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Abstract. In the current state of the art, salinity is a quan- defined by Perkin and Lewis (1980). This algorithm gives
tity computed from conductivity ratio measurements, with practical salinities from the ratio of the electrical conductiv-
temperature and pressure known at the time of the meaity of seawater at 15C related to that of a standard potassium
surement, and using the Practical Salinity Scale algorithnchloride solution (KCI).

of 1978 (PSS-78). This calculation gives practical salin- |n practice, in laboratories, salinity is computed from
ity valuesS. The uncertainty expected in PSS-78 values isa conductivity ratio measured with salinometers calibrated
+0.002, but no details have ever been given on the methogith IAPSO standard seawater bottles whose salinity and
used to work out this uncertainty, and the error sources taconductivity ratio at 15C or K15 are known. At sea, in-
include in this calculation. Following a guide published by struments are equipped with conductivity cells calibrated and
the Bureau International des Poids et Mesures (BIPM), usinginearized in seawater baths whose temperature is controlled
two independent methods, this paper assesses the uncertaind measured with great accuracy and whose salinity is de-
ties of salinity values obtained from a laboratory salinometertermined by salinometers.

and Conductivity-Temperature-Depth (CTD) measurements The world Ocean Circulation Experiments (WOCE) pro-
after laboratory calibration of a conductivity cell. The re- gramme suggested that temperature and conductivities could
sults show that the part due to the PSS-78 relations fits i$e measured respectively to 0.0@and 0.002 mS crt, re-
sometimes as significant as the instrument's. This is particsyting in a salinity measurement accuracytdf.002 (Saun-
ularly the case with CTD measurements where correlationgjers et al., 1991), but no details were given on the method
between variables contribute mainly to decreasing the uncergsed to work out the uncertainty measurements and which
tainty of S, even when expanded uncertainties of conduc-grror sources should be included in this calculation. Several
tivity cell calibrations are for tr_le most part in the_order _of Conductivity—Temperature-Depth (CTD) instruments manu-
0.002mS cm'. The relations given here, and obtained with faciurers propose equipment whose specifications are sup-
the normalized GUM method, allow a real analysis of the un-posed to fill these criteria. However, which are really the un-
certainties’ sources and they can be used in a more genergprtainties obtained on the measurements needed to establish
way, with instruments having different specifications. or to check these criteria? A simple addition of uncertainties,
as often seen in manuscripts, (cf. Uschida et al., 2008, for
example) is incorrect because sensitivities and input quantity
correlations must also be taken into account in the calcula-
tions.

Salinity is one of the fundamental quantities for which mea-  Since 1995, the Bureau International des Poids et Mesures
surement or computation is essential to determine the fundalBIPM) has published a guide for the evaluation of measure-
mental properties of seawater. In the current state of the arthent data and the expression of uncertainty in measurement
salinity is computed from conductivity ratio measurements,(GUM) (BIPM, 2008) based on combined variance of input
with temperature and pressure known at the time of meaguantities. In 2008, it offered a supplement to the GUM

surement, and using the Practical Salinity Scale algorithmbased on the propagation of distributions using a Monte
Carlo method (BIPM, 2006). A probability density func-
tion is attributed to each input variable of a mathematical

Correspondence tdvl. Le Menn relation, and a piece of software works out the output vari-
m (marc.lemenn@shom.fr) able of the relation by generating random numbers for each
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input variable. From the results, the software can produceSo, G(¢t) and Gg(t) are strongly dependent on the stability
a histogram of the output variable distribution and its varia- of the cell temperature. The other quantities can be con-
tion statistics (mean, standard deviation, etc.). The GUM andsidered as being independent. Then, the GUM method ap-
Monte Carlo methods are two independent ways to calculatglied to this relation gives the combined standard uncertainty
a measurement uncertainty. uc(R;)of the R, measurement:

