as appendices A and B) and a short paper by Dr. J.S.M. Rusby (Great Britain) on 
"Measurement of refractive index of sea-water samples1’. (Appendix C).

The open meeting was followed on the afternoon of 9 October by a further 
committee meeting. It was resolved that this report should be prepared, to make 
known and explain the decisions of the eonanittee. The chairman agreed to prepare 
a provisional draft, and Dr. Fofonoff and Professor Miyake undertook to draft 
certain sections. Dr. Fedorov promised that the report would be published in the 
series of "Unesco technical papers in Marine Science".

Ibis introduction is followed by an account by the chairman of the work done 
since the last report (October 1964).

2. WORK COMPLETED SINCE THE LAST REPORT OF THE PANEL

(a) Chlorlnlty determinations

At the last meeting of Ule panel (Charlottenlund, October 1964) it was re­
solved that in view of the importance to future work, and of the doubts which had 
been raised regarding the reliability of the determinations of chlorinity by 
Riley and his co-workers, it was necessary to repeat at least a considerable pro­
portion of these chlorinity determinations. This has been done. In the original
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measurements (see Cox, Culkin, Greenhalgh and Riley, 19^2) about 450 samples 
were analysed. It was arranged that about 35° of these should be analysed again; 
the samples were divided between Dr. Riley at Liverpool University and Dr. Culkin 
at the National Institute of Oceanography. From this total about 100 samples 
were selected where a good supply of water was still available, and these were re­
measured by both analysts. In addition to redetermining the chlorinity, Dr.
Culkin aiso rechecked the conductivity ratio, in most cases using only one tube 
of water for both measurements.

The results are discussed in detail in the report by Chamock and Crease 
(Appendix B) but will be summarized here. Statistical treatment shows quite 
clearly that Dr. Culkin*s results are very decidedly more consistent than Dr. 
Riley's, while there is no significant improvement in Dr. Riley's second set of 
determinations compared with his earlier set. Using each set of determinations 
on its own, a fourth order curve was fitted by least squares, expressing chlorinity 
as a function of conductivity ratio. The standard deviaticn of Dr. Culkin's 
chlorinities from the curve was about 0.002$„, while Dr. Riley's was over 0.006$o. 
The mean square difference between Dr. Riley's first and second determination on 
the same sample was aiso over 0.006$o.

The reasons for the inaccuracies in Riley's measurements are not at present 
clear. They are not shown in replicate determinations at one time on one sample; 
for such replicates the standard deviation is much less, about 0.Q01$o. The basic 
differences In the methods used are two; firstly, Culkin weighs both the sea 
water and the strong silver nitrate used in the titration, while Riley weighs only 
the water and uses a burette to measure the silver; secondly, although both 
workers use an electrometric end-point, the electrode systems are different. Riley's 
technique is described in Bather and Riley (1953)» while Culkin's are based on 
those of Hermann (1951)-

The samples determined by Dr. Culkin cover the whole range of salinity from 
Baltic water to Red Sea. They have not, however, been selected specifically to 
cover the whole range at close intervals. If these results were to be used alone 
to compute conductivity/chlorinity relationships, it might be necessary to under­
take a few extra measurements to fill in gaps in the series, especially at low 
salinities.

(b) Conductivity/salinity tables

3ased on Dr. Riley's chlorinity values, tables have been computed connecting 
conductivity ratio at 15° with salinity. The salinity range is 30_42^o and the 
interval 0.00001 in conductivity ratio. In addition, a second table gives correc­
tions to conductivity ratio when measured at temperatures other than 15*. These 
two tables had been printed in the format agreed at the previous meeting, and 
copies were distributed for inspection.

The chairman aiso distributed a copy of the computer print-out for a table 
covering the range 3*-42$„ in salinity, at Intervals of 0.0001 in ratio. He aiso 
showed a temperature correction table for this wider range, but explained he was 
not yet satisfied with the results from which these corrections were computed.
A more extensive series of measurements was under way. (These are now finished.
See section 3. Editor).
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(c) Density determinations

No actual determinations had been made in the last year. The apparatus for 
specific gravity measurements was undei reconstruction. It should be working in 
its improved form early in 1966.

However some work had been done on the preparation of water suitable for use 
as reference in specific gravity work.

Mr. Menaché’s report (see section 1) shows that substantial variations exist 
in the isotopic ratios of natural waters, and these have a significant effect on 
the specific gravity. Variations in the isotopic ratios of sea water, however, 
are very much smaller than between, for example, sea water and polar snowfall.
It would seem that water distilled from sea water should offer a suitable standard 
for specific gravity measurement.

The chairman circulated copies of a report (N.I.O. internal report C5. 
'Distilled water for relative denisty standard" by R.A. Cox and M.J, McCartney, 

March 1965) which would shortly be published in the literature. (In Deep-Sea 
Research - Editor.) It had been found possible to distil pure water from sea 
water in such a way that the isotope ratios were not significantly changed. This 
was confirmed by Isotopic analysis of the distillate and of water similar to the 
original sea water.

The isotopic analyses (kindly undertaken by Professor Dansgaard in Copenhager 
show that our distilled water is fractionally higher in heavy isotopes of hydroger 
and oxygen than is Standard Mean Ocean Water (Craig, 1961). The results of 
Menaché, however, indicate that this small difference will not introduce a signi­
ficant difference in density. Such distilled water seemed very suitable as a 
standard for specific gravity determinations.

(d) Refractive index determinations

The chairman presented a short report by Dr. Rushy (see Appendix C). The 
measurements at 20° were very encouraging, and could fora the basis for tables 
connecting refractive index anomaly (An, the difference between the refractive 
index of the sample and that of water of salinity 35^, ) and salinity or chlorinity 
However there was sane evidence .hat A n depended somewhat on temperature, so thai 
as with conductivity/salinity tables a temperature correctloi might be needed. 
Measurements were in progress at various temperatures, from which this correction 
could be computed.

(e) Absolute conductivity apparatus

This apparatus was complete, and working. The final trials had to await the 
calibration of the thermometer, precision resistors and length standards by the 
N. P.L. However a preliminary trial run had given a value for the conductivity of 
sea water of salinity 35^o at 15* of 0.04286 ohms"^ enT^, compared with the figurt 
of 0.04288 interpolated from the results of Thomas et al (1934).
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If ali went well with the calibrations, the apparatus should be tested and 
operational early in 1966. It would then be taken ever by the Standard Sea Water 
Service, and used to standardize the conductivity of the standard water. The 
label on the standard water would then show the conductivity (and salinity com­
puted from it) as well as the chlorinity.

3. THS NSW CONDUCTIVITY-CHLQRINITY TABLES

The new tables for converting conductivity measurements to salinity will be 
distributed early in 1966, and the panel feels it appropriate to restate the 
reasons leading to the preparation of the tables, and the principles which have 
directed the work.

Because there is no general agreement, even among English-speaking scientists, 
on the exact meaning of some terms which will be used in this section, definitions 
are given below, and where these terms are used hereafter in this section it will 
be in accord with these definitions.

Determine, determination. A determination is an actual measuremei t of the variable 
concerned, the accuracy being limited only by the experimental limitations of the 
method.

.Estimate, estimation. An estimation is a value for one variable derived from a 
determination of another; for example, we may determine chlorinity, and from the 
chlorinity estimate specific gravity. The accuracy of the result depends not only 
on the precision of the chlorinity determination, but aiso on our knowledge of the 
conversion factor, and on any natural scatter in this factor due, for example, to 
variations in sea water composition.

Accuracy. The difference between the result obtained and the true result, a high 
accuracy implying a small difference and a low accuracy a larger difference.

Precision. The difference (usually expressed as the root mean square difference, 
or standard deviation) between a single result and the mean of a large number of 
results by the same method. The precision represents the reproducibility of a 
method; it is not the same as the accuracy, because the method may be a bad one, 
and give a wrong answer. Thus a method may be precise, because it gives a consis­
tent answer, but still be inaccurate, because the answer is wrong.

We ali know the general concept of salinity. It expresses the concentration 
of dissolved solids in sea water, measured in parts per thousand of sea water by 
weight. Unfortunately, salinity is a very difficult quantity to determine directly, 
and it has been necessary in practice to estimate salinity from measurements of 
soni; other parameter. The problem facing the panel is to ensure that whatever 
method is used for salinity estimation, the final figure which we obtain will be 
as nearly as is possible the same.

During the discussion in Rome, Dr. Fedorov put forward a very helpful analogy 
;en salinity and temperature. Like salinity, temperature is a concept rather 

f -i a clearly defined property. It expresses the heat-content of matter, Just as 
nity expresses salt content of water. We cannot measure temperature directly;

we measure is eomeproperty dependent on it, such as the expansion of mercury
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or th. resistance of a platinum wire. Both concepts have their absolute zero-with 
temperature, when ali thermal energy is absent; with salinity, when the water is 
pure and free of salt. Unfortunately with salinity we do not have any other fixed 
points, like the freezing and boiling points of water which assist in fixing tem­
perature scales.

The traditional parameter used for estimating salinity is the chlorinity 
determination, which measures chloride and bromide in the sea water by weight, 
usually by a volumetric procedure using a standard sea water as reference. The 
chlorinity scale was defined by Jacobsen and Knudsan (19^0) with pure silver as 
the standard. The only assumption in this definition is that the ratio of chloride 
to bromide in sea water is constant; the available evidence, including that from 
the recent work, shows that this assumption is Justified as nearly as we can tell.

Salinity has usually baen estimated from chlorinity by the equation proposad 
by Porch, Knudsen and S/frensen (1902), which is based on determinations of 
chlorinity and salinity on a number of natural sea waters, including several from 
the Baltic Sea. Prom these analyses the well known relationship

S = 1.805 Cl + 0.03

was deduced. To obtain this equation, S/rensen defined ''salinity" in an arbitrary 
way, which is certainly related to the dissolved salts, but disregards the bicar­
bonate and some other volatile ions. The constant 0.03 represents approximately 
the solid content of river water flowing into the Baltic, disregarding the bicar­
bonate ion. This solid content is partly calcium sulphate, but mostly calcium 
bicarbonate which in the Sorensen salinity determination is converted to oxide, 
and weighed as such. Conductivity measurements, however, estimate aiso the bi­
carbonate ions, as well as traces of other volatile components such as organic 
acids which are not measured in the S/rensen methods. Thus if we preparé an equa­
tion between salinity and conductivity ratio, (R), defining salinity as chlorinity 
multiplied by a constant, we get

S io z XC1 io = aR + bR2 + cR^ +------- -0.09

The intercept, 0.09 io is the apparent salinity at zero chlorinity, and 
represents dissolved ionic material in river water, whereas the Sereti san 0.03 io 
represents (mainly) calcium oxide. Thus if we wish to prepare an expression re­
lating conductivity and salinity, to include Baltic Sea samples, and to make our 
"salinity" the best possible measure of ionic content, then we should start by 
estimating salinity from our chlorinities using

S io - 1.802 Cl io +0.09

rather than the Sorensen formula.

The real point is this; even when dealing with samples from the Baltic Sea, 
the S/rensen 0.Q3 has a real significance only when referred to an arbitrary method 
of determination, and has little meaning when considering conductivity measurements 
This is even more true when considering other low salinity waters, as there is no 
evidence that the conductivity at zero chlorinity would correspond with that found 
in the Baltic area.
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A further problem arises when considering dilution of sea water by pure 
water. When sea water is diluted by rain, or by melting polar ice, it is convenient 
to calculate the salinity of the diluted water from the weights of salt water and 
fresh water in the mixture. If we define salinity as a Cl + b, then the salinity 
of the mixture is not in direct proportion to that of the constituents; for example, 
if a given weight of salt water is diluted with an equal weight of fresh, the 
chlorinity in the mixture will be half the original value, but the salinity will 
not. This is confusing, and in a relationship claiming to be a weight ratio, 
grammes per kilogramme of water, it is quite illogical.

The simple solution to ali these problems would seem to be to abandon the 
term salinity, and report our observations as conductivity ratio or chlorinity.
The second alternative, to report as chlorinity, has the objection that conduc­
tivity and chlorinity are not exactly related, due to variations in composition 
of sea water. Some means must be used to distinguish actual chemical chlorinity 
determinations, (which are often valuable data) from conductivity measurements. 
Conductivity, however, has at present little significance to most oceanographers, 
and none at ali to many, particularly those such as biologists and geologists 
not directly concerned with salinity measurements. To most people reading this 
report a salinity of 35.0k will mean something; a conductivity ratio of 0.950 
will not. Aiso the various data centres are equipped to record salinity, not 
conductivity; millions of such records exist, and it would be prohibitively 
expensive to change them.

There is no simple solution to ali these problems. Whatever procedure is 
adopted by the panel, some embarrassment will be caused to some oceanographers.
The panel has given long consideration to the alternatives, and to the comments 
and criticisms put forward after publication of the first report. The recommenda­
tions of the panel are these.

(1) That in future, chlorinity determinations should preferably be reported 
as such, and not converted to salinity estimates.

(2) That when It is necessary to estimate salinity from chlorinity determinations, 
the equation S #0 a 1.80655 Cl should be used rather them the S/rensen 
aquation.

(;>) Salinity shall be redefined as a function of conductivity ratio.

(4) An equation shall be computed from Dr. Culkin's measurements of chlorinity 
and conductivity ratio on the natural sea water samples held by the N.1.0. 
Samples from the Baltic and Black seas, and other low salinity areas, shall 
be included, and only samples collected near the surface shall be used. For 
the purpose of computing the equation, salinity shall be estimated from the 
original chlorinity determinations by the equation S ■!.80655 Cl
Using the salinity estimates so obtained, and the corresponding conductivity 
ratios, an equation shall be computed by the method of least squares giving 
salinity as a function of cenduetivity ratio (R).

(5) This equation shall constitute the definition of salinity.

(6) The new tables connecting salinity and conductivity ratio shall be derived 
from this equation.
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The procedure proposed will have these advantages. The salinity so defined 
can readily be determined by the conductivity method, which is the most precise 
method at present available. It is intended that Standard Sea ’Jater shall be 
used as a conductivity standard, and will be certified as such (see section 5)- 
Salinity so defined is conservative, and can be calculated by simple proportion 
either when mixing different sea waters, or when mixing sea water with fresh 
water. In the ocean range (salinity 32-39 $<>) the new salinity will agree within 
the normal precision of determination with earlier estimates based on chlorinity 
determination and the the Sorensen equation. The actual difference is zero at 
35 and 0.0023 #0 at 32 and 38 $0.

The only area where these decisions may cause some problems is the Baltic 
Sea. Here salinity determined from conductivity measurements and the new tables 
will differ from earlier estimates, based on chlorinity, by about Q.02 at 11 $0 
and O.O25 $c at 6 $0. This discrepancy is about the same as the precision of 
normal chlorinity determinations, and in view of the wide variations of salinity 
which prevail in the Baltic, the panel do not consider that such a change will 
cause much difficulty. We hope that the Baltic oceanographers will agree with our 
recommendations, as it is clearly desirable that the sane nomenclature and defini­
tions shall be used in ali parts of the world.

