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Abstract. While the thermodynamic properties of Standard 1  Introduction
Seawater are very well known, the quantitative effect of sea
salt composition anomalies on various properties is difficult From Knudsen’s “Normalwasser VI” (Knudsen, 1903) to the
to estimate since comprehensive lab experiments with theurrent IAPSQ service, Standard Seawater (SSW) collected
various natural waters are scarce. Coastal and estuarine wfrom the North Atlantic and processed into sealed bottles
ters exhibit significant anomalies which also influence to anhas served for the calibration of oceanographic measuring
unknown amount the routine salinity calculation from con- devices for more than a century. This water has also been
ductivity measurements. used to characterise the properties of seawater (Millero et al.,
Recent numerical models of multi-component agqueous2008). However, the chemical composition of seawater is not
electrolytes permit the simulation of physical chemical prop-exactly constant. Regional deviations of seawater composi-
erties of seawater with variable solute composition. In thistion and properties were occasionally investigated, in partic-
paper, the FREZCHEM model is used to derive a Gibbsular in the 1970s (Rohde, 1966; Cox et al., 1967; Kremling,
function for Baltic seawater, and the LSHPELS model to 1969, 1970, 1972; Connors and Kester, 1974; Brewer and
provide estimates for the conductivity anomaly relative to Bradshaw, 1975; Millero et al., 1978; Poisson et al., 1981,
Standard Seawater. From additional information such as diMillero, 2000), but were generally considered of minor rel-
rect density measurements or empirical salinity anomaly paevance and ignored by previous international oceanographic
rameterisation, the quantitative deviations of properties bestandards (Forch et al., 1902; Jacobsen and Knudsen, 1940;
tween Baltic and Standard Seawater are calculated as fund-ewis, 1981; Millero, 2010). However, the effects of these
tions of salinity and temperature. While several quantitiescompositional variations are measureable, and are easily the
show anomalies that are comparable with their measuremenargest single factor currently limiting the accuracy of empir-
uncertainties and do not demand special improvement, othical formulas for the thermodynamic properties of seawater.
ers exhibit more significant deviations from Standard Seawait is therefore desirable to investigate the effects of these re-
ter properties. In particular density and sound speed turn ougional deviations, and to determine how these deviations can
to be significantly sensitive to the presence of anomalous sobe incorporated into routine procedures for obtaining numer-
lute. Suitable general correction methods are suggested to beal estimates of different seawater properties (Lewis, 1981).
applied to Baltic Sea samples with known Practical Salinity The new TEOS-19 formulation of seawater properties
and, optionally, directly determined density. (Feistel, 2008; IAPWS, 2008; IOC et al., 2010) supports the
analysis of anomalous seawater properties in a first approx-
imation even though methods and knowledge available for
the description of the related effects are still immature. An
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important step in this direction was the definition of the Ref- nitude of the resulting density and conductivity anomalies,
erence Composition (RC) as a standard composition modednd very little is known at all about the quantitative effect of
for sea salt (Millero et al., 2008). The RC can be used toanomalous solutes on the sound speed, the heat capacities,
define a Reference Salinity, which represents the actual madbe freezing point, or many other thermodynamic properties
fraction of solute in seawater of Reference Composition. It(Feistel, 1998).

also defines a baseline relative to which anomalies can be One drawback of using the Baltic Sea as a test region is
properly quantified in detail. The RC is defined in the form that the relative composition of the water is likely not con-
of exact molar fractionsxfc > 0, for 15 major sea salt con- stant with position or depth. The composition variations de-
stituents,a. Deviations of molar fractionsy, # xEC, from rive from the inflow of many rivers, which themselves have
the RC found in samples of natural or artificial seawater area wide range of compositions, and these are not well mixed
regarded as composition anomalies. A second step towardsithin the Baltic Sea. In addition, these riverine additions
an analysis procedure for anomalous seawater has been #&re not constant in time and are involved in complex biogeo-
define a parameter, the Absolute Salinity, which will provide chemical processes during the water residence time of 20—
the best estimate of the density of a particular seawater sanB0 years (Feistel et al., 2008b; Reissmann et al., 2009); sig-
ple whose composition is different than the Reference Com-nificant variations apparently occur on at least decadal time
position, when used as a numerical input into the TEOS-10scales (Feistel et al., 2010a). Acknowledging this uncer-
Gibbs function (Wright et al., 2010b). Under this definition, tainty, we shall use a highly simplified model of the com-
the Absolute Salinity represents the mass fraction of soluteosition anomaly that represents only the effects arising from
in a seawater of Reference Composition with the same denthe addition of calcium and bicarbonate ions which dominate
sity as that of the sample, and can also be called the Densitgbserved anomalies.

Salinity. It may therefore be different than the actual mass In parallel with the development of TEOS-10, numerical
fraction of solute in the sample, which is termed the Solutionmodels that can be used to investigate the thermodynamic
Absolute Salinity. and transport properties of seawaters from a theoretical basis

In the past, the thermodynamic properties of freshwaterthave been developed and tested (Feistel and Marion, 2007;
and estuarine systems have been found to be approximateRawlowicz, 2010). Known as FREZCHEM (Marion and
described by a heuristic, referred to as “Millero’s Rule” here, Kargel, 2008) and LSEAELS (Pawlowicz, 2009) respec-
that states that these properties depend primarily on the madaely, these models have been used to extend the range of
of solute, and only secondarily on the composition of the so-validity of the thermodynamic Gibbs function into salini-
lute (Millero, 1975; Chen and Millero, 1984). If this is true ties larger and smaller than have been studied experimen-
for density, then the Density Salinity is a good approxima- tally (IAPWS, 2007; Feistel, 2010), and to investigate the ef-
tion for Solution Absolute Salinity, even in the presence of fects of composition anomalies resulting from biogeochem-
composition anomalies. However, recent analysis (Pawlow-ical processes on the conductivity and density of seawater
icz et al., 2010) suggests that this approximation might havgPawlowicz et al., 2010). In this paper we combine these nu-
a much narrower range of validity than was previously be-merical approaches to study the properties of Baltic Sea wa-
lieved. ter. We create a correction to the TEOS-10 Gibbs function

The Baltic Sea is an obvious place to study the effectsthat can be used to determine all the thermodynamic prop-
of composition anomalies since the existence of composierties of Baltic Sea water, and a correction to the PSS-78
tion anomalies in Baltic seawater has been known since th@ractical Salinity Scale that can be used to estimate the con-
formulation of Knudsen’s equation of state (Knudsen, 1901;ductivity of this water. These analytical models are used to
Forch et al., 1902) in the form of its salinity intercept at zero study whether the Density Salinity (i.e. the Absolute Salin-
Chlorinity. The details of these anomalies were determinedty as defined by TEOS-10) is in fact a good estimate of the
by chemical analysis beginning in the 1960s (Rohde, 1965Solution Absolute Salinity (actual mass fraction of solute),
Kremling, 1969, 1970, 1972; Feistel et al., 2010a), and somend whether or not the Density Salinity can be used in con-
empirical evidence has been gathered on the effects on defunction with the Gibbs function for SSW to determine other
sity (Kremling, 1971; Millero and Kremling, 1976). thermodynamic parameters.

The electrical conductivity of anomalous solute in Baltic  The composition anomaly of the Baltic Sea, Fig. 1, is dom-
seawater is not negligible and has led in the past to variousnated by riverine calcium excess (Rohde, 1965; Millero and
mutually inconsistent empirical relations between PracticalKremling, 1976; Feistel et al., 2010a). The dissolved posi-
Salinity and Chlorinity (Kwiecinski, 1965; Kremling 1969, tive Cat* ions are charge-balanced mainly by dissolved car-
1970, 1972) and to an experimental study of whether Prachon dioxide, CQ, e.g., in the form of two negative bicarbon-
tical Salinity is conservative within its measurement uncer-ate HCQ ions. Baltic carbonate concentrations depend in a
tainty (Feistel and Weinreben, 2008). Here, conservativecomplex way on exchange with the atmosphere, seasonal sol-
means that the salinity value remains the same when tempeubility, biological activity as well as various chemical reac-
ature or pressure of the sample are changing. However, thergons with the sediment under occasionally anoxic conditions
is little theoretical knowledge of the reasons for the mag-(Thomas and Schneider, 1999; Nausch et al., 2008; Omstedt
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. North - o of Ca+ and 2 HCQ, i.e. a reaction of the form (Cockell,

| Atlantic 2008):
: .| cacq + cO,+H,0 — cat + 2HCq;. (1.1)
=y aulfof: i In LSEA_DELS a “closed system” approach is used. In this

:Bothnia :
. case a salt is added, and the chemical composition is allowed
to evolve to an equilibrium state under the restriction that the
Gulf of Fislagd 27 total dissolved inorganic carbon (DIC) is fixed. This is a rea-

3 sonable approach in situations where a TA and DIC anomaly

are known. In the Baltic, these anomalies in TA and DIC

" 'Pcfg‘i;“/af“? ‘f“l‘?{\‘;l;‘ef" """ o are almost equal (Feistel et al., 2010), which indicates that
i i T Py 0 the composition change is approximately modelled as an in-
O e e Sl crease in Ca(HC§),. This again is consistent with a reaction

o i of the form (1.1).
- Ns"er;h b N Although the different assumptions in the two models are
. 'BSW = SSW 4 FW. potentially a source of discrepancy between the results of our
e o investigation into thermodynamic properties, which requires
2 e 7 GiE O (U8 01 I s 41 6 i O 1 i e e el e e i FREZCHEM, and investigation into conductivity properties,

which required LSEADELS, there is little difference be-
Fig. 1. The Baltic Sea is a semi-enclosed estuary with a volumewyeen the final compositions obtained using the two ap-
gggﬁr?gt 3?%00 ke and an annual freshwater sn:rplusloflgol;ou; proaches in this particular case. From another numerical
e v e o gy MU efered (0 as LIMBETA (Pawionica ot l. 2010)
z ' an equilibrium model consistent with LSEBELS, density

a mixture of ocean water (OW) from the North Atlantic with river |

water (RW) discharged from the large surrounding drainage area'S computed for comparison with FREZCHEM in order to

Regionally and temporally, mixing ratio and RW solute are highly guantify the effect of the different boundary conditions. The
variable. Collected BSW samples consist of Standard Seawateflifference in the predicted density anomalies for a given Ca
(SSW) with Reference Composition (RC) plus a small amount ofanomaly is less than 6 g, as discussed in Sect. 6.
anomalous freshwater solute (FW), which we approximate here to The FREZCHEM model results are used here to develop a
be calcium bicarbonate, Ca(HGE. In dissolved form, depending  Gibbs function for Baltic seawater in the form of a small cor-
on ambient temperature and pH, Ca(H®is decomposed into  rection to TEOS-10. A Gibbs function is a thermodynamic
the various compounds of the aqueous carbonate system with Mysotential in terms of temperature, pressure and particle num-
wal equilibrium ratios (Cockell, 2008). bers and is therefore consistent with “closed system” condi-
tions. The proper thermodynamic potential for FREZCHEM
is a function which takes chemical potentials rather than par-

) . . ticle numbers as independent variables, such as the Landau
et al., 2009; Schneider et al., 2010). Additions of solute can otential, = pV, wherep andV are pressure and volume

