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Abstract. The brackish water of the Baltic Sea is a mixture 1 Introduction
of ocean water from the Atlantic/North Sea with fresh wa-
ter from various rivers draining a large area of lowlands andin June 2009, the International Thermodynamic Equation
mountain ranges. The evaporation-precipitation balance reef Seawater 2010 (TEOS-10, I0C, 2010) was endorsed by
sults in an additional but minor excess of fresh water. Thethe 10C on its 25th General Assembly in Paris; it will be
rivers carry different loads of salts washed out of the ground,adopted as a new world-wide standard for oceanography on
in particular calcium carbonate, which cause a compositiorthe 1 January 2010. TEOS-10 takes Absolute Salisity,
anomaly of the salt dissolved in the Baltic Sea in comparison(the mass fraction of sea salt in seawater) as its input variable
to Standard Seawater. Directly measured seawater density represent the concentration of dissolved sea salt in seawa-
shows a related anomaly when compared to the density conter. This choice contrasts with its predecessor, the Interna-
puted from the equation of state as a function of Practicaltional Equation of State of Seawater 1980 (EOS-80) which
Salinity, temperature and pressure. is formulated in terms of Practical Salinitgp, measured
Samples collected from different regions of the Baltic Seaon the Practical Salinity Scale of 1978 (PSS-78) and repre-
during 2006—-2009 were analysed for their density anomalysenting a measure of the conductivity of a seawater sample.
The results obtained for the river load deviate significantly For the first time in the history of oceanographic standards
from similar measurements carried out forty years ago; thesince 1902, this conceptual transition encourages an explicit
reasons for this decadal variability are not yet fully under- consideration of composition anomalies in the world ocean
stood. An empirical formula is derived which estimates Ab- (McDougall et al., 2009) as well as in estuaries such as the
solute from Practical Salinity of Baltic Sea water, to be usedBaltic Sea. In practice, this choice requires the development
in conjunction with the new Thermodynamic Equation of of conversion formulae from Practical Salinity, available for
Seawater 2010 (TEOS-10), endorsed by IOC/UNESCO inexample from a CTD cast, to Absolute Salinity involving
June 2009 as the substitute for the 1980 International Equaadditional parameters such as estimates of the composition
tion of State, EOS-80. Our routine measurements of theanomalies or the geographic position, the depth and, if the
samples were accompanied by studies of additional selectednomalies vary significantly on seasonal or climatological
properties which are reported here: conductivity, density,scales, the time.
chloride, bromide and sulphate content, total,G0d alka- For the Baltic Sea, such an algorithm was first published
linity. by Millero and Kremling (1976), derived from extensive
measurements (Kremling, 1969, 1970, 1972). Since later
studies revealed relevant systematic changes of the empiri-
cal coefficients (Kremling and Wilhelm, 1997), the first and
main aim of this paper is to propose an updated empirical
formula for the computation of Absolute Salinity of Baltic
seawater, based on samples taken between 2006 and 2009,
for use in conjunction with TEOS-10, as recommended by
the 10C with its recent Resolution XXV-7 (I0C, 2009).
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The composition anomaly of the salt dissolved in theis currently developing a new concept for the measurement
Baltic Sea compared to the composition of Standard Seawasf Absolute Salinity based on Sl-traceable density determi-
ter (Millero et al., 2008) is mainly caused by dissolution of nations (Wolf, 2008). The Baltic Sea with its strong density
CaCQ in river water and the subsequent input of€and  anomaly and pronounced trends in its properties is a promi-
alkalinity/total CQ into the Baltic Sea by river discharge nent example of the need for the development of this ap-
(Rohde, 1966; Nehring and Rohde, 1967; Kremling, 1969,proach and a useful testing ground for the new but yetimma-
1970, 1972; Millero and Kremling, 1976). The alkalinity ex- ture calibration technology. For this reason, we have carried
cess controls the pH of the Baltic Sea surface water which abut comparison measurements of conductivity and density
the present atmospheric GQartial pressure ranges between in an Sl-traceable way and we report the results in this pa-
7.8 and 8.2 (Nehring, 1980) and is similar to the pH of oceanper. The presentation of results is accompanied by selected
water (Millero, 2007; Marion et al., 2009). Below the perma- chemical composition data.
nent pycnocline, the pH may decrease to 7.0-7.3 (Fonselius, The true Absolute Salinity is defined in terms of the mass
1967) due to the the accumulation of €0y the mineral-  fraction of dissolved material in seawater (Millero et al.,
ization of organic matter. The second aim of this paper is t02008). As discussed by Millero et al., the precise defini-
estimate the salinity anomaly on the basis of the state of theion requires the determination of equilibrium conditions at
Baltic Sea CQ system characterized by the alkalinity and specified temperature and pressure and even with these addi-
total CG concentrations. On climatological time scales the tional qualifiers some ambiguity remains. In practice, mea-
alkalinity in the Baltic Sea may increase because the risingsuring the mass fraction of dissolved material in seawater
atmospheric C@may enhance the weathering of CagJi® is even more difficult than defining it and approximate ap-
the catchment area. The increased alkalinity input may affecproaches must be used. It is the “Millero Rule” that says
the salinity anomaly but also has consequences for the Baltithat the density of an aqueous solution is in good approxima-
Sea acid/base system since it counteracts the pH decrease &isn a function of the Absolute Salinity, independent of the
sociated with increasing atmospheric £0 particular composition of the given mass of dissolved matter

An estimate of the CaCf{excess of the Baltic Sea com- (Millero, 1974; Millero et al., 1978, 2008, 2009). Under this
pared to standard seawater is required for chemical compoapproximation, Baltic seawater and Standard Seawater have
sition models of seawater such as FREZCHEM (Feistel andhe same Absolute Salinity if they have the same density at
Marion, 2007) which can be used to evaluate the calcium cargiven temperature and pressure. Thus, we can measure the
bonate supersaturation in relation to atmospherig @@els  density of Baltic seawater, and use the TEOS-10 equation of
and its potential consequences (Marion et al., 2009; Comeastate to compute the Absolute Salinity of Standard Seawater
et al., 2009; Veron et al., 2009). Since the density anomalywith this density. We then use Millero’s Rule and take this
of the Balltic Sea is varying on climatological time scales, the“density salinity” as an estimate for the mass of salt dissolved
third aim of this paper is to provide a more recent anchorin the Baltic Sea sample. We note however that the true Ab-
point for this model in relation to the extended similar in- solute Salinity is defined as the mass ratio of dissolved ma-
vestigation made forty years ago by Kremling (1969, 1970,terial and that Millero’s Rule provides an approximation to
1972) and Millero and Kremling (1976). this quantity. Unfortunately, for seawater that is not of Ref-

The fourth aim of this paper is a conceptual one, related teerence Composition there is currently no method available to
the former ones. The different oceanographic salinity scalegrecisely measure the Absolute Salinity, but Millero’s Rule
that are in use since 1902 are not metrologically traceabldrovides an approximation that allows the density to be re-
to Sl units (Seitz et al., 2008). Both PSS-78 and the recengovered to the measurement accuracy (due to the use of the
Reference-Composition Salinity Scale (Millero et al., 2008) “density salinity” to estimate Absolute Salinity) as well as
are defined in terms of relative conductivity measurementsa useful approximation for other thermodynamic quantities
with artefacts such as IAPSGstandard Seawater (SSW) or that can be determined from the TEOS-10 Gibbs function
a potassium chloride solution used as a reference. ReliancdAPWS, 2008; 10C, 2010; Feistel et al., 2009; Wright et al.,
on such artificial references introduces the risk of unnoticed2009).
or falsly indicated property changes over time or between dif-
ferent samples. It would therefore be preferable to establish
traceability to the highly reliable and independently realis-2 Salinity of standard and baltic seawater based on
able standards of the International System of Units (Jones, Previous measurements
2009). The SCORIAPSO Working Group 127 (WG127)
on the Thermodynamics and Equation of State of Seawate$ince the introduction of the Practical Salinity Scale, the

electrolytic conductivityC of a seawater sample is practi-

2|APSO: International Association for the Physical Sciences of Cally measured by salinometers or conductivity sensors, cal-

the Oceanhttp://iapso.sweweb.net ibrated with respect to a certified IAPSO Standard Seawa-
3SCOR: Scientific Committee on Oceanic Research, ter reference. The measured conductivity ratio is converted
http://www.scor-int.org to conductivity usingC =4.2914 St at Sp = 35, 1=15°C
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andP = 101325 Pa (Culkin and Smith, 1980; SeaBird, 1989) Baltic Density Anomaly 1966-69
and fromC, the temperatur@ and the pressurg, Practical 1 1 1 1 1 1

Salinity Sp is computed from the function (Perkin and Lewis, =
1980)
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Over the range of concentrations where Practical Salinity is '
defined, it can be converted to Reference Salinsty, by
the factorups= (35.16504 g kg1)/35 (Millero et al., 2008,
Feistel, 2008):