Based on these decisions, the new tables have been prepared, and at the time 
of writing (February 1966) are ready for printing. The tables are based on 
determinations of chlorinity and conductivity ratio at 15°C (R15) made on 135 
samples of natural sea water, including samples from ali oceans and from the 
Baltic, Black, Red and Mediterranean Seas. Salinity was estimated from chlorinity 
using

s = 1.80655 Cl %

and a fifth order polynominal computed by least squares giving salinity as a 
function of R151 with a small correction to the constant term (+ 0.00018 $0) to 
make R^cj - 1.0 correspond with S « 35

S #0 = -0.08996 + 28.2972R15 + 12.8o832Rf5 - 10.67869rJ5 + 5.9862^5 - 1.32311^5

This equation constitutes the recommended definition of salinity.

Table la, based on the above equation, connects R15 with salinity, and is 
designed for use with thermostat salinity meters working at 15°. A second table 
(table lb) gives corrections to conductivity ratio measured at any temperature 
between 10° and 50*» to give the equivalent value of R15. This table is based on 
measurements of conductivity ratio at various temperatures with an Auto-Lab wide- 
range inductive salinometer. The correction (^15) to bring conductivity ratio 
at temperature T° (R-t) to the ratio at 1.5^ M is given
A15(T) = R15 - Rt * 10-5Rt(Rt-l)(T-15) [96.7-72.0Rt + 37.5R|-(0.63+O.21r|)(T-15)J

The values of A computed from this expression are considered to be accurate to 
within + 0.05 A for temperatures between IO* and 30°•

For the greater convenience of those using non-thermostat salinometers, a 
second set of tables (tables Ila and lib) have been computed from the same data 
as tables la and lb, but based cm conductivity ratio at 20® (Ego) and covering 
the range of R20 from 0.1to 1.2 (salinity about 3 to 42 These tables give
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exactly the same values of salinity as la and lb, but since most measurements on 
non-thermostat meters will be made at temperatures close to 20°, it will often 
be legitimate to neglect the small corrections given by table lib, especially 
when salinities are near 35 #<>•

The tables will have brief introductions, indicating how they shall be used, 
and in accord with standard Unesco practice these will be in English, French, 
Russian and Spanish. The tables will be printed on separate sheets and bound in 
a loose-leaf binder with stiff covers, lettered ”International Oceanographic 
Tables" in the four languages. The binder will be large enough to accommodate 
additional tables as they are available.

The panel think it necessary to point out that these new tables (on loose 
sheets, in stiff-cover binder) are not quite identical with the provisional tables 
referred to in section 2 (b). (bound in buff-coloured paper cover). A few copies 
of the provisional tables have been distributed for special purposes. As soon as 
the new tables are available, please destroy any copies you may have of the pro­
visional tables. Sample sheets of the new tables are appended to this report 
(Appendix D).

k. FURTHER TABLES TO BE ISSUED

Further tables already under consideration for the series include:

(a) effect of pressure on conductivity of sea water;

(b) specific gravity from temperature and salinity;

(c) chlorosity from chlorinity or salinity;

(d) velocity of sound, from temperature, pressure, salinity;

(e) salinity from refractive index.

The panel will welcome suggestions for additions or improvements to the tables. 
These may be sent to any member of JPOTS.

There was a discussion on the best form for specific gravity (sifpna-t) tables. 
The last panel report included samples of existing tables, and asked for recom­
mandations. None had been received. After some debate, it was agreed that nomo­
grams were to be preferred to tables, because more information could be conveyed 
on a page. Two nomograms are enclosed with this report (Appendix E) illustrating 
one possible format. Comments on this arrangement, and on possible alternatives, 
will be welcomed.

5. STANDARD SEA WATER AS A CONDUCTIVITY STANDARD

Nona of the conductivity sallnometers at present In use measures conductivity 
directly, in reciprocal ohms per cm. Ali are designed to measure either as a 
ratio to a standard water, or are calibrated so as to read in salinity or chlorinity. 
Without exception they ali need a sea water of known salinity for calibration
purposes.
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It has been customary for some years to use Copenhagen Standard hater as 
such a standard. To guard against any unforeseen variation in composition, for 
the last three years each new batch of standard water has been checked for rela­
tive conductivity at th ’ N.I.O., using at least two earlier batches as standard 
in each case. No really significant variations have occurred during this time, 
that is the conductivity ratio has corresponded with the chlorinity within the 
normal precision of salinometers.

This procedure is not entirely satisfactory. It would be embarrassing if a 
batch of standard water was found to have a conductivity which did not correspond 
with the chlorinity. Aiso there is some evidence that conductivity of standard 
water may apparently increase slightly on prolonged storage, especially at elevated 
temperatures (see Park, 1964).

To overcome this problem the N.I.O. (as mentioned in section 2 (e)) have de­
signed and built an apparatus for the direct measurement of the conductivity of 
each batch of standard water. This apparatus will aiso be used for a reasearch 
programme to study the change in conductivity consequent on storage under different 
conditions, such as high temperature or mechanical oscillation as on board ship.

The apparatus measures the resistance of standard water contained in a fused 
silica cell of 1 ui own dimensions, comparing this with a standard non-inductive 
resistor on a transformer bridge. The cell is held in a thermostat at 15°C. This 
temperature must be known to 0.001°C, which presents a difficult problem. The 
apparatus originally ordered for this function has proved unreliable, and a rew 
quartz-crystal thermometer has been ordered. Unfortunately there is a delay in the 
delivery of this thermometer, but as soon as it is available the proving trials 
of the conductivity meter will be started.

It is hoped to have ali new batches of standard water certified in conduc­
tivity (salinity) from about June of 1966. Used in combination with the njw 
tables, which should be distributed before this time, ali oceanographers will 
have a reliable and uniform basis for their salinity measurements.
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Appendix A

THS SPECIFICATION OF SALINITY ESTIMATORS 

H. Charnock and J. Crease 

National Institute of Oceanography

INTRODUCTION

Some of our colleagues are engaged in making precise measurements of the 
properties of sea water. They consult us, from time to time, about the statistica] 
aspects of their observations and we have been asked far our views on the present 
status of the observations of chlorinity and conductivity ratio.

he have found it impossible to discuss this and allied problems usefully 
miess the words and symbols used are explicitly defined. The definitions we 
have found most satisfactory will be given and described in the hope that they 
will be considered by the joint ICES/lAFO/SCOR/lkaesco Committee dealing with the 
problem.

TERMINOLOGY

The main need we have found is for the term "salinity estimator" to describe 
the relations now In use, or proposed, from which tile "salinity" can be estimated 
from an observation of another variable, such a3 chlorinity or conductivity ratio.

In what follows a symbol without stiffix (e.g. Cl) will represent a measured 
quantity (in this case chlorinity).

An estimator will be a precise mathematical function of a measured quantity 
and will be written as a symbol with a suffix. For instance, we shall write 
Clp 2 fv,(R) meaning that the estimator C13 is exactly defined as a known function 
of the conductivity ratio R.

The word regression we shall use to describe a relationship between two 
variables which are highly correlated but not exactly related. Thus for example,

Cl = f3(R) + £ 3

is a regression. It means that in a particular set of observations of Cl and R, 
the values of Cl were statistically related (for example, in a least squares sense' 
by the function f-(R), the residual on a particular single observation being
£ The residuals £ - will be in part experimental errors and in part due to 
sinaii changes in the proportions of the major constituents of .sea water.
CI3 » f*(R) will be an estimator derived from the regression by dropping the 
residuals

THE DEFINITION 0? SALINITY '

At the second International Conference of ICES at Kristiania, 1901, it was 
resolved.* that by salinity is to be understood the total weight in grammes of 
solid matter dissolved in 1,000 grammes of (sea) water.
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According to Cox (19^5) this definition in terms of total solids has not been 
revoked or superseded. However, there is throughout the literature the more usual 
definition, based on Sorensen's work; the salinity is the total amount of solid 
material in grammes contained in one kilogram of sea water when ali the carbonate 
has been converted to oxide, the bromine and iodine replaced by chlorine and ali 
organic material completely oxidized.

Neither the total solids nor the "sOrensen-salinity" can be measured with 
precision so that both definitions are in the nature of a concept. This is clearly 
preferable to any definition based solely on an experimental procedure, which 
could be altered by future developments in analytical technique.

We may note that, although salinity has not been defined in a form which 
would permit precision determinâtleai, no serious practical difficulty has arisen 
in its interpretation. Oceanographers have come to regard the salinity as related 
in an approximate way to the salt concentration and are accustomed to estimating 
it from measurements of other properties. It is with the definition of these 
salinity estimators that we are mainly concerned.

SALINITY ESTIMATORS

The measured variables which we shall use are :

(a) The Sirens en-salinity (S) is the result obtained by following Sorensen 
technique for estimating the salinity as commonly defined.

(b) The Chlorinity (Cl) is as usually defined, bearing an analogous relation to 
the chloride content as the Sorensen salinity bears to the dissolved solids. The 
silver nitrate used in the chlorinity determination is usually standardized rela­
tive to standard sea water whose chlorinity, in turn, is determined with reference 
to pure silver by the standard sea water service, Copenhagen.

(c) The conductivity ratio (R) we define as the ratio of the electrical conducti­
vity of a sample of sea water relative to that of a standard value of electrical 
conductivity, at a standard temperature. Until a suitable standard is available 
measurements have been made against a particular batch of standard sea water at
a temperature of 15°C.

The salinity estimators (and the chlorinity estimators) based on measurements 
of these variables are now considered. Figure 1 is an attempt to illustrate the 
procedures.

(1) S and Cl are defined quantities: apart from experimental error they estimate
"salinity” and "chlorinity" respectively. One can write formally

S.1 : S and CU 5 Cl

to separate the estimate from the observation.

(2) 52 is a salinity estimator based on observations of S and Cl. Only one 
series of nine measurements is known (S/rensen 1901) end these provide the 
regression

S = fg (Cl) + £ g = 1«8°5 Cl + 0.03 + £ g
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where £ 2 is a residual, in part experimental, of order 0.01 #0.

The estimator is then defined as

S2 = f2 (Cl) = 1.805 Cl + O.O3 

by dropping the residual £ 2*

It is important to distinguish between salinity estimators such as S and S2. 
S2 is determined exactly by Cl but S î is not. Differences will arise to the extent 
that the major constituents of sea water occur in different proportions.

(2A) Some workers have preferred to express the S/Cl regression as 

S r f2A (Cl) £ 2A = 1«8o655 Cl + £ 2A

so as to maintain consistency with the hypothesis of constant composition. This 
would not conflict with the original S determinations. It leads to a salinity 
estimator.

S2A 5 f2A (Cl) = I.80655 Cl

Salinity estimates based on chlorinity titration (S2) were for many years 
referred to as "salinities’’ without qualification. Since the titration was the 
most convenient method, and since the differences between S1 and S2 were in general 
smaller than the experimental error, no serious confusion arose.

The development of "salinometers" based on measurements of conductivity ratio 
created the need for a salinity estimator based on conductivity ratio.

(3) We seek a salinity estimator based on conductivity ratio 

S3 = f5(R)

The steps we propose are as follows (see Figure 1).

From a series of careful measurements of Cl and R cala writes a regression 

Cl = f3(R) + £ 3

leading to a chlorinity estimator 

C12 = f3(R)

This is then substituted into f2A(Cl) to get 

S3 5 f2A(C12) * f2A (f3(R))

This will define a salinity estimator based on conductivity ratio which is 
consistent, within residual error, with SI and S2A.

As a result of recent work observations are available from which the Cl/R 
regression can be specified. The present position of these observations will be 
discussed later.

Further estimators S4, S5 etc. can be defined as needed. An estimator Sk 
based on observations of chlorinity and density ratio is indicated on Figure 1.
New estimators might aiso be based on the results of further series of observations 
of, say, S and Cl. We have limited the notation S2, S2A (S2B) etc. to differing 
ways of expressing the same set of observations.
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CONCLUSIONS

The procedure outlined defines the various salinity estimators and ensures 
consistency between them so far as is possible. Any one of them will be adequate 
for work «diere the highest accuracy is not needed.

However we must again state that the estimates S*, 32, S3 etc. based cn error- 
free observations on the same sea water may differ. Any differences which are 
established will pose an important oceanographic problem. It is therefore important 
that they shall be clearly defined.
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Appendix 3

A SALINITY ESTIMATOR BASED ON MEASUREMENTS 
0? CONDUCTIVITY RATIO

by

H. Chamock and J. Crease

INTRODUCTION

This note gives a preliminary assessment of the material now available for 
the definition of a salinity estimator based on measurements of the conductivity 
ratio. It is written at the request of Dr. R.A. Cox and for the guidance of the 
joint ICES/IAFO/SCOR/Une sc o committee concerned with this subject. It should be 
read in conjunction with an accompanying paper on the specification of salinity 
estimators.

OBSERVATIONAL MATERIAL 1 2

1. Conductivity ratio

Observation on which the salinity estimator (S3 in an earlier paper) rnay be 
based have been made on samples of sea water widely distributed over the ocean and 
from various depths.

The conductivity ratio (R) for each sample was determined by Dr. ?. Culkin, 
National Institute of Oceanography, relative to standard sea water batch P31, at 
15°C. The chlorinity of this batch is 19-375$o and the corresponding value of 
salinity estimate S2 r 35.002. A small correction was made to the primary measure­
ments to get the conductivity ratio relative to standard sea water of S2 = 35-000. 
This correction Mas based chi earlier approximate measurements and will be consistent 
with the salinity estimator S3 finally specified.

Repeat determination of conduct!vity ratio agreed within about 0.00005 
provided the samples were drawn from sealed ampoules. No effect of storage was 
found.

Values measured an water from fully opened ampoules, from which chlorinity 
samples had been drawn, were greater by a few parts in 1 5 than those made earlier. 
As other workers have found an increase in R on opened samples we have not used 
these values further.

2. Chlorinities

Ali the chlorinities (Cl ) were determined at the Department of Oceanography, 
University of Liverpool, in the first instance. These observations will be 
referred to as Liverpool I. Chlorinities for some of the samples have been re­
determined at Liverpool (Liverpool II) and at the National Institute of Oceano­
graphy (N.I.O.). A small number of chlorinities were aiso measured at the 
Standard Sea Water Service, (Copenhagen).

Apart from this lattex** set, which will be discussed later, three overlapping 
seta of observations have been directly compared:



1. Liverpool 1 and Liverpool II and N*1.0. 102 samples

2, Liverpool I and Liverpool II 155 samples

5. Liverpool I and N.I.O. 173 samples

In each case the chlorinity was expressed as:

Cl z sq + aj(R) + S2(R2) + a^(R^) + a^(R^) ^

where R is the conductivity ratio of the sane water. The constants aQ.................a^
were chosen by a least square method (preliminary working having shown that curves 
of higher order than four did not reduce the r.m.s. deviation significantly).
It is clear that the N.I.O. deviations are smaller than those of the Liverpool 
observations by a factor greater than 3* The standard deviation of the N.I.O. 
observation about the fitted curves Is about 0.002$«. The standard deviation of 
the differences between Liverpool I and Liverpool II is about 0.00

This indicates that the casual errors of the N.I.O. observations are signi­
ficantly less than those of Liverpool I or Liverpool II or of their combination. 
Possible systematic differences are more difficult to assess but some indication 
caxi be obtained from the results of eight comparative measurements of chlorinity 
made at N.I.O. and at Copenhagen.

The N.I.O. observations are systematically less than those done at Copenhagen 
by only 0.001^ _+ O.OOOg Though this latter difference is small it is statisti­
cally significant at the 1$ level; the experimental error of N.I.O. replicates 
is about 0. OOl^o and the corresponding figure for Copenhagen about 0.005$*«

The possibility that this systematic difference arises from the use of 
different batches of standard sea water is being Investigated.