cause changes in the e_qwhbnum chemlstry.(e.g., in pH), an Landau and Lifschitz, 1987; Goodstein, 1975). The Lan-
hence can lead to particles of, say, HLeing converted dau potential is related to the Gibbs potential by a Legendre
into particles of Cg by solute-solvent reactions. Such re- yransform (Alberty, 2001; Feistel et al., 2010c). The chem-
actions convert KO molecules frpm being part of th? solvent g potential of water in seawater expressed in terms of the
to being part of the solute, or vice versa, such as in the casgipps function is an example for such a Legendre transform.
of Eq. (1.1). A full numerical simulation must model these gjnce the differences between the open and the closed models
changes as well, and this requires additional assumptions. gre small, we refrain from the relatively complicated conver-
In FREZCHEM an “open system” approach is used. Lime sion procedure between Gibbs and Landau potentials in our
(CaCQ) is added, and then the chemical composition is al-generalization of the TEOS-10 Gibbs function with respect
lowed to evolve to an equilibrium state under the restrictionto an additional salinity variable. The gain expected from
that the partial pressure of carbon dioxigeCQO,) and the this significantly more demanding model will very likely be
total alkalinity (TA) are fixed. This is a reasonable approachminor and at this stage does not warrant the additional effort.
for laboratory studies in which waters at 25 are stirred in Thermodynamic potentials describe unique equilibrium
contact with air after the addition of a salt, or for wind-mixed states at given conditions, e.g., in terms of numbers of atoms
river plumes in equilibrium with the atmosphere. In the ad- of the elements present in the system. These atoms may or
ditions modelled here, a substantial inflow of £@as oc- may not form mutual bound states, and chemical reactions
curs and increases the mass of anomalous solute, so that tiheay occur between those compounds, between the solutes
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or the solvent, without affecting the validity of the thermo- dard Seawater, SSW, with Reference Composition, RC, plus
dynamic potential expressed in terms of the system’s elea small amount of anomalous freshwater solute, FW, which
mentary composition. This very convenient property is ev-originates from river discharge and contains mainly the cal-
ident from the representation of thermodynamic potentialscium fraction of RW in excess of the expected value based
in statistical mechanics such as the canonical or the grandn the Ca/Cl ratio of the RC. Note that the SSW contribu-
canonical ensemble. Formally, the atom numbers can also bi&on includes pure water plus RC solute from both OW and
replaced by suitable fixed stoichiometric combinations, i.e.RW whereas FW refers only to the anomalous solute derived
by numbers of certain molecules as independent variablefrom riverine inputs.
Hence, the concentrations of Caand HCQ ions are suf- The SSW and FW fractions of BSW are usually separated
ficient to correctly formulate the Gibbs function for Baltic by the definition that FW does not contain any halides, i.e.,
seawater, regardless of any chemical reactions that in realitthat the Chlorinity of BSW determines the SSW fraction, in-
occur in the marine carbonate system, and which are moddependent of whether or not some of the river water entering
elled correspondingly by FREZCHEM and LIMBETA to de- the Baltic carries a relevant halide load. Because the RW
termine the particular equilibrium states. component does in fact contain a small fraction of halides,
The paper is organised as follows. In Sect. 2, severathe use of Chlorinity to estimate the SSW fraction will al-
required composition variables and basic thermodynamiavays result in this component including a small contribu-
terms are introduced. In Sect. 3, a formal expression fortion from RW of all species in the RC. However, because the
the Gibbs function of Baltic seawater is derived. This ex- halide concentrations in OW are so large, the relative change
pression is used in Sect. 4 to obtain a formulation for thein their concentration due to RW solute is very small, as is
Baltic Sea Gibbs function through an empirical correlation the corresponding error in the concentrations of all species in
of a specified functional form against results estimated usRC, and thus can be neglected. Anomalies of BSW, i.e., the
ing of the FREZCHEM model. This Gibbs function depends composition of the FW fraction, in chemical species other
on two salinities, the Absolute Salinity of the SSW part, andthan calcium and carbonates are neglected in our models.
a correction proportional to the anomalous calcium excessThey are less relevant and were also found to vary signifi-
In Sect. 5 selected property anomalies are computed frongantly from author to author and between the analysed sam-
the Gibbs function for Baltic seawater and compared with aples (Feistel et al., 2010a).
density-salinity approach taking into account the experimen- We emphasize that the models considered in this paper
tal uncertainty. In Sect. 6, as functions of the two salinity are formulated in terms of two independent salinity variables
variables, correlation formulas for the conductivity, Practical representing the SSW and FW fractions of BSW. In contrast,
Salinity and Reference Salinity of Baltic seawater are derivedt is a common practice to assume that the FW composition
from results based on the LSEBELS model. Combining equals that of RW (Millero and Kremling, 1976; Feistel et
the previous results, Sect. 7 discusses the errors implied bgl., 2010a), which is consistent with the fact that the com-
computing seawater properties directly from Practical Salin-position anomaly of BSW increases with decreasing brack-
ity readings, and suggests general correction algorithms foish salinity. When results from our models are discussed
error reduction. or compared with observations, we will make use of such
empirical salinity-anomaly relations between SSW and FW
to conveniently display the typical anomalous properties as
2 Composition variables functions of a single variable that is routinely observed, the
brackish salinity. In particular, the SSW and FW variables
Baltic seawater, BSW, is a mixture of ocean water, OW, of the models will be approximately linked to the OW and
from the Atlantic plus a riverine freshwater contribution, RW, RW concentrations, Eq. (2.16). However, it should be noted
which may contain a small amount of salt, Fig. 1. The com-that the thermophysical equations derived from our models
position of OW is very close to the RC, i.e., to the composi- do not rely on any empirical and climatologically varying re-
tion of IAPSO Standard Seawater (SSW). RW contains vardation between SSW and FW, they depend separately on the
ious salts with the composition varying strongly in time de- two concentration variables.
pending on the different river sources (Pe#tt2009). On av- In the FREZCHEM and LSEAELS models, the FW
erage, the molar ratio of calcium to chloride for RW is signif- composition is simplified to consist only of the carbonate
icantly higher that for the RC. When RW and OW are mixed equilibrium components that evolve from the dissolution of
to form BSW, the two different origins of the chloride frac- Ca(HCQ)» in pure water, neglecting any other solutes such
tion can no longer be distinguished but a measurable calciunas sulfate or magnesium. The Gibbs function derived from
excess remains compared to the concentrations seen in SSBREZCHEM takes only the mass fraction of Ca(H§&as
of the same Chlorinity and this represents the primary com-the FW input variable, regardless of the chemical equilibrium
position anomaly associated with RW inputs to the Baltic. composition details after its dissolution in water.
Thus, samples collected from the Baltic Sea can reasonably To describe the thermodynamic properties of a given BSW
be regarded as a parent solution of pure-water diluted Stansample, we first introduce a number of terms and variables.
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A set of independent primary variables (considered as - the total mass of soluteMgSW,

known) is required to describe the composition of the solu-

tions corresponding to a particular water sample: the number ~ MESW = pSW 4+ pEW, (2.7)
of water molecules from OVW(?W, and from the local fresh-
water input RWNEW, and the number of particleg®" and — the total mass of the SSW solution,

NRW of the related solute species, Their molar masses of

SSW __ 5,SSW Ssw
the solvent and solute species are denoteddgndA,, re- M = Mz>" + MZ>", and (2.8)
spectively. The number of particles per mole is Avogadro’s
number,Na. — the total mass of the combined BSW sampieSW,
When conservative mixing and a neutral precipitation- BSW _ ySSW W 2.9)

evaporation balance are assumed, the number of water and
solute particles in BSW are, ) .
In terms of those basic particle numbers and masses, several

BSW ow RW  BSW ow RW . ;

No™% =Ng~ + Nog. N7 =Ng" + N7 (21)  other useful properties are defined, such as the total num-
, , : SSW ; BSW

respectively. Regardless of the — usually unknown — precis®€r Of water particlesVy>", in SSW, and of saltvg™", in

origin in terms of NOW and N?W of the particle numbers BSW.

finally found in the mixtureNOB W, NESW, they actually de- SSW _ yBSW  \BSW _ NSSW , NFW (2.10)
fine the composition of a given Baltic seawater sample and’ © — "0~ 'S = 7'S S v '
represent the starting point of our model. The aim of this pa-344 the Absolute Salinity of BSW,

per is to estimate the deviation of thermophysical properties

of BSW from those of SSW due to the excess of calcium ions BSW MSBSW BSW BSW

in BSW. For this reason we formally divide the BSW parti- Sa = MBSW ~ Sssw + Sfw - (2.11)

cle numbersv§SW, NBSW into a major SSW fraction with

Reference Composition, and a minor fraction of FW solute, The latter consists of the sum of the mass fractions of sea salt
from the SSW,SESW, and from the FWSESY, to the BSW,

NESW = xRONGSW 4 xPWNEW. (22)  inthe form,
Here, the total solute particle numbers of the SSW and the ASSW MSSW
FW fraction, NSSWandNEW, respectively, are chosensothat sBSW — =S __ _ S (2.12)

SSW BSW BSW__,BSW’
NSSW=xRENSSW- 0 for all species of the RC ¢SV = M My="+ Mg

xFWNEW = 0 for most of the RC species in the freshwater
fraction. The molar fractions of the Reference Composition, MEW MFEW

xRC€ > 0, are defined by Millero et al. (2008), and the molar SEa"" = — S = —2c> = (2.13)
fractions of the anomalous solute,V > 0, are inferred from M Mo="+ Mg

the simplified dissociation reaction Eq. (1.1), as

Before mixing, the salinities of the two end members are

FW FW
s . oy s . . SOW — S (2 14)
Additional basic quantities are derived from the previous A MOV :
variables to determine the related water properties. These
quantities include: for the OW part, whengW is the mass of salt dissolved in
ow
— the mass of salt from the SSW part, the sample mas# ™™, and
ssw_ 1 SSW 5 | MEW
MW = N—AXa:Na A, N (2.15)
— the mass of the FW part, which consists of the solutefor the RW part, whera/EW is the mass of salt dissolved in
only, the sample mas&/RW. Under the plausible assumption that
1 the SSW solute originates from ocean water OMgSW~
MEW = M™W = N—AZNEWA(;, (2.5) MW, and the FW solute from river discharge, RWEW ~
a

MSFfW, the relation between the partial salinities before and
after the conservative mixing process is given by the mass

— the total mass of solvent/BSW, which equals the sol- _
0 a balance SESV/SRW + SEBSW/sW A~ 1, iLe.,

vent mass of the SSW part,

BSW

MBSW_ NO Ag — SSwW (2 6) SBSW,\, RW 1 Sgg\\llvv 2.16

0 _—NA 0= Mg, ' FW ™A - gow |° (2.16)
A
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For the estimation of the riverine salinits):W from den-  do not possess a unique solution for theH(1) unknowns

sity measurements of Baltic Sea samples, this equation i#:RC, sm andx™ which fully characterise the end members.
commonly used under the additional assumption that theConsequently, due to this ambiguityfRC, the “Preformed
SSW end member, North Atlantic surface water, has exactlySalinity” (Wright et al., 2010a) of an arbitrary seawater sam-
standard-ocean salinit;?,?\wm Sso (Millero and Kremling,  ple,

1976; Feistel et al., 2010a), which is given in Table Al. The

value of SESW can be determined from Chorinity measure-  _ MgSWmRCZxRCA (2.22)
ments since the amount of halides in FW is zero by defi-"* — MBSW —a T '

nition and the value OSEVSVW can then be determined from

Eq. (2.11) with the value oS’ESW, Eq. (2.26), estimated from may take any desired value unless it is subjected to a spec-

density measurements. ified additional condition. One suitable, physically reason-
The mean molar masses of the solutes from the SSW an@ble condition is thatm takes a minimum non-negative
from the FW, respectively, are defined as value and thatnRC and all the freshwater fractions™
are also non-negative;™™ > 0. In this case, two chemi-
Assw = foSWAa, Apw = ZXEWAW (2.17)  cally well-defined and meaningful end members are associ-
a a

ated with the given seawater sample. The molar n#asg,
Eq. (2.17), is positive definite under this condition, and the
molality, mE3V, Eq. (2.20), the salinitySE5", Eq. (2.13),
the mass,M§Y, and the particle numbersy?", of the
ssw_ N+ NEY  oow . Bsw (2.18) anomalous solute are nonnegative. The ideal-solution part

In the final solution, BSW, the total molalyf the solute is

" NaAMBSW msswtMEw of the Gibbs function of any aqueous solution,
id _ W
expressed as the sum of the partial molalitie€3\y and 8 m,x,T,P) = ¢"(T,P)
mBSW. of sea salt from the SSW and from the FW contri-  + »_Xam[RTIN(xam) + Ta(T. P)], (2.23)
butions to BSW, a
NSSW GBSW possesses a regular and reasonable series expansion with re-
masw — s _ SSW . (2.19)  spectto the anomaly iff ¥ > 0 and 0< x[om < xX°mRC,
NaMESW  Assw(1—SESW — SB) and the chemical potentials of the RC and the FW solutes
are mathematically valid and physically meaningful expres-
NEW GBSW sions, Eq. (3.6). Symbols newly introduced in Eq. (2.23) are
BSW _ S = FW ified in the glossary, Appendix B.
mB3) . (2.20)  specifie glossary, App
NaMg™"  Apw(1-SSSW — SEw") Alternatively, if for certain reasons the separation

- .. (Eq. 2.21) is formally specified in such a way that at least
Compared to the molalities, Egs. (2.19), (2.20), the salin i 7o
P " as. (2.19), (2.20) "™ one ofx"™W <0, xR€ <0, mR€ <0 or m < mRC is implied,

ties, Egs. (2.12), (2.13), have the disadvantage that the salin- ; . .
agBSW some of the previous convenient properties may no longer be

ity measur of salt present with standard composition ~~ . :
y Ssw P b valid and a mathematically more cautious treatment of the

Is (Slightly) changing as soon as some anomalous SOIUtefthermodynamic perturbation is required. In this respect we
MEW, are added or removed, even if the amount of salt tha L N e
S BSW can distinguish at least three qualitatively different situations,

stem; frcr)]m the SSV\M§SW, and the mass of solverty =", here referred to as modified, alien, and deficient seawater.

rema;gr]eaeeraslar;?(.)rmal solute decomposition in the form of The distipction between the_se cases is necessary only if the

Eq (2.2)i n,t if-evident. If water sample of t ianomaly is preferablyd.escnbedmterms ofan anomglous so-
0. (2.2) is not seff-evident. If a seawater sample of a ce AMute with thermodynamically well-defined concentration and

mplgr solute compositiow and molalitym is given a_1r_1d Its composition values, i.e., if non-negative molar fractiof¥’
original end members are unknown, the decomposition of the

solute into a “preformed” part with Reference Composition and non-negative molalities™ andsm are relevant for the
RC P RC P . W P equations used, and if each of the anomalous concentrations,
x™~ and molalitym™*, and a residual anomalous “freshwa-

ter” part with a resulting composition™ and molalitvs xFWsm, is assumed to be small compared to that of the par-
taelkeza;he forn? esulting composition™™ a olalityom  ent solution xRCmRC, as exploited in this paper. These con-
ditions are mostly met in the case (a) but partly violated in

xgm = xmeRC + xgwam_ (2.21) the cases (b) ar_wd (c). Th_us, anomf'ilies of the kinds (b) or (c)
may require a different Gibbs function approach than the one
Here, the molar fractions are normalisédyx, = 3" xR¢ = developed in this paper.
a a
> x; W =1. These mass-balance equations fortispecies a. Modified seawateis defined by the conditior, > 0 for
¢ each dissolved speciesin the RC (i.e., for all species
3Molality = moles of solute per mass of solvent with xfc > 0), andx, = 0 for all species: not included
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in the RC (i.e., for all species witlafcz 0). Under resulting composition may be very similar to the RC,
these conditions, a nonvanishing anomaly implies that a procedure like in case (a) is impossible here since
x4 # xRC for at least two of them. This is the simplest it would formally lead to a zero-molality regular part
case and it is considered exclusively in this paper. It and an anomalous part that contains all of the solute.
occurs when e.g. riverine freshwater or hydrothermal In this case it may be more reasonable to specify the
vents increase the concentration of selected species rel- anomalous part as a small deviation from the RC con-
ative to the parent solution with Reference Composi- centrations some of which are negative. It is clear that
tion, or if some species are partially precipitated due to this anomalous part can no longer be considered as an
supersaturation at high salinity or high temperature, or “added salt”.

biologically depleted. Ifn is the molality of the given

sample, the solute can be uniquely separated inég-a As suggested by observational evidence (Feistel et al.,

u|ar part W|th Reference Composition and the mo|a|_ 2010a), the BaltIC seawater iS mode”ed here as mOdIerd sea-
ity mR€ < m, and ananomalous partith the molality ~ water, as specified under case (a). The related Preformed
sm = m—mRC, subject to the conditions Salinity, Eq. (2.22), is the Absolute Salinity of the diluted
SSW, denoted here by
Xqm — x?CmRC >0 VaeRC, (2.24)
ASSW mRCY_xRCA,
SR = BSW > SSW RaC rRoy - (2:26)
MY + M3 1 4+ mRCY " xRCA,
a

xFCmRC = 0 for at least one speciése RC.
(2.25) S3SW differs from the OW end-member salinitysg",
The species is regarded as theey speciewhichisnot  Eq. (2.14), atleast due to the dilution with the pure water part
present in the anomalous part; its molality specifies theof the riverine input and possibly, depending on where and
regular part via the RC ratios. In this study of the Baltic when the BSW sample was collected, due to the riverine con-
Sea, chloride will serve as the key species. Because ofributions to the key species, chloride. We will assume that
the condition (Eq. 2.24), the anomalous part does notthe dilution effect strongly dominates. The resulting brackish
contain species with formally negative concentrations SSW part, the parent solution, can properly be described by
and can be modelled physically/chemically in the form the TEOS-10 Gibbs function in terms §§5V, 7 andP. An
of added salt. Usuallym < mRC will be assumed. expression for the correction to this Gibbs function, propor-
tional to the anomalous solute molalityn, is derived from
thermodynamic considerations in the following section.