The goal of this paper is to assess the uncertainties of
practical salinity calculations using these two methods, when s (IRN\? 5 (R \?, IR \? ,
salinity is obtained from laboratory salinometer measure-”C(R’) - (E) ”G+<E> UGst™ <%> UK1s

ments or from CTD measurements after laboratory calibra- 2 2
. . . aR[ 2 aR[ 2
tion of conductivity cells. +—) us+ ug)
31} Tt aakce" cell
AR, IR, .
2 Uncertainties on salinities calculated from salinome- 3G 3G ¢ oSt C.Os ®)

ter measurements

ug andugst are the standard measurement uncertainties of
Laboratory salinometers are calibrated with IAPSO standards and G, andrg g, is their estimated correlation coef-
seawater (SSW) bottles distributed by OShww.OSIL.co. ficient. We can suppose that; = ugst because measure-
uk), which has the international exclusive rights to do so.ments are made with the same instrument. In the case of
The ratioK 15 of the seawater bottle is determined by OSIL a cell temperature drift between the moment of calibration
and written on each bottle. Then the conductivity cell of a with the SSW and the moment the sample is measured (this
salinometer at the temperatureaneasures the conductivity is often the case), thé andGs; values depend on this drift.
Gst(t), so that: They are, then, strongly correlated® st can be inferior
to 1, but let us deliberately take the extreme case where
16,6y = LUk, sy, andusy,, are respectively the standard

C(35, 15, 0) is the conductivity of standard seawater with amMmeasurement uncertainties Kis, r, andékcer. With these

salinity of 35 at the temperature of 16 and the pressure of €léments, the calculation of(R;) gives:

0 dbar.kcelstis a value adjusted by the salinometer and which ) ) )

is inversely proportional to the cell constant at the time and (R)? = R2[<1— g) (uc)2+ (ums) + <@)
) —

Gsi(t) = K15C (35,15, 0)kcelist 1)

the temperature of the measurement. For a seawater samplec, Gst G K15 Ty
the cell will measures (1), so that: 2

(M) (6)
G (1) = Ry C(35,15,0)kcell ) Skeell

kcell being the value inversely proportional to the cell con-
stant, at the time and the temperature of the measuremen&early with the minus sign in the first member of this re-

Ry is the ratio displayed by the salinomet@ is equivalent lation, in the same way as measurements are more precise

t0 K15 for the seawater sample, is the temperature Correc- \pon G, i.e. when the salinity of the sample is near the

tion polynomial of the PSS-78, used to compensate for thesalinity of the seawater standard used to calibrate the sali-
temperature effect of the sample:

nometer.
re = co+cit +cat? +cat® +cat® (3) The numerical estimation afc(R;) has been made with

. the specification values of a Guildline Instruments Limited
whereco, c1, c2, c3 andcy are constants given for the cal- (Ontario, Canada) Portasal salinometer. Portasal is one of the

culation of salinity (Perkin et al., 1980). See Appendix A to pest known salinometers because, according to Guildline, it
obtain the numerical values of the PSS-78 constants. If wecan “deliver salinity calculations on-board ships with labo-

The advantage of measuring a conductivity ratio appears

call 3kcell the ratiokcelistkcel, R is given by: ratory level accuracy”. So, it is interesting to calculate its
measurement uncertainties.
G(1) Kis - -
=G O cell 4) ug can be assessed by the specified conductivity res-
st t

olution of this instrument which is of 8 100*mScnt?

The relation (4) describes the conductivity ratio displayed byat § = 35 ands = 15°C or G = 429175mScm?’. The

the salinometer and used to calculate the salirttyr) and measurement range of the Portasal extends from 0.004 to
Gi(r) are two quantities correlated by the temperature. The76 mScnt?, and its resolution can vary frommin = 2 x
electrical conductivity signal is a function of salinity, tem- 10~*mScnm ! to rmax= 5.3 x 10~-4mS cnt. According to
perature and pressure. However, under typical conditions ithe GUM supplement 1 (BIPM, 2006), with this available in-
is admitted (cf. Lueck, 1990) that the variations of this sig- formation, a right-angled triangular probability density func-
nal are dominated by temperature to about or at least 80 %4tion (pdf) can be assigned to;, with a maximum at the
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value 53x 10~4mS cntL. The standard deviation of such a to make estimates according to the Monte Carlo method, the
function leads to express; as: Oracle Crystal Ball software version 11.1.1.1.000, was used
in Microsoft Excel 2002. Table 1 summarizes the parame-