Sr=Sp-ups. (2
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the corresponding density estimate can be determined from Reference Salinity Sk / (g/kg)
the Gibbs functiong (Sg, T, P) of seawater (Feistel, 2008;
IAPWS, 2008; I0C, 2010): Fig. 1. Salinity anomalysSa = Sa — Sk computed by means of
1 (Egs. 2-4) from Practical Salinity and density data measured by

p=—— (3) Kremling (1969, 1970, 1972) and Millero and Kremling (1976) in
gp(Sr,T,P) the period 1966-1969. The sample nSar= 4 g/kg with excep-
tionally low anomaly was excluded from the fit (Eqg. 5); it was col-

Here, the subscripP denotes the partial derivative with re- lected in the Vistula Estuary.

spect to the pressure, afidand P are the temperature and
pressure at which the density is required, e.g. at laboratory
conditions.T and P will be omitted from the equations be- The fit was constrained to pass throudiy & Sso, §Sa =
low for simplicity. In the case of Standard Seawater, (Eq. 3)0) because the Atlantic water part of the brackish mix-
provides our best estimate of the true dengi§?\V. Inthe  ture is free of the Baltic anomaly (Millero and Kremling,
case of Baltic seawater, (Eqg. 3) yields an apparent densityf976). Here, the standard-ocean salinitysés = 35ups=
that is subject to significant error. The anomaly of the true35.16504gkg* (Millero et al., 2008).
Baltic seawater density relative to this rather uncertain esti- The strong scatter visible in Fig. 1 at very low salinities
mate can be determined by measuring the true depsi#), is due to the inhomogeneous water properties caused by the
with a vibration densitometer (Kremling, 1971; Millero and very different loads of the many discharging rivers. The sam-
Kremling, 1976). The Absolute Salinit)‘&’,,‘fsw: SR+385a, pling is patchy, but adequate for the present purpose. The
of Baltic seawater can then be estimated by the “densitycalcium carbonate that is primarily responsible for the Abso-
salinity”, i.e., by computing the Absolute Salinity of Stan- |ute Salinity anomalies is mainly carried by rivers draining
dard Seawater giving the measured density of Baltic seawathe European lowlands, while the Scandinavian rivers flow
ter, from the formula (Millero et al., 2008), over solid rocks and are subsaturated with respect to lime
1 1+8-55a (Kwiecinski, 1965). Spatial distributions of the river water
BSW_ ~ , 4) age (Meier, 2007) indicate weak lateral mixing of the prop-
8p(Sr+35a) gp (Sr) erties between the various rivers which contributes to the spa-
i.e.,85n = (0®Wep —1)/B. Here,8 = —gsp/gp is the ha- tial inhomogeneity of the Baltic surface water. In lowest or-
line contraction coefficient. der, the structure of the mean surface current is evident from
In Fig. 1, the anomaI)SABSW—SR is shown as a func- the climatological horizontal salinity gradient, Fig. 2 (Feistel
tion of Sg for 153 samples collected 40 years ago by Krem- €t al., 2008). The Baltic has a mean basin-scale circulation
ling (1969, 1970, 1972), computed by means of (Egs. 2_4)that is predominantly estuarine (vertical) rather than horizon-

from the published values of measured Practical Salisity, (@l (See the schematic flow diagram in Fig. 10.1 of Maith
and the measured density, et al., 2008, available dittp://www2008.i0-warnemuende.

The correlation relating “density salinity” to Practical de/baltic2008/figures/figuresf_chapter10.pd). Precipita-
Salinity is easily obtained since both Practical Salinity andtion and fresh riverine water is added to the surface, and
density are easily measured on a regular basis. Based dpver time the surface water is enriched with salt from be-

P

Kremling’s data, the regression line is low by entrainment. The diffusive transport of saline wa-
ter into the Baltic from the North Sea is negligible and
3Sa = Sa — Sr=0.00428 (Sso— Sr) strongly dominated by the permanent upward salt trans-
1 Sr port through the halocline at about 60 m depth, which has
=150mgkg - (1_ S_so> : ®)  been roughly estimated as 30 kgfyr—1, consistently from
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Fig. 2. Climatological surface distribution of Practical Salinity from the Baltic Atlas of Long-Term Inventory and Climatology (BALTIC,
Feistel et al., 2008). For each grid cell 6f 1° x 10 m size, Practical Salinity values measured during 1900-2005 are represented by the
mean value, the root-mean square (r.m.s.) deviation, the minimum and maximum values observed, as well as the total number of samples
available (count).
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different approaches (Feistel et al., 2008; Reissmann et alrjnity, Cl, rather than conductivity since no relevant amounts
2009). Consequently, the climatological surface salinity in- of chlorine, bromine or iodine are discharged from the trib-
creases following the mean surface flow from the north-easutaries. Chlorinity can thus be used to estimate the Abso-
to the south-west. Brackish surface water is present in théute Salinity contribution associated with input from the At-
outflow branch of the Baltic “conveyor belt” that drives the lantic and subtracting this value from the density salinity will
Baltic Current along the Norwegian coast; saltier water from provide an estimate of the contribution associated with local
the North Sea is flowing in at the bottom. In the shallow inputs. Millero and Kremling (1976) performed their corre-
Belt Sea, strong mixing occurs between the inflowing andlation analysis based on chlorinity data. Two drawbacks of
outflowing layers that implies a recirculation of significant this method are that chlorinity is not a concentration measure
freshwater fractions as a part of the salty bottom water. to be used with TEOS-10, and silver titrations are not carried

In addition to the salt, entrainment from below the pycno- out regularly on modern research or monitoring cruises in the
cline adds aged, mixed and possibly chemically transformedaltic. Nevertheless, the approach can be used to separate
riverine solutes to the surface layer (Reissmann et al., 2009the salt inputs from the Atlantic and from local runoff and
In the deep water of the estuarine Baltic Sea environment, théo provide a comparison with the conditions found earlier by
dissolved species may be subjected to either reducing or oxKnudsen (1901) and Sgrensen (Forch et al., 1902).
idizing conditions that are sustained for extended periods of For Standard Seawater, the Reference Salifiitycan be
time (Nausch et al., 2008). The time scales associated wittomputed from the chlorinity by multiplying by the factor
these processes are of the order of decades (Stigebrandt ang; = 1.80655 upgs (Millero et al., 2008; Feistel, 2008). For
Wulff, 1989; Meier et al., 2006; Feistel et al., 2008). Baltic Sea water the result will differ frorir, and is there-

In the special case in which the stoichiometric deviation fore referred to here as “chlorinity salinityS¢;:
from the Reference Composition is caused by an excess of
non-conducting solutes with low concentrations, the value of>¢! = ¢! +uci =180655Cl-ups ®)
Sr represents the mass fraction of sea salt with Referencejsing the chlorinity,Cl, and the densitypBSY, data mea-

Composition in the sample, adda represents the anoma- sured by Kremling (1969, 1970, 1972) and Millero and

lous mass fraction of non-conducting species, at least to &remling (1976) together with (Eq. 4) in the form,
practically reasonable accuracy. This can safely be assumed

for the silicate anomaly in the North Pacific (McDougall Bsw_ 1 ~ 1+p8-8SK @
et al., 2009), but it is not generally the case in the Baltic gp (Sci+8SR) gpr(Scr)

Sea since the additional Cag@issociates and increases
the conductivity by a non-zero amount, evidently less than
what would result from adding the same mass of sea salffined as

that has Rgference Cqmpositi_o_n. Similarly, the algorithmsggRI _ Sp — Sc; = 000492 (Sso— Sci)

used to estimate Practical Salinity at temperatures and pres- s

sures different from 15C and 101 325 Pa are not valid in the =173mg kg‘1~ (1— ﬂ) . (8)
presence of the composition anomalies and (Eq. 1) results Sso

in inconsistent estimates, which can result in the appearanc&he difference between (Egs. 5 and 8) is caused by the fact
that the salinity is not conservative when subjected to tem-that the riverine input includes calcium carbonate and other
perature or pressure changes. Consequently, the correlati@olutes which alter the impact on the electrical conductivity
shown in Fig. 1 may look different depending on the particu- compared to the effect of diluting with pure water whereas
lar T or P at which the measurements were carried out in thethe riverine input includes no corresponding input of halides.
lab. However, a study dedicated to this problem (Feistel andBecause of this latter fact, the intercept&t =0 corre-
Weinreben, 2008) came to the conclusion that these apparesponds to no contribution from North Atlantic water and pro-
non-conservation effects for Baltic seawater do not exceediides a direct estimate of the contribution to Absolute Salin-
the measurement uncertainty over a reasonable temperatuity due to the salt content of the local riverine inputs.

interval at atmospheric pressure. Consequently, the param- Millero and Kremling (1976) did an analogous fit to their
eterisation of the Absolute Salinity of Baltic Sea water as adata set with 153 samples but found an intercept at zero chlo-
function of Reference Salinity is stable with respect to tem-rinity of only S/&’ =124mgkg . The reason for this differ-
perature variations at atmospheric pressure and is thus justence is probably the older equation of state used at that time
fied for application in the context of TEOS-10 (IOC, 2010). (F. J. Millero, personal communication, 2009).