But it is clear that the N.I.O. determinations of chlorinity and conductivity 
ratio provide the best material currently available to us for the definition of 
salinity estimator S3, which in tuna is based on C12.

THË C12M REGRESSION

Two possible definitions of C12 are being considered, one using ali the N.I.O. 
observations, the other using only those N.I.O. determinations made an surface 
samples.

It is desirable, though not essential, that S3 s 35»000. whenCR - 1.00000. 
This could most easily be achieved by adding a suitable constant (? 0.000^) to the 
C12 values. This arbitrary adjustment can be partly Justified by the results of 
the N.1.0./Copenhagen comparisons : it is not likely to be significant in routine
work.
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If there are significant differences between estimators based on surface and 
on ali samples, we recommand that S3 ana C12 should be defined by the regression, 
to sufficiently high order, of Cl en CR, the values being those determined at 
N.I.O. an surface samples, each Cl value being Increased by a constant amount to 
ensure that C12 = 19.371*0 when CR : 1.00000.
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Preliminary analysis shows that tables produced on this basis will differ fror 
those which have already been constructed using a combination of N.I.O. conductivil 
ratios and Liverpool chlorinities (Unesco, undated). Although these differences 
are unlikely to exceed 0.005$o in CX2 this is considerably greater than the 
standard error of a single N,I.0. or Copenhagen determination. It would be prudarU 
in our opinion to withdraw these Unesco tables before they are widely circulated.

The earlier results suggested that Sh (the salinity estimate based on obser­
vation of density ratio) is more closely related to S3 (based on conductivity 
ratio) than to S2 (based on chlorinity). The specification of Sk, in terms of 
density ratios and chlorinities determined at N.I.O., is now under consideration.
In the meantime the earlier conclusion should be regarded as tentative until it 
is confirmed.

CONCLUSIONS

We recommend that the Committee issue, with a full account of their construc­
tion, tables by which salinity can be estimated from measurements of conductivity 
ratio.

These should, in our opinion, be based on measurements of chlorinity and 
conductivity ratio made at N.I.O.

Tables based on other measurements should be withdrawn and conclusions based 
upon them treated with reserve.



REPORT ON THE MEASUREMENT OE REFRACTIVE 
INDEX OF SEA WATER SAMPLES

Appendix C

by

J.S.M. Rusby
National Institute of Oceanography

A Jamin interferometer has been used in a temperature controlled room to 
measure the difference in refractive index between test samples and Copenhagen 
sea water. It is possible to read fringe displacement to better than 1/pOch 
fringe which would give a theoretical accuracy of 2 jn the 7th decimal place for 
refractive index when using the IO cm interferometer cell. This is equivalent 
to a change in salinity of 0.001$o. However the practical accuracy of the 
measurements Is limited by th3 temperature stability of the optical parts of the 
apparatus, and aiso the errors introduced in handling the sea water and rinsing 
the cell.

To date measurements of the refractive index have been rade at 20°C on ’i-0 
surface water samples with salinity values evenly spaced between yO and J>9rfo0. 
These samples were specially selected for their good agreement between the measure 
values of chlorinity and conductivity ratio in terms of salinity units. In older 
to identify the integral number of fringes involved it has been found necessary 
to plot a curve of the gradient of the chlorinity/refractive index curve versus 
chlorinity. Likewise the curve of the gradient of conductivity ratio/refraclive 
index has aiso been plotted. Both these curves are linear over a large part of 
their length which indicate that the curves of chlorinity versus refractive index 
and conductivity ratio versus refractive index are exponential. In salinity unit.' 
the gradients decrease from

, = 0.0001885 at 30$o
d bai

§Tal * O.OOOI87O at k(rf>0

Some preliminary calculations show that the standard deviation of the measured 
points from the best curve in a chlorinity versus refractive index plot is 
0.005^o (salinity units).
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The following members of tile Panel attended the meeting 
in berne, Switzerland, on 4 - 5 October 19Ó7:-

Prof. Dr. G. Dietrich

Dr. N.P. Fofonoff
Mr. F. Hermann
Dr. G.N. Ivanov-Frantzkevich
Prof. Dr. W. Kroebel

Dr. F.H. Fisher 
Dr. F. Culicia

Federal Republic 
of Germany 
U • S. A.
Denmark
U.S.S.F.
Federal Republic 
of Germany
Ü « b .Â i
United Kingdom

Professor Û. Saelen (Norway) sent apologies for his unavoidable 
absence.

Other participants of the meeting included:-

Mr. J. Crease 
Prof. C. E chart 
Mr. G. Girard 
Dr. K. Grasshoff

Mr. M. Menache'" 
Prof. Y. Miyake 
Dr. J.S.M. Rusby 
Mr. M.J. Tucker 
Prof. W.S. Wooster 
Dr. K.N. Fedorov

United Kingdom 
U.S.A.
France
Federal Republic 
of Germany 
France 
Japan
United Kingdom 
United Kingdom 
U.S.A.
UNESCO

In opening the meeting. Dr. Fedorov referred to the sad death of 
the Panel's Chairman, Dr. R.A. Cox, in March 1967, and the Panel 
observed one minute's silence in his memory. Mr. F. Hermann was then 
elected Chairman and Dr. F. Culkin vas asked to act as Rapporteur.

Reports wera given to the Panel on the progress of work in various 
laboratories. The following is a summary of these reports

Dr. G. Reusmann 
Institut fUr Meereskunde 
Niemannsweg 11 
23 Kiel
Federal Republic of Germany

The following determinations have been carried out on 
mora than 50 samples collected from different depths and 
different water muses in the Baltic:



Chlorinity 
Specific gravity 
Conductivity ratio 
Salinity (gravimetric)
Major anions and cations

In this work it was considered necessary to equilibrate 
the samples with air before measuring conductivity because 
of the influence of the C0_ system (as indicated by pH) on 
the conductivity. The most serious problem encountered has 
been that of temperature measurement. It has not been 
possible to have the Quartz Crystal Thermometer calibrated 
to better than 0.002°C because of instrumental instability.
The results of the investigation suggest that some of the 
calcium in Baltic sea water is camplexed by carbonate and 
sulphate and hence does not contribute as much to conductivity 
as was previously thought. It is intended to continue these 
investigations for several years in order to study the effect 
of stagnation periods. Then, from the final collection of 
data, a regional correction table with a simple chemical 
property as basis, will be prepared.

Dr. G.Y. Ryskin
Institute of Technical Physics 
Academy of Sciences of the USSR 
Leningrad 
U.S.S.R.

Dr. Ivanov-Frantzkevich reported that determinations of 
density and thermal expansion of sea water were being carried 
out by Dr. Ryskin, vising a float method which has an accuracy 
of * 1 x IO" . (English translations of two articles by 
Dr. Ryskin are appended to this report as Annex I.) It is 
hoped to carry out measurements on a number of samples which 
were supplied by Dr. R.A. Cox.

Professor Dr. W. Kroebel
Institut fflr Angewandte Physik der Universitfit Kiel 
Neue Universitfit, Haus 3*t 
23 Kiel
Federal Republic of Germany

The following work is in progress

1) Measurement of conductivity as a function of 
pressure, temperature and salinity.



2) Measurement of ion mobility in sea 
water after the Hall effect.

J; Density as a function of sound velocity, 
temperature and conductivity with a view 
to arriving at explicit expressions.

4j Ihe absolute determination of sound 
velocity as a function of pressure, 
temperature and salinity.

Dr. F.H. Fisher
Marine Physical Laboratory
Scripps Institution of Oceanography
San Diego, California 92152
L’. S . A.

The following work cm sea water is proposed

1) Density.

2) Sound velocity.

3) Electrical conductivity. 

k) Dielectric constant.

5) Viscosity.

6) Transport numbers of individual ions.

7) Thermal expansion by the Rayleigh Benard method. 

Ö) Specific heat at constant pressure.

9) Thermal conductivity

National Institute of Oceanography
Doraley, Godaiming
Surrey
England

Absolute electrical conductivity of sea water
(Mr. M.J. Tucker and Mr. C. Clayson).

Mr. Tucker gave an account of some of the proposed 
modifications to the existing apparatus. These include 
a longer quartz cell and an interferometric method of
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measuring the electrode displacement. The Rational 
Physical Laboratory have reported that the Quartz 
Crystal Thermometer can only be calibrated to Q.002°C 
because of instrumental instability but it is hoped 
to overcome this problem.

Specific gravity (Mr. M.J.M. McCartney).

Dr. Culkin reported that a series of measurements 
at 17.5°C, on sea waters covering the range 0 - 42*, 
was almost complete. It is intended to carry out 
similar measurements at other temperatures, though 
some difficulties were expected at temperatures higher 
than 2Q°C. because of bubble formation an the float 
(Professor Kroebel suggested that this might be avoided 
oy subjecting the sample to a short ultrasonic vibrational 
treatment before immersing the float.

Refractive index anomaly (Dr. J.S.M. Rusby).

The results of this investigation have recently 
been published (Deep-Sea Res. 1967, I1*, 427-39) and will 
form the basis of an addition to the International 
Oceanographic Tables later this year (1967). Dr. Rusby 
discussed some of the problems involved in developing 
a routine method for obtaining salinity from refractive 
index anomaly at sea.

K. Schleicher and A. Bradshaw 
«foods Hole Oceanographic Institution 
Woods Hole, Massachusetts 02543
liab.Â.

Dr. N.P. Fofonoff reported that Schleicher and 
Bradshaw were making measurements of the thermal 
expansion of water under pressure. Measurements 
were aiso being made on sea water of salinity 35% over 
the temperature range -2°C. to 30°C. (2° intervals).



Hr, F. Hermann 
Charlottenlund Slot 
Charlottenlund 
Denmark

Mr. Hermann presented his provisional report 
"Hie production and analysis of the chlorinity of a 
new primary standard sea water" and said that he 
hoped Professor D. Carritt would aiso determine the 
chlorinity of the new standard.

There vas some discussion about the preparation of samples 
for specific gravity and electrical conductivity measurements.
Mr. Menaché considered that the reference water for the specific 
gravity measurements should be free from dissolved gases, for 
the reasons outlined in the communication "Le problème du liquide 
de référence pour la détermination de la masse volumique de l'eau 
de mer", a copy of which is attached to this report as Annex II.
Dr, Culkin and Dr. Grasshoff felt that, although such a reference 
liquid would have certain advantages they were outweighed by the 
difficulty of preparing and working with it. Ule Chairman 
pointed out that the difference in density between air saturated 
and air-free waters was only about 0.003 in 6t.

Dr. Grasshoff stressed that it was essential in conductivity 
measurements that ali samples should have the same pH. Ule 
simplest way of achieving this vas to equilibrate the sample with 
air. The Chairman asked Dr. Grasshoff to prepare a report on the 
effect of change of pH on conductivity. Ibis report will be published 
as a separate scientific paper.

Mr. Menaché recommended that several batches should be made 
of the specific gravity reference standard by the method of Cox 
and McCartney and that samples of each batch should be analysed for 
oxygen-18 and deuterium by several different laboratories. He aiso 
offered to make enquiries about having these analyses carried out.

The Chairman suggested that he, Mr. Menaché and Mr. Girard 
should assess the effect of natural variations in isotopic ratios 
on density.
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distribution of International Oceanographic Tables

Dr, Fedorov reported that UNESCO had distributed free copies 
of the new Tables to approximately 1000 laboratories. Copyright 
nea been granted to the USSR authorities to reproduce and distribute 
further 2000 copies for internal use. The Bissett-Berman Co. were 
nov including copies of the new Tables in the handbook of their 
inductive salinaaeter. Misprints had been noted in the Introduction 
to the International Oceanographic Tables and it is intended to correct 
these in new introductory pages which will be issued to ali users of 
the Tables. Dr. Fedorov said that the refractive index tables were 
now being printed and should be ready by the end of 1967. Professor 
Wooster suggested that announcements of the issue of additional 
tables should be made in oceanographic journals and Dr. Fedorov said 
that this would be done. The Panel then discussed future additions 
to the Tables.

Additions to the International Oceanographic Tables

Dr. Grasshoff reviewed the literature on the solubility of oxygen 
in seawater and concluded that the recently published figures by 
D.J. Green and D.E. Carritt were the most reliable. The Sub-Committee 
on Chemical Analysis of Sea Water intends to recommend to the Hydro­
graphic Committee of ICES that this data should be used as the basis 
of new taoles of oxygen saturation of soa water. The Panel resolved 
that, if its recommendation were accepted, Dr. Green and Dr. Grasshoff 
should be asked to prepare the tables, which would then be distributed 
oy UNESCO as a new instalment of the International Oceanographic Tables.

There was soa» discussion 00 the desirability of publishing chlorosity 
tables. Professor Wooster considered thea unnecessary but other members 
of the Panel felt that they would be very useful to laboratories which had 
no computing facilities. It was decided that a Sub—Committee consisting 
of the Chairman, Mr. Menaché and Dr. Grasshoff should prepare the necessary 
tables.

The following is a list of proposed future additions to the 
International Oceanographic Tables

1) Refractive index anamaly/salinity (Dr. J.S.M. Rusby)
- in print.

2) Oxygen satura tica» values for sea water (Dr. E.J. Green, 
Massachusetts Institute of Technology, and Dr. K. Grasshoff)
- ready for printing in 1967 if ICES accept the recommendation 
that the data published by Green and Carritt should be used.

Chlorosity from chlorinity or salinity (Mr. F. Hermann,
Mr. Menache' and Dr. K. Grasshoff) - ready early in 1968.

3)



4) Specific gravity from salinity or conductivity. 
(Mr. M.J.M. McCartney and the late Or. H.A. Cox, 
SIO) orobably late 1968.

------- 5) Absolute electrical conductivity of sea water
.......tMr. M.J. fucker » Mr. C. Clays on and the late.........

J)r. K*A. Coae, ^ probably 19éöi

In the concluding session Professor Wooster asked for a statement 
on present knowledge of the equation of state of sea water and the 
Panel vas addressed by Professor Eckart and Dr. Fofonoff. It whs 
suggested that a monograph should be written on tile equation of s'tatft 
of sea water to clarify the situation and to show the oceanographer 
which measurements are still needed. Professor Eckart said he wsu, 
working on such a monograph. ......

Dr. Fedorov said that it had been the intention of hr. K.A. > ex 
to write a monograph on salinity of sea water and its determination, 
to be published by UNESCO. The Panel felt that the monograph shojii 
still be written, preferably by someone from NIC, and Mr. crease and 
Dr, Culkin agreed to collaborate cas Öiis.

Changea in Membership • : .. ^ i:. £;£ :: - .

Professor G. Dietrich, a founder member and former Chairman of 
the Fanel, expressed his wish to resign ano proposed that ;.e ji.t ui 
be replaced as SCOJR representative by Dr. K. Grasshoff. ' ;'

Mr. F. Hermann proposed that ICES should be asked to nominate 
Dr, F, Culkin .as their representative, to. .replace: the late. hr. h.h. ■ x..

■ '..'Dr, 'Fedorov proposed that Mr. Menache' should ae a Jiir. i reprist : 
on the Panel. Mr. Menache was aiso asked to represent the Panti n ** 
IUGG Committee on Critical Data.

Ule revised list of the Panel's members is given as Annex iii.

A draft resolution vas thea submitted by the Panel to I APO reques t £ 
approval of the nev definition of salinity in terms of electrical 
conductivity. It vas understood that the definition may be subject to 
modification when the effect of pH on conductivity is known. 'Ule Genera 
Assembly of IAPO * approved the above draft. The approved Résolutîou iï 
given in Annex IV.