G= (rmax— rmin) (7) ters of the input quantities and the results. It appears that the
V18 biggest contribution to the uncertainty &y comes from the
This relation givesug = 0.75x 10-4ms cnrl. temperature stability vig, variations. The second contribu-

ks has been estimated by Bacon et al. (2007). Accord-lion comes from the uncertainty of tis ratio.
ing to this paper, the expanded uncertainty of the standard Finally, the uncertainty o was calculated using the PSS-
seawater conductivity ratio has been found to be1n~5 78 relation:

with a coverage factor of 2 at the time of manufacture. This 5 o (t-15 & o
value includes the uncertainty due to the KCI quality usedsS = ZajR,’/ +m bR}’ 9)
to prepare the reference conductivity according to Bacon et j=0 j=0

al. (2007). Kawano et al. (2005) demonstrated that a defaul

of quality could include an uncertainty of 0.001 in the value of salinity (Perkin et al., 1980) . This relation has two input

of the stand_ard sallmltyi. .AS _Bacon et al. (2007) is more variables: R, andt. R, depends on throughout the ratio
recent and since this publication has not yet been refuted, we

: oo : : . i 7. The correlation coefficientg, , can be calculated. At
will retain this value to estimatex ;. The way in which this mospheric pressure, for= 35 o —0.55. for S — 40
uncertainty has been calculated, leads us to choose a Normzrilt — 054 and forS _ 10, rg ’ it’é 97 ' The combinéd
pdf to assesay;, and then:uk,;=5x 10-°. It should be (o0 - " incartainuye(S)of § is then given by the relation:
noted that the value  10~° has been recently analysed by Be(S) g y '

tvherex, aj andb; are constants given for the calculation

members of the Euromet Project 918 (Seitz et al., 2008). Ac- ,, 39S \2 ) 95\ 2 )
cording to Seitz et al., this uncertainty value quantifies thetc(S) = (ﬁ) ug (Ri)+ (5) uj
current capability of the standard seawater manufacturer to ' 95 98
replicate the conductivity of the KCI solutions in the short +2rR,. s —— —uc(R)u; (20)
term. This work does not quantify the effects of “aging” and R, 01
the lifetime of the standard seawater bottles and no value isvhere:
given to quantify long term variations (over several years or
decades) in the production of KCI solutions. Above all, it 95 = <ﬂR,_1/2+a2+%R}/Z+M4Rt+%&3/z)
fixes the limits of metrological standards in terms of long ~ "/ 2 2 2
term salinity traceability, which is not taken into account in (r-195 (ﬁRl/Z_,_bz_,_ %Rl/Z
the usual use of salinometers. In this assessment, we will 1+k@—159\ 2" '
consider only the results of Bacon et al. (2007). Sbs _3/2
u,, can be estimated easily by applying the GUM method +2baR; + o ) (1)
to the relation (3) which depends only onThis gives: q
and,
Uy, = (cl+2czt +SC3t2+4C4t3>u, (8) 5
ﬁ — ; b 'Rj/2 (12)
¢ is the temperature of the bath chosen for making the mea-dt  [1+4k(z — 15)]2 = s

surements and, is provided by the stability of this temper-

ature. 7 is often chosen to be above the ambient tempera-Table 1 gives the values of:(S) obtained with the GUM
ture or 24°C. The stability of this temperature is given to be computation (0.00081) and with a Monte Carlo simulation
4+0.001°C. This value is difficult to hold during long peri- (0.00085) for the salinity = 35. ForS = 10, the same com-
ods of time and it has been checked by measurements on tHautations give 0.00023 and 0.00025 andSet 40: 0.00099
three Portasals of the SHOM laboratory. The standard deand 0.0011. These calculations show that relation (10) can be
viation of these measurements was never less than 601 simplified because the contribution of the first term is largely

during periods of 1 to 24 h. Sa; =0.001°C. superior to the contribution of the others, and it can be writ-
usken EPresents the variability of the cell constant which ten as:
is a function of time and temperature. This variability de- S\ ¢
pends a lot on the stability of the temperature and on the hu#c(S) ~ <8_R,) (Rr) (13)
C

midity of the laboratory. It can be estimated only by record-
ing fluctuations in the value a?; displayed by the salinome- However, other uncertainties must be taken into account in
ter. These fluctuations are random &gy follows a Nor- the calculation of the uncertainty on salinity. Firstly, sali-
mal pdf with a standard deviatiany,,, =2x 107>, nometers must be controlled at standard salinities other than
With these elements;c(R;) was computed for different 35, in order to correct their linearity errors. These errors can
salinities with the GUM and Monte Carlo methods. In order be of 0.003 or more af = 2, as seen in calibration reports
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Table 1. Parameters of the input quantities used to compute the expanded uncertainty of Guildline Portasal salinoftet8bfdry the
GUM and the Monte Carlo (M.C.) methods.