The above approach to estimating Absolute Salinity re- It is also possible to estimate the relation corresponding
lies on an empirical relation between Absolute and Practicato (Eq. 8) based on data from the early 20th century. The
Salinity in the Baltic Sea. It does not permit the separateKnudsen (1901) Equatiosk = 0.03gkg ! +1.805C!, was
estimation of the contributions from riverine input into the calculated from Sgrensen’s analysis of 9 surface water sam-
Baltic Sea and from the sea salt flowing in from the Atlantic. ples, including 6 from the Baltic Sea, in particular, one from
This separation is possible using measurements of the chladhe Gulf of Finland, one from Gulf of Bothnia, two from the

the regression line for the river inputsR!, Fig. 3, is deter-
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Baltic Density Anomaly 1966-69 Salinity-Chlorinity Anomaly 1966-69
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Fig. 3. Salinity anomaly associated with local runéffc; = Sa — Fig. 4. Deviation between the Reference Salinity (Eq. S, and

Sci1 computed by means of (Egs. 4-6) from chlorinity and density the chlorinity salinity (Eq. 6)S¢;, computed from Kremling’s data
data, symbol “x", measured by Kremling (1969, 1970, 1972) and collected between 1966 and 1969. Note that this relation does not
Millero and Kremling (1976) in the period 1966-1969. The sam- account for the additional contribution to Absolute Salinity given
ple with exceptionally low anomaly collected in the Vistula Estu- py (Eq. 5) and illustrated in Fig. 1. The regression line (Eq. 10)

ary was excluded from the fit (Eq. 7) giving the line indicated by quantifies the average conductivity of the riverine water.
“1966-1969". The “Knudsen 1901” (Eq. 9) was derived by Knud-

sen (1901) from the measurements of Sgrensen (Forch et al., 1902),

Table 1, shown as symbol “S” in the diagram. calculated the riverine calcium concentration rising from
521 uM (1938) to 571 uM (1967) and 878 uM (1986), which
correspond to approximately 52, 57 and 88 mg/kg in terms

Great Belt and two from the Kattegat (Forch et al., 1902), o¢ CaCQ, respectively. M used to be the unit of amount-

which are reported for easy reference in Table 1. of-substance-concentration (molarity); its use is discouraged

The numerical value ofSx in g/kg or %o coincides  jthin the SI system. The results of Kremling and Wil-
with Practical Salinity (only) atSp =35 which was used helm (1997) indicate that this increase continued between

by PSS-78 to specify the coefficient relatirffp to CI. 1970 and 1995.

Converting the chlorinity to a salinity estimate using (Eq. 6),  The relation between salinity, electrolytic conductivity

Sci=Cl-uc, effectively gives the Absolute Salinity of and chlorinity in the Baltic Sea is not as well understood

Standard Seawater W|th thIS Ch|0rinity. In addition, the as for Standard Seawater (Mi”ero et a|_' 2008) Krem-

absolute Knudsen salinityx, can be corrected for the loss ling (1969, 1970, 1972) calculated separate correlation equa-

of volatile substances such as HCI using the factor relatingjons between measured pairs of chlorinity and Practical

Practical Salinity to Reference-Composition Salinity, thus sajinity values for different subsets of his data; the salin-

providing an improved estimate of the true Absolute Salinity, jty intercepts at zero chlorinity varied between 0.023 and

Sa = Sk/(gkg ') -ups. Using these two relations, the 1901 .041. The difference between Reference Salinity (Eq. 2) and

equation reads chlorinity salinity (Eq. 6) for Kremling's data is displayed in
Fig. 4 as a scatter plot. The regression line is given by,

Sa — Sci = 000086 (Sso— Sc/) =30mgkg *- (1— %) - (9 Sg— S =000058 (Sso— Sci) = 20mgkg L (1— %’3) . (10)
The uncertainties associated with this formula are unknown]n the absence of ocean watég; =0, (Eqg. 10) indicates a
but probably quite large due to the small number of data in-residual Reference Salinity ¢k =20 mg/kg. Dividing by
puts used to derive Knudsen’s formula. Nevertheless, the:ps to convert to Practical Salinity and then using standard
slope and the intercept corresponding to the Knudsen equaalgorithms to invert (Eq. 1) gives an average conductivity of
tion are significantly lower than the more recent values,aboutC ~ 2.7mSnt ! for the Baltic river waters at 20C.

Fig. 3. Since the intercept &; = 0 provides an estimate In a systematic study, Kwiecinski (1965) found that al-
of the “density salinity” of local riverine inputs, this seems to though the anomalous temporal or regional increase in the
indicate that the calcium carbonate content of these inputs inPractical Salinity usually follows that of calcium, there is no
creased significantly between the end of the 19th century andonstant relation between them, and that additional factors
1970. In a similar regression, Ohlson and Anderson (1990%kuch as the pH, the alkalinity or the dissolution of O@ay
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Table 1. Samples collected from the Baltic Sea in 1900 and analysed by Sgrensen (Forch et al., 1902). It may be the extreme effort of salinity
determination by drying at 150—-48C over 120 h that prevented Sgrensen from the analysis of all available samples. Additional samples
taken from outside the Baltic Sea are omitted from this table.

Sample Cl%o Sk %o N. Lat. E.Lon. Depthm Date, Time Sea
#32 1.4736 2.688 607 28°33.3 0 19 July 1900, 20:50 G. Finland
#33 29274 5321 627 20°02 0 24 July 1900, 15:00 G. Bothnia
#29 4.6075 5239.5 12°17.3 0 7 May 1900, 08:00  Belt Sea
#30 8.0888 14.634 582.2 10°43.7 0 8 May 1900, 14:10 Gr. Belt
#9 10.4102 18.818 552 10°52 0 23 April 1900, 18:00  Gr. Belt
#10 12.8422 23.204 563 11°07 0 26 April 1900, 18:15 Kattegat
#25 16.0200 28.956 538 10046 0 27 April 1900, 09:00 Kattegat
#28 5.837 5240 11°58 0 7 May 1900, 14:00 Belt Sea
#7 10.117 5615 12°26 0 19 April 1900, 12:00  Kattegat
#8 10.873 5630.5 12°09 0 19 April 1900, 14:00 Kattegat
#12 14.295 5704 10°49 0 26 April 1900, 20:00  Kattegat
#11 17.895 56089 11°112 27.3 23 April 1900, 20:30 Gr. Belt

Swedish  18.780 5a4 11°22 72 21 March 1900  Kattegat

be important. Numerical composition models (Anderko and3.2 Routine salinometer and density measurements
Lencka, 1997; Feistel and Marion, 2007; Pawlowicz, 2008,

2009) may provide more detailed insight in the future. TheFor the determination of Practical Salinity, salinometers of
composition of the Baltic Sea salt measured by different authe type AUTOSAL 8400B (Guildline Instruments, Canada)
thors was summarized by Nehring (1980) as given in Table 2vere used. Measurements of Practical Salinity were per-

in comparison to the Reference Composition (Millero et al., formed according to the rules of WOCE Operations and
2008). Methods (Stalcup, 1991). Once a day the salinometer was

first adjusted with IAPSO Standard Seawater (SSW) and the
SSW density was then determined with the densitometer.
3 Experimental methods used for recent measurements  The results of the density measurements of Standard Sea-
. . . water are shown in Fig. 6. The deviations from zero must be
In this Sect. the experimental methods and uncertaininyted to the stability of the SSW samples and the measur-
ties are described with regard to the samples colyn tachnique. The calculations refer to the Practical Salinity
lected from the Baltic Sea during the period 2006-5 e given on the ampoule’s label. Practical Salinity mea-
2009. ~ Results of the measurements are reported iy ements could not be done because the SSW samples were
the digital Supplementh{tp://www.ocean-sci.net’6/3/2010/ ,saq for the calibration of the salinometer. For SSW (only
0s-6-3-2010-supplement.gipf this paper. P-series) we found a mean value of the differeagg of
—4.2 mg/kg with a standard deviation of 2.1 mg/kg. There
is a slight dependence on the age of the sample. The related

The Baltic Sea water samples were collected from 2006 td€dression is line is
2009 at the positions shown in Fig. 5. The bottle depth .
ranged between the surface and 400 m. A total of 438 sam(§SA/ (mg/kg) =0.0032 —6.1453 (11)

ples were analysed. , whered is the age of the samples in days. For SSW (10L-
On the vessel, most of the samples were extracted Intcéeries) the distribution and number of measurements was in-
Duran-glass bottles (vplume: l_OOmI) by means of a C-I—Dadequate for reliable regression results to be obtained.
SBE-911 rosette equipped W'.th |OW-freeflow samplers. Measurements of the density were done by means of a den-
Only the sam_ples from _the stations “FYxx" were collegted sitometer DMA 5000 (Anton Paar, Austria). The device was
from the cpolmg water inlet of the ferry and extracted into calibrated daily with air and pure water. Measurements of the
PET plastic bottles. density and salinity were carried out at the same time as soon
as possible after collecting the samples on board, or after re-
turning to IOW'’s laboratory. If the time that passed between
collection and analysis of the samples was longer than one
day, the samples were stored in a dark and cool place.

3.1 Sample collection

WWWw.ocean-sci.net/6/3/2010/ Ocean Sci., 4-2010
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Table 2. Ratiosry = w(X)/Cl of mass fractionsv(X) to chlorinity Cl of the main sea salt constituents X compiled by Millero et al. (2008)
for Standard Seawater and by Nehring (1980) for Baltic seawater from different sources. Molar syasseghose compiled by Millero et
al. (2008). The oceanic value af|=[1/(0.3285234 arg)—r/Apr] -Ac) is inferred from the definition of chlorinity, using the molar mass
Apg = 107.86822) g/mol of silver. The Balticc is calculated from the same formula using Kremling's valuerfgr The numbers in
brackets are the standard uncertainties of the corresponding digit (s) in front of the opening bracket.