• Row IAPSO International Association of Physical 
Sciences of the Ocean.
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Zhurnal Tekhnlcheskoi Fizlki, 28, No. 8, 174-0-174-7, 1938.
Transention froar- Soviet Physics - Technical Physics, (8), 1604.-1611, 1938.

Awi kêktl» KODOQiîTUïSKTOS PACïilîîPEKKJI NaCl, LiF, XCI, K3r 
OAûTAjJKOiîIILir.I I.ÏETQ^OM

B. n. KohcmanniUHOO, 3. H. EtjipeMoaa h B. SI. PbtCKitH

measurement of the coefficients of expansion

OF NaCl, LiF. KCi and KBr BY THE FLOTATION METHOD

B. P. Konstantinov, Z. N. Efremova and G. Ia. Ryskin

The technique of the measurement of coefficients of expansion by the flotation 
method is described and the results of measurements for NaCl, KCi, KBr and LÜ7 are 
given. The values obtained are in close agreement with the corresponding datfc of x- 
ray and interferometer measurements. The error of the method does not exceed,0.5- 
1.0%.

The coefficients of thermal expansion of NaCl, KCi, KBr and LiF have been repeatedly measured by several 
methods. The results of the measurements are in agreement within the limits of error of the measurements.which 
are about 1% for Interferometer and x-ray methods and 3-5% for dilatometer measurements. Evidently, the inter­
ferometer and the x-ray data are to be regarded as being the most reliable.

In a recently published communication [1], a new flotation method was proposed for measuring the coeffi­
cients of volumetric expansion, yc, of crystals. Estimation of the error of this method showed that the error of a 
single measurement ought not to exceed 1% of the measured magnitude.' Ule paper did not, however, give data 
on the experimental confirmation of the method.

The present paper describes the technique of the measurement of yc by the flotation method and gives the 
results of measurements for NaCl, KCI, KBr and LiF.

The flotation method of measuring the coefficient cf volumetric expansion yc is based on the accurate 
measurement of the difference in the densities of a float of known coefficient of expansion and of the investigated 
crystal. It is necessary to measure directly merely the flotation temperatures of the float and crystal In the two 
flotation liquids and the coefficients of expansion of these liquids.

The mean value of yc in the temperature range T^-T^ is calculated from these data by means of formula
(1)

= fl » liq (Ttc-Trf) - à t Uq (Tâ c ■- Ttf) ♦ d f (Trf- Trf )
c Pc (T*c “ Tlc) (1)

where Ttf and T1C are the flotation temperatures'of float and crystal in the first liquid ind Tzc and Tzf are the 
corresponding values for the second liquid: óf, öxiiq* ®iliq are the mean density variations for a temperature 
variation by 1*C; Sf - for the float in the range Tjf- Tjfj Ö|ji<j for the Ani liquid in the range T,c - Tjf; fl, uq 
for the second liquid in the range Tjq — Tjfj pc is the mean value of the density of the crystal iii the temperature 
range Tjc-T1c.

Experimental Setup

The measurement of yc comisa of the following operations; 1) growing the crystals of the investigated com - 
pound; 2) preparing the flos a; 3) preparing the flotation mixtures! 4) measuring the flotation temperatures of 
crystals and float; 6} determining of the flotation mixtures. .
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The following is a description of the operations enumerated.

1. Production of crystals. For the measurement of the coefficient of expansion by the flotation njrtlmH, 
any crystals arc soitaHc. esther natural or artificial, ptovliloil ilirv Inu'# no IncUulot.i of foreli,« matter end no 
cracks. In our measurement* we used cry»;;«U grown from melts of the well pinlllotl compound*. Tha degree of 
purity was checked by spectrum analysis. The crystals were grown on the end of a platinum pöhli mui had the, 
form of hemispheres 2-4 mm. in diameter.

2. Preparation of the floats. The floats were made from fused quartz. For measuring yc of NaCl and KCI, 
the density of which is less thaii thai of quartz, the floats used contained air bubbles, and for measuring the coef­
ficients of expansion of KBr and LiF, floats with platinum fused internally in them were urea.

The technique of preparing the floats differs little from the methods described in the literature for the pre­
paration of floats used in the analysis of the isotopic constitut*on of water [2], The accurate adjustment of the 
density of the floats was effected oy etching them in a satura,ed aqueous solution of ammonium fluoride. By com­
paring from time to time the flotation temperature of the floats and corresponding crystals, it was possible to ob­
tain floats, the density of which differed from the density of the given crystal by an amount which was as small 
as desired. It should be noted that when the floats are etched in a solution of NH4F, their surface remains smooth 
and bright.

3. Preparation of the flotation mixtures, A liquid having at the given temperature a denti.y equal :o the 
density of the investigated crystal was prepared by mixing two components, one of which had a density greater 
than thai of the crystal and the other a density less than thai of the crystal. The density of such a flotation mix­
ture must remain constant in the limits oi accuracy of the flotation measurements (0.2-0.5y), at least for a time 
sufficient to permit measurement cf the flotation temperature. To satisfy this fundamental requirement, the fol­
lowing conditions must be satisfied: 1) the solubility of the crystal Investigated must be negligibly low; 2) the 
components of the mixture must be chemically stable in the temperature range investigated! 3) evaporation of 
the liquid must be small and not accompanied by any change in density.

The preparation of liquids satisfying the conditions enumerated usually does not give rise to any difficulties. 
We used mixtures of bromoferm and ethylene bromide, bromoform and n-hexanol, and others. The bromoform, 
ethylene bromide, and other halogen derivatives were dehydrated by means of phosphorus pentoxide, and the al­
cohols by boiling with shavings of metallic calcium under a reflux condenser. After this treatment, the liquid 
was distilled in a vacuum (5-15 mm Hg). The distilled reagents and mixturea were kept in stoppered vessels in 
desiccators with fused KOH. _

4. Measurement of the flotation temperature. The crystals and floats were lowered into a measuring test 
tube containing the flotation mixture in an amount of 1.5-2 mm1. The test tube was closed with a ground-glass 
stopper and placed in the socket of a thermostat. The temperature in the thermostat was regulated with an accu­
racy of up to 0.002*C by means of a laboratory autotran*iormer by varying the current passing through the wind­
ing of an electrical heating element immersed in the thermostat.

The movements of floats and crystals were observed through a microscope (MIR) fixed to a stand, set up iii 
front of the thermostat. Fixed to the same stand was a microscope for reading a Beckmann thermometer graduated 
in 0.01*C.

The actual measurement of the flotation temperature was carried out as follows. The temperature in the 
thermostat was raised and lowered continuously, so that the crystal (float) correspondingly sank and floated. The 
interval between the temperatures of floating and sinking was gradually narrowed until it was 0.002-0.004*C. The 
temperature corresponding to the mean of the last interval was equal to the flotation temperature of the crystal 
(float) with an error not exceeding half the interval.

5. Determination of S ijq of the flotation mixtures.' The temperature coefficient of the density of the flot­
ation mixtures was determined by the piknometer method. A quartz piknometer with a capacity of 24 cc and a 
capillary 0.1 mm in di atae ter was used for this purpose. The piknometer was filled and emptied by means of a 
fore-vacuum pump. .

Fur measuring A^q ln thc range Tl T* where Tt < T„ the piknometer was filled with the Investigated 
liquid at a temperature below Tz and then placed in a thermostat heated to Tt. The temperature in the thermo­
stat was kept constant with an accuracy of * 0.002*C and was measured by means of a very accurate thermometer

1605
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(of the Beckmann type) graduated in 0.01’C.

The liquid escaping from the piknometer during the heating of the latter was removed from the end of the 
capillary by means of filter paper. Ten to fifteen minutes after the escape of liquid had stopped and its meniscus 
stood at the level of the capillary tip, the piknometer was removed from the thermostat, washed with distilled 
ethyl alcohol from a wash bottle, and weighed on an analytical balance. The accuracy of weighing was ± 0.2 mg.

In this way, the weight of piknometer with liquid was determined, corresponding to several temperatures 
within the range T, - TIt separated from each other by about 1*C. At the same time, the range of measurement 
7j - T2 was selected so as to comprise the points Tac and Tif of Interest to us and so that ali the temperature vari­
ations could be measured on one thermometer, l.e., within the limits of 5*C.

T!ic piknometer measurements of Bjjq were very long and tedious. In this connection. It should be noted 
that in a number of cases, the value of Siiq for the mixtures can be calculated from the values of 0t and Bt given 
in the tables for the pure components of which the mixture consists. Calculation is based on the assumption that 
à is additive and is carried our. according to the formula

ömix*8»*-*-®!*!-*). (2)

where x is the proportion by volume of the first component of the mixture.

Experimental confirmation of formula (2) for mixtures of bromoform and ethyl bromide showed that within 
the limus of accuracy of the measurement of 0(0.5%), the calculated values agreed with the experimental values.

Another method of determining 0 will be described below, the two-float method, giving a considerable re­
duction in the number of piknometer measurements,

II. Results of the Measurements

Sodium chloride. The crystals of NaCl were grown from a melt of the sali NaCl, mark “khch" (chemically 
pure). The coefficient of expansion of a natural crystal of NaCl (rock salt) was measured at the same time. The 
basic flotation liquid used was ethylene bromide, the density of which coincides with the density of NaCl at about 
2q,4*C. Bromoform was added to It for measurements at higher temperatures, and n-hexanol for measurements at
lower temperatures.

The temperature coefficient of the density of pure ethylene bromide, measured by the piknometer method 
and in the temperature range 28-25*C, was found to be

flliq = 2.091 • 10“*g.cm"* * deg”1.

The measurement of B of other flotation liquids required for the flotation measurements of the coefficient 
of expansion of NaCl was carried out by the two-float method. The essence of this method consists in the follow­
ing. The difference In the flotation temperatures of two quartz floats in the investigated liquid and in a liquid 
for which the value of B is known, for example ethylene bromide, is measured. Since the difference in density 
Ap of the two floats is constant, it is evident that

= (3)

where ATX and AT are the differences in the flotation temperatures of the two floats in the investigated liquid 
and in pure ethylene bromide. From this we find the temperature coefficient of the density of the investigated
liquid

(*)

For AT equal to 3-4*C, the relative accuracy of the measurement of 0X by the two-float method is about 
0.1%. if the true value of 0 is known. The results of the measure menu of ali the quantitiea (except 0 f) required 
for the calculation of ye of the crystals according to formula (1) are given fai Table 1. In the designation of the
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TABLE 1

Results of Measurements of the Coefficient of Expansion of NaCl

Specimen Composition of 
flotation mixture

Tc,*C Tf.'C ûliq*?**ï 
Xcm'1 X
X dcr."1

1
{PUq*
ÿsmJ

Pc - 
t/cm"1 ?«• P 

«*cg

Crystal No. 1 ’ CaH4Bra «-C,.HnOH 22.602 23.973 2.073 2.166 } 2.164 120.3grown from CaH4Bra CHUrj 33.322 33.359 2.116 2.163
the meli CjH.Brj-^n-Cr.HnOH 22.599 23.973 2.073 2.166 j 2.164 120.3» CjM^Urj CHBrj 33.427 33.464 2.116 2.163

QH<BrA 4- «-C,H,|OH 
CjH<Ürj -f CHUr« 3.3.325 33.359 2.116 2.166 1 2.164 121.»

Crystal No. 2
22.592 23.973 2.073 3.163

C2H4Bra-»-«-CnHnOH 22.594 23.973 2.116 2.166 j 2.16$ 120.5, CjH,Ura CHBrj 33.421 33.464 2.073 2.163
CaH4Bra n-CgHnOH 33.304 33.359 2.116 2.166 ) 2.164 120.6CjH4BrjCHBr, 22.582 23.973 2.073 2.163

Rock sali ' CjH.Brj n-CjHiiOH 22.582 23.973 2.116 2.166 j 2.164 120.0C|H4or| +■ CHBrj 33.403 33.464 2.073 2.163
* 33.322 ,33.359 2.116 2.163 J 2.161 121.1

Crystal No. 1 CaH4Bra CHBrj 49.781 47.838 2.156 2.159
33.427 33.464 2.116 2.163 j 2.161 121.149.772 47.830 2.156 2.159

' 33.325 33.359 2.116 2.163 ) 2.161 120.8-
Crystal No. 2 C|H4Brs *♦* CHBrj , 49.776 47.838 2.156 2.159

33.421 33.464 2.116 2.163 J 2.161 121.3-49.771 47.830 2.156 2.159

Rock salt CjH4Brj + CHBrj ,

f 33.304
49.751

33.359
47.838

2.116
2.156

2.163
2.159 J 2.161 121.2

33.403 33.464 2.116
2.156

2.163
2.159

} 2.161 121.6

Crystal No. 1 C8H4Br,-+-CHBr, J 33.322
63.388

33.359
59.853

2.116
2.185

2.163
2.155 J 2,159 121.S

Crystal No. 2 CjH4Brj-f- CHBrj | 33.325
63.388

33.359
59.853

2.116
2.185

2.163
2.155 J 2.159 121.4

Rock sali CxH4Brj + CHBrj | 33.304
63.357

33.359
59.853

2.116
2.185

2.163
2.155

} 2-159 121.7

columns corresponding to these quantities, the Indices *1* and ”2” have been omitted. Of the two lines arranged 
in pairs, the values given in the first line correspond to the index *1" and those in the second line to the index *2*.

The values of pc given in the penultimate column of Table 1 were assumed equal to

5 . Pic + Pic „ Pilla ♦ Psila **c 2 2

To find the temperature coefficient of density of the float we made use of the values given in the 'Inter­
national Critical Tables” for the coefficient of expansion of fused quartzi * 1.1 * IO'* deg'1 at 0*C and l.S *
• IO** deg*1 at 5Q*C.

It is obvious thai Ö £ s Tf Pf, where Pf is the density of the float. The floats and flotation mixtures were 
selected so that in one liquid the difference Tic - Tjf was nearly zero.

If this condition is observed, there is no need to measure 5tu'q and the error in the measurement of yc is 
reduced. If the difference (Tte — Tjf) was not equal to zero but did not exceed OJL'C, it was assumed in the cal­
culation of yc thai ■ fljiiq. .