Xiem —

b. Alien seawaters defined by the conditiom, > O for at
least one dissolved speciesthe alien speciesthat is
not part of the RC (i.ex, > 0 for a species for which
xR€=0). Two examples of this case are when biologi- 3 Theoretical formulation of the Gibbs function for
cally produced silicate or organic compounds are added  Baltic seawater
to seawater at relevant amounts, and when seawater is
acidified to prevent precipitation in technical systems. In the Baltic Sea, small amounts of anomalous solus!,
Compared to the Reference Composi[ion, the responsiare added to the brackish water bOdy of dilute standard ocean
ble physical state space dimension must be expanded t¢ater which consists oVgs" water molecules an@/3SW
cover the alien species, and the representative point fopolute particles. The Gibbs energy of the diluted, anomaly-
the RC is then located on the boundary of the positivefree parent solution is the sum of the chemical potentials
cone of the expanded space rather that in its interior(Feistel and Marion, 2007),

On the boundary or in its immediate vicinity, thermody- _ssy BSW SSW
namic properties possess very special properties such & = poNg~™ + Z““ Ny
singularities of chemical potentials or electrolytic limit- ¢
ing laws. Thus, alien species cannot be described theolf the composition is slightly modified, the related change of
retically by a small linear deviation from a regular point the Gibbs energy is (at the sarfieand P)
in the phase space; they require specific nonlinear math-
ematical expressions such as limiting laws. dG = j10dNo + > 140N, (3.2)

a

(3.1)

c. Deficient seawateis defined by the conditiar, = 0 for
at least one species the deficient specieghat is part
of the RC (i.e., for a species wittR® > 0). The missing _
constituent may be a volatile or reactive compound suchfduation

as CQ or OH™ that has disappeared in a certain phys- 0 = Noduo + ZNadMa. (3.3)
a

where the chemical potentials are still those of the parent so-
lution. Equation (3.2) follows as a result of the Gibbs-Duhem

ical, chemical or technical environment. Although the
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Under the condition and of Baltic seawater,
Ssw Fw

NSSW > N} B4)  GBW (B mBSN. 7, P)

the Gibbs energy of Baltic seawater, GSSW 4+ s5G

(3.13)

can be described approximately by adding a linear correctiorHere, gSW(SESW, T, p) is the TEOS-10 Gibbs function of
term representing the anomaly, corresponding to Eq. (3.2), geawater as a function of Absolute SalinHﬁ,SW, Eq. (2.26),

5G = Z e NLI;W. (3.6) Qf the “preformed” parent solution with_ Reference Composi-
- tion (RC) (Millero et al., 2008; Pawlowicz et al., 2010),

The chemical potentialg;,, required here depend only on MSSW mBSW 4

the properties of the parent solution, AV = s = Ss‘é\’SWSSW . (3.14)
My=" + Mg 1+ mggwAssw
tta = uO(T, P) + kTIN(maya). 3.7)

_ _ o o Newly introduced symbols are explained in the glossary.
Here,y,(m,T, P) is the practical activity coefficient of the From Egs. (3.12) and (3.13), in linear approximation with re-

species:, which depends on the set={m,} of all molali-  spect to the anomalous solute concentration, the Gibbs func-
ties of the parent solution, tion anomaly is

NSSW _ aFwW,sw
= mEgNaRC. (38)  5g — gBSW _ SSW _ 86 — Ms™g

BSW SSW FW

AMg MEW + M3V + ME

Symbols newly introduced in Eq. (3.7) are specified inthe _ [ Fw _ _sw §BSW 315
. =18 4 FW - (3.15)

glossary. The particle numbers of the anomalous solutes can

be expressed in terms of their mole fractions and their totakr,o partial specific Gibbs energy™

- , of the very dilute
molalities,

anomalous solute in the parent solution is inferred from

NEW - NAXEWmE\‘T’VWMgSW. (3.9) Eqgs. (3_.10)_and (3.15) to depend only on the parent solution
properties, in the form

In these terms, the Gibbs energy anomaly, Eq. (3.6), reads

s (ST, P) = ufy(T.P) + RewT
— BSW__BSW BSW,_ id FW
8G =My~ mpy {RTln(mSSWy,':W) + Zxa

a

[m(mggwyg@v) ; m@], (3.16)
[NAug(T,P) + RTIny—i‘;]}. (3.10) Yew
Ya whereRrw = R/AFw (Table Al) is the specific gas constant
Here, R = N,k is the molar gas constant, amgN' y‘;d' re- of the anomalous solute. The COHS'[&#_%V is the limiting
lated by value of yrw at infinite dilution and is formally introduced
_ _ here to keep the arguments of the two logarithmic terms
Iny9, = fowln<x§cy;d), (3.11)  dimensionless after their separation; its numerical value is
a chosen such that the second term disappears at low concen-
are the limiting values of the activity coefficients at infinite trations. Note thayrw is defined only up to an arbitrary
dilution. constant factor which enters the reference state condition,
Note that the Eq. (3.10) is applicable only to anomalousEd. (4.12), in combination witju2,,. The partial Absolute

speciesx” > 0, that are already present in the parent so-Salinity, Sy>", of the salt fraction with Reference Composi-

lution, xX© > 0. Otherwise, in the limit7"V > 0, xX©=0,  tionin BSW is related to the given molality,23\v, by means

Eq. (3.10) possesses a logarithmic singularity for “alien” of Eq. (3.14). The chemical potenti@?,,,, of the anomalous
speciesa that do not belong to the RC but appear in the sojute in pure water at infinite dilution is

anomaly.
Dividing the Gibbs energy by the related mass of the solu- o T P) — Na FW 07 p 317
tion, we obtain the expressions for the Gibbs functions oftheMFW( ) Arw Xa:x“ Ha(T-P), (317)

(diluted) parent solution,
and the mean activity coefficientry, of the anomalous so-

gSSW(mEEW, T, P) lute in SSW is given by
GSSW SW( SSW Fw, [ .RC BSW
= —ssm——ssw = (ST P), (312)  Inyew = Y xF"in[xFCy, (mESM. 7. P)] (3.18)
M, + Mg a
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In Eqg. (3.16), the function;a,‘%w and Inyrw are unknown  particular solutiong is the Gibbs function of pure watdfr,
and will be represented by empirical correlations in Sect. 4.is the partial specific Gibbs energy at infinite dilutidky is
The functional form of those correlations is derived from the the specific gas constant of the particular solute, and
structure of Eq. (3.16). Once an empirical expression for Y

the functiongF" is determined, the Gibbs functig®Wof Vv =1-¢+ Inﬁ (4.2)

Baltic seawater can be computed from Eq. (3.15),in theformis the activity potential, expressed in terms of the osmotic

gBS""(SESW, ST, P) = coefficient,, and the mean activity coefficient, of the so-
lution. Infinite dilution is the theoretical asymptotic state of
BSW)\ SW /[ «SSW BSW_FW [ ¢SSW . . . .
<1_SFW )g (SA T, P>+SFW 8 <SA T, P>~ (3.19) 3 solution at which the mutual interaction between the so-

This equation represents the main result of this section. [{ute particles is negligible as the result of their large pairwise
expresses the Gibbs function we are looking 5%, in separapons. Activity coefficientg _gwg defln'ed. pnly up to
terms of two suitably defined independent salinitisg?w an arbitrary constant factor; herg!® is the limiting value
BSW it ; ; to which the particulaly is normalized at infinite dilution,
and Sgyy, the salinities assomate_d Wlth _the salts from the commonly,y = 1 kg mol-L. Any change of this constant is
North Atlantic and from the local riverine inputs. The func- 24 s ;
tion ¢BSW depends on the known Gibbs function of SSW, compensated by the conditions, Eq. (4.12), imposed on the
¢SW. and an unknown functiom™, that represents the FW freely adjustable coefficients of seawater at the specified ref-

properties in the compact form of Eq. (3.16), and will be de- €rénce state (Feistel etal., 2008a).

termined empirically from simulated data in the next section. UsingBSwe FREZCHEM model, the absolute salinity,
The partial Absolute SalinitySESY, Eq. (2.13), of the A =Sa " the activity potential,y;, the specific vol-
anomalous solute is related to its molality in BSWESW, UM v = (Zaglap)SA’T’ and the heat capacitycp =
—T(0°g/dT*)s,, p, Of Baltic seawater were computed for

by a number of grid points at given values Bf P, the chlo-
GBSW _ mE\?vWAFW (3.20) ride molality,;_nq (Which determines the SS_W contribL_Jtion),
Fw  — SWarw ' and the Calcium molality anomal§inca (which determines

BSW B
1+ msdwAssw + mey the FW contribution). From these data and Eq. (4.1), an
In terms of the partial salinitiesy >V andSES", the Absolute  empirical correlation for the partial specific Gibbs energy,
Salinity of BSW,S8SW, Eq. (2.11), is given by the formula ¢, Eq. (3.16), was determined numerically by regression

with respect to the anomalies relative to SSW, i.e., relative to
SEW =1 - (1 - sB) (1 - s2%Y). (3.21)  Smca=0.

To relate the given molalitieszc) andémc,, to the argu-

The salinity variableSgS"W is computed from the molar ments,m33W andmBS", of the Gibbs function (3.19), suit-
masses of all the dissolved species and is denoteﬁ;ﬂ? able composition models must be specified. For SSW, the
(the mass fraction of dissolved material in solution) in the Reference Composition model gives
nomenclature of Wright et al. (2010a). The functigh? _ _RC..BSW 4.3)
depends on the concentration of the SSW psgfW, and ¢! ~ ¢l "'Ssw '
the anomalous composition of the FW part but according toTherefore, the SSW composition variable in Eq. (3.19) is ob-
Eqg. (3.16) it is independent of the concentratigy", of  tained frommc by Eq. @.13,

the FW part which is assumed to be very dilute. In the next melA RC
. .. . . . SSwW Cl SSW/xcl
section, an empirical correlation equation 5% willbe de- ~ Sp°" = o (4.4)
rived from model data computed using FREZCHEM (Marion 1+ maiAssw/xg
and Kargel, 2008). In terms of constituents of the RC, the mole fractions of lime

dissolved in FW are assumed here to be given by Eq. (2.3).
L . i The only purpose of this reaction scheme is its use as a
4 F_|tt|ng t_he Baltic Gibbs function to FREZCHEM proxy to represent the complex marine carbonate chemistry
simulation data simulated by FREZCHEM, in order to provide the theoret-
ical Gibbs function model with reasonable molar fractions,
g. (2.3), and molar masses, Eq. (4.6), of the anomalous so-
lute. The related calcium anomaly of BSW is given by

For arbitrary aqueous electrolyte solutions, the related Gibb
function in the form (Feistel and Marion, 2007)

g(Sa,. T, P) = ¢V (T,P) + SAT (T, P)

S dmca= xg\évm E\?VW, (4.5)
+ SARsT {'” 1_sa ¥ (Sa. T, P)} (4.1)  and the related salinity variable in Eq. (3.19) is obtained from

) andmc by Eq. (3.19),
can be estimated from available Pitzer equations for the Con-mCa mei by Eq. ( )

stituents using the FREZCHEM model. Hefg, is the Ab- BSW Smcadrw/xEY
solute Salinity (mass fraction of dissolved material) of the ™™ = 1 + mg Assw/x(F;ﬂC + (SmCaAFW/x(F;\;v.

(4.6)
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The total calcium molality in BSW is the sum of the SSW Baltic Seawater Specific Volume Anomaly
and the FW parts, : : : : : : ! !

FW__BSW RC _BSW
MCa = Xcg Mew + xCamSSw. (47)

Derived from the structure of the target function of the re-
gression, Eq. (3.16), we use the polynomial expression (Feis-
tel and Marion, 2007),

Pal (SESW, T, P) = Z (rjklnx + Zcijkxi) yiZk,  (4.8)
i

fic Volume Difference §v / (mm® kg™)

jok
where the dimensionless reduced variables are defined byg
(Feistel, 2008; IAPWS, 2008), o : : : : : : : 0°C -100
0 100 200 300 400 500 600 700 800 900

W T - Tso P — Pso (4 9) Calcium Molality Anomaly §mc, / (umol kg')
X = , y = — ), 1= ———. .
40Sso 40K 100 MPa Fig. 2. Specific volume anomaly of Baltic seawater at the stan-

Th dard q . dard ocean surface pressure and a typical salinitygﬁwz
e standard-ocean paramet8gs, Tso andPso are given 4 554 gkgl for six different temperatures 0-28 as indi-

m,Tabl,e Al C_O”‘pa””g equal powerslﬁfand{[’ O_f the log- cated by the curves, computed by the FREZCHEM model and

arithmic term in Egs. (3.16) and (4.8) in the limit> 0, the 1,y wjillero's Rule (dashed lines, without temperatures indicated).

coefficientsrjx are analytically available from the relation  The Jatter curves are the differences between the specific volumes
computed from the TEOS-10 Gibbs function at salinit&s>",

ik _
erkyjz = RewT, (4.10)  Eq. (3.21), ancs$SW, Eq. (3.19). Experimental uncertainties are
J-k considered in the following section.
to be
roo= Rew % Tso, 0= Rpw X 40K, i of the FREZCHEM simulation results, weighted by esti-

. mated uncertaintie®. Selected examples of the data for
rjg=01f j>1 ork=>0. (4.11) Sv;, 8cp, andsy; are displayed in Figs. 2, 3 and 4. In our
The coefficients:gop andco1o are arbitrary and chosen to  Gibbs function, the original complex chemistry implemented
satisfy reference state conditions which determine the abson FREZCHEM is represented in the simplified form repre-
lute energy and the absolute entropy of the anomalous solut&ented by the reaction (1.1) in conjunction with the analytical