Input quantities Unit Pdf Value for GUM standard measurement  Contribution Mean value Standard deviation
§=35 uncertainty Ry by M.C. by M.C.
t °C Normal 24 0.0010
re None Normal 1.212266 0.000024 3.987E — 10
K15 None Normal 0.99984 .BOE — 06 2500E — 11
Gst mScnt!  Right-angled triangle  52.0153 TBE — 04 0000E + 00
G mScntl  Right-angled triangle  52.0153 TBE — 04 0000E +00
Skeell None Normal 1.21229 —8.51F - 07 ~4931F —13
Ry None Normal 0.999862 0.000021 0.999848 0.000022
S None Normal 34.9950 0.00081 34.9940 0.00085
Linearity correction None Normal 0.0000 0.0001
Salinity value of the bottles None Right-angled triangle 0.0000 0.00024
PSS-78 fits None Normal 0.0000 0.0007
GUM expanded uncertainty: 0.0022
Monte Carlo expanded uncertainty: 0.0022
0,0010+
P ————e—
0,0000 : /h ; —~— : |
10 30 35 38
-0,0010+
S
5 -0,0020+
2
.S -0,0030
S —e— Portasal n°]
-0,0040+ —l— Portasal n°2
-0,0050 Portasal n°3
-0,0060-

Reference salinity

Fig. 1. Examples of linearity errors measured on three Portasal salinometers after calibration with standard seawater bottles.

made by OSIL on Portasal salinometers (see Fig. 1). Hard- u;, usp, upssanduc(S) being independent variables, the
ware corrections are difficult to make because linearity canexpanded uncertainty/s on the salinity, expressed with a
be non-uniform in the range of measurements. So, salincoverage factor of 2 to obtain a level of confidence close to
ity values must be corrected by linear relations on different95 %, can be written as:

sub-ranges. These corrections have a standard uncemtainty 7 2 2 >
which is, at least, equal to the linear regression remainder of/s = 2\/“0(5) tup tugytipss (14)
0.0001. Table 1 gives the values dfs computed with the GUM

Secondly, standard salinity bottles used for the calibrationand Monte Carlo methods and it is the same whatever the
and linearization can show maximum salinity variations of method: Uy = 0.0022 for S = 35 for a Portasal salinometer.
0.001, for 96 weeks of storage, according to Culkin and Rid-Table 2 gives the values obtained & 10 and 40. It ap-
out (1998). Resulting from this available information we can pears that the two methods give close results and that for 35
assign a rectangular pdf to this uncertainty,f accordingto  and 40 the expected uncertainty of 0.002 cannot be main-
the GUM. The standard deviation of such a function leads usained. The main error sources are the stability of the bath
to expressisy as: usp= 0.001A/3. temperature, the linearity of the salinometer, the salinity of

Thirdly, PSS-78 relations fits have a standard deviationthe bottles of standard seawater and the PSS-78 itself.
which is of 0.0007 at atmospheric pressure, according to
Perkin and Lewis (1980), and of 0.0015 if the pressure term o o _

R, is different from 1. The pdf of this uncertaintygsg can 3 Uncertainties on reference conductivity calculations
be considered as being Normal.

In the case of salinometers, . . o .
SCallbratlon of conductivity sensors needs the calculation of
upss= 0.0007.

reference conductivitie€ret. When calibrations are made at
atmospheric pressur€es is calculated with the relation:
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Table 2. Standard uncertainties @&; and S, and expanded uncertainty on the corrected valug, aflculated using the two methods for
three different salinities. These values do not take into account possible long term variations in KCI standard solutions used to adjust standard
seawater bottles, or the limits of metrological standards in terms of long term traceability of the salinity.

Method G.U.M. Monte Carlo
Output qUantity uc(R[) uc(S) Ug Mc(R[) uc(S) Ug
§=10 70E—-6 0.00023 0.0016 BE—-6 0.00024 0.0016
§=35 0.000021 0.00081 0.0022 0.000022 0.00085 0.0022
S=40 0.000024 0.00099 0.0025 0.000027 0.0011 0.0024
Cref= R;1;C(35,15,0) (15) (0S/9R;) can be calculated with the main part of the rela-

tion (11) andu(S) = Us/2; Us being calculated with the re-
where r; is given by the relation (3) an®, is obtained lation (14).
according to Fofonoff and Millard (1983), with a Newton-  (3r,/dt) is the polynomial of the relation (8), but in rela-
Raphson iteration and the formula: tion (17) u; is the uncertainty of the reference temperatures

measured during the calibration of the conductivity sensor.