Solute Molar Mass Reference Baltic Sea Baltic Sea Source

X g/mol Ax Composition ry rx

Na 22.98976928(2) 0.556 4924 0.5549-0.5562 Zarins and Ozolins (1935)
0.5554 Culkin and Cox (1966)
0.5547(21) Kremling (1969)

K 39.0983(1) 0.020 6000 0.0200 Zarins and Ozolins (1935)
0.0205 Culkin and Cox (1966)
0.0206(6) Kremling (1969)

Mg 24.3050(6) 0.066 2600 0.06692 \oipio (1957)
0.0674(4) Nehring and Rohde (1967)
0.067(3) Kremling (1969, 1970, 1972)

Ca 40.078(4) 0.021 2700

Sr 8.762(1) 0.000 4100

Ca+Sr 0.021 6800 0.0225-0.0268 Rohde (1966)

Nehring and Rohde (1967)
0.0218-0.0273 Kremling (1969, 1970, 1972)

Cl 35.453(2) 0.998 9041 0.998 9409
SOp 96.0626(50) 0.140 0000 0.1410 Zarins and Ozolins (1935)
0.1413(19) Kwiecinsky (1965)
0.1436(42) Trzosinska (1967)
0.1406(10) Kremling (1969, 1970, 1972)
COy 44.0095(9) 0.000 0220
Br 79.904(1) 0.003 4730 0.00329-0.00349 Morris and Riley (1966)
0.00339(6) Kremling (1969, 1970, 1972)
B 10.811(7) 0.00025(2) Kremling (1969, 1970, 1972)
B(OH); 61.8330(70) 0.001 0030
B(OH);  78.8404(70) 0.000 4100
F 18.998 4032(5) 0.000 0670 0.000078(4) Kremling (1969, 1970, 1972)

Because of the strong stratification in the Baltic Sea it must High precision density measurements require very care-
be assumed that the content of a 5 L-freeflow sampler is noful handling and elaborate procedures. To reduce the mea-
necessarily homogeneous. For better results, 3 Duran bosurement uncertainty a procedure similar to that described
tles were filled. The measurements of salinity and densityby Wolf (2008) was used. Measurements were performed in
were done with seawater from the same glass bottle. Befor¢he following order: with pure water (3 measurements), with
the measurements were made, the bottle temperatures wetlee sample A (6 measurements), the sample B (6 measure-
adjusted to the room temperature (circe 3. After uncap- ments), and again with pure water (3 measurements). The
ping the bottle a 20 ml disposable syringe was filled for the formation of air bubbles inside the measuring cell was a se-
density measurements. Then the bottle was fitted with arvere problem that had to be solved. Baltic Sea water has typ-
adapter for a peristaltic pump. A peristaltic pump was con-ical in-situ temperatures below the measuring temperature of
nected to the salinometer for measuring the salinity of thethe densitometer, 2@C. Because of the reduced gas solu-
sample. bility, the samples tend to form air bubbles in the oscillator
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Fig. 5. Positions where the recent samples used for this paper were collected. Stations “Mxxx” are from cruise AL322 of r/v “Alkor” in
March 2009 and stations “FYxx"are from the ferry line “Finlandia” Traerde—St. Petersburg in November 2008. “75A" was visited by
r/v “Prof. A. Penck” on the research and monitoring cruise 40/06/20 in August 2006, observing a baroclinic inflova(slattial., 2008).

The remaining stations north of 58 are from cruise Combine 1 of r/v “Aranda” in January 2009 and the remaining stations southhf 59
are from regular IOW monitoring cruises 2006—-2008. Shorelines are from RANGS (Feistel, 1999).

which lead to significant errors in the readings. As a specialcarried out and thereafter a further quarter of the syringe vol-
procedure, the syringe to be filled was equipped with a hypo-ume was pressed inside and three additional measurements
dermic needle. After insertion into the sample the plunger ofwere done.

the syringe was pulled back rapidly. The limited filling rate  To investigate the influence of suspended particles, a large
through the narrow needle forced a low pressure in the syfraction of the samples were measured with and without a
ringe and produced air bubbles in the syringe. These air bubpolycarbonate syringe filter (0.2 um). The comparison of the
bles were pushed outside. Then the syringe was attached ipeasurements of filtered and unfiltered samples is shown in
the inlet of the densitometer and one half of the content wasig 7. The influence of the filtration is not easy to determine
pushed into the measuring cell. Three measurements wergecause the two samples were stored in different flasks. The

WWwW.0ocean-sci.net/6/3/2010/ Ocean Sci., 242010
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3.3 “Absolute” conductivity

Although the concept of an “absolute” measurement makes
no sense from a strict metrological point of view, we will use
this term for convenience to distinguish the measurements
discussed here from those described in the previous section.
Every quantity value that is indicated by a measuring de-
vice is inherently relative, since it is inevitably referred to
something. Therefore metrological terminology prefers talk-
ing about traceability of a measurement result (VIM, 2008).
This concept characterises the quantitative link between the
indicated result and the quantity value that has been assigned
to an agreed standard by a measurement or production pro-
A dure. The link is established by calibration measurements.
In this sense the commonly measured conductivity ratio used

to P149 are batches of SSW wifip =35 and 10L9 and 10L10
are batches wittfp = 10. On the ordinate, the apparent salinity
anomaly is shown, computed from (4), as a function of the sampl

to calculate Practical Salinity is traceable to tkigs ratio,
gwhich is indicated on Standard Seawater (SSW) ampoules

age, in days.

200

a
S

=)
1S3

m 5SA[mg/kg]
o SR[mg/kg]

a
S

Difference (not filtered - filtered)

-50

Sample No

used for device calibrationKqs is the ratio of the electri-
cal conductivity of the seawater sample, at a temperature
(IPTS-68) of 15C and a pressure of 101 325 Pa, to that of
a potassium chloride (KCI) solution, in which the mass frac-
tion of KCl is 32.4356 g/kg at the same temperature and pres-
sure. The production procedure for SSW according to PSS-
78, which in particular links the electrolytic conductivity of
SSW to that of the defined potassium chloride solution, must
be seen as the corresponding primary procedure to realize
K1s. In contrast, an “absolute” conductivity measurement
result must be understood as traceable to the quantity value
of a primary standard of the International System of Units
(SI), which is realized by a primary measurement procedure.
In the following we will use the expression “absolute” as a
shorthand expression for this important concept of traceabil-
ity.

A measuring system for absolute electrolytic conductivity
C calculates it from a conductance measurement of a con-

Fig. 7. Results of the comparison between filtered and unfiltereqductivity measuring cell that is filled with the solution under
samples from the Baltic Sea. The particular pairs of samples werdnvestigation:

collected from the same CTD bottle but filled into separate flasks,
subsequently. The symbols used together with the units are showl
in the inset.

£=K-G. (12)

K is the so called cell constant (not to be confused with the

conductivity ratio K15 of SSW). Commercial conductivity

meters typically measure the conductagtevith respect to
flasks were collected from the same water bottle of the CTDan (arbitrary) internal reference. In order to calculate abso-
rosette. But this does not automatically imply that the waterlute conductivity, therefor& is determined by a calibration
of both flasks has the same properties because the water imsing a reference solution of known absolute conductivity. In
the bottle is usually stratified. Thus the shown difference ofcontrast, in a primary conductivity measurement method, un-
3Sa between unfiltered and filtered samples depends not onlyler the condition of a specific cell desidk,is determined by
on the influence of filtration but also on the slightly different geometric measurements, whiles deduced from measured
intrinsic properties of the two samples. We found a meanimpedance spectra (Brinkmann et al, 2003). Since all quan-
value of the difference ofSp of 1.4 mg/kg with a standard tities are measured traceable to the Sl, this method allows
deviation of 4.9 mg/kg. For comparison, the differences offor the realization of primary conductivity standards whose
Sr are additionally displayed in Fig. 7. The mean value of conductivity values are consequently traceable to the S, too.
the differences ofr is 1.7 mg/kg with a standard deviation Note that conductivity is usually indicated at a defined tem-
of 20.4 mg/kg. peratureTp. Thus the actual temperatufe of the solution
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during the measurement is also measured and the measurdiean Ocean Water. Thus, the density reference value for
conductivity value is corrected thy. this Braunschweig tap water is 999.0996 kg/mn 15°C.