Here we employ the reference state conditions expression (4.8). Since Eq. (4.13) measures the deviation be-
tween the two numerical models, the uncertaintiesover
gFW(Sso, Tso,Pso) = 0 their numerical round-off and mutual misfit rather than any
experimental accuracy. In practice, thevalues were suit-
and ably chosen to allow a reasonably smooth fit. Experimental
9w uncertainties are irrelevant for the regression considered in
378 (Sso, Tso, Pso) = 0. (4.12)  this section and will be discussed in the subsequent section

where the properties of the resulting Gibbs function (4.8) are
From the Gibbs function (3.19) in conjunction with the func- analysed. The scatter of the FREZCHEM points relative to
tional form (4.8) we derive expressions for the available the fitted Gibbs function are shown in Figs. 5, 6 and 7.
propertiesy, cp andys in terms of the remaining unknown co-  Two earlier studies (Millero and Kremling, 1976; Feistel
efficients,c = {¢;jx }. These coefficients are then determined et al., 2010a) made extensive use of “Millero’s Rule” to esti-
numerically by the requirement to minimise the penalty func- mate the Absolute (or total) Salinity of Baltic seawater from

tion, measurements. This rule expresses the empirical finding that
5 5 many aqueous solutions have very similar properties to that
Q2 = Z [M} + Z[M} of Standard Seawater if only the temperature, the pressure
; @y i @cp and the mass fraction of dissolved solute are the same, inde-
59 (¢) — 8y 12 pendent of the details of the sample’s chemical composition.
Z[ o ] , (4.13)  Under the approximation of Millero’s Rule it is claimed in
1

particular that

in which év;, 8cp, andéy; are property anomalies of Baltic
seawater relative to the parent solution at the grid points
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Baltic Seawater: Specific Volume Scatter

Baltic Seawater Heat Capacity Anomaly
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Fig. 3. Heat capacity anomaly of Baltic seawater at the stan-

. e Fig. 5. Scatter of specific volume anomalies computed from
dard ocean surface pressure and a typical sahmty&‘ﬁw= 9 P P

1 r A FREZCHEM,év;, relative to the specific volume anomalies com-
10.306 gkg '~ for six different temperatures 0-2& as indicated  pyted from the Gibbs functiodp (c), Eq. (4.14), at 1260 given data
by the curves, computed by the FREZCHEM model and by points. The rms deviation of the fit is 1.5 mikg~1. Symbols 0-5
Millero's Rule (dashed lines). The latter curves are the differencesingicate the pressures of 0.1 MPa, 1 MPa, 2 MPa, 3 MPa, 4 MPa and

between the heat c%%z\aNcities computed frsosnov the TEOS-10 Gibbg \jpa, respectively. These residual anomalies should be compared
function at salinitiesS,>™, Eq. (3.21), and3>" Eq. (3.14). EX-  \jth the total anomaliesv; shown in Fig. 2.

perimental uncertainties are considered in the following section.

Baltic Seawater Activity Potential Anomaly Baltic Seawater: Heat Capacity Scatter
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Fig. 4. Activity potential anomaly of Baltic seawater at the stan- Fig. 6. Scatter of heat capacity anomalies computed from
dard ocean surface pressure and a typical salinitySgP" = FREZCHEM, cp,, relative to the heat capacity anomalies com-
10.306 gkg! for six different temperatures 0—2€ as indicated puted from the Gibbs functioricp (c), Eq. (4.15), at 210 given

by the curves, computed by the FREZCHEM model and by data points at atmospheric pressure. The rms deviation of the fit is
Millero’s Rule (dashed lines, different temperatures graphically in- 3.4 mJ/(kg K). Symbols 0-5 indicate the temperatures of 0€25
distinguishable). The latter curves are the differences between theespectively. These residual anomalies should be compared with the
activity potentials computed from the TEOS-10 Gibbs function at total anomaliescp, shown in Fig. 3.

salinitiess&SW, Eq. (3.21), and35W, Eq. (3.14).
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Baltic Seawater: Activity Potential Scatter well the rule estimates the results of the FREZCHEM simu-
‘ ‘ ! ! ! ! ! 02 lation. In other words, how consistent the rule is with the
E | | | | | | ‘ Pitzer equations for the specific volume in the special case of
S o S . r0.15 the Baltic seawater composition. The second factor is how
- 1 A 0 1 well the simple static composition model of the anomaly,
- A R T - S ” ”””” AR r0-1 Eg. (1.1), used here for the construction of the Gibbs func-
g 9 § § ﬁ § tion with intentionally only two representative conservative
2 B R [ | | A B r0.05 composition variables, is capable of approximately cover-
g i | | | ing the underlying complicated dynamic solute chemistry
§ 0 implemented in FREZCHEM. If, for example, results were
& ! | ] ] ; calculated without allowing for the contribution from atmo-
g - RRRHAREE I ——————— oo | | RRBRERIAREEEEE RERRRRS F-0.05 spheric CQ in the reaction (1.1), then a mismatch between
< 3 Millero’s Rule and FREZCHEM of approximately 30% oc-
| ; ; | | | | -0.1 curs in the modified results corresponding to Fig. 2; this dif-
0 i oo 52002 0T ference results from the smaller molar mass of the solute
Parent Solution Salinity Sx*/(gkg ™) )

Apw, EQ. (2.17), and hence the smaller contribution to salin-

Fig. 7. Scatter of the activity potential anomalies computed from ity from the FW source Eq. (4.6), which changes the value
FREZCHEM,8v;, relative to the activity potential anomalies com- Of Sk>" used for Millero’s Rule at a specified value of the
puted from the Gibbs functiorsy (c), Eq. (4.33), at 1260 given Calcium molality anomaly.

data points. The rms deviation of the fit i€% 10~°. Symbols 0-5 The analytical expressions required in Eq. (4.13) for the fit
indicate the pressures of 0.1 MPa, 1 MPa, 2 MPa, 3 MPa, 4 MPa angf the anomalous properties are derived from Egs. (3.15) and
5MPa, respectively. These residual anomalies should be compareg 8), in the form

with the total anomalie&y; shown in Fig. 4.

5(oBSW_ oS
Sv(c) = (g—gw)
.. aP SSSW SBSW T
— Absolute Salinity of anomalous seawater can be com- A OFW
puted from its density using the TEOS-10 equation of ssw( d(g™W—g")
state, and results in the same value at any temperature ~ — °FW 9P csw (4.14)
or pressure at which the density was measured, ST
as well as that and
az(ngw_ gSW)
— the properties of anomalous seawater can be computedcp (¢) =—T — a2z
from the TEOS-10 Gibbs function if Absolute Salinity SSSW SBSW. P
is used as the composition variable, 2(,FW_ S
, omp . __psgow( 2™ (4.15)
and finally, the first two rules combined, that - Fw 972 ssw :
SISV p

— the properties of anomalous seawater can be estimated The required analytical formula for the activity potential
by the TEOS-10 functions in terms of SSW properties anomalysy (¢) expressed explicitly in terms of the TEOS-
evaluated at the same density, temperature and pressurgg Gibbs functiongSW and the Gibbs function correction,

g™, which depends on the unknown coefficieatés more

In this section, we discuss the validity of Millero’s Rule  complicated to obtain. From the Gibbs function for BSW,
and compare the results derived from the FREZCHEM BSW Eq (4.1), the activity potential is derived,

model with those from the TEOS-10 Gibbs function evalu-

- . BSW_ ,W _ ¢BSW[BSW
ated at the same Absolute Salinity. In the next section, WewBSW(SABSW T P) _ 88 ST

again discuss the validity of Millero’s Rule and compare the SESWResWT

results derived from the fitted Gibbs function of Baltic sea- gBsw

water with those from the TEOS-10 Gibbs function evaluated — In %, (4.16)
at the same Absolute Salinity or at the same density. 1-Sa

In Figs. 2, 3 and 4, the simulated FREZCHEM data areand similarly that of SSW,
compared with those estimated from Millero’s Rule, i.e., SW _ W _ gSSWRSSW
property differences computed from the already available¢55W<S§SW, T, P) _ 8 £ A
TEOS-10 Gibbs function at the Absolute Salinit.@>SW and
S3SW. The very good agreement visible in Fig. 2 between SaSW
the simulated density anomalies and those estimated from I”Wv (4.17)
Millero’s Rule depends on two factors. The first factor is how

SESWR sswl’
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R. Feistel et al.: Thermophysical property anomalies of Baltic seawater

After some algebraic manipulation of the difference be-

961

Note thatgBSW in Egs. (4.24) and (4.25) represent different

tween Egs. (4.16) and (4.17), the activity potential anomaly,approximations of the Gibbs function that we want to deter-

3y (¢), takes the form

_ SEVSVWABSW W _ oW _ Assw <gsw_gw>
SRSWRT ApwSRSW
ASSWFSSW_ ABSWFBSW SEVSVW
In{1- . (418
+ RT * SESW (4.18)

Here,Agsw is the molar mass of Baltic sea salt,

BSW

BSW
Asswnggywt Arwmpy

Asw = BSW__ BSW ’ (4.19)
Mmgsw+mey

the Gibbs function of pure water is

gV =¢Mor P, (4.20)

and the partial specific Gibbs energy at infinite dilution is

computed from Eg. (4.1) in the mathematical zero-salinity

limit,

gV, T.p) — g™, P)
S

rSSW(r, p) = lim — RsswTIns}t.
S—0

(4.21)

Since the TEOS-10 Gibbs function is defined as a series ex§

pansion in salinity, in the form (Feistel et al., 2010b),
gV (Sa, T, P) = gW<T P) + RsswT'SaInSa

1/2

+ Zgl (T.P)S (4.22)

it follows immediately from Eq. (4.21) thatSSWis given by

rSSW(T, P) = ga(T, P). (4.23)

The function'BSW(T, P) in Eq. (4.18) is the coefficient of
the linear salinity term of the Gibbs functigfS"V and can be
determined by comparison of the two different expression
available forgBSW, on the one hand, Eq. (4.1), in terms of
Pitzer equations,

gBSW — gW + SABSWFBSW + SESWRBSWT

§BSW
In . + yBSWE

—AsBSW (4.24)
A

and on the other hand, Eq. (3.19), in the form of a linear
correction to TEOS-10,

(l SBSW) SW(SESW’T’ P)

+ SBSW FW(SSSW T,P).

BSW
g —

(4.25)

WWW.0ocean-sci.net/6/949/2010/

mine. The Gibbs function given by Eq. (4.24) is nonlinear in
the anomaly. For the composition model given, its activity
potentialyBSW can be computed from complicated systems
of Pitzer equations. To derive a simpler correlation function,
we estimateyBSW here by means of the Gibbs function,
Eqg. (4.25), which is linear in the anomalsg3"V. We con-
sider the series expansions of Eqgs. (4.24), (4.25) with respect
to salinitys and require that the coefficients of the terrfiss
In s ands? are identical in the two equations. As the small ex-
pansion parameter we choase: S5V under the condition
that the composition ratio= SEs"/S8SW remains constant
in the mathematical limit — 0.

In terms ofs andr, the salinity variables are

SBSW _ SBSW — SSSW 1—r
’ ’ 1 —rs’
Bsw_ S 177 (4.26)
m . .
S Asswl — s

The truncated series expansions are for Eq. (4.24),
¢BW = ¢V 4+ RpswTslns + sTBSW 4 O(ss/z), (4.27)

for Eq. (4.25),

W= 1= rs)gW + rsg™ (4.28)
for Eq. (4.22),
gV =" + (1 - N[RsswI'In(X — r) + g2s
+ RsswT (1 — r)sins + 0(s3/2), (4.29)
and for Eq. (3.16),
1-
g™ = udw + RFWTln( VRN)
Assw
+ RewTlns + o(sl/z). (4.30)

Note that the limiting laws ofyBSW and In(y /') are of the
order O (s%/2).
The combination of Eqgs. (4.28), (4.29), (4.30) gives

BSW

g :gW+RBSWTs|ns+

{(1—r)g2+ReswT In(1—r)

8W> }s +0 <s3/2) . (4.31)

Here we used the specific gas “constanRgsw =
R/Agsw = rRrw + (1—r)Rssw which follows from
Egs. (2.11), (2.19), (2.20) and (4.19). The comparison be-
tween Egs. (4.27) and (4.31) results in identities for the coef-
ficients of the terms® ands In s. From the coefficient of!

id
Y
+r (Mgw—i- RrwTIn SEW
Assw

Ocean Sci., 6, 983--2010
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we infer the expression The results for the coefficients are given in Table 1, and the
GBSW GBSW results of the fit in Table 2. The scatter of the FREZCHEM
rBSW — ZSSW,., | ReswTIn=SSW data points with respect to the resulting partial Gibbs func-
¢BSW §BSW : W N
A A tion g™ is shown in Figs. 5, 6 and 7 f&v, dcp andé§y,
BSW |d respectively. Numerical check values are available from Ta-

+ <Bsw SBSW (RFWTI”X +udw - g ) (4.32) Dble A2.