The results obtained show that the divergence of die values of yc, calculated from different measure menu
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TA BLE 2

Coefficient of expansion of KCi and KBr

Sali

1 Composition of

1 flotation mixture1
TC.
*C

Tf.
*C

*l»q IO» 

cTn* deg

-fe
___slik pc.

g/cm*
yc*-i 
deg 1

KDr (

!
CHBrj -»- C2H,Brj 

the same
11.016
27.685

11.016
27.354 2.546

2.755
2.748

) 2.7515 117.0

KBr 1 CHBr. C.H,Br. 
CHBrj-»- n-CT*H||OH

11.016
29.162

11.016
26.882 2.522

2.755
2.748

) 2.7515 116.6

KBr f
i

CHBrj-»-C1H4Bri 
tile saute

11.016
49.664

11.016
44.872 2.581

2.755
2.742 ^ 2.7485 117.6

KBr 1
i

CHBrj-»- CH,Br, 
CHBrj n-CjHuOH

11.016
49.632

11.016
44.845 2.578

2.755
2.742

J 2.7485 117.3

KCI { CjHBrj CjHjjBr 
the tame

27.855
48.314

27.855
46.125

)"“{ 1.984
1.980

j 1.982 109.1

KCi ! Dibromopropanc fl.3) 
the tame •*- CHBrj

14.581
19.836

14.74P
19.377 ) 1.797 1.9894 1.9888 108.7

for .he same crystal, do not exceed i.c., they confirm, in the case of NaCl, the estimation of the accuracy
of the flotation method made in reference [1],

The results we have obtained do not confirm the difference observed by Srinlvisan [3] between the coeffi­
cient of expansion of rock sali and crystals of NaCl grown from the melt. The temperature dependence of yc, 
according to our data ,is leai pronounced than would follow from Srinivasani'• empirical formulas for synthetic 
crystals

a = 39.2 • IO-*3.9 • IO”*i°C ,a

and for rock salt .

a = 40.7 -IO-* -*-3.3* IO-* f°C, (6)

where a is the coefficient of linear expansion. ,

Potassium chloride and potassium bromide. Ali the data required for calculating the coefficients of expan­
sion of KCI and KBr and the results of the measurements are given in Table 2. As in the case of NaCl, the dis­
crepancies between the repeated measurements do not exceed 0.5*fr and are in agreement with the estimation of 
the accuracy of the method given in [1]. In the measured temperature ranges, within the limits of accuracy of 
the flotation method, no temperature dependence of the coefficients of expansion was observed.

Lithium fluoride. The measurements were made on two crystals grown from melts. Mixtures of bromoform 
and ethylene bromide were used as flotation liquids.

The piknometer method was used for determining the density and temperature coefficient of the density for 
the mixture in which the flotation temperature of LiF crystals was equal to 29.19*C. in the temperature range 
28-3Q*C, the value of 2.464 • IO"* g.cm"* * deg-1 was obtained for 8.

The measurement of 8 for the other flotation liquids was made by the two-float method. Unlike the mea­
surements for NaCl, KCI and KBr, the flotation temperatures of LiF were measured in previously evacuated and 
sealed ampoules. This eliminated fluctuations in the flotation temperatures due to partial evaporation of the 
liquid, and improved the reproducibility of the results of the measurements. The ampoule containing the liquid, 
crystals and floats was cooled in liquid air, evacuated by meant of a fore-vacuum pump, and thea sealed.

The resuits of measurements of the coefficient of expansion of LiF at different temperatures are given in 
Table 3. In this series of measurements, special experiments were made to confirm the fundamental condition of
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TABLE 3

Coefficient of expansion of LiF

Comp.
of flot*
ation
mi»-

S
vc<u-

-c
£>

«*
Et*
ao
Eo
da

Tc. Tf. ®liq * IO*,
pliq
g/cm*

pc rc. ,
deg"1

y , according
Specimen *C •c g/cm* • deg g/cm» o Sharma's 

Irmula

Crystal 1
18.00
29.19

17.23
27.284

2.4 13 
2.464

2639
2.636

} 26 96.7 102.8
k

18.008 17.231 2.443 2.639 } 2.6375 96.729.19 27.264 2.464 2.636

Crystal
’ 18.063

29.19
17.23
27.284

2.443
2.464

2.639
2.636 j 3.637$ 96.04 103A

18.090
29.19

17.233
27.284

2.43 
t 2.464

2.639
2.636

} 2.6375 96.05

Crystal 1

* 29.190
44.525

27.284
41.037

2.464
2.496

2.636
2.632

} 2.634 100.4 103.6

29.193 27.284 2.464 2.636 j 2.634 100.444.525 41.037 2.496 2.632

Crystal 1
44.525
55.264

41.037
50.674

2.496
2.520

2.632
2.6288

J 2.630 104.6 104.7

44.530 41.035 2.496 2.632 j 2.630 104.6255.284 50.674 2.520 2.6288
44.561
55.284

41.037
50.674

2.496
2.520

2.632
2.6288

J 2.630 104.4 104.7
Crystal 2 44.565 41.039 2.496 2.632 } 2.630 104.455.284 50.674 2.520 2.6288 •

55.284
70.064

50.674
63.888

2.520
2.554

2.6288
2.626

] 2.627 ,108.3 105.8
Crystal 1 55.290

70.064
50.675
63.888

2.520
2.554

2.6288
2.626

] 2.627 108.26

the applicability of the method: variation* in flotation temperatures on transferring the crystals from one liquid 
to another are due solely to temperature expansion of liquid and crystal and not to other causes, which could pro* 
duce a variation in density of the crystal (chemical reaction with the liquid, solution, cracks, etc,).

For this purpose, after each measurement in a given liquid, the crystals and floats were transferred to the 
same control liquid (Tc 3 29.19*C). .

Repeated measurements showed that in this control liquid, the different (Tc — Tf) for a given crystal and 
float was constant within the limia of accuracy of the flotation measuremenU, irrespective of whether the pre­
vious measuremenu had been made at high temperatures (up to 75*C) or low temperatures (10*C). The results 
given in Table 3 confirm the existence of an appreciable temperature dependence of tile coefficient of expansion 
of lithium fluoride, as was obtained by Adenstedt [4] and Sharma (5J. According to our data,however, this de­
pendence is more pronounced than follows from Sharma's empirical formula

a - 0.043376 ♦ 0.0720&4t ♦ 0.0104885c* (?)

where a is the coefficient of linear expansion of LiF.

For comparison, the values of yc, calculated according to Sharma's formula, are given in the last column 
of Table 3. .

The causes of the discrepancies between the corresponding values of 7C, obtained by our flotation method 
and Sharma's interferometer method, have not yet been explained.
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Comparison with Dara In the Li t c r a t u r e

Tabic 4 gives the results of flotation measurements of the coefficients of expansion of NaCl, KCI, KBr and 
LiF compared with the data of other authors. The discrepancies with recent x-ray and interferometer measure­
ments do not, as a rule, exceed 2-5%

TABLE 4

Results of Measurements of y for Some Halides

Method Temperature
range

T, *C 7 c deg"‘

Our dara, 1057

NaCl

Flotation 22.6 - 33.3 27.9 120.3
Fiseau [6], 1867 Flotation 33.3 - 49.8 41.6 121.2
Henglein £7], 1925 Interferometer 15 - 65 40 120
Straumanis, Levins [8], 1938 Dilatometer 0-50 25 115

Srinivisan [3], 1956

Our data

x-Ray 18 - 67 43 121.5
Interferometer

KCI

Flotation 27.9 - 48.3

20

32.1

120

109.1
Fiseau {6], 1867 Interferometer 15 - 65 40 114
Henglein [7], 1925 Dilatometer 0-50 25 110
Glover £9], 1954 x-Ray 40 108
Srinivisan [3], 1955 ' Interferometer 40 112.7

Our data, 1957

KBr

Flotation 11 - 29 15 116.8

Fiseau [6], 1867 . Flotation 11 - 49.6 30.3 117.5
Interferometer 15 - 65 40 126

Henglein £7], 1925 Dilatometer 0-50 25 118
Gott £10], 1942 x-Ray 18 - 100 59 Ilo .4
Connell, H. Martin £11], 1951 x-Ray 18 - 100 59 116.4

Our data

LiF

Flotation 17.2 - 27.3 22.3 9 6.4

Straumanis, Levins, Karlsons £8],
1938

Flotation 27.3 - 41.0 34.2 100.5
Flotation 44.5 - 55.3 49.9 10 ** •
Flotation 55.3 - 70.1 62.7 IOS .3

Sharma £5], 1950 x-Ray
Interferometer

14.6 - 59.4 37 102.15
30 103.26

SUMMARY

A detailed description is given of the technique of measuring the coefficients of expansion of crystals of
salts by the flotation method.

A float method Is proposed for measuring the temperature coefficient Ô of the density of a liquid, based on 
the measurement of the difference in flotation temperatures of two floats in the investigated liquid and in a con­
trol liquid, for which the true value of 0 is known.

The coefficients of expansion ye for NaCl, KCI, KBr and LiF have been measured close to room temperature. 
It is shown that the reproducibility of the measured values of yc is 0.5-1% This is in agreement with the estima­
tion of the accuracy of the method made by Konstantinov and Ryskin [1]. '

1C1A



Annex I, pege 8

The measured values of yc arc in satisfactory agreement with the results of recent interferometer and st­
ray measurements of tile coefficients of expansion of the corresponding salts.

. . . . ... .
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FLOTATION METHOD FOR MEASURING THE COMPRESSIBILITY 

COEFFICIENTS OF SOLIDS AND LIQUIDS

B. P. Konstantinov, Yu. M. Baikov and G. Ya. Ryskin

Leningrad Physlcotechnical Institute, Academy of Sciences, USSR

Compressibility coefficients are usually measured by pieaometric [1] or 
acoustic [2] methods.

The possibility of using a flotation method for density measuremenu or 
for compressibility investigations of solids and liquids was Indicated in a previous 
publication [3].

The present paper derives the basic formulae and describes the measure­
ment system end characteristics of a new flotation method for measuring com­
pressibility coefflcienu.

Derivation of the Formulae for the Compressibility Coefficients of a Liquid

Let the flotation pressures of two floats at the sema temperature in the liquid investigated be represented by
Pi ân<* Pi-

it is clear than . '

where pi(pi). Ps<Pi) and p|(pt) are dia densities of the first and second floatt and of the liquid at a pressure p,;and 
pii Pi) snd p](pt) are the densities of the second float and the sema liquid at a pressure of pq; 2y is the compressibility 
coefficient of the float.

From (1), the variation in the liquid density with variation in pressure from pj to pi is equal toi

The mean compressibility coefficient of the liquid over the range from pi to pi las

pi 0>i)=Pi (pi) 
Pi (Pi) — Pi (Pt) (1)

Pj(Pi) —Pi(Pi)[l -t-fy (Pi —Pi

(3)

and from (2) and (3) taking Into account (1) wo gen

(*)
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where Apy = pj(Pj) ~Pi(pi). ■

since under experimental condition» p,(pi)/pi(P:) is very close to unity, it it possible to use the simpiet 
formula:

Pi &ff 1
Si (Pi) Pi — Pi (5)

The value of £fy/pj(pi) can be determined by a flotation method. For this purpose it is sufficient to measure 
the flotation temperature of both floats Tj and T, in a liquid with a known coefficient of thermal expansion at 
constant pressure and to know the coefficient of expansion of the float 7y

fT(riT ~~ Ï/HF, — TJ. (6)

From (5) *.id (6) we get:

Pi=<Ti -7/>£rr£-*-(>ƒ• C')

Thus, in order to measure the compressibility coefficient of the liquid it is sufficient to measure the flotation 
temperature of the two floats at constant pressure.and the flotation pressure of the same floats at constant temper*
attire.

Let us examine the accuracy of this method. The relative error 6(3j£ƒ ) in measuring (ô/~ 8ƒ) is
HV —P/)=8(Ti — ?ƒ)-+- 5 ( /\ — 7*,)- -*-$(/>, —Pi). .

Normally )^«yj. Consequently 6(ÿj —ÿj ) « éÿj. With average pycnometer measurement accuracy it is 
possible to estimate the value of ôÿj as 0.1%. Assuming, on the baili of our experimental data and data contained 
in the literature, that the errors in determining the flotation temperature and pressure amount to *0.002"C [4] and 
sO.Ol atm. respectively, we obtain a maximum measurement error of approximately 2% if pi~pi * 6 atm.

* 50 x IO*' striT'.ÿj * IO** degree*1). The error decreases as the pressure interval increases. .

The compressibility of the liquid can be determined with a single float. If at pressures pt and pi dia flota­
tion temperatures are Tj and Ts»fespectively, we get:

!></>,. 7',)=p (p„ T,), <*>
Pi/>,. r,)=n (ft, 7V). <•>

From (8) and (9):

Pj iPu T'a) — {fit, 7*,)s=p0i„ TÙ—p(p„ T,). (IO)

Expressing the density variations of the liquid and the float by corresponding compressibility and thermal 
expansion coefficients, we obtain from (IO): - ,

h ip» T’iHft iP%— Pii—Tj (T*— Tj)] =
*=e0>.. }

From (8) and (11) we get:

ft <Ti “ T/> ÏXZh
Fa —Pi

h
Cia)
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Consequently, when using a singio float, it Is sufficient to measure the flotation pressure of the float pj arx! 
Pi at two temperatures T2 and T,. The accuracy of this method determined In the same way as thai of the two- 
float method described earlier. Indicates a maximum relative error for an individual measurement of (fy -fly ) 
of Th if the pressure difference amounts to 5 atm.

if. in the stead of the two-float method, the single-float method is used to determine compressibility 
coefficient: for the case of Urge pressure intervals, it becomes necessary to know the pressure dependence of .

Derivation of the Formulae for the Compressibility Coefficients of Solids

The single-float method described above can be used to investigate the compressibility of solids. If the 
compressibility coefficient of the liquid flj is known, siren the compressibility of the float material can bo deter­
mined from (12). The error involved is high, amounting to 40-603* If fly < 6 X IO’* atm*1.

A more accurate flotation determination of the compressibility of solids can be obtained by measuring the 
difference in the density of the crystal and float of known compressibility coefficient In two flotation liquids.

indicating the flotation pressures of the float and crystal In the first liquid by p2f and plc, the densities at 
these pressures by p( (pjf) and pc(pic),the corresponding values in the aecond liquid by p,f, pfc and p 
p c(p|C) respectively, we obtain: .

Pc (pic)=r(,<l (pic). J
Pf (/>!ƒ) = pi l(Plf), 1 (13)

Pc (Pic)=P.l (Pic)« 1
Pf (Pfl)=Ptl (Ptf)''1 (14)

From (13) and (14) we get;

[Pefac) — pc (P,c)l — 0/ (/».ƒ ) - P f(Pif)] = 

= [pû (rK) — Pti (Ptf)] — [P,i(Plc) — P,i

From (3) and (16) we get:

5 0*1 (p?c 1 (Ptc-Pif)-- ? f(Ptf-Pif)
?c —------------------- ------------—ZT_---- -------------- I vlo)

PtC Pic

where Fc is the mean compressibility coefficient of the crystal over the range p^ to pjC; fly is the mean com­
pressibility coefficient of the float over the range ptf to p*ƒ ; 7Tii and flt{ are the mean compressibility coef­
ficients of the flotation liquids over the intervals plc to pty and p*c to fof, respectively.

If the first liquid or the float is selected in such a way thai plc ■ Pi/, the second term in the numerator on 
the right-hand side of (16) becomes zero and it it no longer necessary to determine^ j j, In this case flc la given 
by the simpler expression:

?e=(P.iw

Thus, in order to determine the compressibility coefficient of the crystal, it is necessary to seléct a pres­
sure pic * pi ƒ and a temperature value at which the densities of the float crystal are equal,and then measure 
the flotation pressures of the float and crystal at the same temperature in another liquid.

The maximum relative error for an individual measurement of Qfc-"Jƒ ) Ui



— ?f) = 5(^1 -'?f)-,-*(Pic—Pic)-*-h(Ptc-‘ptf) (18)

The relative error in determining (fljl-flƒ ) docs not exceed 2%. The accuracy in measuring the flotation 
pressues it *0.01 atnti consequently é(pIC_pJC) * 0.5%if ftc’P»c * 5 *tm* However, the enoi 6 (fto-Pt ƒ) may 
be considerably larger. Thus, in the case of flotation of a NaCl crystal (fl c ■ 4.2 X IO”* .rm'1) and a quarts dost 
(5 ƒ * 2.6 x io’* atm*1) in ethylene bromide (ô*| * 62.7 X IO"* atorn"^ we get from <17)j

Ile - bf
fa* —PiC ) — 0A3 *,mo*

For the given flotation measurement accuracy 6(p*c~Pif) * 15% and consequently A(flc'9ƒ ) * 18%.