In the present study we used the primary measurement An uncorrelated uncertainty contribution is given by
method of the Physikalisch-Technische Bundesanstalt (PTB)he reproducibility of the device measurement temperature
(Brinkmann et al, 2003) to measure the absolute conductiv-Atreproducibility; it was measured to be below 3 mK. Another
ity Cs of three samples from stations 361, ABB and 213, uncertainty contribution arises from the deviation of the de-
Fig. 5. After arrival, the samples were stored under cold andvice measurement temperaturggevice from the absolute
dark conditions. Prior to measurement the samples and theemperature. This can be expressed as a calibration uncer-
conductivity measuring cell were brought to a set temperatainty of the measurement temperature. With our device
ture of 15°C (ITS-90) over night in a temperature bath. We Atgevice Was measured to be O0mK at 46 and—-5mK at
additionally measured the absolute conductiviii&ss,y of 25°C. The uncertainty of individual temperature measure-
IAPSO SSW/P-series (batch P149) and 10L10-series (Praanents ist 5 mK. Typical temperature deviations for other
tical Salinity 9.926, dated 14 June 2006) and calculated thalevices of the same type are 20 mK. The two temperature

conductivity ratio deviations act in a different way for seawater and for ultra
pure water, as their effect on density is given by multiplying
Ri5= Cs Kis (13) with the thermal expansion coefficieptwhich is different
Cssw for seawater and for ultra pure water:

of the samples under investigation in order to scale the abso-
lute conductivity measurement results to PSSH&; ratios Ppure water measuredt

were taken from the SSW ampoules (0.99984 for P-seriedpure water(1+)/pure water measuretAZdevicet Afreproduc:ibility))
and 0.31712 for L10-series). Conductivity values have bee
linearly corrected to 15C (IPTS-68) using a temperature co-
efficient of 1.97%/K. Finally we calculated Practical Salinity Pseawater( 1+ Vseawater measurdeA fdevice+ Afreproducibility))-

from the PSS-78 formula (Perkin and Lewis, 1980). The UN-Here, ppure water measuredNdpseawater measurdl€ the densities
certainty of the absolute conductivity results includes contri-ingjicated by the measuring device, whereasre waterand
butions from the determination of temperature, conductance, . denote the real densities.

and the cell constant, and accounts for the statistical spread a third uncorrelated uncertainty contribution is caused by
of the indicated values. Uncertainty propagation was calCuyhe different handling of the samples concerning its gas con-

n
Pseawater measuree

lated according to GUM (2008). tent. The ultra pure water is degassed and will remain de-
gassed during the measurement, whereas the seawater is sat-
3.4 High-accuracy density measurements urated with air. The gas content is determined by the storage

temperature of the seawater; during the short time the sam-
ple is cooled or heated to the measuring temperature (about
15 min) no new equilibration will occur. Thus, the storage
temperature affects the density by the gas content. This ef-
tution method (Wolf, 2008). In a substitution method the fect can pe reduce_o_l by storing the samples at well controlled
I8 roducible conditions. In our measurements we stored the

sample to be measured and a reference sample are measu .
alternately several times. This method decreases the meg_amples at refrigerator temperatures and warmed them up to

surement uncertainty considerably as contributions to the untoom tempgrature over night beforg measuring. The contri-

certainty are mostly correlated and thus vanish when lookin utlon.of th'? hanqllmg to the combined uncertalpty (GUM,

for the difference between sample and reference. 008) is not m_vestlgateo! up to now and, thus, estimated to be
The reference liquid was ultra pure degassed water. Théectangular with a halfwidth of 0.5 ppm.

deviation of its density from seawater is below 3%; thus,

a very good correlation of the measurements performed od.5 lon chromatography

seawater and on ultra pure water is obtained provided that

the handling of the samples is the same. The water we usedihe mass fractions of chloride, bromide and sulphate of the

was de-ionised reverse osmosis water (Milli-Q water (Milli- samples 361, ABB and 213 were determined by means of ion

pore, USA)) with a resistance of 18.20m and total or- chromatography. For validation purposes the mass fractions

ganic carbon of less than @02 immediately after purifi- ~ of the same anions were measured in a P149 SSW sample.

cation. It was made from Braunschweig tap water. The ref-The P149 results for chloride and sulphate were compared to

erence density value was taken from the IAPWS-95 formu-earlier results on sample P149 determined also by ion chro-

lation (Wagner and PruR, 2002). A correction was made formatography but using a different instrumental configuration.

the isotopic composition. This was measured te855%o

for 180 and —598%o for D compared to Vienna Standard

Highly accurate density measurements at the PTB Braun
schweig were performed for comparison with an oscillation-
type density meter (Anton Paar DMA 5000) using a substi-
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The ion chromatography system used here consisted of a Baltic Density Anomaly 2006-09
Metrohm 881 Compact IC pro (Metrohm, Switzerland) with ‘ ‘ ‘ ‘ ‘ ‘
a Metrosep A Supp 5 column. The eluent was 3.2 mmol/L
sodium carbonate plus 1 mmol/L sodium hydrogen carbon-
ate.

All solutions were prepared gravimetrically using Milli-Q
water (Millipore, USA). All seawater samples were diluted
prior to injection. The calibration solutions were prepared
from certified standard solutions delivered by Fluka (Fluka,
Switzerland). The mass fractions as specified by the manu
facturer are for:

Salinity Anomaly (S - Sk )/ (mg/k

chloride: wey = 1003+ 3 mg/kg k
sulphatewsg, = 1006+ 8 mg/kg ‘ ‘ : ‘ : ! 20
bromide: wg, = 1003+ 4 mg/kg. 0 5 0 15 20 25 30 3

Reference Salinity S/ (g/kg)

Calibration solutions containing similar mass fractions of an-
ions as the seawater samples were prepared from the stahil9- 8. The results of densitometer measurements in the Baltic Sea
dards. Three series of measurements, each using freshly pruring 20062009, Fig. 5, converted to Absolute Salinity anoma-

pared sample dilutions were generated for chloride, sulphatd®S Using (E. 4). Symbol ™x: filtered samples, “u™ unfiltered
and bromide, respectively. Mean values of the mass fracs amples. 436 samples with salini#y2 g kg™ were used for the fit
' | Eq. 3). At vanishing Reference Salinifig, the limiting anomaly

tlons_ are reported from the_se_ measurements in Table 6. Thl SX =86.8mgkg 1. There is no significant systematic difference
relative expanded uncertainties (coverage fagter?) are  peqyeen the fits using the data from filtered or unfiltered samples;
0.5% for chloride, 0.8% for sulphate and 1% for bromide. the intercept is 87.0 mg/kg for only the 168 filtered “x” samples,
The main contributions to the measurement uncertainty areind 86.6 mg/kg for only the 270 unfiltered “u” samples. The line
from the mass fractions of the certified standard solutions andnarked 1966-1969 is the regression line (5) with regard to the data
from the preparation of the sample and calibration solution,from 1966—69 of Millero and Kremling (1976), Fig. 1.

respectively, by dilution.

that occurred in the 1980s (Maiths et al., 2008), and the

4 Results related consequences for the marine chemistry in the deep
o o water (Nausch et al., 2008).
4.1 Parameterisation of Absolute Salinity For three selected Baltic Sea water samples taken in

November 2008 from the surface water at the stations 361

The_438 samples collected in the period 2006—2009 in the{Kiel Bight), ABB (Arkona Basin) and 213 (Bornholm
Baltic Sea between the Kattegat and the Gulf of BothmaDeep), Fig. 5, the analysis was repeated with state-of-the-

(Fig. .5) were analysed for Practical S'alini'ty, Sect. 3.2, andart measurements of the absolute conductivity, Sect. 3.3, and
density, Sect. 3.4. The related regression line computed from, density, Sect. 3.5.

. . . . 1 .
(4) using 436 samples with salinifig > 2g kg™ is The results, Table 3, of the comparison between mea-

Sa — Sr = 0.00247. (Sso— SR) surements of density and conductivity at PTB and IOW can
s be pairwise combined to compute the salinity anomaly as a
=86.9mgkg*- <1— S—R> , (14) function of the Reference Salinity, Fig. 9. The four combina-
SO

tions are very close to each other and confirm the regression
as shown in Fig. 8. Here, the standard-ocean salinity is(Ed. 3) based on the full set of IOW measurements.
Sso= 35ups= 35.16504gkg ! (Millero et al., 2008). Com- In Fig. 10, the results from the density measurements of
parison of (Eq. 3) with (5) suggests that the density anomaly®TB and IOW, Table 3, are combined with chlorinity val-
has decreased by about 40% during the last 40 years. Thides of the samples computed from the ion chromatography,
result is in contrast to the findings of Dyrssen (1993), andTable 6, for comparison with Fig. 3. Fig. 10 shows a river-
of Kremling and Wilhelm (1997) that the mean calcium ine salt input of 130 mg/kg, which is a reduced value com-
concentrations increased significantly by about 4% betweerdpared to the data from 1966-1969 but enhanced compared to
1966/69 and 1994/95. the value of 30 mg/kg from 1901, and to 79 mg/kg reported
The causes of the strong decadal variability are not knowny Ohlson and Anderson (1990). Our recent value has high
it may be related to technical, agricultural or climatological uncertainty due to the small number of samples used for its
changes in the drainage region of the Baltic Sea, and/or to th€omputation.
dramatic transition in the inflow regime from the North Sea
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Table 3. Independent PTB measurements of conductivity and density of Baltic surface water at the selected stations 361, ABB and 213,
Fig. 5, compared with the IOW data for density and Practical Salinity. All values are given°& a6d atmospheric pressure, except

IOW density which was measured at 0. Values forSy were computed from the related density by means of (3). Note that the effect

of temperature on density is automatically removed when calculating the “density salinity”, which is repofied Related expanded
uncertainties (coverage factor 2) are given below the values