Note that"BSW(T, P) depends on the composition of BSW, 5 Thermodynamic property anomalies
in particular on the ratio = SE3"/SEWof the two indepen-
dent salinity variables. Various salinity measures such as Reference SalfiifyAb-

In Eq. (4.18), we replac&BSW by Eq. (4.32) and get  solute Salinity,Sa, Density Salinity,Sp, or Chlorinity Salin-
the final formula for the required activity potential anomaly, ity, Sc;, have the same values for SSW but differ from each
sy (c), other for BSW. The estimate of Density Salinity based on

GBSW A s inver_sion of the expresgion for density in terms of the Gibbs
v (¢)= FW - [ F SSW( 8 )} (4.33) function for SSW at arbitrary values of temperature and pres-

SESWResw Apw \ S35V £ sure is represented ISy, and referred to as “measured” Den-
] . ] . sity Salinity since it is based on whatever the conditions of
Here, the saline part of the Gibbs function of SSW is the direct density measurement are. It is the Absolute Salin-
ity of SSW (here assumed to have Reference Composition)
that has the same density as BSW at given temperature and
pressure, i.e.,

¢S (SESW, T, P) =gSW(SASSW, T, P) —¢WO,T,P), (4.34)
or, using Eq. (4.22),

(SSSW T, P) = Rsswl SSSWinsSSW 8BSW(5§‘SW SEW. T, P) = g3"V(Sp, T, P). (5.1)

i/2 In contrast, the true Density Salinity is defined to be strictly
SSW
+ Zg, (T.P) (S ) : (4.35) conservative and representedwnsin the nomenclature of

_ _ . Wright et al. (2010a). To ensure that it is independent of tem-
Similarly, the saline part of the partial Gibbs function of perature and pressure, it is computed using Eq. (5.1) evalu-

freshwater solute is defined by ated atl =29815 K andP = 101325 Pa, and is by definition
the same for the given sample at any otfiesr P.
Ssw gFW (sSSwW 0
(5 TP ) (5 T, P ) — mrw(T.P) Chlorinity Salinity, Sci, is the Absolute Salinity of SSW
yi that has the same Chlorinity as BSW,
— RewTIn ﬂ, (4.36)
Assw

BSW
mgawAssw
. Sep= SSW SSSW 1_SBSW (5.2
or, using Eq. (3.16), cl 15 mBWA sow+ mESW A rw ( FW ) (5.2)
Density Salinity and Chlorinity Salinity can be measured in

the Baltic Sea; readings are currently related by the approx-

imate empirical relation (Feistel et al., 2010a) in the form of
Note that in the zero-salinity limit of Eq. (4.33), the singular- Eq. (2.16),

ity Sslsl’w gF(SRSW, T, P) of Eq. (4.37) cancels exactly with S
A — Cl

the corresponding singularity @f/S3SW, Eq. (4.35). So = Sci + 130mgkg™* x (1 - g)) (5.3)

In Eqg. (4.33), all terms are known at the FREZCHEM data
points except fog™ which depends on the set of coefficients which is based on density measurements made € 2hd
c= {c,,k} to be adjusted by the regression, Eq. (4.13). After Chlorinity determinations at 3 different stations.
this compilation, the reference state conditions, Eq. (4.12), Using Eqg. (5.2) in the fornsc ~ S35Win Eq. (5.2), we
must be satisfied. After settingoo= 0 andco10=01in ¢,  haveSp approximately given as a functlon 6FSW for typi-

& <5§SW, T, P) RewT |:In (mSSWA33W> +In VFW} (4.37)

the final values are computed from the equations cal Baltic seawater conditions,
FW SSW
= — Sso, Tso, P: S
€000 g SsoTsoPso| o Sp = S35W 4+ 130mgkgt x [1- 22— ). (5.4)
Sso
and

This empirical relation is used here to conveniently present

Fw
co10=—(40K) x g7 (Sso, Tso, Pso) (4.38)  the comparisons for typical Baltic conditions as a function of

€000=0,c010=0
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Table 1. Coefficientsc; j; of the partial Gibbs function of Baltic freshwater” W, Eq. (4.8), computed from Egs. (4.12) and (4.38). The
logarithmic terms, Eq. (4.11), argo= 42028.3972160427 Jk¢ andrp; = 6154.62525587299 Jkd. Two of the 20 coefficients; ;; are
computed from the reference state conditions, Eq. (4.38).

Cijk Unit

+96228.1193989113  Jk§
+10303.6864312721  Jk§
+13152.6106953709  Jk§
—441934.025099393 Jkd
+17156.5383471054  Jk§
+27859.4906548253  Jk§
—51539.7255022561 Jkd
+25459.1777093084  Jk§
—3508.1908464246  Jkd
—7738.24955854259  Jk¢

Cijk Unit

+1729.0660788551  JKk¢
+1220838.5516502  Jkg
+70762.8545963981  Jk§
+16315.4263307828  Jk§
+2273.68918966667  Jk§
—1992184.79639124 Jkd
—31635.7319983778  Jkd
—9480.67775897537  Jk¢
+1671565.96767693  Jk§
—549711.375812245 Jkg

P RPRRPRRPRRRLRRPLOOO
WNPFRPPFPOOORFrRr OO|~
OOoOPrPONPFRPROOPRFRO|F
OB WWWNNNNER
OONRFRPROWNPEFRON|=
[eNecNeNeoNoNeNeNoNoNoN R

Table 2. Results of the regression, Eq. (4.8), with respect to properties of Baltic seawater simulated with FREZCHEM.

Prpty #Pts mc dmca T P 1) r.m.s. Unit Eq.
%90' mTT;o K MPa misfit

v 1260 32-566 0-3 273298 0.1-5 x102 15x10? mikg~! (4.14)
scp 210 32-566 0-3 273298 0.1 xA03 34x103 J/(kgK) (4.15)
sy 1260 32-566 0-3  273-298 0.1-5 x40°> 3.1x10°° (4.33)

a single salinity variables3>", rather than of the two inde-

pendent argumentsySW and S8, of the Gibbs function
for Baltic seawatergBSW, Eq. (3.19). From Egs. (5.1) and

. . Absolute Salinity Anomal
(3.19) we obtain the relation PRoTile STy Anomaly

GBSW _ gp" (SAN.T. P) — g3V (5. T. P) G5

(SR P) — gP(SRNT.P) ' ; s N
which is exact by the definition of Density Salinit§. Us- 2 I I i I : : 0
ing Eq. (5.5) provides the salinity anoma$§s" as a func- 2 s
tion of any given pairs3>V and Sp, and using the approxi- 5 | '
mate relation Eq. (5.4) allows us to conveniently rewrite this &
expression in terms of the single composition variaﬂjéw. @ ””” 7 A
We then uses3SW~ Sc; as the control parameter represent- £ [ 5c
ing the brackish “Baltic Sea salinity”, in order to compute “* |...12¢.
arbitrary thermodynamic properties of BSW from Egs. (5.4), e ! ! ! ! ! ! ] s
(5.5) and (3.19), and compare them to the properties of the 0 s 10 15 20 25 30 35

parent solution, SSW, at the same Absolute Salisigy". Density Salinity Sb/ (¢ ke ™)

Millero’s rule suggests thasp should be a good practi- _ . _ BSW o
cal approximation for the Absolute Salinity of BSW, i.e., Fig. 8. Difference §5=5,"~5p between Absolute Salinity,

Sb %SESW’ Eqs (211)’ (321) In Flg 8 the difference SESW, Eq. (321), and Density SalinitySp, computed from
§BSW_ ¢ is shown as a function of andSn. The latter Eq. (5.1) for Baltic seawater at the standard ocean .surface pressure
AL D . o D- i and temperatures between 0 and®@5 The uncertainty of Den-

is displayed on the abscissa sirfgeis experimentally easily sity Salinity measurements is 2 g (8p) = 2.5 mgkg ! (Feistel
measurable, in contrast to the other salinity measures availyt 3., 2010a), indicated by the solid horizontal lines.

able from the theoretical model. Note the scale of the vertical
axis is mgkg!=0.001gkg.
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Density Anomaly Thermal Expansion Anomaly
: ! ! 0.4
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r10
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Density Salinity Sp/ (g kg ™) Density Salinity Sp/ (g kg ™)

Fig. 9. Differencesp, Eq. (5.6), between the densities with and Fig. 10. Differencese, Eq. (5.7), between the thermal expansion
without the freshwater solute for Baltic seawater at the standardcoefficients (solid lines) with and without the freshwater solute for
ocean surface pressure and temperatures between 0 @@ 25 Baltic seawater at the standard ocean surface pressure and tem-
The uncertainty of density measurements is 2gFeistel et al.,  peratures between 0 and 25, in comparison to estimates from
2010a), indicated by the solid horizontal line. Millero’s Rule, soP, based on Density Salinity (dashed lines),
Eq. (5.8), anda”, based on Absolute Salinity (dotted lines, tem-
peratures not labelled), Eqg. (5.9). For the latter two, the respon-
The density anomaly of the Baltic Sea is shown in Fig. 9 sible difference betwees®SW and Sp is shown in Fig. 8. The
as the difference between the densities with and without theestimated experimental uncertainty of the thermal expansion coeffi-
freshwater solute, i.e., of SSW and BSW with the equal chlo-Cientis 0.6 ppm K * (Feistel and Hagen, 1995; IAPWS, 2008) and
ride molalities (roughly, equal Chlorinities), exceeds the range shown in the figure.

1 1
sp= - , (5.6 . . .
gBSW(SISW SBIW. T, Pso)  gB5W(S33W,0, T, Pso) (56) as a function of Density Salinity, computed from Egs. (5.4)

and (5.5). For comparison, the anomaly is estimated by

as a function of Density Salinity. Here, the salinitigs and Millero’s Rule using Density Salinitp, Eq. (5.1), from

SBa" are computed from the parent solution salinfigy "V~
Sci, using Egs. (5.4) and (5.5).

Using Bp ~ 0.8 x (10°%g m3)/(10°mg kg ™), it is seen MD:g?\g(SD’ T.Pso) grp (Sa>"-0.. Pso) (5.8)
that division of the numerical values &/(g m~3) in Fig. 9 g2V (Sp.T.Pso)  g23W(S33W,0,T, Pso)
by 0.8 provides an approximate conversion to the units used
in Fig. 8 so that comparison of the results in these twoand using Absolute SalinitgES"W, Eq. (3.21),
figures reveals that the relative errors associated with us-
ing Sp in p!a_lce ofSESW_ to estimate sal?nity anomalies due A ESW(SSSW T, Pso) _g?%W(Si’SW, 0,7, Pso)
to the addition of calcium carbonate is at most 25%, andé®” =gy —gsw SSW/ SSW - (5.9
only about 2.5% for a typical brackish salinity value of gp (Sa - T-Pso) gp>" (SR°"-0.T. Pso)
SxSWa8gkg. Note that the salinity change associated
with the added calcium carbonate solgsg — S35 is it-
self a small fraction of the salinity change associated with
the addition of fresh watefSso— S3>"). Using Eq. (5.4),
the ratio is approximated b§sp — Sz°")/(Sso— Sz ~
(130mgkg1)/Sso~ 0.4%.

The Baltic Sea anomaly of the thermal expansion coef-
ficient is shown in Fig. 10 as the difference between the
coefficients with and without the freshwater solute, i.e., of
SSW and BSW with equal chloride molalities (roughly, equal

The uncertainty of the TEOS-10 thermal expansion coeffi-
cient is estimated as 0.6 ppnTK, so the Baltic anomalies
are within the uncertainty and can in practice be neglected.
For seawater with varying composition, there are several
ways to define the haline contraction coefficient, depend-
ing on the particular thermodynamic process by which the
composition is changing with salinity. Here we consider the
anomalous contraction coefficient which provides the density
change with respect to the addition of freshwater solute

Chlorinities), BSW (¢SSW ¢BSW
gSE\}SVWP(SA + SEw ,T,P)
BSW/( ¢SSW ¢BSW BSW/( ¢SSW = —
sq = S0 (S Sew - T Pso)  grp” (Sx".0.T. Pso) 5.7) Brw = JBSW(SSW SBSW 7. py ,  (5.10)
e(SESVSERN T Pso) s (SRSV0.T. Peo) oA T g =0
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Haline Contraction Anomaly Heat Capacity Anomaly
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g — r0.3
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: : : i ‘ ‘ ‘ 125°C—L_160 = ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0
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Density Salinity Sp/ (g kg ™) Density Salinity Sp/ (g kg ™)
Fig. 11. Differencesg, Eq. (5.12), between the haline contraction Fig. 12, Difference scp, Eq. (5.13), between the specific iso-
coefficients (solid lines) of the parent solution with respect to the ad-paric heat capacity (solid lines) with and without the freshwater

dition of FW solute and of SSW solute for Baltic seawater. Values so|yte for Baltic seawater at the standard ocean surface pressure

are determined at the standard ocean surface pressure and tempegag temperatures between 0 and@5in comparison to estimates
tures between 0 and 2€. The standard-o_clean value of the haline from Mmillero's Rule,scB, based on Density Salinity (dashed lines),
cont.ractlon cp§ﬁ|C|ent '3'981: 7_81 ppmg kg The ha!lne con- Eq. (5.14), andc?, based on Absolute Salinity (dotted lines, tem-
traction coefficient associated with the addition of calcium carbon-Ioeratures not IabPeIIed) Eq. (5.15). For the latter two, the responsi-
andSp is shown in Fig. 8. The exper-

ate is within 20% of the haline contraction coefficient for Standard . BSW
ble difference betweesiy
imental uncertainty of p relative to pure water is 0.5J Ké K-1,

Seawater.
as indicated by the solid horizontal line. A typical value for the heat
relative to the haline contraction coefficient of SSW, capacity of water or seawater is 4000 JR&K 1. The changing
SW/ «SSW curvature of the solid curves below 5 g‘kbis probably a numeri-
_ 8sp (S~ 1. P)

(5.11) cal edge effect of the regression.
SW( ¢SSW : :
gp (SR T. P )

Since the Gibbs function, Eqg. (3.19), is Iinearsﬁﬁw, the The anomalies otp remain with the experimental uncer-
relevant derivative can be carried out analytically and thetainty of 0.5 Jkg® K™, Fig. 12. The errors associated with
anomaly in the haline contraction coefficient can be writtenusing Millero’s Rule are similar to those associated with sim-
as ply neglecting the FW solute and are again negligible.

The sound speedis computed from the Gibbs functi
R (SSSW.T, Pso) —gSH (SR, 7, Pso) P P &

IB:

8B=Brw—pB=1— .(5.12 using the formula,

B=Brw—p ¢SW(SSSW T poo) ( ) g

Calculated values faig are shown in Fig. 11. c = gp ZgT—T' (5.16)
The Baltic Sea anomaly of the isobaric specific heat is 8rp — 8TTEPP

shown in Fig. 12 as the difference between the values WithT
and without the freshwater solute, i.e., of SSW and BSW
with the equal chloride molality (roughly, equal Chlorinity),

he Baltic Sea anomaly of the speed of sound is shown in
Fig. 13 as the difference between the values with and with-
out the freshwater solute, i.e., of SSW and BSW with equal

Scp = — Tg??W(SESW, SBSW 7. pso) chloride molalities (roughly, equal Chlorinities),
_ BSW/[ ¢SSW BSW BSW /[ ¢SSW
4T g?§w< SSWo T, Pso), (5.13)  Sc=c®W(SFW SN T, Pso) —cBW(SFW.0.7 Pso). (5.17)

as a function of Density Salinity, computed from Egs. (5.4) @ @ function of Density Salinity, computed from Egs. (5.4)
and (5.5). For comparison, the anomaly is estimated byand (5.5). For comparison, the anomaly is estimated by

Millero’s rule using Density Salinitysp, Eq. (5.1), from Millero’s rule using Density Salinityp, Eq. (5.1),
8B =—TgSW(Sp, T, Pso) + Tg??W(SESW, 0,7, Pso) (5.14) 8c¢P=cSW(Sp, T, Pso) —CBSW(S/‘?SW, 0,7, Pso) (5.18)
and using Absolute SalinitgSS", Eq. (3.21), and using Absolute Salinitgs=", Eq. (3.21),

scfh =~ TS (B, 7, Poo) + ¢85 (535,07, Pso) (5.15) 5cA=cSW(S,§SW, T, Pso) —cBSW(S,ESW, 0,7, Pso> (5.19)

WWW.ocean-sci.net/6/949/2010/ Ocean Sci., 6, 983--2010
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Sound Speed Anomaly Relative Enthalpy Anomaly
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Fig. 13. .Diﬁerencgac, Eq. (5.17), between the sound s.peed (solid Fig. 14. Difference 5h, Eq. (5.20), between the relative spe-
lines) with and without the freshwater solute for Baltic seawater . enthalpies (solid lines) with and without the freshwater so-

at the standard ocean surface pressure and temperatures betweep , ¢o; Baltic seawater at the standard ocean surface pressure
and 25°C, in comparison to estimates from Millero's Rulk:®, and temperatures between 5 and°@5 in comparison to esti-
based on Density Salinity (dashed lines), Eq. (5.18), s, ates from Millero's rulegh®, based on Density Salinity (dashed
based on Absolute Salinity (dotted lines, temperatures not Iabelled)h-nes, only the 15-25C results are labelled), Eq. (5.21), abief,
Egé\s\?.w). For the latter two, the responsible difference betweer,,qeq on Absolute Salinity (dotted lines, temperatures not labelled),
Sx>" andSp is shown in Fig. 8. The experimental uncertainty of g4 (5 22). For the latter two, the responsible difference between
cis 0.05ms?, indicated by the solid horizontal line. SBSW and sp is shown in Fig. 8. The experimental uncertainty of

the relative enthalpies is 0.5 Jk§x t/°C.