38\t u; depends on reference thermometer calibration uncertain-

Rint1=Rin+(S—Sn) (8_Rz> (16)  fies at fixed ITS-90 points, but also, on the drift of this ther-

mometer between two calibrations, as well as on its self-
on condition that we calculat® §/9 R,) with the first part of  heating during the measurements and on the stability and
the relation (11). uniformity of the calibration bath temperature.

C(35, 15, 0) is a constant to which several values have In 2002, the BIPM published a guide (Fellmuth et al.,
been attributed. According to Culkin and Smith (1980), 2002) about uncertainty budgets for the calibration of stan-
C(35,15,0) = 42.914mScnt! and according to Poisson dard platinum reference thermometers (SPRT) at the fixed
(1980),C(35,15,0) = 42.933mS cnl. A recent study pub-  1TS-90 points. It takes into account the calibration uncer-
lished by a BIPM working group (CCQM pilot study P111) tainties of the fixed points cells themselves, the making of
has attributed the value 42.9104 mS¢chto € (35,15,0), af- the points, the self-heating errors and the repeatability of the
ter inter-comparisons made by different metrology laborato-sensors but also, the non-uniqueness of the scale. This un-
ries (Seitz et al., 2010). In fact, in the case of CTD conduc-certainty budget can be applied to other kinds of reference
tivity sensor calibrations, it does not matter which value is thermometers, such as Sea Bird Electronics SBE 35, which
used, provided that the same value is used during data reduére used to calibrate CTD profilers at sea. In the best case,
tion and reference conductivity computations. Most recentit leads to a combined standard uncertainty of 0.39 mK. This
instruments are referenced to 42.914, so, let us take this valuéalue is largely dependent on the uncertainty of the tempera-
in uncertainty calculations; (35,15,0) being considered as ture assigned to the reference cells, which is given by the pri-
a constant. mary calibration laboratories. For example, a gallium melt-

The value ofR, obtained with the relation (16), depends ing point cell calibrated in the UK with a UKAS certificate
essentially onS which is measured by a laboratory sali- Will have an expanded uncertainty #0.25 mK. The same

nometer and, depends on. So, we can write that g, = calibration made in France by the National Calibration Lab-
(3R, /3S)u(S) and u,; = (3r;/dt)u;. However, the com- oratory (LNE) under the same procedure, with a COFRAC
putation of the numerical values at, and r; for differ- certificate, will be given with an expanded uncertainty of

ent temperatures between 0O andoa) shows that the cor- 1.2 mK. This will giVe a combined standard Uncertainty of

relation coefficientrg, ., is not equal to zero. Fop=0  0.7mK.

and S = 35, rg, s = 0.53, for S = 40, rg, » = 0.56 and for The drift of a reference thermometer between two annual

S =10,rg, : = 0.964. So,R; andr, cannot be considered as calibrations can be equivalent to a standard uncertainty of

two independent variables, and the combined uncertainty of-1 MK and self-heating corrections can lead to a standard

Cret is given by: uncertainty of 0.2 mK. The stability and the uniformity of
the temperature of the calibration bath can be evaluated by

L(IRN? A the shifts and standard deviations of data series measured at
ucref = C(35,15,0) | r; <§) u(S)+ Ry <¥> uj different places in the bath. It will express the reproducibility
of measurements at all places in the bath. This reproducibil-
AR\ [ or 12 ity can be estimated, in the best case, for a seawater bath, as
(ﬁ) <§>“(S)”f”"r”t} (17 0.3mK in the range 0—41C.

Www.ocean-sci.net/7/651/2011/ Ocean Sci., 7, &B-2011
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30 olis, which contributes to the ARGO and GODAE experi-

25 ences. This figure shows the drifts of conductivity cells sub-

] mitted to strong environmental conditions.