This does not take into account errors in the determination of the pressure and temperature at which the 
float and crystal densities are equal. In this case, the error &(Sc~if) for NaCi would increase to 25%.

increase in the difference pie~Pic io 20-00 atm would apparently decrease the error by 3 to 4 times.

Measurement Technique

The preparation of the flotation liquids and floats and the growth of the crystals were carried out as described
in [4].

The experimental measurement system is shown in Pig. 1.
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Fig. 1. Experimental arrangement, a) Beckmann thermometer; b) flotation 
test tube; c) manometer; d) reducer; e) compressed gas Cylinder; f) thermostat 
cover.

The thermc.tat temperature could be measured with an accuracy of 0:001*C by means of the Beckmann 
thermometer a graduated in 0.01’C, using a MIR microscope giving sevenfold magnification. The pressure in the 
flotation tube was produced by means of compressed nitrogen fed from the gas cylinder {_, via the reducer d, snd 
was measured by a standard spring operated manometer c, grade 0.2 with an upper limit of 6 kg /cm*. The re­
ducer g served to relieve the pressure in the system.

Figure 2 shows the test tube and brass cap used for measuring the flotation pressure.* The test tube contains 
a imaii glass rod. the lower end of which ia located 3 cm above the bottom of the tube but considerably below 
the level of the liquid in the tube. As a result any density variations arising in the surface layer of the liquid 
(e.g.. due to the solubility of the gas) do not reach the lower level at which the float and crystal ara located. This 
fact was established by special tests which showed that under constant pressure the flotation temperature remained 
unaltered for a considerable period of time (exceeding 8 hoars).

'Titii construction of a test tube and brass cap was previously used by B. P. Konstantinov and Yu. B. Kasei’man for 
a similar purpose. ■ . .
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The flotation pressure p^ was determined hy finding tile minimum pressure Interval within the limits jf 
-^hirh tile float (crystal) change* its direction of motion. The midpoint of this interval wai taken at the flotation 
pressure. It is cicar thai the error in determining py^ doei not amount to more than half of this Interval. In our 
experiment* die error amounted to IO.02 atm. In order to increase the accuracy in determining the flotation 
pressure we measured tile rate of movement of the float for a number of pressure values £ close to py . The»e 
caperi menu showed thai between the limits p-prj ■ *0.5 *tm., the rate of movement was dependent on £,
Using this relationship it was possible to determine Ute flotation pressure with an error of less than 0.01 atm.

Measure, ment Results

The flotation method was used to measure the compressibility coefficienu of ethylene bromide, brornoform 
and NaCI crystals over the pressure range from 1 to i kg /cm* et temperature* of 26.4 and 61.6*C for the first. 25.9 
and 6ft.3*€ for the second and 26.4*C for the NaCl. -

Fig. 2. Flotation test tube a) connecting 
tube; b) upper brass attachment; c) rubber 
gasket; d) lower brass attachment; e) liquid 
level; f) glass rod; g) ten tube of length 
27 cm, diameter 1 cm; h) float (crystal).

TÀB1Æ 1

Results of Compressibility Measurements for 
Ethylene Bromide at 26.4*C*

No. r,-r,.*c P* Pi- Icm h ■ ~
kg

1 0.257 4 18 61.9
2 0.259 4.18 f>2.3
3 0.254 4.14 61.7
4 0.258 4.16 62.4
5 0.263 4.24 62 4
6 0265 4.24 62.8*T 0.270 4.34 62.6
8 0.268 4.34 62.1
9 0.267 4.24 63.3

IO 0.279 4.44 63.2
11 0.349 5.60 62.7
12 0.279 4.01 62.9
13 0.349 5 00 63.1
14 0.302 4.75 63.9
15 0427 5.21 - 63.1

Mean 62.7

*ln experiments Nos. 1-11, 14 and 15 
yl - 965 X IO-* degree-1, v, = 1.3 X10-< 
degree-1; in experiments Nos. 12 and 13 
y i = 965 X IO-* degree-1, y y = 121 x 
X IO’* der-ee-1, ffy B 4.2 X io"* cm*/kg 
(float—1 .1 crystal).

The compressibility of the liquids was measured 
by means of a single-float method. In calculating 8j 
from (12) we used the values of y* given in [4] and 
tabulated values of and yy fer fused quartus y * 2.6 X 
xio”* atm"1 [5] and yy » 1.3 X IO-* degree-1 [6].

Air films or bubbles attached to the floats ha. no significant effect on the values of 8y and yy obtained 
for the floau.since their relative volume was small (leu than ft). •

The accuracy and reproducibility of the method are indicated by the measurement data given in Table 1 for 
ethylene bromide at 26.4*C sad la Tabl* S for sodium chlorida at 26.4*ê\ Um data show thai the maximum

ARS
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TABLE 2 TABLE 3

Recuits of Compressibility Measurements for 
Maci Crystals at 26,4'C* *

6

CuKUl

! •*- ! t} u! ^] DO! -x
j
! °

£ n c
 - 

rtf
 . k

g/
cm

*

DO-X
6u
h

U«r>y

DOJ*
•fe
O
§

ra

1 4.93 0. Î 3 1.6 4.2
2 4 39 0.19 1.4 4.0
3 3.97 0.12 1.8 4.4
4 4.24 009 1.3 3.9
5 4.29 0.10 1.4 4.0
6 S.lfi 0.14 1.6 4.2
7 5.11 0.20 2.2 4.8
fi 5.44 0.17 1.9 4.5
9 4.53 0.08 1.1 3.7

IO 4.67 0.08 1.0 3.6
1 i 4.96 0.12 15 4.1
12 5.21 0.11 1.3 3.9
13 5.20 0.17 2.0 1.6
U 4.77 0.13 1.6 4.2
IS 4.71 0.16 2.1 4.7
16 4.95 0.12 1.5 4.1
17 5.00 0.15 1.8 4.4
18 4.90 0.12 1.5 4.1
19 4.89 0.10 1.2 3.8
20 4.88 0.11 1.3 3.9
21 4.94 0.13 1.5 4.2

Mean 1.6 422

= 62.7 X IO"* cm*/kg. 6/ * 2.6 X 
X IO-* cmVkg. Experiments 1 to 6 and 
6 to 12 were carried out with crystals, 
pulled from the melt; experiments Nos. 
13 to ?1 with a rock salt crystal.

Compressibility Coefficients for Ethylene Bromide, 
Bromoform and Sodium Chloride

Material Measurement method 
and literature refer­
ence

a - io* 
cmVkg

1 T’C

Pie-ometric method*
m 61 26.4

Contact piezometer* * 
[8] 61.6 26.4

Ethylene Acoustic method [9] 63,1 26.4
bromide Flotation method 62.7 *0.1 26.4

Piezometric method*
m 76 61.6

Acoustic method [9] 77.7 61.6
Flotation 78.0 *0.2 61.6

Contact piezometer* * 
[8] 57.6 25.9

Bromo- Acoustic method [9] 56.6 25.9
form Flotation method 56.0 *0.2 25.9

Flotation method 72.2 *0.3 69.2

Two-dimensional 4.26 30

NaCI

compression* * <■
[Ul

Acoustic method* * 4.31 25
crystals [12] 4.2 25

Contact piezo­
meter** [IO] 4.20 *0.04 26.4

Flotation method

•Measurements within the Umiu 1-5.25 atm.
• * Extrapolated to die pressure value p«0.

deviation from the arithmetic mean of the complete seriej of measuremenu is approximately 2% for ethylene 
bromide, which is in agreement with the previous estimate of the error in determining liquid compressibility. In 
the case of NaCI, assuming the true value of fl/ to be known, the maximum deviation from the mean value of 
B c U approximately 15%. Examination of the data obtained indicates that the probable measurement error for 
Uquids is 0.2% and for NaCI crystals 1%,

The resulu of ali the measuremenu are summarized in Table 3, which for the purpose of comparison gives 
the isothermal compressibiUty coefflcienu of the «ame compounds measured by other methods. The latter are 
reduced to the same te- . ratures at which comparison was made with respect to the temperature dependence 
obtained in references t /, 8],

The data given in Tables 1 to 3 show that the flotation method is particularly suitable for investigating the 
compressibility of Uquids. The accuracy achieved with this method is comparable with that of the acoustic 
method, which is generally estimated as 0.25-0.8%. The simplicity of the apparatus and of the experimental 
«.Irangement may be mentioned as advantages of the flotation method.

In conclusion it may be said that the flotation method appears very suitable for investigating the compres­
sibility of polymers for which, as a nile, | is somewhat in excess of IO”* atm-1. In this respect it is interesting 
to note that the density and thermal expansion coefficient of the polymers can be measured simultaneously with 
the compressibility.



KESULTS

1. A new flotation method for meaiurlng the compresilbillty coefficienu of lolid* and liquid» ha» been 
developed.

2. Measuremenu were made of the compreuibillty coefficienu of ethylene bromide, bromeform and 
crystalline NaCI,

3. it is shown that the resulu obtained agree within 1-2‘fr with the reiulu obtained with the ume compound» 
by other method» of measurement.

4. The suitability of the flotation method for investigating the compressibility of liquids and polymer» h»i 
been demonstrated.
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1. FERAMEULE - Pour l’établissement d'une équation d’état de l'eau de
mer, la masse volumique de l'eau de mar devrait être connue, en ^ ^
fonction dea paramètres dont elle dépend, à la précision de 1.10 kg/m .

Des déterminations absolues de la masse volumique de l'eau de mer 
à la précision considérée ne semblent pas aujourd'hui à notre portée.
Eous aurions en effet, pour ce faire, le choix entre deux méthodes de 
mesures*

1. la mesure géométrique direote d'un volume* celui du pycnomètre 
qui contiendrait l'eau de mer, ou du flotteur qui y serait immergé.
Une telle mesure, parfaitement possible aujourd'hui, serait extrêmement 
coûteusej

2. le recours & un liquide de référence dont la masse volumique 
soit connue à une précision d'au moins 1,10 J kg/m , pour toutes les 

valeurs des paramètres dont elle est fonction.

Un tel liquide n'existe malheureusement pas encore. L'eau pure, 
qui a été utilisée jusqu'ici à cette fin, se révèle être un corps hétérogène, 
dont la masse volumique est connue avec une précision insuffisante. En 
effet:

1) La valeur de référence 999»972 kg/m^ qui a représenté 

jusqu'ici la masse volumique de l'eau privée d'air â 4°C et sous une 
atmosphère normals, ne se rapporte pas â une composition isotopique bien 
définie et, de ce fait, se trouve entaohée d'une incertitude de plusieurs 
unités de la 3ème décimale.

2) Les lois de variation de la masse volumique de l'eau en fonction 
de la temperature et de la concentration en gaz atmosphériques dissous 
sont insuffisamment connues. En particulier, la loi de variation avec la 
température est oonnue avec une incertitude qui devient sensible aux 
températures supérieures à 15°C, et qui croit avec la température.

L'"eau pure" ne convient dono pas comme liquide de référence, & la 
précision qui nous intéresse.

Il faut espérer qu'un jour proche, une nouvelle étude systématique 
de la masse volumique de l'eau serait entreprise; ou qu'il serait possible 
de construire un pycnomètre ou un flotteur dont le volume, dans des conditions 
physiques bien précisées, serait mesuré par voie géométrique avec une 
précision suffisante.

En attendant, la difficulté pourrait être tournée si nous pouvions 
disposer pour faire fonction de liquide de référence, d'un liquide pouvant 
être obtenu et conservé à l'état de parfaite homogénéité et de grande pureté, 
et dont la composition isotopique reste invariable. Ce liquide serait 
utilisé, pour lea déterminations de masse volumique, dans des conditions 
physiques toujours les mêmes. Nous prendrions par exemple une eau pure,
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de composition isotopique parfaitement définie et stable, exempte de 
gaz dissous, à 4°C et sous une atmosphère normale. La masse volumique 
d’un tel liquide serait une constante qu'on pourrait espérer déterminer 
pius tard, mais qui, en attendant, permettrait d'obtenir pour l'eau de 
mer les valeurs de la masse volumique à un facteur constant près, très 
voisin de 1.

2. CHOIX DU LIQUIDE LE REFERENCE - L'eau obtenue par la méthode de COX
et McCARTNEY (1965) & partir de l'eau de mar semble répondre parfaitement 
aux conditions requises d'un "liquide de référence". Sa composition 
isotopique serait pratiquement identique â celle de l'eau de mer, laquelle 
est remarquablement constante. Si l'identité de la composition isotopique 
des deux liquides est bien établie, l'eau de COX et McCARTNEY aurait, dans 
des conditions physiques données, une masse volumique stable â +2.10”^kg/m^ 
près.

Il faudrait, toutefois, bien s'assurer de l'identité de la composition 
isotopique de cette eau et de l'eau de mer. Cette identité a été vérifiée, 
à notre connaissance, par une seule série de déterminations, ce qui nous 
parait insuffisant.

Nous pensons nécessaire:

1) que plusieurs lots d'eau pure soient préparés à dea 
dates différentes par la méthode de COX et McCARTNEY*

2) que des échantillons de chaque lot soient soumis dans plusieurs 
laboratoires différents, à des analyses isotopiques portant sur l'oxygène-18 
et le deuterium. Des déterminations analogues devraient être faites par 
les mêmes laboratoires sur l'eau de mer & partir de laquelle a été préparé 
chaque lot d'eau pure.

Il serait en outre avantageux, par une modification appropriée de la 
méthode de COX et McCARTNEY, d'obtenir et d'enfermer dans les ampoules 
scellées, de l'eau privée de gaz atmosphériques dissous. Le liquide de 
référence devrait en effet, à notre avis, être défini comme exempt de gaz 
dissous pour les deux raisons suivantes:

1) les déterminations de masse volumique sur des liquides 
contenant une quantité appréciable de gaz dissous sont malaisées et 
incertaines, â cause de la formation sur les parois du pycnomètre ou 
sur le flotteur, de bulles de gaz qui faussent leB résultats et qu'il 
est difficile de bien éliminer*

2) la loi de variation de la masse volumique en fonction de sa 
concentration en gaz dissous est peu précise, et pourrait, dans certaines 
circonstances, donner lieu à une erreur de l'ordre de ± 1.10“^ kg/m^.

La proposition dea auteurs, de prooéder en cas de nécessité à une 
nouvelle distillation sous vide pour obtenir de l'eau exempte de gaz 
dissous, ne saurait être retenue, une pareille distillation entrainant 
inévitablement une modification de la composition isotopique du liquide.
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Le choix de l'eau de COX et McCARTNEY aurait, en outre, l'avantage 
de permettre la préparation du liquide de référence quelques jours 
seulement avant son utilisation pour des déterminations de masse 
volumique. On éviterait ainsi les longues conservations en ampoules 
scellées susceptibles, à la longue, d'altérer la pureté du liquide.

Le moment venu, lorsqu'il sera possible de procéder à la déterminaiio: 
absolue de la masse volumique du liquide de référence, ce liquide pourrait 
être fraichement préparé en vue de cette détermination fondamentale.