The anomalies ot are much larger than the experimen-
tal uncertainty of 0.05ms, Fig. 13 and poorly approxi- Millero’s Rule using Density Salinityp, Eq. (5.1), from
mated by Millero’s Rule. Except at very low salinities, use
of Millero’s Rule is only slightly better than totally neglect- 4° = °"(So.7. Pso) — 7g7"(Sp.7. Pso)
ing the influence of the FW solute on sound speed estimates. — gSW(sp, Tso, Pso) + Tsog2" (Sp. Tso, Pso)
In Eq. (5.16), the largest contribution to the sound speed — §PW(sSSW0T. Pso) + TeBW(53W0.7. Pso)
anomaly comes from the anomaly of the compressibility,
gpp» Which is of order of magnitude up to 0.07%. Compress- + 8BSW(S§'SW~°’ Tso. PSO) - Tsog?SW(SESW’Q Tso. PSO)! (5.21)
ibility estimates from FREZCHEM have larger uncertainties
than e.g. those of the density or the heat capacity (Feistel an@nd using Absolute Salinitgg=", Eq. (3.21),
Marion, 2007). A - ,SW( ¢BSW SW( ¢BSW
Because of the freely adjustable constants, only relative” ¢ (S77: Pso) 7" (5.7 Pso)
enthalpies can reasonably be compared between samples that - ¢%¥(555". Tso. Pso) + Tsagf™ (SR, Tso. Pso)
have_ differer?t. compositio_ns. The Balt_ic Sea anomgly of the ngw(Sisw,o’ T, PSO) n Tg?sw(sisw’oy T, PSO)
relative specific enthalpy is shown in Fig. 14 as the difference
of relative enthalpies between the values with and without ~ + &*"(525%.0. Tso. Pso) — Tsagf"(s85%.0.7s0. Pso).  (5.22)
the freshwater solute, i.e., of SSW and BSW with the equal

chloride molalities (roughly, equal Chlorinities), For the computation of the freezing temperature of Baltic

seawater we need a formula for the chemical potentigd,
of water in Baltic seawater similar tog in Eq. (3.1), but on

Sh= gBSW(SSSW BSW 1 p [\ 7 ,BSW(SSW gBSW 1 p ) \
§ ( A OFW SO) 1 ( A~ OFW So) a mass rather than on a particle number basis:

—gBsW (SESW, SBSW Tso, Pso) +Tsog ?SW(SESW, SBSW Tso, Pso)
BSW ( Sisw’ 0.T. Pso) +T g?sw( SESW, 0.7, Pso)

-8
+gBSW(sSSW 0, 70, Pso) _ Tsog?SW(SESW, 0.Tso, Pso), (5.20) Here,uw is defined by

9 GBSW
IMEW

GBW = MG + psswMSSY + upwMEY.  (5.23)

as a function of Density Salinity, computed from Egs. (5.4) uw =
and (5.5). For comparison, the anomaly is estimated by

) . (5.24)
MW MEW T, P
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We expressGBSW in terms of the required variables, Freezing Point Anomaly
Egs. (3.13), (3.14) and (3.20), = 0
el F-1
BSW -
gBSW _ G E P 5
— /BSw SSW FW’ ~ s
My>" + M7+ Mg & //, |
SsSw g
SESW _ Mg g /(// L4
MBSW __ psSsw £ 7 H-5
o T Ms 2 7
% L -6
FW
Sew' = BSW MSSSW FW’ (5.25) a : 7_7
My=" + M¥Y + Mg [Q_EJ -8
and apply the chain rule, -9
‘ ‘ ‘ ; ; ; ; : -10
pw=gW4+ <M55W+ MSSSW_|_ M§W> 0 510 15 20 25 30 35
Density Salinity Sp/ (g kg ™)
9gBSW 9 S;i’SW
x —aSSSW —BMBSW Fig. 15. DifferencesT, Eq. (5.30), between the freezing temper-
A sEsv.T, P 0 MSsW ature (solid line) with and without the freshwater solute for Baltic
" (MBSW 4 MSSW . yEW seawater at the standard ocean surface pressure, in comparison to
0 S S ) estimates from Millero’s RulegTP, based on Density Salinity
5oBSW 95BSW (dashed line), Eq. (5.31), and™”, based on Absolute Salinity (dot-
98 FW (5.26) ted line), Eq. (5.32). For the latter two, the responsible difference
55BSW 9 MBSW BSW . o .
FW / sSswr p 0 MSSW_ pgEW. betweens,>" andSp is shown in Fig. 8. The experimental uncer-
) S S tainty of the freezing temperature of seawater is 2 mK, indicated by
to obtain the result the solid horizontal line.
SSwW BSW
= gBSW _ Sk dg
1— S\ as3sW 5B 7 p and using Absolute SalinitggS"W, Eq. (3.21),
ssw ([ 9855V ST =Tt (SESW, 0, Pso) —T; (SESW, 0, Pso) (5.32)
—Sew | Tomsw . (5.27)
9Sewy ST, P

The experimental uncertainty of the freezing temperature of
This general formula is simplified in our case using the linearseawater is 2 mK. The anomaly is of the same order of mag-

expression Eq. (3.19), to give: nitude and can normally be ignored. Millero’s Rule does not
(BSwW provide much improvement over neglecting Fhe anomalies.

pw = ¢SV — SESW g§w n FWBSWgEW (5.28) V‘ghe o V\)/apB)g\L,Jvr pressure of  Baltic sea\{vgter,
1— SBS PYaR(SoW seRV.T), is computed from the condition

that the chemical potential of water in seawatey, eqg.
At the freezing pointTi (S3SW, SE3VV, P), the chemical po-  (5.28), equals that of vapoug” (IAPWS, 2009a, Feistel et

tential ww equals that of icex™ (IAPWS, 2009b): al., 2010b):
o (SSSVSESW. 71, P) = w1, ). (5.29) 1w (S SBRY. T, PYP) = gV (T, PYP). (5.33)

The Baltic Sea anomaly of the freezing temperature is showrT he Baltic Sea anomaly of the vapour pressure is shown in
in Fig. 15 as the difference of freezing points between theFig. 16 as the difference of pressures between the values with
values with and without the freshwater solute, i.e., of SSwand without the freshwater solute, i.e., of SSW and BSW
and BSW with the equal chloride molalities (roughly, equal with the equal chloride molalities (roughly, equal Chlorini-
Chlorinities), ties),

8T = Ti (S SESY. Pso) — Ti (S8 0.Ps0)  (5.30) 8P = PP(SFVSERN.T) — PP(s§M0.T)  (5.34)
as a function of Density Salinity, computed from Egs. (5.4) as a function of Density Salinity, computed from Egs. (5.4)
and (5.5). For comparison, the anomaly is estimated byand (5.5). For comparison, the anomaly is estimated by

Millero’s Rule using Density Salinityp, Eq. (5.1), from Millero’s Rule using Density Salinityp, Eq. (5.1), from

5TP = Tt (Sp, 0, Pso) — Tt (S,ESW, 0, Pso> (5.31) 5PP = pP¥aP(s5p,0,T) — Pvap(sﬁsw, 0, T) (5.35)
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Fig. 16. Differences P, Eq. (5.34), between the vapour pressures Fig. 17. DifferenceA Sp (1), Eq. (5.37), between the Density Salin-
(solid line) with and without the freshwater solute for Baltic seawa- ities computed at different temperatures from Eq. (5.1) at the same
ter at 20°C, in comparison to estimates from Millero's Rube2P, mass-fraction salinitieSESWandSBSW as a function of the Den-

based on Dens@y_Sahnlty (d"’_‘Shed line), Eq. (5.35),&Pfl, based sity Salinity at 25°C. The uncertainty of Density Salinity measure-
on Absolute Salinity (dotted line), Eq. (5.36). For the latter two, the

ments is 2gm3/(Bp) = 25mgkg ! (Feistel et al., 2010a), indi-
responsible difference betwesi¥SW and Sp is shown in Fig. 8. ;g by sogllid ho(rl?zpo)ntal Iinesg. g )
The related experimental uncertainty is 0.02% or 0.4 Pa, well be-

yond the range of this graph.
fraction of anomalous solute is approximately 0.605—

and using Absolute Salinitgy>", Eq. (3.21), 8)gkg1=0.108g kg, about 7 times as large as the max-
imum mass fraction of anomalous solute in the deep North

sPh = Pvap(SESW, 0, T) —Pvap(S/fsw 0, T)- (5.36)  Pacific where composition anomalies are largest in the open
ocean.

The anomalies shown in Fig. 16 are a factor of 10 smaller Even though the temperature dependence is not very
than _the uncertainty _of the most accurate experimental datgtrong, Wright et al. (2010a) define a conservative, “poten-
(Robinson, 1954; Feistel, 2008). tial” Density Salinity, SS€"S by the Eq. (5.1) used at the ref-

The “measured” Density Salinit§p is given by Eq. (5.1)  erence poinf =29815K andP = 101325 Pa.

as a function ofs35W, SB3W, T and P. When a sample’s

temperature is changing, its molalitieg andsmcaare con- g?,SW(SESW, SN, Tso + 25°C, Pgo>

servative, and so are the saliniti§g>"/ and S8V computed

from Egs. (4.4) and (4.6). On the contrary, Density Salin- = g%W(Sﬂens, Tso+25°C, Pso)- (5.38)

ity, Eq. (5.1), is not strictly conservative unless the thermal o ) )

expansion coefficient and compressibility of BSW happen toBY definition, this value remains the same for a parcel when

be exactly the same as those for SSW. Figure 17 shows thihe temperature or the pressure is changing without exchange
salinity difference of matter. As a consequence, the density deviation

1 1
Ap = -
P gBSW(SSSW GBSW 7 p) ~ oSW(sEeme T p)

ASo(1) = $o (S SER". Ts0 + 1. Pso) (5.39)
5o (SRS SEY. Tso + 25°C. Ps0)  (5.37)
is not necessarily zero for temperatures different frori5
as a function of the Density Salinity at 26 for typical typical results are shown in Fig. 18. These density errors
Baltic anomaly pairs ofS}i’SW and SEVSVW computed from  are relatively small in comparison to the typical Baltic den-
Egs. (5.4) and (5.5). Figure 17 is similar to Fig. 8 in sity anomalies of 50-100 g™ that are associated with fresh
which SBSW is conservative with respect to the temperature.water solute (Fig. 9).
Density Salinities are less sensitive to temperature changes The anomalies discussed in this section describe the dif-
than density measurements but may need to be stored tderences between thermodynamic properties of BSW and of
gether with the temperature at which they were determinedSSW if both have the same Absolute Salinity of the SSW
Note that the mass fraction of anomalous solute in Balticpart, SESW. For a given sample of BSV\SESW can for in-
seawater is larger than that present anywhere in the deegtance be determined from a Chlorinity measurement. This
ocean. For a typical Baltic Sea salinity of 8 gKgthe mass  is expensive and time-consuming, cannot be carried out in
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situ and usually requires skilled personnel, in contrast to rou- Density Deviation
tine CTD casts that automatically produce in-situ readings of ! ! ! ! ! ! ! !
Practical Salinity,Sp. Due to the electrolytic conductivity of T e R R S S eEREEE S -8
the freshwater solute, the relation betwes?"V and Sp of AN SNSSN YERSN RO S VU S
BSW is influenced by a significant anomaly that cannot be
estimated from the Gibbs functiogPSW. This problem is
addressed in the following section.