Sample PTB PTB 10W PTB PTB IOW oW
C (15°C) Sp Sp o (15°C) Sa p (20°C) Sa
Sml kgm—3 gkg1 kgm—3 gkg1
361 2.29564 17.5487 17.5438 1012.5989 17.6746 1011.5384 17.6732
0.00136  0.0116 0.0020 0.0014 0.0018 0.0130 0.0192
ABB 1.24454 9.0190 9.0166 1006.0781 9.1205 1005.0975 9.1223
0.00050 0.0046 0.0010 0.0014 0.0019 0.0130 0.0182
213 1.06730 7.6403 7.6409 1005.0259  7.7402 1004.0577 7.7415
0.00030 0.0034 0.0009 0.0021 0.0028 0.0130 0.0181

Baltic Density Anomaly 2008

Baltic Density Anomaly 2008
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Fig. 9. Results of PTB-IOW comparison measurements of the salin-FIg.' .10' Results of PTB-IOW comparison measuren?e_nts of the
salinity anomaly, Table 3, as a function of the chlorinity of the

ity anomaly as a function of the Reference Salinity of the Baltic Sea_ " .
samples 361, ABB and 213, Table 3. Symbols “A’, “B” in the dia- DauC S€a samples 361, ABB and 213, Table 6. SymbolS:

. wnn o~ from IOW, B: Sa from PTB. The regression line “2008” with re-
gram: Sg from IOW, “A’, “C”™: Sp from IOW, “C”, “D”: Sr from .

R ; . spect to these data has an intercept of 130 mg/kf-at=0. The

PTB, and “B”, “D": Sa from PTB. The line marked 2006—2009 is . i e S . .
the regression line (Eq. 3) with regard to the data 2006-9 of this aI|ne marked “1966—-1969" is the regression line (8) associated with

9 g g P2%e data from 1966-69 of Millero and Kremling (1976), Fig. 3. The

per, Fig. 8. The line marked 1966—1969 is the regression line (5),,Knudsen 1901 (Eq. 9) was derived by Knudsen (1901) from the
with regard to the data 1966—-69 of Millero and Kremling (1976), .
Fig. 1. measurements of Sgrensen (Forch et al., 1902), Table 3, Fig. 3.

For Standard Seawater, Reference Salinity (2) equals chloé"2 Density comparison measurements

rinity salinity (6), while for the Baltic Sea their difference ] )
indicates the electrolytic conductivity of the riverine water, 1h€ density measurements carried out at the PTB, Sect. 3.4,

Fig. 4 and the discussion following (10). The similar graph ON Balti_c seawater samples coIIe_cted in November _2008 at
to 4, computed from the samples 361, ABB and 213 collectedN® station 213, ABB and 361, Fig. 5, served two different
in 2008, is shown in Fig. 11. The strong scatter of the fewPUrPOSES, i) an independent confirmation of the density re-

available data points prevents any definite conclusions on &ults obtained at the IOW, Sect. 3.2, and ii) a study of the
possible change of the river water composition since 1969. Uncertainty of seawater density measurements intended to be
used as an Sl-traceable substitute for salinity measurements

that are traceable only to the IAPSO Standard Seawater arte-
fact which is not a part of the Sl system.
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Salinity-Chlorinity Anomaly 2008 1005.030
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1 1 ‘ i i i i -50 Fig. 12. Densities and uncertainties of the different batches, Table 4,
0 3 1015 20 25 30 33 40 of surface water from the Baltic Sea station 213, Fig. 5, measured
Chlorinity Salinity S / (g/kg) atthe PTB

Fig. 11. Deviation between Reference Salinity (3, from Ta-

ble 3, and chlorinity salinity (6)S¢;, from Table 6, of the Baltic
Sea samples 361, ABB and 213, compared with the regression line 1006.082
“1966-1969” with respect to Kremling’s data collected between  1o06.081
1966 and 1969, Fig. 4. The deviation from the abscissa quantifies
the conductivity of the riverine water. Symbols A with Practical
Salinity from the IOW, B from the PTB.
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t=15°C

1006.080 —
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The results of the PTB density measurements are reported o0z
in detail in Tables 4, 5 and Figs. 12—15. Expanded uncertain-
ties for seawater densities are estimated to be in the range
of 1-2 mg/n3, the standard deviation of pure-water measure- ABB-1 ABB-3 ABB-8 ABB-2
ments is even below 1 mgfn Botte

The agreement of the PTB results with IOW data is ex-
cellent, as see_n from the Absolute Sallnlty resultg shoyvn Mot surface water from the Baltic Sea station ABB, Fig. 5, measured
Table 3 and Figs. 9-10. The lowering of the Baltic salinity ;¢ he pTB
anomaly in 2006-9 compared to 1966—69 derived from IOW
data is confirmed by the PTB determinations. o .

The typical uncertainties displayed in Figs. 12—14 for 4-3 Conductivity comparison measurements

Baltic Seawater apply similarly to Standard Seawater; _. . . -
Fig. 15; the measurement method is not modified for brack_F|gure 16 shows the differences between Practical Salinity

ish salinities. The uncertainties of saliniti§g computed measured at the IOW with asallnometﬁga('), Sect. 3.2, and

from the PTB density measurements, Table 3, are comparaF-)raCt'Cal Salinity calculated from absolute conductivity mea-

ab . .
ble to those of the Practical Salinity measured at IOW with surements&Pj, Secbté 3.3. Zero in Fig. 16 can be_taken as
conventional conductivity methods. Thus, the results pre_asg?pr_esentatlve fdfbs' the dots then mark the deviation of
sented here support the idea of measuring salinity by meansp~ With respect t6g™ The error bars indicate the expanded
of SI-traceable density. (coverage factor 2) uncertainties. Bars with a cross bar are
i ' - | - b -
Another important aspect of the substitution method usedn0se 0fSp* and without cross bars those §37% They in-

here is the automatic consistency with IAPWS-95 densitiesdicate a 95 % degree of confidence for the results. Only the
of pure water. This permits the computation of the saline partstatistical fluctuation of the internally measured conductance
of the specific volume of seawater (IAPWS, 2008) from mea-€nters into the uncertainty ofg®, since systematic uncer-

sured seawater densities without additional loss of accuracyt@inties are assumed to cancel out by the SSW calibration
procedure. In an absolute conductivity measurement the ab-

solute conductance value of seawater in the measuring cell
must be determined. Its uncertainty therefore enters into the
uncertainties ofCs and Cssw in (Eqg. 2). This results in a
larger uncertainty oSSbSas can be seen in Fig. 16.

1006.075 +—

Fig. 13. Densities and uncertainties of the different batches, Table 4,
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Table 4. Results of the high-accuracy measurements of seawater density carried out at the PTB. Absolute Salinity is computed from the
density by means of the Gibbs function (3). Given is the expanded uncertainty of the densityCafcbverage factor 2).

sample date of date of storage density total Absolute
filling measurement at 15°C uncertainty Salinity Sa
U(p) (k=2)
kg/m3 kg/m?3 g/kg
213-1 2008-12-18 2009-02-04 refrigerator 1005.0261 1.5E-03 7.7405
213-3 2008-12-18 2009-03-11 refrigerator 1005.0268 2.8E-03 7.7414
213-9 2008-12-18 2009-03-27 refrigerator 1005.0248 2.0E-03 7.7388
213-2 2008-12-18 2009-02-03 room temp. 1005.0263 1.5E-03 7.7408
ABB-1 2008-12-17 2009-02-05 refrigerator 1006.0784 1.3E-03 9.1209
ABB-3 2008-12-17 2009-03-10 refrigerator 1006.0780 1.3E-03 9.1204
ABB-8 2008-12-17 2009-03-26 refrigerator 1006.0778 1.7E-03 9.1201
ABB-2 2008-12-17 2009-01-29 room temp. 1006.0802 1.5E-03 9.1233
361-1 2008-12-16 2009-03-09 refrigerator 1012.5983 1.4E-03 17.6738
361-9 2008-12-16 2009-03-25 refrigerator 1012.5995 1.4E-03 17.6753
361-2 2008-12-16 2009-02-02 room temp. 1012.5971 1.9E-03 17.6722
P151-1 2009-04-06 room temp. 1025.96745 2.2E-03 35.1538
P151-2 2009-04-07 room temp. 1025.96641 1.3E-03 35.1525
P151-3 2009-04-08 room temp. 1025.96722 1.9E-03 35.1535
P151-4 2009-04-09 room temp. 1025.97145 1.5E-03 35.1590

Table 5. Experimental standard deviations of the mean (st. dev.) and numbers of measurements of the high-accuracy measurements of
density carried out at the PTB with seawater and with pure water.