Le liquide de référence pourrait donc être défini comme étant 2 ,ea^^ 
de COX et McCARTNEY (composition isotopique analogue à celle du S.M.O.W.), 
exempte de gaz atmosphériques dissous, â la pression d'une atmosphère 
normale et à une température t°C à choisir. Toutes les déterminations 
qui seraient faites sur ce liquide de référence devraient l'être dans 
des conditions aussi voisines que possible de celles figurant dans la 
définition.

Quelle valeur choisir pour la température t ?

La température du minimum de dilatation thermique de l'eau, 4°C, 
parait la pius avantageuse â deux points de vue:

1) elle permettrait de se montrer moins exigeant sur la 
constance et l'homogénéité de la température de l'eau au moment des 
déterminations. Des variations de quelques dixièmes de deg C au sem 
du liquide seraient sans conséquence sur la précision des résultats;

2) la loi de variation de la masse volumique en fonction de la 
concentration en gaz atmosphériques dissous est mieux connue au voisinage 
de cette température, ayant fait l'objet d'une étude particulière de 
CHAPRJIS (I9IO), étude qui a porté sur l’intervalle de température Je
5 à 8°C. En cas de nécessité, les corrections correspondantes pourraient 
être faites avec un risque d'erreur pius faible.

La température 0°C ou celle du point triple de l'eau (+0,01°C) 
seraient également avantageuses â cause de leur facilité de production 
et de maintien durant de longues périodes de temps.

Il est toutefois difficile d'opérer â des températures très inférieures 
à l'ambiante, et de nombreux laboratoires préfèrent travailler â dea 
températures voisines de 20°C. Le choix pour l'eau de référence d'une 
temperature égale ou supérieure à 20°C, s'il facilite ainsi le travail 
pratique, présente à la fois un avantage et un inconvénient.

L'avantage est qu'à ces températures, l'influence des gaz dissous 
devient, d'après MAREE (l89l), négligeable.

l'inconvénient, et il est très sérieux, est qu'à ces températures, 
une variation de 1°C de la température de l'eau entraine pour cette eau
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une modification de la masse volumique de 1*ordre de 2.10“ kg/m^. La 

constance et l'homogénéité de la température du liquide devraient, dans 
cea conditions, être assurées, durant les mesures, à quelques millièmes 
de degré Celsius près.
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Resolution No. 11

The International Association of Physical Oceanography,

Considering that the techniques for precise estimation of 
dissolved salts in sea water have been significantly improved 
during recent years, particularly by the introduction of 
conductivity methods}

Noting the careful experimental work establishing the 
relationship between conductivity ratio, chlorinity and 
temperature carried out under the leadership of the late 
Dr. R.A. Coxi

Further noting the review and endorsement of this work by 
the Joint ICES/IAPO/SCOR/UNESCO Panel of Experts on Oceanographic 
Tables and Standards, and the publication by UNESCO of the 
International Oceanographic Tables, based on this worki

Resolves to endorse the International Oceanographic Tables, 
and the definition of salinity and the relation between 
salinity and chlorinity contained in the introduction to 
Table la therein, and to récemment their use by oceanographers.
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The members of the Joint Panel of Experts on Oceanographic Tables and 
Standards (Annex III) were invited to attend a meeting in Kiel fresii 10 to 12 December 
1969* The meeting was held at the Institute for Applied Physics of the University.

The members present were:

Mr. Frede Hermann (Chairman)

Mr. Odd Saelen 

Mr. Fred Culkin

Dr. N.P. Fofenoff 

Prof. W. Kroebel

Dr. K. Grasshoff 

Dr. Frederick H. Fisher

Mr. M. Menaché

The Soviet member, Mr. G.N. Ivanoff-Frantzkevich, was unable to attend the 
meeting.

The observers present were:

sem

Unesco 

I.f.M. Kiel

Prof. Kroebel welcomed the Panel to his institute, and the Chairman then 
opened the meeting. The agenda as proposed by the Chairman was adopted by the 
Panel as follows:

1. Adoption of the agenda.

2. Election of the Panel1 s Chairman.

3. Information on the progress of work:

(a) refraction index measurements;

(b) oxygen solubility tables;

(c) specific gravity of sea water;

(d) isotopic composition of distilled water;

(e) thermal expansion of sea water;

(f) conductivity of sea water under pressure;

Prof. W. Wooster 

Dr. G. Giermann 

Dr. K. Kremling

ICES

IAPSC0

SC OR

Unesco
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(g) measurements of sound velocity as function of pressure, temperature
and salinity;

(h) effect on conductivity of changes of composition of sea water.

4. Plans for further laboratory work.

5- Schedule of publishing new instalments to the International Tables.

6. Other matters

Item 2 of the agenda was postponed until 12 December.

Item 5 of the agenda

(a) Dr. Culkin referred to the work of Dr. J.S.M. Rusby. The measurements 
have been finished, the results published (Deep Sea Res. 1967, l4. 427 - 39) and 
the tables have been included In the Unesco Oceanographic Tables. The question 
of confirming these measurements was discussed but the Panel could not nominate 
anybody to perform the expensive measurements with the same precision as
Dr. Rusby. With the publication of the tables, the task of the Panel with respect 
to the refractive index measurements is fulfilled.

(b) According to the resolution of the Panel's meeting in Bern the ICES 
Sub-Committee for Chemical Analysis of Sea Water was asked to recommend further 
steps with respect to the oxygen solubility tables. The ICES group recommended 
in 1967 the smoothing equation of E.J. Green as the basis for new oxygen satura­
tion tables. In the meantime, new Independent measurements of the oxygen 
solubility in sea water had been made by Carpenter and by J.P. Riley. The two new 
sets of measurements agreed excellently between each other but disagreed to a 
certain extent from Green's measurements.

In February 1969 a meeting of the recent originators of oxygen satura­
tion values and others concerned with the question was held in Ft. Lauderdale, 
Florida. The meeting was sponsored by SC®. The participants were Prof. D.E. 
Carritt, Prof. Bruce Benson, Dr. E.J. Green, Dr. J.L. Carpenter, Dr. Joris Gieskes 
Prof. J.P. Riley, Dr. K. Grasshoff.

As a result of this meeting it was found that the raw data - after some 
necessary corrections had been applied to Green's measurements - agreed very well 
and that no significant differences could be found in spite of the fact that 
completely different techniques have been applied. It was decided that each 
originator should take ali raw data and apply his technique of smoothing and inter 
polation. The exp. values which are obviously out of the range by more than 
± O.03 ml/l should be rejected and a new smoothing should be made on the basis of 
the remaining data.

These calculations should be submitted to the Chairman of the meeting 
not later than fall 1969*

The participants did not feei that new measurements could improve the 
reliability of the existing data considerably.
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Unfortunately the submission of the recalculated saturation values was 
delayed so that at the time of the meeting no comparison of the different treat­
ments was possible.

In the meantime, R. Weiss from SCRIPPS Institute of Oceanography 
developed a simple equation for the smoothing of the experimental oxygen satura­
tion data of Carpenter and Riley. This equation has a sound thermodynamical 
basis and is derivated from the Vant*Hoff equation for the dependence of the 
Bunsen solubility coefficient from the temperature and from the Setchenof 
equation for the salinity dependence.

This equation has the form:

1nC s A1 + A2 W + a3 <■&> * Î3) * 3 *° <Vb2 )

and gives a mean standard deviation from the experimental data of ± 0.018 ml/1 
reso. ± 0.016 ml/1, depending on the source of the data used in the calculation.

The panel felt that this equation is the best available at present and 
should be used for the calculation of the new saturation tables.

It was decided that a copy of the preliminary paper of R. Weiss should 
be sent to the participants of the Ft. Lauderdale meeting for comments. Replies 
were expected by the end of January 1970. It would thus be possible to calculate 
the new tables before April 1970 and forward them to Unesco in May.

(c) Dr. Culkin gave a final report on the measurements of the specific 
gravity of sea water and the relationships to salinity and temperature. These 
measurements form the basis of the new tables to be published by Unesco as part 
of the Oceanographic Tables. The format of the tables was discussed. The Panel 
felt that the form of the U.S. Navy tables for the conversion of salinity and 
temperature into sigma-t is the most convenient. Moreover, it was discussed 
whether the basic determinations of the N.I.O should possibly be confirmed by 
an independent institution but it seemed unlikely that the Panel could nominate 
anybody able to do this with comparable accuracy. Dr. Kremllng mentioned in this 
connexion that some comparisons which he performed with the new instrument for 
the determination of specific gravity gave equal results. This instrument allows 
determinations of the specific gravity with a precision of * 3 in the third decimal 
of sigma-t. One determination takes only about 10 minutes. The principle is 
based on the measurement of the Eigenfrequency of a glass capillary filled with 
the sample. Before the final edition of the Unesco tables it was recommended 
to check the silicate content of the reference water. Attention should be paid 
to the results of the Soviet Institutes on the specific gravity - salinity - 
temperature relation. Mr. Crease - now head of the British Oceanographic Data 
Centre - should be approached by Dr. Culkin for calculation and Interpolation of 
the new tables in co-operation with Dr. Fofonoff and Dr. Fisher.

According to a suggestion of Dr. Menachtf the new Temperature Scale should be 
taken Into consideration in this connexion. The Chairman expressed the gratitude 
of the Panel to Dr. Culkin and his colleagues for their excellent work.

. *.
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The Panel discussed in this connexion the need for comparison of actual 
measurements of the specific gravity of random selected water samples from ali 
parts of the world ocean and the sigma-t values as calculated from the temperature 
and the conductometrically determined salinity. Such measurements seemed to be 
feasible now with the new precision instrument available at the I.f.M. Kiel. The 
Panel recommended to give Dr. K. Kremling ali necessary support to carry out such 
determinations. Dr. Kremling will approach certain institutes in order to arrange 
for the provision of samples. He was aiso asked by the Panel to perform some 
independent cross-checks on samples from the N.I.O.

(d) Dr. Menaché presented his report on the measurements of the isotopic 
composition of the reference water distilled according to the N.I.O. procedure 
from West Mediterranean water from about 2,000 m. The results of the measurements 
of the samples as supplied by the N.I.O. and by the I.f.M. show that there is no 
significant deviation of the isotopic composition of the original water and the 
distillate in either institute. The distillation procedure therefore can be 
recommended as a standard procedure for a reference water for the determination
of the specific gravity. In this connexion the adoption of the new temperature 
scale was again brought to the attention of the Panel. The Panel asked the new 
Chairman to submit a short note on this matter to some of the major journals in 
marine science. The Panel recommends strongly that ali calibration certificates 
etc. should state the use of the new temperature scale. The Chairman expressed 
to Dr. Menaché the sincere thanks of the Panel for his work. In this connexion 
the question of the determination of the absolute density of water was raised 
again. The discussions resulted in a resolution which was adopted by the Panel 
(Annex I).

(e) The members of the Panel reported on measurements of the thermal 
expansion of sea water. The Chairman read a letter from Dr. Ivanoff-Frantzkevich 
giving a progress report on the Soviet measurements of thermal expansion. The 
measurements will be completed by the middle of 1970* Dr. Fofonoff reported on 
work being carried out at the Woods Hole Oceanographic Institution by Bradshaw 
and Schleicher at 30.5# 35«0» 39«5 %>° S at pressures between 1 and 1,000 bars.

The design of further experiments was discussed, especially in connexion 
with the measurements of the absolute density of pure water.

(f) The Panel discussed the need for new independent measurements of the 
pressure dependence of conductivity. The number of in situ pressure - conductivity 
temperature - instruments is rapidly increasing. Apart from the experiments 
started at the Institute of Applied Physics In Kiel no laboratory could be 
nominated by the members of the Panel which Is at present engaged In conductivity 
pressure measurements. The Chairman recommended that the members of the Panel 
should Investigate whether and where such experiments are being performed or 
planned. In this connexion, It was discussed that there is aiso an urgent
demand for the extension of the temperature correction values of the relative 
conductivity below the range as published in the International Oceanographic 
Tables. Especially the low range (below 12 degrees centigrade) is of special 
interest because of the fact that most of the in situ conductivity measurements 
are made at low temperatures. At present, it is Impossible to convert the conduc­
tivity values messura* at low temperatures into conductivities at 15°C, as printed
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in the tables. Dr. 
R(t,p,S)/R(15,0,35) 
MT.S.P) .
X(15,35,0)

Fofonoff developed a system of ratios replacing the ratio 
In situ conductivity instruments measure the ratio

,T,S,P indicate electrical conductivity, temperature, salinity and 
pressure respectively. In order to convert these measurements to salinities it 
is necessary to know the function f (T,S,P) ■ X(T.S.P) .

X(15,35,0)
This ratio can be split into a number of ratios as follows:

X(T,S,P) = X(T.S.P) . MT,S,0) . XQS.S.Oj
X( 15,35,0) X(T,3,0) X(15,S,0) X( 15,35,0)

In this equation the last ratio is R15, which is tabulated against 
salinity in the Unesco International Tables, but measurements of the second 
ratio have not been made.

In order to calculate salinities from the measured ratio
X(T.s.p)
*(15,35,0)

and measured temperature and pressure It is necessary to measure the ratio
X(T.S.O) X(T S.O) _

a"t temperature below 12°C or to measure the ratio tXo)' The

intense discussion resulted In a second recommendation (Annex I).

(g) Prof. Kroebel presented a progress report on the measurements of sound 
velocity In sea water as a function of salinity, temperature and pressure. A 
new instrument for precision determination Is being developed at his institute 
which permits a level of precision in sound velocity measurement not known 
hitherto. Once the fundamental relationships are known, the sound velocity 
could be used for the determination of, e.g. pressure or density. The Panel 
had the opportunity to visit Prof. Kroebel*s institute and his outstanding 
instrumentation and experimental set-ups for the determination of the fundamental 
relationships as mentioned above. The Panel is convinced of the usefulness of 
Prof. Kroebel*s efforts and was very Impressed by this demonstration. It was 
decided by the panel to give Prof. Kroebel ali possible support. The Chairman 
will express the feelings of the Panel in a letter to Prof. Kroebel.

(h) Dr. Fisher presented a summary of the progress of work with respect 
to the equation of state of sea water. His evaluations were followed by a 
lively discussion.*

Dr. Kremling presented his investigations on the influence of changes 
of the Ionic composition of sea water of lower salinities and the impact on 
conductivity. Previous papers of Park and Grasshoff deal especially with the 
effect of the state of the carbonate system on conductivity. The presentation 
was followed by an intense discussion. It is the feeling of the Panel that such 
changes should not be neglected. A verification of the combined effects of 
sampling, storage and changes in the ionic composition is needed. The laboratory 
experiments show clearly that the third decimal of the salinity Is influenced 
and that the accuracy of the third decimal of the salinity as obtained by means
7*5 Dr. Fisher's presentation is reproduced in Annex II.

/ *
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of conductivity measurements is doubtful. The difference between accuracy and 
precision ought to be clearly understood by ali users of a conductivity instru­
ment. The best way of checking the accuracy would be to measure the density 
of samples taken on a routine basis with the new densitometer. Only by such 
measurements could the value of the third decimal be stated.

In order to check how changes in the carbon dioxide system affect the 
routine determination of salinity the Panel proposed that institutions which 
have the opportunity should make replicate determinations on a number of samples 
of conductivity ratio, density, C1$o and pH at different time intervals after 
collection of the sample.

(!) Plans for further laboratory work had already been discussed in connexion 
with the sub-items of Point 3 of the agenda. The discussions led to the two 
recommendations of the Panel.