6 Anomalies of Conductivity, Practical Salinity and
Reference Salinity

Density Difference 4p /(g m™)

Conductivity is a non-equilibrium, transport property of sea-
water and is not available either from the TEOS-10 Gibbs 3 1 ‘ ‘ ‘ ‘ ‘ ‘
function, or from the FREZCHEM model, which provides 1 : 0 15 20 25 30 35
only equilibrium thermodynamic properties. Since Practi- Density Salinity Sp/ (g kg )

cal Salinity, the currently most important solute concentra-

tion measure in oceanography, is determined from conducFig. 18. Deviation (5.37) between the density of Baltic seawater
tivity measurements, it is important to estimate the effects ofand the density computed from conservative Density Salisigy

the Baltic composition anomaly on measured conductivities Ed. (5.38). The experimental uncertainty of density measurements
This conductivity effect could reduce or increase the differ- iS 2 ppm (Feistel et al., 2010a), indicated by the solid lines.

ence between the actual thermodynamic properties of Baltic

water and those determined for Standard Seawater diluted t8 1 Definitions

the same conductivity, relative to the differences between the™

actual thermodynamic properties of Baltic water and thoserpg gtarting point of simulations is a composition vector
determined for Standard Seawater diluted to the same chIoCssw, specifying the molar composition of all constituents

ride molality which were discussed previously in Sect. 5.i 5 hase seawater. In contrast to the development in Sect. 2,
These property differences for waters of the same conductivy ;t more straightforwardly linked to the structure of the

ity will be discussed in Sect. 7, once we have determined hows;yhs function (3.19), this base seawater is not an “ocean
conductivity is affected by the composition changes presentnq member” withSp = 35. Instead, it is SSW diluted by
in the Baltic. In addition, predictions of conductivity also ihe addition of pure water so that chloride molality will re-
allow us to validate at least some of the model calculations,5in unchanged as the calcium carbonate solute is “added”

against actual observations. _ to create Baltic water. The conductivity®SVW = « (CSSW)
At present, theoretical models of aqueous solution con-

P : : >) and densitypSSW= p (CSSW) of this water depend on the
ductivity, based on arbitrary chemlcal composition, are nOtcompositio)r/L and the(true x)ass fraction ofdisgolved material
accurate enough to study the Baltic (or any other) anomaloufSolution Salinity) will besSSW. Since this water is just a
seawater directly. However, the composition/conductivity dilution of SSW. the Refer eAncé Salinity:
theory of Pawlowicz (2008), which is valid for conductivi- ' |
ties in limnological low salinity situations, has been adaptedSSSW — oS (xSSW)

(Pawlowicz, 2009; Pawlowicz et al., 2010) using a lineariza- "R Pop ’
tion about the known characteristics of Standard Seawatef . <oq on using the observed conductivity in the algorithm

:.O study (_:hanges in cor_n_position/ conductivity/ dg_nsity rela- Sp(.) specified by the Practical Salinity Scale 1978, is scaled
ionships in seawater, arising from small composition pertur-by an appropriate choice of the constant to give the

bations that originate from biogeochemical processes. Th'%olution SaIinityS;i‘SW. The factorup is not exactly the

linearization approach, implemented in the numerical modeISame asps when anomalies are being calculated because

LS_EAD,ELS' is now useq .to investigate ghgnges in the '®"| SEA DELS calculations are based on a SSW composition
lationship between Chlorinity and conductivity-based Refer—model that slightly differs from the RC (Wright et al., 2010a).

ence Salinity, using our idealized mo_del of_the I_3a|ti<_: COM- " The composition of Baltic seawater is described by the
position anomaly, Eqg. (1.1). All considerations in this sec- composition vecto€BSW. Exact details of the way in which

tion refer to condm(_)ns at an arbitrary temperatl_Jre, set t0-BSW g related toCSSW are discussed in Section 6.2 but
25°C unless otherwise specified, and atmospheric pressur
P =101325 Pa. However, these parameters are omitted fro
the formulas for notational simplicity.

(6.1)

%oth compositions have the same chloride molality. The
"BompositionCBSW has a Solution Salinitys§SW, a con-
ductivity «BSW = « (€BSW) and a densitpBSW = p (€BSW)

that will differ from that of the base seawater. All of these
parameters can be estimated using LSBBLS once the
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compositions are known. The change The calculations described above can be carried out at any
BSW ssw desired temperature. However, the temperature-dependence

dp = — (6 . .

p=p P of the conductivity and density of seawaters may also vary

as computed from the model results is then directly com—Witth]vs composition anomaly. This implies_ that the value
parable to that calculated using Eq. (5.6). This parame-Of Sg~"" as calculated above may have a slight temperature

ter can therefore be used to validate the densities calculateﬂependence' For Baltic seawater, this non-conservative ef-

by LSEA DELS against the Gibbs function (itself based on ectwas shovx_/n exper.imentally to _remain within the measure-
FREZCHEM model calculations). In addition, the change in ment uncertainty (Feistel and Weinreben, 2008), and neglect

Solution Salinity between the original base seawater and thé)f. this effect is also sgpported by numerlcgl expenme.ntatlon
Baltic water is, Eq. (3.21): with LSEA DELS, which suggest the maximum error is less

than 0.001 g kg?.
BSW SSW . ¢BSW
S SAT R Sew 63) 6.2 Composition anomalies
The approximation is valid when the amount of solute added
is small, as it is in this case. Although the Baltic Sea composition anomaly is idealized
Typically, conductivity measurements in the ocean arein this paper as arising from the addition of calcium car-
used with SSW parameterizations for different properties unbonate, calcium itself is not direCtly measured in the Baltic.
der the assumption that the properties of the measured watétowever, anomalies in the Total Alkalinity (TA), defined in
are well-modelled by the properties of SSW diluted to the LSEA-DELS as
same conductivity. Thus we infer a third “reference” water
type, described by a composition vec@S", with Solution ~ TA =[HCO;] +2[CO§_] +[B(OH)4 |+ [OH" ] - [H']
Salinity SESW, whose composition is that of SSW diluted by (6.6)
pure water, but whose conductivity matches that of BSW:
k (CBSW) =« (€BSW). The Solution Salinity of the refer- and Dissolved Inorganic Carbon (DIC), defined as
ence water is then the Reference Salinity of the Baltic Sea
water. The ultimate purpose of the modelling in this sectionPIC = [CO] + [HCO§]+ [Cogf]’ (6.7)

is then to compare the change in the Reference Salinity ) ) i
are known to be approximately equal. In this section, the

ASr = SESW — sz (6.4)  usual chemical notation of total stoichiometric molalities by

brackets [..] is preferred for convenience. Thus we assume
between Baltic Sea water and diluted Standard Seawatey, the anomalies
of the same conductivity with the actual Solution Salinity
changesES™ from Eq. (6.3). If the added solute has the §TA = $DIC. (6.8)
same conductivity as that of sea salt, thefir = SE;"V. If
the added solute is not conductive, th&Sr = 0, irrespec-

i BSW
tive of the value ofS5,".

The addition of C4' is then inferred from mass and charge
balance considerations:

In addition, the density of this reference water, denoted as;,,, .. — [c2* | = sTA /2. 6.9
the reference densiyeSW = p (CESW), will differ from the e [ ] / ©9)
true density of Baltic watep®SW, and the change Using Egs. (6.6)—(6.9), the complete composition at any par-
_ BSW  _BSW ticular chloride molality can be determined as a function of
SoR=p""" — PR 65  the molality of the calcium anomaly. This will provide a di-

between the true and reference densities can then be df€Ct comparison with the Gibbs function described in Sect. 4.

rectly compared with measurements of the density anomaly N order to apply these calculations specifically to the
in the Baltic. Previous investigations have suggested thapaltic (i-e. asin Sect. 5), we relate some parameter to a func-
LSEA DELS calculations for S have an error of between 10N of the chloride salinitysc (or, alternatively, any other

1 and 10%, depending on the details of the compositions_a“n'ty_m,easure) in the' Ba.ltlc. The value &FA at.a chlq-
anomaly. This uncertainty ultimately arises from uncertain-11de salinity of zero, which is taken as an endpoint of linear
ties in the basic chemical data for binary electrolytes fromcorrelations in mixing diagrams, is estimated from observa-
which model parameters for the conductivity algorithm were ions to be 1470 umol kgl (Feistel et al., 2010a). The TA
extracted, as well as inadequacies in the theoretical basis @nemaly in Baltic waters is then
the model at higher salinities. Errors in the LSEXLS . Sci
density algorithms are themselves much smaller than thoséTA = 1470 umolkg~ x <1 - S_>
for conductivities, but since the Reference Salinity calcula- S0
tion implicitly involves conductivity changes, errors in con- Egs. (6.8)—(6.10), hereafter denoted as “model-1", then spec-
ductivity will carry over into the density anomaly calculation. ify the compositionCBSW of Baltic water at all chloride

(6.10)
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o0 a) b) have a zero-Chlorinity limit of about 166 pmolk§ (with a
. Feistel et al. (2010a) 160 o Feistel et al. (2010a) considerable uncertainty),
90 4 model-1 == =(e5.3)
- - - model-2 N model-1 Sy
0 10y Y 7T messi2 a[so};] = 166 pmol kgL x <1— S—) (6.11)
. SO

701

607 With anomalies in both G4 and Sci‘, charge balance con-

siderations now require a modification to Eq. (6.9) to balance
the charge associated with the sulfate anomaly,

501

40

Sp (gm™)

304 ¢

s|Cat| —5|SOE | =8TA/2, 6.12
201 [ ] [ 4:| / ( )
which will increase the size of the calcium anomaly.
The combined calcium carbonate and sulfate anomaly,
Egs. (6.10), (6.11) and (6.12), will be denoted “model-2” for
Baltic water.

30

0 1 30 0 10

0 20, 20,
Sp kg S, (kg )

6.3 Model validation

Fig. 19. (a)Comparison between 437 measured density anomalies o ) .
(Feistel et al., 2010a), with LSEMELS model predictions.(b) Although the model/data predictions will be shown to be in

Comparison of model results with 3 observational estimates of the'ough agreement, it is useful at this stage to enumerate pos-
anomalies between Density Salini§p and the Chlorinity Salinity ~ Sible sources of disagreement. The first potential source of
Sci (Feistel et al., 2010a) as well as Eq. (5.3), and model predic-disagreement is the error in density anomaly predictions from
tions. the conductivity model, which can themselves be in error by
as much as 10% for a given composition anomaly. The sec-
ond potential source is the idealization of the composition
molalities. However, the composition is only specified in g3nomaly, which is only a simplified version of the true Baltic
terms of aggregate variables TA and DIC. A carbonate chemzomposition anomaly. This error can be investigated by com-
istry model within LSEADELS, based on equations for paring model-1 and model-2 predictions. A third potential
the equilibrium chemistry, is used to calculate the completesoyrce of disagreement is inhomogeneities in the chemical
ionic chemical composition in a new chemical equilibrium. composition of the Baltic, which will tend to scatter results
This involves changes to GOHCO;, CO5~, B(OH)s and 4t a particular Chlorinity over a wider range than predicted
B(OH),, as well as to pH ang¢CO,. Although the actual by measurement uncertainty alone. A final potential source
compositional perturbation is now somewhat more complexof disagreement is measurement uncertainty in the data itself.
than indicated by Eq. (1.1) almost all of the change that oc- Feistel et al. (2010a) report 437 observations of the density
curs at the pH of seawater is described by an increase imnomalyspr in the Baltic Sea over the years 2006—2008,
HCOy, similar in LSEADEL and in FREZCHEM. From  mostly at salinities of 10-20gkd. 66 of these replicate
Egn. (1.1), the change in Solution Salinity due to the addedneasurements on water were obtained from 11 stations. The
mass of dissolved solute 83" ~ 1621 gmol™ x §mca  observations (Fig. 19a) show a large scatter. Part of this scat-
(i.e., the molar mass of Ca(HG® times the change in cal- ter arises from observational error in the density measure-
cium molality, neglecting the change in the mass of solution).ments, which can be estimated at ab&9tg m—3 (coverage
The change in Solution Salinity calculated directly from the factor 2) from replicate values about the means. However,
full chemical compositions used by LSEBELS is less than  scatter in excess of this value is present. The additional scat-
3% larger than this value, which is insignificant here in com- ter likely derives from spatial variations in the magnitude and
parison with other uncertainties. This procedure allows us tacomposition of the anomaly. The concentrations of TA in
determine the conductivity and density anomalies at a particdifferent rivers inflowing into the Baltic can vary by an order
ular Sci within the Baltic. of magnitude, and these effects are not always well-mixed
Later we will discuss whether disagreements between thevithin the Baltic. In addition, the solute is subject to various
model predictions and observations of density anomaliecomplex chemical processes and interaction with the sedi-
arise from inadequacies in LSEBELS, or whether they are  ment over the residence time of 20-30 years.
inherent to the idealized composition anomaly used to model In general, model calculations 8fr using either model-
Baltic seawater. For this purpose we introduce a second or model-2 are quite consistent with the observations
model for composition anomalies in the Baltic that is slightly (Fig. 19a), within the limits of observational uncertainty and
more complex. Sulfate is the next largest component of thepresumed spatial inhomogeneity. LSEELS predicts an
actual Baltic composition anomaly after calcium carbonate.anomaly of zero ag = 35.16504 g kg, rising to 48 and
The sulfate anomaly is estimated (Feistel et al., 2010a) t&58 g1 2 for model-1 and model-2 anomalies respectively,
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at Sr=5gkg!. The scatter in the observations is large 100+
enough that it is not clear which of the two models better de-
scribes the data. The model-2 results fall somewhat closer tc
the raw data at salinities of 15-20 gkg On the other hand, 807
although both models predict much larger density differences  7o-
than are observed at salinitie$s g kg1, the comparison is
better for model-1. It should be noted that the small number i
of observations in this low-salinity range are from the Gulfs

of Bothnia and Finland (Feistel et al., 2010a), Fig. 1, which 401
are not representative of the freshwater inflows as a whole.
Hence, complete agreement is not expected. We conclude
that spatial inhomogeneities in the composition anomalies 207

R - - - Gibbs function
90] W ——LSEA_DELS

3p (g

are likely the limiting factor in the present model/data com- 104
parison, rather than the accuracy of LSEXL itself. .
The LSEADELS calculations for both model-1 and 0 40

model-2 anomalies suggest thidr is not a linear func-
tion of the salinity, but rather one with a pronounced down-
ward curvature, especially at low salinities. The curvature is
large enough that there is little change in predicted anoma
lies at salinities less than 5 gk§ This downward curvature
is somewhat consistent with the low density anomalies ob
served forSg <5 g kg1, although as just discussed the lack
of data makes it unlikely that the observed values are com-
pletely representative .Of mean Baltic valueg. .The curvaturgI?A Corrections to Practical Salinity required for Gibb
in the model results arises because conductivity changes wi ) .