seawater seawater seawater pure water pure water
sample st. dev. number of therm. expansion st. dev. number of
u (p) (k=1) measurements coefficient at 15C U (p) (k=2) measurements
kg/m? K1 kg/md
213-1 3.8E-04 16 0.00016628 3.9E-04 20
213-3 1.3E-03 20 0.00016628 3.1E-04 24
213-9 7.0E-04 20 0.00016628 4.8E-04 26
213-2 4.5E-04 12 0.00016628 3.2E-04 16
ABB-1 2.5E-04 16 0.00016893 3.8E-04 18
ABB-3 3.4E-04 18 0.00016893 2.4E-04 22
ABB-8 5.0E-04 14 0.00016893 4.5E-04 18
ABB-2 3.1E-04 20 0.00016893 4.6E-04 22
361-1 4.3E-04 18 0.0001847 2.2E-04 22
361-9 3.1E-04 18 0.0001847 3.0E-04 22
361-2 7.5E-04 20 0.0001847 2.9E-04 20
P151-1 7.5E-04 18 0.00016628 4.7E-04 22
P151-2 4.8E-04 18 0.00016628 1.7E-04 22
P151-3 5.5E-04 18 0.00016893 3.8E-04 22
P151-4 2.6E-04 18 0.00016893 3.0E-04 22

Figure 16a compares results whekes of the absolute  sults whereR1s of the absolute measurement is scaled with
measurement is scaled with the measured conductivity valuéhe measured conductivity value of SSW/L10-series, which
of SSW/P-series, having a nominal Practical Salinity aroundis SSW diluted to a nominal Practical Salinity around 10.
35. Here all salinometer and absolute measurements fit venAlthough the uncertainty ranges of the salinometer and the
well within the uncertainty limits. Figure 16b compares re- absolute measurement results do barely touch this must be
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0.02+ a) scaled with K, of
1012.601 h
t=15"C TIAPSO SSW/P-series
1012.600 0.01r
E 1012599 2
) ¥ 0.00+ 3 ‘ ]
::; 1012.598 ! i
& 1012507 “ 001}
1012.596 -002 |
1012.595
361 ABB 213
1012.594 T
361-1 361-9 361-2 Sample
Bottle
Fig. 14. Densities and uncertainties of the different batches, Table 4, 0.0z b) scaled with K, .
of surface water from the Baltic Sea station 361, Fig. 5, measured of SSW/10L10-series
atthe PTB. 0.0y
e 0.00f ‘
1025.973 _ 1 3 [
1025.972 £ -0.01r
t=15°C E
1025.971 T -0.02+
E 1025970 —
2 361 ABB 213
2 1025.969 — Sample
g’ 1025.968 —
vozsoer || . Fig. 16. Deviation of Practical Salinity resulti‘,ia' measured with a
’ salinometer from those calculated from absolute conductivity mea-
1025.966 1 ] surement§gb5. Error bars without cross bars are related to zero
1025.965 (deviation) and indicate the expanded uncertaintygﬁ?ﬁ while the
Frent e e pro error bars with cross bars indicate the expanded uncertair.ﬁSbe

(a) Absolute conductivity results scaled according to (Eq. 2) using
Fig. 15. Densities and uncertainties of the different batches of SSW/P-seriegp) using SSW/10L10 series.
IAPSO Standard Seawater, measured at the PTB. The outlier of bot-
tle P151-4 is not attributed to a measurement effect but should be

interpreted as an indication for evaporation of water caused by an4 4 Chemical .
imperfect sealing of the bottle. ) emical composition

A o o 'I(']able 6 summarizes the results of the ion chromatography

assessed as a significant deviation. This is an unexpecte .

observation; we may only speculate here about the reasonm_ea_surements, Sect. 3.6, together with the expanded uncer-
. ﬁ’fiunUeé‘ (coverage factor 2, GUM 2008). The mass frac-

Since PSS-78 is based on Practical Salinity measurements . . .
. X . . lons of the anions chloride, bromide and sulphate were de-
SSW at different salt concentrations, scaling with SSW/P- . . .
X . termined in the samples 361, ABB and 213 and in a sam-
series or L10-series should lead to the same result. The devi-
. e . ; ple of P149 SSW. In columns 2 and 3 of Table 8 the mass
ation may be an indicator that today’s internal scaling of the

measuring device is different to the devices taken to eStablfractlons of sulphate to chloride and bromide to chloride are

lish PSS-78. Alternatively, e.g., the physical chemical prop_glven. Figs. 18 and 19 show the results graphically. In Fig. 17

erties of SSW may have slightly changed such that PSS-?éhe mass fractions of sulphate determined in two samples
f P149 SSW are compared. One sample P149 was mea-
cannot be reproduced anymore over the complete scale.

) . ; sured at the same time as the Baltic Sea samples the other
course, such a far-reaching conclusion can certainly not bé ; . .
drawn from such a small set of measurements with lacking. o> mgasure_d one year before using a different instrumen-
Sal configuration (Metrohm 850 professional IC, Metrosep A

;tatlstlcal S|gn|f|cgnce. Consequently, further |nvest|gat|olnSupp 4/5 Guard column, Metrohm, Switzerland) and done
is currently ongoing. But based on the present results in

th? Baltic Sea r.neasuremem. range one .has to ?X_pef:t an ad- 4The expanded uncertainty defines an interval about the re-
ditional uncertainty contribution to Practical Salinity in the gt of the measurement is calculated from a combined standard
Order Of the deViation Of about 006% to 007% At IeaSt th8uncertaintyuc and a coverage factar U = kUc A coverage fac-
results demonstrate the necessity of an independent and ster k = 2, as applied in the publication, corresponds for a normal
ble reference for Practical Salinity measurements like the Sldistribution to a coverage probability of approximately 95%.
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P149 mass fraction sulphate w(Br)/w(CrI)
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265 : : Fig. 19. Mass fraction of bromide to chloride for the Baltic Sea
P149(2008) P149 Ref comp samples, SSW P149 and the Reference Composition (Millero et al.,
2008).

Fig. 17. Mass fraction of sulphate measured in SSW P149 in par-
allel with Baltic Sea samples and in 2008 at PTB compared to the
Reference Composition (Millero et al., 2008).
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= 50
E) : : : : : : :
E bt R R EEEEEI ELEEEEEREESPEEES 40
w(SO.%)/w(Cl) = | | | | ! ! !
a ‘
0.145 = i
* o i
0.144 Q !
0.143 > QG.-)‘ !
~ :
0.142 1 i
g 0141 5 3
£ o L 2 !
0.139 M - > 1
'E i
0.138 E !
0.137 = S S S IO N Y SO A L 30
< i B
0.136 . . T T Q |
s213 SABB 5361 P149 ref comp T e e B e e e +-40
<= I
=) : ‘ ‘ ‘ ‘ ‘ 50
=] f f f f t t t -
Fig. 18. Mass fraction of sulphate to chloride for the Baltic Sea “ 0 5 10 15 20 25 30 35 40
samples. SSW P149 and to the Reference Composition (Millero et Chlorinity Salinity = Sci / (g/kg)
al., 2008).

Fig. 20. Sulphate anomaly with respect to the Reference Compo-

sition computed from (Eg. 4) with measured values, Table 6, at the
by a different operator. The results shown in Table 7 agreeBaltic Sea stations 213, ABB and 361 in November 2008, sym-
well within the stated uncertainty. For sulphate both valuesbols “SO4". The regression line “2008” with respect to these data
are slightly below the Reference Composition (Millero et al., suggests a riverine discharge of order 16 mg/kg of Sthe uncer-
2008) as can be seen from Fig. 17. The mass fractions ofinty in this estimate is large due to the few available samples.
bromide to chloride and sulphate to chloride of the Baltic Sea

samples were compared to the ratio of anions as obtained for o
P149 and as given for the Reference Composition. The reJ he resultfor the data given in Table 6 computed from (Eq. 4)

sults are summarized in Table 8 and shown in Figs. 18 ands displayed in Fig. 20. The regression results in an intercept
19. Results for calcium could not be obtained. atCI=0 of about 16 mg/kg of Sgdischarged from the rivers;

In addition to CaC@, the Baltic Sea exhibits a weaker due to the small number of samples a high uncertainty of this

anomaly in MgSQ (Rohde, 1966; Kremling, 1969; Nehring, Value must be assumed.

1980; Nessim and Schlungbaum, 1980), Table 2. Apparently o ) ) o
the ratiosw(SC;~)/w(CI~) given in Table 8 show a related 4.5 Contribution of CaCOg3 dissolution to the salinity
systematic trend proportional to the chlorinity. The sulphate anomaly

fraction of Standard Seawater can be computed from the Ref- ) ) o
erence Composition (Millero et al., 2008), Table 2, and sub- 1 n€ dissolution of CaC®in river water adds Ca and to-

tracted from the measured sulphate concentratiof®dp @l COz (Cr = CO; + HCO3 + HCO; + Coéf) to the

to provide an estimate of the mean riverine sulphate inputBaIt'C Sea and constitutes the major contribution to the salin-

sgiver as ity anomaly in the Baltic Sea. To quantify this effect,
4 a subset of the samples from stations 2, 113, 213, 256,

S = sSONe3s- 0.14C!1 (15) 271, and 284 (Fig. 5) collected between 2006 and 2008
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Table 6. Mass fraction of chloride, sulphate and bromide for Baltic Sea samples 213, ABB and 361 together with the expanded measurement
uncertainty (coverage factor 2). ChloriniBl is computed from the formula (Millero et al., 2008),
Cl=0.32852344 pg [w(Cl)/Ac|+w(Br)/Ag], and the chlorinity salinitySc; is computed from (Eq. 6).