So, in order to assess the valudf, we will just consider

%15 1 ——] the initial uncertainty of the measurements. A usual value for

ol uc; is 0.0002mScm?! and, as an example, we can take the

] —F repeatability of a Sea Bird Electronics SBE 4 conductivity
IR cell, which can be considered as equivalent to their resolution

‘ ‘ ‘ ‘ or uc, =0.0004 mS cm?, and it follows a Normal lawl¢
0.00 to 0.01to 0.02to 0.03to 0.04 to 0.05to 0.06 to >0.07 .
001 002 003 004 005 006 007 has been calculated with these values and the results are also
mS/om given in Table 3. It appears that expanded uncertainties of

Fig. 2. Annual drift statistics of the 32 thermosalinographs SBE 21 conductivity measured values, obtained with .the two meth-

of the French operational oceanography project Coriolis. Only 23 %09'5’ are 'arg‘?'}’ greater than 0.002mS énparticularly for

of them show annual shifts less than 0.01 mSérbut 51 % have high conductivity values.

annual shifts less than 0.02 mSth This shows how much drift

there can be in conductivity cells submitted to strong environmental . .
conditions y 9 4 Uncertainties on salinities calculated from CTD

sensors data

20 -

Then, the reference temperature's combined uncertaint;?a“nity is calculated with relation (9) when data are mea-
can be, in the best case;, = 0.54mK. With a COFRAC  Sured with CTD sensors, but the pressure effect must be taken

certificate on the fixed points celt; = 0.80 mK. into account and in this casg; is obtained with:

Table 3 shows values afcref calculated for different tem- R = R (19)
peratures, conductivities arft= 35, withu; =0.54 mK and "R,
u($)=0.0011. Monte Carlo assessments and GUM calcu-|, this relation,, is given by the relation (3) and its uncer-
lations give very close values, and it appears that, even Wltqamty by the relation (8), in which, is the standard uncer-
a very good measure of temperature, standard combined URginty of the temperatures measured by the CTD sensor. Con-
certainties of reference conductivities are close or Superiog;gering the elements given in the previous paragraph about

l . . .
to 0.002mS cm= for high conductivity values. It also ap- temperature calibration and the quality of the CTD's temper-
pears that the cross-term of the expression (17) cannot bg; e sensors;, can be estimated to be equal to 0.0G1(in

neglected.. . . ~ the best case).
Conductivity sensors of CTD floats or profilers are lin-  p is the ratio:
earized with polynomials before being used at sea. So, to C(S,t,p)

find out what the uncertainty of the measured conductivity R = m (20)

is, we must add tacrer, the square sum of the polynomial e o o
residualsuc; and the uncertainty on the CTD sensor read- € (S, p) is the conductivity measured by the conductivity
ings which can be assessed by the repeatability of the sens§NSOr- Its expanded uncertainty is given by the relation (18).
measurementsc,. ucref, uc; anduc, being independent C(35, 15, O).IS the constant whose value has been discussed
variables, the expanded uncertairlfy of the conductivity N the previous paragraphC(35,15,0) = 42914 mScnt*

values measured at sea (with a level of confidence close t§ndur =uc =Uc/2, values ofUc being given in Table 3.
95 %), can be expressed as: R, is the coefficient for pressure effects correcti®y. is

given by:

/2 2 4,2 2
Uc =2,/ uG ot ug; +ug, (18) R —14 p(ex+eap+esp?) 21)

r— 2
An estimate of the annual drift of the sensor could be added (L+dat o+ (ds-+ dan) R)
to this sum to have a real idea of the uncertainty of conduc-¢1-¢2-€3 and di,da,d3,ds are constants whose values are
tivity measurements. This error source has very variable amdiven in Perkin and Lewis (1980)p and: are two inde-
plitudes because it depends on the environment and the di2éndent quantities, buk is proportional toC(S,z, p) and
ration of measurements but also on the use of anti-foulingStrongly correlated to. The calculation of the correlation co-
devices or on the regularity of sensor cleaning. It varies€fficientrg ;, with the temperature-conductivity data of Ta-
from 0.001 mScmtyr~1 to several 0.01mScmtyr—1. In ble 3 givesrg, =0,9995. Letus takeg,, ~ 1. In this Case,
order to illustrate this variation, Fig. 2 shows the statis- th€ combined standard uncertainty Bp (u ;) can be writ-
tics of 32 thermosalinographs SBE 21 calibrated yearly atlen:
the SHOM calibration laboratory since 2003, in the frame- , R, 2 2 oR, R, 2
work of the French operational oceanography project Cori-“R, = (E) P +< U+ _”R>

—_— 22
ot oR (22)

Ocean Sci., 7, 65559, 2011 www.ocean-sci.net/7/651/2011/
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Table 3. Standard combined uncertainties on reference conductivitiggsf, computed for different values of temperature, conductivity
and forS =35, and expanded uncertainty of conductivity values measured with linearized sénspré/c andu cref Were assessed with
the GUM and Monte Carlo Method (M.C.).