(j) The calculations of the new sigma-t tables should be made as soon as 
independent checks have been made by Dr. Kremling. The tables and nomographs 
should be ready for submission to Unesco by the end of 1970» The oxygen satura­
tion tables should be ready for submission in May 1970. It was decided after a 
thorough discussion that the tables should have the arguments cm3/dm3, Salinity, 
Temperature. The spacing should be in full units of salinity, and two-tenths of 
a degree in temperature. To allow a computation of tables in other units, e.g. 
ml (S,T,P) per kilogramme of water, or micromoles or micrograraatoms per litre, 
the complete set of coefficients and the form of the equations will be published 
in the preface of the tables.

As it is confirmed by the redeterminations of the specific gravity that 
the new values do not deviate significantly from the values as published in the 
Knudsen Hydrographic Tables corresponding to tile second decimal in chlorinity, 
the Panel felt that the density values from the Knudsen Hydrographic Tables are 
sufficient for the computation of a conversion table salinity into chlorosity at 
20°C. Dr. Grasshoff was asked to compile such a conversion table with suitable 
spacing of the arguments. This conversion table should then be published as an 
annex to the Unesco Hydrographic Tables, as decided already at the Beni Meeting 
of the Panel.

Item 2 of the agenda:

The Panel elected Dr. Grasshoff as the new Chairman.

It was decided that the Panel should meet again when new investigations and 
measurements of relationship as.mentioned under items (e), (f), (h) are performed 
and further additions to tl» Unesco Hydrographic Tables could be provided.

The Chairman closed the meeting at noon on 12 December 1969, with thanks to 
the host, Prof. Kroebel.
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ANNEX I

RECOMMENDATION 1969, NO. 1

The Joint Painei on Oceanographic Tables and Standards determined that 
knowledge of the absolute density of sea water as a function of temperature and 
salinity is necessary to an accuracy of one part per million. Such precision 
cannot be obtained without acknowledgement of density of pure water to at least 
the same accuracy in order to use pure water as a reference for the sea water 
measurements. With the adoption of the new International Practical Temperature 
Scale in 1968 (Metrologia, 1969» V (2), pp. 35“44), in which the triple point 
of pure water is taken to be of water having the isotopic composition of ocean 
water. It is recommended that measurements of the following properties be made 
at a pressure of one normal atmosphere of degassed water of known Isotopic 
composition, preferably as close as possible to that specified above.

1. Absolute density at 4°C and preferably at at least two other temperatures
0° and 20°C.

2. Thermal expansion to an accuracy sufficient to calculate density to the
required accuracy from 0° to 40°C.

The Panel recommends that the measurements be made at least at two different 
laboratories, such as Bureau International des Poids et Mesures, National Bureau 
of Standards, National Physical Laboratory.

Considering that, at temperatures superior to 16°C, the density of pure 
water is now known only with an insufficient precision, it is recommended that, 
at the time of future determinations of density of sea water, the calibration 
with pure water is made at 4 or 0°C solely, the thermic dilatation of the 
sinker (or pycnometer), if it is not known, being able to be determined on a 
sample of sarae material, interferometrically.

The Panel hopes that, if necessary, funds can be obtained to ensure that 
this work can be accomplished.

The Panel asks ali great international oceanographic organisms to endorse 
this Recommendation.
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ANNEX II

Analytic Equation of State for Water and Sea Water

F.H. Fisher,
Robert Bruce Williams and O.E. Dial, Jr.

University of California, San Diego 
Marine Physical Laboratory 

of the
Scripps Institution of Oceanography

The following is a brief summary of the results of work reported 

at the meeting of the Joint Panel on Tables and Oceanographic Standards 

in Kiel, December 1970. This work will be presented for pub­

lication in more detail at a later date, probably in the Journal of Geophys­

ical Research.

The equation used is the Tumlirz equation used by Eckart —^ in 

his paper on this subject

V = V +• Po + P (1)

where V is the specific volume (cc/gm), p the pressure (bars) and , 

A , and Po are temperature dependent parameters. This equation fits 

the pure water PVdata of Keli and Whalley —^ (K&W) to a precision with 

the standard deviation of approximately IO PPM over the temperature 

range of 0 to 100°. A total of 20 terms appear in the three parameters 

V , A and P (Table I).OD

In attempting to fit Eq. (1) to the sea water data of Wilson and 

Bradley—(W&B), the most extensive set of experimental data from a 

single laboratory, we found that Po , A and V displayed an erratic
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dependence on salinity. When a was constrained to be the value de­

rived from the pure water data of Keli and Whalley, it was found that Po 

and Vœ displayed a linear dependence on salinity. Finally, the equa­

tion used to fit the sea-water data is that shown in Equation (2)

V = V - KjS + A
Po + I^S + P

(2)

where A , V and Po are those values used to fit the pure water data.00

displays a quadratic temperature dependence and a linear one

(Table I).

Use of Bradshaw and Schleicher's —^ (B&S) data on thermal ex­

pansion has been incorporated in our results in the coefficient K| . It 

appears from the B&S data that the W&B data is less reliable at low tem­

peratures .

It should be noted that the pure water equation has a density max­

imum at 4.00°C. Use has been made of the atmospheric pressure data 

discussed by Keli in addition to the PV data of K&W.

The density maximum for sea water shows a greater salinity de­

pendence; that is, the cross-over of the freezing point and the density 

maximum occurs at a lower salinity than stated in the text books, in this 

case at ~22j6« instead of ~255^« •

This equation, FWD for Fisher, Williams and Dial, then requires 

20 terms for the 0-150° pure water data and only five additional terms 

for sea water. A truncated equation for pure water will be examined to 

see if the number of parameters for pure water can be reduced in order
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to represent only the data between 0° and 40°.

Table II shows the fit of the FWD equation to the W&B data.

Table III summarizes results of various investigators for the 

thermal expansion coefficient of sea water shown in the W&B technical 

report along with our results.

Table IV in an analogous manner summarizes the specific volume 

results along with ours and those calculated by us from Li's results.

Similarly, Table V summarizes the compressibility results.

In Table VI we compare our results for thermal expansion {9V/3Ï) 

against those of B&S as a function of temperature, salinity and pressure. 

At 0° we find the greatest disagreement with their results.

In Table VII we do see, however, that changes in specific vol­

umes from -2° to +2° calculated by the FWD equation compare very fav­

orably with the results of B&S. In this case we are comparing our values 

from our equation against their raw data.

Values of the adiabatic gradient calculated from the FWD equation 

for S=35%0 were slightly lower than those reported by Fofonoff —'^, for 

example, 4% at 2° and 4d0 bars and 7% at 2° and 1,000 bars.
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TABUS I

TUMLIRZ EQUATION FOR PURE WATER AND SEA WATER

v = v - Kis » p Tk'sTp

X « 1788.316 + 21.55053*T - 0.4695911*T2 + 3.096363 x 10~3 T3 - .7341182 x 10~5*T4

P = 5918.499 + 58.05267*T - 1.1253317*T2 + 6.6123869 x 10~3*T3 - 1.4661625 x 10_5*T4 
o

= .6980547 - .7435626*lo“3*T + .3704258 x 10~4*T2 - .6315724 x 1Q~6*T 

+ .9829576 x lo"8*T4 - .1197269 x 10_9*T5 + .1005461 x 10_11*T6

- .5437898 x 10~14*T? + .169946 x lo”16*T® - .2295063 x 10"19*T9

K, = 2.679 x 10~4 + 2.02 x 10_6*T - 6.0 x 10~9*T2

K2 = 10.874 - 4.1384*10~2*T

X bars cc/gm

Pf P , bars 
o

K2 bar/o/oo

V„ cc/gm

K1 cc/gm/o/oo
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TABLE II

Standard deviations in parts per million of the fit of the FWD 
equation to raw specific volume data of Wilson and Bradley vs. 
temperature and salinity. (Temperature cited is nominal since 
data were taken at varying temperatures near cited one.) The 
average of the standard deviations is 107 ppm for ali the data.

S o/oo 10.221 20.720

% 0° 208 175

•v 5° 173 129

'vlO® 128 51

M5° 102 38

^20° 42 76

*25° 17 60

^30° 17 106

V35° 22 117

-V400 19 154

1.881 35.568 40.370

230 264 156

212 187 226

167 172 45

94 134 55

44 140 37

85 95 62

93 47 104

55 43 98

34 loo 161
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TABLE III

T°C

0°

10°

20°

30°

40°

THERMAL EXPANSION OF SEA KATER (S = 35°/00)
COMPARISON TABLES

P Hydrographic
Bars Tables Eckart Crease NOL FWD

x 10~5 x IO-5 x 10~5 x IO"5 x 10~5

1 5.2 8.0 5.6 7.8 5.76
200 10.5 13.4 10.6 13.2 10.9
400 15.4 18.2 15.0 18.0 15.4
600 19.8 22.5 17.1 22.2 19.3
800 23.2 26.6 22.6 26.1 22.6

1000 26.5 29.5 25.6 29.5 25.5

1 16.7 16.2 16.7 16.3 16.6
200 20.2 19.9 20.1 20.0 20.1
400 23.3 23.1 23.2 23.3 23.2
600 26.1 26.0 26.1 26.3 25.9
800 28.6 28.8 28.6 29.0 28.3

1000 30.9 30.7 30.8 31.3 30.5

1 25.7 23.8 25.7 24.1 25.6
200 27.8 26.2 27.7 26.5 27.8
400 29.8 28.2 . 29.7 28.6 29.7
600 31.7 30.0 ' 30.6 31.5
800 33.5 31.7 32.3 33.1

1000 35.5 32.9 33.8 34.6

1 33.5 31.3 33.4 31.7 33.4
200 34.7 32.5 34.6 33.0 34.5
400 36.1 33.6 35.7 34.2 35.6
600 37.6 34.4 35.2 36.5
800 39.3 35.2 36.1 37.5

1000 41.4 35.8 36.9 38.3

1 41.0 39.4 39.6 40.5
200 41.8 39.5 40.0 40.7
400 43.0 39.5 40.2 41.1
600 44.6 39.5 40.5 41.4
800 46.9 39.5 40.6 41.7

1000 49.6 39.5 40.7 42.1
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TABLE IV

SPECIFIC VOLUME OF SEA WATER, (S = 35°/00) 
COMPARISON TABLES (cmVgm)

T°C
P

Bars
Hydrographic

Tables Eckart Crease NOE

0° 1 .9726 .9726 .9727 .9726
200 .9639 .9640 .9640 .9638
400 .9557 .9557 .9558 .9556
600 .9479 .9480 .9480 .9479
800 .9406 .9407 .9407 .9406

1000 .9337 .9338 .9338 .9337

10° 1 .9737 .9736 .9737 .9738
200 .9654 .9654 .9654 .9654
400 .9575 .9575 .9576 .9576
600 .9501 .9502 .9502 .9502
800 .9430 .9432 .9432 .9432

1000 .9364 .9366 .9365 .9366

20° 1 .9758 .9757 .9758 .9757
200 .9677 .9678 .9678 .9677
400 .9601 .9601 .9602 .9601
600 .9528 .9530 .9529 .9529
800 .9460 .9462 .9461 .9461

1000 .9395 .9397 .9394 .9396

30° 1 .9787 .9784 .9789 .9784
200 .9708 .9706 .9709 .9706
400 .9632 .9631 .9632 .9631
600 .9561 .9560 .9560 .9560
800 .9494 .9493 .9491 .9493

1000 .9431 .9430 .9424 .9429

0O*»> 1 .9823
•

.9819 .9819
200 .9745 .9741 .9741
400 .9760 .9666 .9667
600 .9601 .9596 .9596
800 .9535 .9529 .9529

1000 .9473 .9466 .9466

FWD

.9725

.9638

.9556

.9479

.9406

.9337

.9736

.9653

.9575

.9500

.9430

.9363

.9757

.9677

.9600

.9528

.9459

.9394

.9786

.9707

.9632

.9560

.9492

.9428

.9722

.9744

.9669

.9598

.9530

.9466
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TABLE V

COMPRESSIBILITY OF SEA WATER, S = 35°/00 
COMPARISON TABLES

(Bars )

P Hydrographic
T°C Bars Tables

x IO-6
Eckart
x IO*6

Crease
x IO*6

NOL
x IO*6

FWD
X IO*'

0° 1 46.2 46.5 46.4 46.7 46.3
200 44.0 44.0 44.0 44.1 43.9
400 41.7 41.7 41.7 41.7 41.7
6CO 39.7 39.5 39.6 39.5 39.6
800 37.8 37.5 37.7 37.5 37.7

1000 36.2 35.7 35.9 35.7 36.0

10° 1 44.1 44.1 44.1 44.3 44.0
200 42.0 41.8 41.9 42.0 41.9
400 39.9 39.7 39.9 39.8 39 .9
600 38.0 37.8 38.1 37.8 38.1
800 36.4 36.0 36.3 36.0 36.4

1000 34.9 34.3 34.6 34.3 34.8

20° 1 42.6 42.5 42.7 42.7 42.6
200 40.6 40.5 40.6 40.5 40.6
400 38.7 38.5 38.7 38.5 38.8
600 36.9 36.7 . 36.7 37.0
800 35.3 35.0 ' 35.0 35.4

1000 33.9 33.4 33.4 33.9

30° 1 41.8 41.6 41.9 41.7 41.7
200 39.8 39.6 39.8 39.7 39.8
400 37.9 37.8 38.0 37.8 38.1
600 36.1 36.1 36.0 36.4
800 34.4 34.4 34.4 34.8

1000 32.9 32.9 32.8 33.4

0OV

1 41.4 41.3 41.2 41 - 4
200 39.3 39.3 ' 39.3 39.5
400 37.2 37.5 37.4 37.7
600 35.3 35.8 35.7 36.1
800 33.4 34.3 34.1 34.5

1000 31.6 32.8 32.6 33.1
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TABLE VI

Comparison of 

equation with 

comprehensive

TPSvalues of -r— ' ' in parentheses calculated from FWD 3T
those of Bradshaw and Schleicher computed from their 

formula.

Unit of
3v,

3T

w
T,P,S IO -6 3cm

g°c

S = 30.50°/oo

T°C
P,bars 0 IO 20 30

1 (43) 39 (154) 154 (246) 246 (325) 324
500 (159) 158 (230) 229 (291) 290 (345) 346

1000 (235) 240 (284) 284 (324) 323 (362) 362

S == 35.00 000

T°C
P,bars 0 IO 20 30

1 (56) 52 (162) 162 (250) 251 (327) 327
500 (166) 166 (234) 234 (293) 293 (346) 347

1000 (238) 244 (285) 286 (325) 325 (361) 363

S == 39.50 0 > 0

T°C
P, bars 0 IO 20 30

1 (68) 65 (169) 170 (254) 256 (329) 329
500 (172) 174 (238) 239 (295) 296 (347) 348

1000 (241) 248 (287) 289 (325) 326 (361) 363
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TABLE VU

Calculated values from FWD equation vs. B&S observed 
values for the change in the specific volume of sea 
water from -2° to +2°. FWD values are listed in 
parentheses: Units are in IO“6 cc/gm.

P bars
Salinity o/oo

201.3
35.004

401.2
35.005

601.0
35.004

800.9
35.002

T°C

-2
(-269) (-352) (-415)
-277.1 -356.9 -424.3

(-101)
-1 -97.5

0
(0) (0) (0)
0 0 0

(0)
0

(230) (310) (379) (437)
225 310 383 445

1000.8
35.006

(-467)
-480.5

(0)
0

(486)
498+2
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