Sample 213 ABB 361

Seawater w(i) U (w(i)) w(i) U (w(i)) w(i) U (w(i))
componeni  gkg! gkg 1 gkg1 gkg1 gkg™1 gkg™t
Cl— 4.199 0.020 4.964 0.025 9.704 0.050
SOAZC 0.607 0.0050 0.710 0.0057 1.354 0.011
Br~ 0.015 0.0002 0.017 0.0002 0.033 0.0003
Cl 4.204 4.969 9.714

Sci 7.630 9.020 17.632

Table 7. Mass fractions of chloride and sulphate measured in SSW P149 in parallel with Baltic Sea samples and in 2008 at PTB, compared
to the Reference Composition (Millero et al., 2008).

Sample P149 this paper P149 PTB in 2008 Reference Composition
Millero et al. (2008)

Seawater w(i) U (w(i)) w(i) U (w(i)) w(i) U (w(i))

component  gkg! gkg?! gkg? gkg™1 gkg? gkg!

Cl— 19.39 0.04 19.34 0.03 19.35271

o7 2.694 0.006 2.702 0.004 2.71235

Table 8. Mass fraction of sulphate to chloride and bromide to chlo- ter entering the Baltic Sea. Ther in Scandma\{'an rvers
ride for the Baltic Sea samples, the standard seawater sample cor@iMounts to a few hundred umolky whereas river water
pared to SSW P149 and to the Reference Composition (Millero etfiginating from continental Europe have alkalinities larger

al., 2008). than 3000 pmol kg! (Hjalmarsson et al., 2008). Hence, ex-
trapolation of thedy/salinity regression line t6p = 0 yields
Sample w(SGEHw(CIT)  w(Br)w(CI) a mean river water valugAr, that is weighted with the
contribution of river water from different source areas. As
213 0.1445 0.003566 a consequence, ther at a given salinity depends on the
26818 %11"'32; %%%222551 horizontal mixing pattern that may vary in space and time,
P149 0.1389 0.003448 and a well-definedit/salinity relationship for the Baltic Sea

Ref. Comp. 01390 0.003480 does not exist. The meam obtain.ed lfrom our Iimited set
of samples was 1470 pmol kg, Attributing ° At entirely to
the dissolution of CaC@yields a Ca concentration in river
water of 735 pmol kg! corresponding to 29 mg kg. Max-
were ana'yzed for botﬁ‘-l- (I’l — 64) and total a|ka||n|tyAT imum and minimuanT were estimated by CalCUlating up-
(n =29). The chemical analyses f6kr and At were per-  Per and lower limit mixing lines which enclosed dly data.
formed by coulometry and closed-cell titration, respectively, The °At ranged from 1339 umolkg" to 1585 umolkg*
according to the standard operation procedures described KNd is equivalent to Ca concentrations between 27 mg kg
Dickson et al. (2007). Theit were plotted as a function and 32 mgkg?. This range is consistent with the river water
of Practical SalinitySp and a regression line was calcu- Ca concentration (28 mgkg) obtained by extrapolation of
lated which was fixed toAt = 2350 pmol kg?! at Sp = 35 Ca measurements at chlorinities higher than 4.5 (Kremling
(Fig. 21). This value corresponds to the ocean endmembefnd Wilhelm, 1997).

of the A1/Sp mixing diagram and was estimated by extrap- CO%‘ ions released during the dissolution of Ca@-
olation of At measurements in the Belt Sea/Kattegat areaact with CQ and form HCQ ions according to the ther-
(B. Schneider, unpublished data) §p=35. The scatter of modynamic equilibrium conditions of the marine £€6ys-
the data around the regression line is considerable and calem. Therefore, the total CQconcentrations in river water
be explained by the extreme differencesd in river wa- are controlled by both the alkalinity and the €@artial
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2400 responsible for composition anomalies and for the spatial and
temporal variations of these anomalies are far from being
well understood, even in a small estuary such as the Baltic.
In preparation for the analysis of recently collected data
we have reconsidered the measurements of Kremling 1966—
69 using the new equation of state (TEOS-10, I0C, 2010).
The parameterisation of the salinity anomaly as a function
of the Reference Salinity, (5), Fig. 1, and of the chlorin-
ity, (8), Fig. 3, resulted in new equations valid for that ob-
servation period, in particular, in an extrapolated Absolute
1200 - Salinity of 150 mgkg?! at zero Reference Salinity, and of
173mgkg ! at zero chlorinity for the Kremling data. For our
1000 . : - - - - - recent measurements from 2006 to 2009, these values have
salinlty changed to 87 mg kg at zero Reference Salinity, Fig. 8, and
130mgkg? at zero chlorinity, Fig. 9. This is a reduction
Fig. 21. Regression lines for total GO(full circles, solid line)  Of the anomaly by 42% and 25%, respectively, over the last
and alkalinity (open circles, dashed line) as a function of salin-40 years. Of these two, the new chlorinity intercept is derived
ity. The calculation of the regression lines are based on ftked  from only six data points (three chlorinity values) and must
(2182 umolkg't) and At (2350 umol kg'?) at Sp = 35. be considered as relatively uncertain since values observed
at different times or positions may scatter significantly. Our
pressure,pCQO,. To estimate°Ct, we first calculated the finding of a reduced anomaly is in contrast to the results of
ocean endmemberSg = 35) Ct on the basis of the end- Kremling and Wilhelm (1993) who described an increase of
member At (2350 pmolkg?) and assuming equilibrium the anomaly after 1970.
with the present day atmosphericcO, (about 380 patm). The new (Eq. 14) that estimates Absolute Salisityfrom
The calculations were performed for the mean temperaReference SalinitySsg of Baltic seawater is based on 436
ture during sampling (5.7C) using the C@ solubility and measured samples, Fig. 8, and is confirmed by independent
the CQ dissociation constants suggested by Weiss (1974yleterminations of density and conductivity, Fig. 9:
and Millero et al. (2006), respectively. The obtained value . SR
(2182 umol kg1) was then fixed for the calculation of a re- Sa =Sr+87mgkg ™ <1— S_> (16)
gression line for theCt/salinity relationship (Fig. 21). Ex- SO
trapolation of the regression line & =0 yielded a mean Here, Sso=35.16504gkg? is the standard-ocean Refer-
river water’ Ct of 1462 umol kg. To conver?Crintomass  ence Salinity that corresponds to the Practical Salinity of 35.
units, the contributions of CO(H,COz), HCO; and CG~  Reference SalinitySg, is computed from Practical Salinity,
to °Ct were calculated fromiCt, °A1 and temperature us- Sp, by means of (Eqg. 2).
ing again the dissociation constants by Millero et al. (2006). In this paper we have consequently used a regression
Multiplying the concentrations of the differeiity species method that was, to our knowledge, first introduced by
with the corresponding molecular weight resulted in a meanMillero and Kremling (1976) to study the Baltic Sea anoma-
river water total CQ of 89 mgkg®. The minimum and lies. In this method, Baltic Sea water is considered as a mix-
maximum values were 79 umol k§ and 101 pmol kg?, re- ture of Standard Seawater that has standard-ocean salinity,
spectively. Hence, the mean total Absolute Salinity anomalywith riverine water which contains unknown amounts of un-
that refers to the selected sampling stations amounted t§nown solutes. Properties of diluted Standard Seawater can
118 mgkg ! (29 mg kg ! from CaCQ@ and 89 mg kg™ from be computed from the equation of state and compared with
CO,) and varied between 106 mgky and 133 mgkg?. Baltic seawater properties of the same salinity, conductiv-
This range is consistent with the estimate available fromity or chlorinity. In using this method, the Baltic anoma-
Fig. 10. lies are assumed to disappear at related standard-ocean con-

ditions such assgr = Sso, (Eg. 1). This end member datum

permits a robust regression with respect to the scattered read-
5 Discussion ings obtained from the Baltic Sea at different positions, times

and salinities, and a correspondingly rigorous extrapolation
The conditions in the Baltic Sea can serve as a “magnifyingto the opposite end member, the average riverine water. Since
glass” for the problems we may encounter in the ocean whera Reference Composition model was defined recently as a
more data on composition anomalies will be available thatpart of the new international seawater standard (Millero et al.,
cover the globe more densely and extend over many decade2008; IAPWS, 2008; I0C 2009, 2010), the oceanic compo-
The effects in the Baltic are measured easier and the relevament can be computed on this basis, resulting in well-defined
time scales are shorter. Nevertheless, the complex processasomalies that can be compared between different studies.
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This is a significant advantage over the earlier situation wherschweig. The results reported in Sect. 4.2 and 4.3 indi-
every author used his particular preferred seawater composkate that the density of seawater can be measured with sig-
tion model, thus giving incompatible quantitative results for nificantly smaller uncertainty than the conductivity. These
the anomalies between different studies. Such a lack of comfindings support the intended proposal of the SCOR/IAPSO
parability is especially inconvenient and possibly misleadingWG127 to calibrate instruments for salinity measurements
for trend analyses of e.g. the density anomaly on decadal oin the future with respect to density rather than or in addition
century time scales. We have applied this regression methotb conductivity. Further studies are required to develop this
based on the Reference Composition to the anomalies of dertechnology in more detail.
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