Temperature  Conductivity ucref (MScnml)  ucef(MSeml)  Ue mSentl) U (mSceml)

(°C) (mScntl) GUM M.C. GUM M.C.
0 29.0360 0.0011 0.0012 0.0024 0.0025
5 33.4554 0.0013 0.0013 0.0027 0.0028
10 38.0897 0.0014 0.0015 0.0030 0.0030
15 42.9175 0.0016 0.0016 0.0032 0.0032
20 47.9180 0.0017 0.0017 0.0035 0.0036
25 53.0710 0.0019 0.0019 0.0038 0.0039
30 58.3570 0.0020 0.0020 0.0041 0.0042
35 63.7569 0.0022 0.0021 0.0044 0.0044
40 69.2527 0.0023 0.0024 0.0047 0.0048
The calculation of the sensitivity coefficients leads us to write UR, Uy, UR Ur, T/Z
. . +2———"1y, R, —2— —TR, (26)
the final relation: R, ri 77 "R
UR, = (23) The correlation coefficients of the variabl& R, andr,

22 o 5 ,jv2  have been computed for the saliniti§s= 10, 35, 38 and
[(ex+2e2p+3e3p™) a4 (Rp—1)° [+ 21 +da R+ s T 40, with the numerical values af C and p displayed in

(L+drr+dat?+ (ds+dat) R) Table 4. This givesrg g, = —0.44, rg ,, = 0.998~ 1 and
The value ofu,, the standard uncertainty of pressure mea-"rp.»» = —0.50, and shows that cross-terms cannot be ne-
surements, remains to be found. Accuracy and precisiorglected. Moreover, neglecting this terms would increase
of pressure sensors depend on their range of measuremeiifie uncertainty estimate. For example, for 2°C, C =
Pressure balances used to calibrate them, must undergo cc#3.038 mS et and p = 6000 dbaryuc(R;) =5x 10~* and
rections for normal gravity, height difference with the sen- uc(S) = 0.0019, without the correlation terms, but with this
sor, thermal and pressure expansion of the piston and ofermsuc(R;) =1.4x 10~° anduc(S) =0.0005! The uncer-
the air-mass hydrostatic pressure difference. After that, thdainties on practical salinity computations take advantage of
expanded uncertainty of a reference pressure given by affe ratio expression ok, which reduces the effect of the
8000 dbar balance is calculated by a relation of this kind: ~ uncertainties of each of the input variables.

With the correlation coefficients given previously, rela-
Uprer=0.12+0.0001% (dbay (24) " tion (26) can be simplified to give:
If the repeatability of a 6000 dbar sensor (and its electron- ) 172
ics) is 0.2 dbar, and that its residual temperature drift is alsouC(R[):Rt [(”R_”rr> +”ﬁ <MR"+0.88uR—u”>}
0.2dbar, then:, = 0.53dbar at 6000 dbar or 0.34 dbar at Ty R, \ R, R n
2000 dbar. (27)
With these elements, the expression of the standard com-

bined uncertainty Om“ obtained with relation (19) must still In faCt, it is the standard uncertainty of the PSS-78 relations
be written. So, the GUM method applied to relation (19) fits, given in Perkin and Lewis (1980), which increases the

leads us to write: uncertainty inS significantly, particularly in the case when
2 2 2 R, value is different from lupssis then equal to 0.0015.
ue(R)? = <@> M§+<8R’> u% +<@) u? Then, in the case of CTD measurements, the expanded
IR IRp AN ' uncertainty in salinity computations can be assessed (with
+2%&u _— +2@&u . a level of confidence close to 95 %) by the relation:
OR oR, "R KRG R, R R
LR IR, , Us =2\Juc(8)*+udgg (28)
TEaR or, R TR (23) whereuc(S) can be calculated with relations (13) and (26) or
The development of the relation (25) gives: (27).
) ) Table 4 shows the expanded uncertainties of practical
we(R)) = R,[(“—R)sz(uﬁ) +<@> _QURURy salinities calculated from relation (28) using the Monte
R R, re R R, 7°° Carlo method. The two methods give equivalent results
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Table 4. Expanded combined uncertainties on salinity, computed with representative values of temperature, conductivity and pressure and
their combined standard uncertainties. Conductivity combined standard uncertajhitesrespond to the values found in table 3 and for
temperature, the standard uncertainty corresponds to the best case,wh@001°C. Idem foru .

Temperature  Conductivity Pressure u; uc Up S Ug Ug
(°C) (mScntl)  (dbar) fC) (MScmtl) (dbar) (GUM) (M.C))
15 13.7031 0 0.001 0.0012 0.29 10.000 0.0033 0.0033
0 29.0360 0 0.001 0.0012 0.29 35.000 0.0032 0.0032
35 71.7249 0 0.001 0.0025 0.29  40.000 0.0034 0.0034
40 69.2527 0 0.001 0.0024 0.29 35.000 0.0034 0.0034
15 429175 0 0.001 0.0016 0.29 35.000 0.0032 0.0033
12 40.2209 500 0.001 0.0016 0.30 35.000 0.0033 0.0033
10 38.5295 1000 0.001 0.0015 0.31 35.000 0.0032 0.0033
5 34.3185 2000 0.001 0.0014 0.34 35.000 0.0032 0.0032
4 34.1673 4000 0.001 0.0014 0.43 35.000 0.0032 0.0033
3 33.6111 5000 0.001 0.0013 0.48 35.000 0.0032 0.0032
2 33.0378 6000 0.001 0.0013 0.53 35.000 0.0032 0.0032

(Us =0.0034 on average). These results are greater by aboukhe two methods give coherent and very similar results. The
0.0014 than the 0.002 expected by the WOCE programme. 0.002 psu required initially by the WOCE program are ob-
More, this uncertainty assessment is valid only in areadained with difficulty, even in the case of laboratory sali-
where temperature and salinity gradients are low. Whemometers. However, in the error budget, the part due to the
measurements are made in areas of strong temperature af$S-78 relations fits is sometimes as significant as the in-
(or) salinity gradients, the major errors in practical salinity strument’s. This is particularly the case with CTD measure-
measurements come from the ability to align the responsénents where correlations between Rjevariables contribute
times of temperature and conductivity sensors, even whemmainly to decreasing the uncertainty 8peven when the ex-
data are corrected with manufacturers’ correction algorithmspanded uncertainties of conductivity cell calibrations are for
as shown by Mensah et al. (2009). On average, errors up tthe most part in the order of 0.002 mSth The relations
0.017 still persist for some measurements in strong salinitygiven in this publication and obtained with the normalized
gradients and increase the uncertainty in practical salinity byGUM method, allow a real analysis of uncertainty sources
as much, if they cannot be detected and corrected. and they can be used in a general way to assess the uncer-
Lastly, we must not forget that practical salinity is only tainty in conductivity cells calibrations or practical salinity
one way to approach the absolute salinfly of seawater calculations made with data from instruments having speci-
which is the real quantity to access thermodynamic properdfications different from the examples taken in Tables 1 to 4.
ties of the ocean and ocean-atmosphere interactions. There-
fore, the fact that non-electrolyte components are not de-
tected by conductivity sensors and that the seawater comy
ponents ratio is not clearly known, leads to a difference of
about 0451_0.05% betweers andSa and_to an uncertainty PSS 78 algorithm as defined in Fofonoff and
of 0.16 ppt inSa, even atS = 35, as estimated by Jackett Millard (1983)
and McDougall (2006). Then, the expanded uncertainty of
0.0034 onS, as obtained with relation (28), can be consid-
ered as largely sufficient and even insignificant in the assess’
ment of the absolute salinity.

ppendix A

is expressed in dbar,n °C andC in St

a1=0.0080,a, = —0.1692,a3 = 25.3851,a4 = 14.0941,
as=—7.0261,as =2.7081
5 Conclusion
by = 0.0005, b, = —0.0056, b3 = —0.0066,

The uncertainties of practical salinity calculations have beerba = —0.0375,b5 = 0.0636,b¢ = —0.0144
assessed by two standardized independent methods: the
GUM and Monte Carlo, in the case of salinities obtained ¢1 = 0.676697, c2 = 2.00564x 1072, ¢3 = 1.104259x
with laboratory salinometers and in the case of CTD mea-10~4, c4 = —6.9698x 10/, ¢5 = 1.0031x 102
surements after laboratory calibration of conductivity cells.
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