. . . . function calculations
account for an increasingly large proportion of the total salin-

ity change at low salinities, although this will not become ) ) ) ] ) )
The Gibbs function determined in Sect. 4 is a function of

clear until Sect. 6.4. ) k - )
The spr observations are derived from measurements ofchloride molality and the calcium anomaly, or equivalently
~SWand SESW. In this section we determine a correction

density and conductivity. A small number of measurements’A o ,
were also made of density and Chlorinity in 2008 (FeistelfaCtor for conductivity effects as a function of the same pa-

et al., 2010a). Comparison of differences between Den_r_ameters using LSEMELS with the model-1 parameteriza-

sity Salinity and Chlorinity Salinity from these observations 0"
(Fig. 19b) against predictions using model-1 and model-2 First, calculating ASg, Eq. (6.13), for a grid of
anomalies again shows reasonably good agreement, with pr@oints in the range & Sci < 35gkg™* and O< dmca <
dictions using model-1 anomalies closer to the approximate800 umolkg?, we find that the calculated change in
empirical parameterization, Eq. (5.3). In this case, conducconductivity-based Reference Salinity, decreases signifi-
tivity effects are not involved and the model curves are nearlycantly for a fixedsmca as the salinity increases (Fig. 21).
straight lines, deriving from the straight lines in Egs. (6.10) This reflects acommonly observed phenomenon that the con-
and (6.11). Although the expanded uncertainty (coverageductivity per mole of charges (the equivalent conductivity),
factor 2) of the Chlorinity measurements is about 0.5% (Feis-decreases as concentrations increase in solutions where the
tel et al., 2010a), the relationships, Egs. (6.10), (6.11) areamount of solute is much less than the amount of solvent
themselves fits to scattered data (again probably reflectingPawlowicz, 2008). The physical effects which reduce elec-
inhomogeneities in the Baltic's chemical composition), so trolytic conductivity are the relaxation force, electrophoresis
better agreement is not expected. and ion association; each of them tends to strengthen with in-
The LSEADELS model calculations fospr, Eq. (6.2),  Creasing ion concentration (Ebeling et al., 1977, 1979). This
using model-1 anomalies can also be Compared direcﬂ)ﬁhange is largest at the lowest concentrations, with the de-
(Fig. 20) against calculations from the Gibbs function, creases from its infinite dilution endpoint being proportional
Eq. (5.6), with the Baltic anomaly being modelled using t0 +/Sci in this limit, in accordance with limiting laws.
Eq. (5.4). This is a complete intercomparison of not only the At lower temperaturesA Sg for a given additiorSmcg is
density algorithms but also different approaches for specify-slightly larger than at higher temperatures. However, at all
ing the composition anomalies. The two independent calcutemperatures the changassg are almost perfectly propor-
lations agree quite well, with values being within 6 g#rof tional to the magnitude of the composition anomaly. Thus,
each other at all temperatures. similar to the Gibbs function anomaly, Egs. (3.14), (3.19),
the salinity change estimate based on conductixit§i, can

Fig. 20. Comparison of the density anomalies between SSW and
Baltic seawater of the same chloride molality, computed by the
Gibbs function and by LSEAELS. Curves are drawn for tem-
peratures of 0, 5, 10, 15, and 20, with the highest curves corre-
“sponding to the lowest temperatures.
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F(SRSW,T) SBRVW. The model results suggest that the mea-
sured salinity will vary by no more than 0.001 over a 15 de-
gree temperature change at Practical Salinities of 5to 10. Ex-

Table 3. Coefficients of the correlation functiofy, Eq. (6.14).

i aij i aij . . . . .

o o 10578300505245625 0 1 _0.000180931852871 perimental evidence (Feistel and_Welnreb_en, 2008)_ flnd_s that
1 0 —0089779871747927 1 1 —0.000294811756809 any changes are smaller than this value, i.e., the violation of
2 0 —0.001654733793251 2 1 —0.000012798749635 conservation does not exceed the measurement uncertainty
3 0 +0.012951706126954 3 1 +0.000079702941453 of salinity.

be accurately expressed as the product of a funcfiarthat 7 Computation of properties from Practical Salinity
depends only on the salinity associated with the base seawa- "¢adings

r and temperature, and the change in solute mass fracti .
ter and temperature, and the change in solute mass fract OI[iegular oceanographic practice in Baltic Sea observation

SBSW, : : = ;
FS (Feistel et al., 2008b) ignores composition anomalies; read-
ings of Practical Salinity are commonly inserted directly into
_ Ssw BSW X
ASR = f(SA ’T) X Spw (6.13) SSW formulas to compute seawater properties. For con-

ductive anomalies such as in the Baltic Sea, using Practi-

The dependence gfon bothT andScy is showninFig. 21 c¢a| salinity (or Reference Salinit§g) rather than Chlorinity
but curves corresponding to different valueséofca at @ salinity So; as the input of the Gibbs function can be ex-
fixed temperature are visually indistinguishable at this Sca|epected to result in a better approximation of the anomalous

As expected, the ratio of Sk to SE)" still depends sig-  property (Lewis, 1981). Nevertheless, the related error in
nificantly on S35V = Sci/(1— SB3"Y) ~ Sci, Eq. (5.2), and  density is known from direct density measurements (Millero
also shows a slight temperature dependence. The results camd Kremling, 1976; Feistel et al., 2010a). The correspond-
be fit to an equation of the form, ing errors of other computed properties such as sound speed,
freezing point or enthalpy are simply unknown even though
they may be relevant for, say, echo sounding or submarine
navigation. In this section we first estimate typical errors re-
lated to this practice and eventually provide algorithms for
where the reduced variables are= (T —29815 K) /(1 K) their reduction, based on the results of the previous sections.

1

F(SRT) =) (a0 +auvE+azéing +axé ) v, (6.14)

i=0

and¢ = S35/ (1 g kg?), and the coefficients;; are given In Sect. 5, the deviations from SSW properties are dis-
in Table 3. Numerical check values are available from Ta-cussed for given Density Salinitif which are not avail-
ble A2. able from regular CTD measurements. However, our models

The root-mean-square error of this fit is3% 1074, but  directly estimateSE3"V and Sg as functions ofs3>W, so we

note that the model results themselves may be biased by asan easily compute and display paiégs, Sr) using S3SW

much as 0.05 (i.e., 10%). In Sect. 7, Egs. (6.13) and (6.14hs a running dummy variable, wheser is the error of a

will be used in conjunction with Eq. (3.19) to determine ther- property computed from the Gibbs functigfSV between

modynamic anomalies for waters of a measured conductivitythe salinity pairs §5°%, SESW), the “true salinity”, and §r,
Overall, conductivity changes will account for about 30— 0), the “conductivity salinity”. At the end of this section we

50% of the total change in salinity resulting from the pres- shall invert the relations used in this procedure in order to es-

ence of the anomaly, with the lower percentages occurring atimate S5V and SB3Y from practically measured values of

highest salinities. Sr and eventually compute more accurate property estimates
It had been shown experimentally that estimates of thefrom the Gibbs functiorzBSW, but first we consider a more

Practical Salinity of Baltic seawater are independent of thetheoretical approach in Whicﬂﬁs"" is treated as if it were

sample temperature, within reasonable uncertainty (Feistaineasured.

and Weinreben, 2008). From Eq. (6.13) and Fig. 21 we in- For a given poin(SﬁSV", T, P), we compute the empirical

fer a weak temperature dependence of the Reference SalifBaltic Density Salinity anomaly from Eq. (5.4),

ity Sr at constantsySWand SESV if Sk = upsx Sp is com-

puted from Practical Salinityp of Baltic seawater. Figure 23

shows the deviation from Practical Salinity conservation,

SSSW
55a =Sp — S35V~ 130mgkg ! x (1— ;‘SO , (7.1)

85P=[f (SESW, T) —f (SESW, Tso+ 15°C)] x S /ups. (6.15)  and in turn the anomalous salinisS\ from a linear expan-
sion of Eq. (5.5) as a function ¢f>",

as a function of salinitysy>V and temperaturd”, where

Spa is estimated from the empirical relations (5.4), (5.5), .gsw g5p (SW.T.P)

. =— . (7.2
and the abscissa value from Eq. (6.1 = S35V + FW eSW(SSSW T, P) — gEW(SSIW T, P)(SSA (7:2)
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0.07 8m.__ (umol kg™) —25°C
. ---15°C
3 — OOC

0 5 10 15 20 25 30 35
S (gkg )

Fig. 21. Anomaly of the Reference SalinitSg, Eq. (6.13), as a function dfg at different temperatures and anomalies:,, estimated
using LSEADELS.

1 . available from the Gibbs functiogPSW (s3SW, B3V, T, P),
001 ffgng Eg. (3.19), is calculated as the difference between the best
R model estimateg®SW, and the resulyS obtained using
081 Reference SalinitySg = upsx Sp, in the TEOS-10 Gibbs
07 function:
22 Sqr = qBSW(SESW, BT, P) — ¢SSR, T.P). (7.4)
“ir 05
(%)
T o4 The density deviation of the form (7.4),
0.3 1 1
SPR: — s (75)
0.2 g?aSW(SESW, SE\f’VW,T,Pso) gIS»W(SR,T, Pso)
01 is displayed in Fig. 24. Comparison with experimental data
0 . ‘ ‘ - ‘ - - (Feistel et al., 2010a) and with LSEBELS results shows
0 5 10 15 g)ﬂ 25 30 35

S, (akg reasonable agreement with each, with slightly better agree-
ment with the experimental data. Compared to Fig. 9 or 20,
Fig. 22. Ratiof(SESW, T) of changes in Reference Salinity and the density anomaly is reduced by almost 50% as a result
Absolute Salinity, Eq. (6.13). of the conductivity of the anomalous salt influencisigand
representing part of the associated density changes through
the second term on the right side of Eq. (7.5). Similarly, the
Reference Salinity is then available from Egs. (6.4), (6.13)conductivity effect changes the sign of the curvature and sig-

and (6.14) as a function &> and SE3", nificantly reduces the temperature dependence of the density
anomaly.
Sp =SV 4 (SESW, T) SESW. (7.3) The sound speed deviation of the form (7.4),

The anomaly-related error of any considered property 8CR=CBSW(S,§SW, REvh Pso) — W(SR, T, Pso),  (7.6)
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Practical Salinity Conservation Sound Speed Error
1 0.5
0°c .
2 0.8 2 ax H0.45
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Fig. 23. Temperature dependence, Eq. (6.15), of Practical SalinityFig. 25. Error in sound speed, Eq. (7.6), if computed from measured
relative to 15°C of a given sample of Baltic seawater at atmospheric Reference Salinity using the Gibbs function for SSW. Results are

pressure. shown for temperatures between 0 and®@5and at atmospheric
pressure.
Density Error
100 Relative Enthalpy Error
0
90
G = . r-0.5
g L 80 ‘ 5°C
S o "
z £70 io 5°C s
— -1
© 60 =
& 15°C L2
3 L50 =
=} o o L.
s 25°C 0°C | 40 3 20°C 2.5
= [=]
= 2 259G F-3
A +30 B
z a 3.5
Z 20
=} >
2 = -4
F10 =
= L.
T T T T T T T 0 m 45
0 5 10 15 20 25 30 35 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 5
Reference Salinity Sk / (g kg ™) 0 5 10 15 20 25 30 35

Reference Salinity Sk / (g kg ™)

Fig. 24. Error in density, Eq. (7.5), if computed from measured

Reference Salinity, using the Gibbs function for SSW. Results areFig. 26. Error in relative enthalpy, Eq. (7.7), if computed from mea-

shown for temperatures between 0 and®@5and at atmospheric sured Reference Salinity using the Gibbs function for SSW. Results

pressure. are shown for temperatures between 1 an8iand at atmospheric
pressure.

is displayed in Fig. 25. The sound speed formula is given ) o
by Eq. (5.16). This figure is very similar to Fig. 13, i.e., |he relative enthalpy deviation of the form (7.4),

the conductivity effect on the sound speed anomaly is onlygh _ hBSW(SSSW BSW Pso)
R= )

minor. A OFW
Conseqliently, CTD sound speed sensors with a r'esolutlon _ thw( SESW, SE\/Sva Tso. Pso)

of Imms+ (Valeport, 2010) that are carefully calibrated

with respect to SSW can be expected to be capable of mea- — hSW(SR, T,Pso) + hSW(SR, Tso, Pso), (7.7)

suring Baltic anomalies in situ and to observationally confirm. . A .
the numerical model results shown here. is displayed in Fig. 26. Enthalpy is computed from the
Gibbs function byh = ¢ — Tgr. Sinceh depends on an

arbitrary constant, only differences of enthalpies belonging
to the same salinities are reasonable to be considered here.
Compared to Fig. 14, the enthalpy changes are is almost
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completely captured by the conductivity effect and the en- Freezing Point Error
thalpy anomalies are therefore negligible. 0
The freezing point deviation of the form (7.4), v 0.1
£ 0.2
5T = TSW( SRV SERM.T, Pso) — TSW(Sr. 7. Ps). (7.8) 03
o
is displayed in Fig. 27. Freezing temperature is computed § 04
from Eq. (5.29). Compared to Fig. 15, the error is reduced £ 03
by about 80% due to the conductivity effect and is well be- @ --0.6
low the experimental uncertainty of freezing point measure- § L 07
ments. 2 | 0s
The above examples show that in some cases it may beE o
desirable to correct for the anomaly or at least to check its 0.9
significance in the particular case of interest. Even though ; ; ] -1

5 10 15 20 25 30 35

this may be unnecessary in some situations, we note that Reference Salinity S / (z ke )

there is now a general method for the calculation of the
Baltic property anomaly based on the empirical Gibbs andrig 27 Eror in freezing temperature, Eq. (7.8), if computed from
Practical Salinity functions developed in this paper. Two measured Reference Salinity using the Gibbs function for SSW. Re-
practical situations are COﬂSidEI’Ed, (I) only Practical Sa”nitysults shown correspond to atmospheric pressure.
(plusT andP) is known for a given sample, and, (ii) a direct
density measurement is also available for the sample.
(ii) Both Practical SalinitySp and density are known:
(i) Practical SalinitySp is known:
Since densityp is known, the estimate, Eq. (7.10), is not

Since no direct information is available on the magnituderequired here and is replaced by a more reliable value. The
of the anomaly, an empirical relation is used for its estimate.remaining equations
The Egs. (6.4), (6.13), (5.4) and (5.5),

ups x Sp=Sr = SR+ f(SPWT)SER.  (7.14)
ups x Sp="Sr = SR + f (ST SERY. (7.9)
BSW g (SRNT,P) — p7t
GSSW Sew - = SW(sSSW 7. p) — gW(sSSWT, p)’ (7.15)
Sp = S3%W 4+ 130mgkgt x (1-A—),  (7.10) Ep A Ep AT
Sso . o
can be solved in linear approximation of the anomaly,
and 8Sr=Sr—S5>. The solution reads
Sw -1
SE = gp" (SA™T, P) — 85" (Sp. T, P) 711) o sESW - 8p P (7.16)
= : SW _ FW SW’ :
gp" (SRIT.P) — gV (SRS.T. P) gp —8p t+ f8sp
can be solved in linear approximation of the anomaly, w
85k = Sk — S3°W. The solution r -pt
SrR=Sr — Sx e solution reads SSSW _ s — f Swgp pr - (7.17)
- + fg
Sr ¢SW 8p 8p SP
BSW _ _ ~1(q _ SR\ _ 8sp
Sew” = — 130mgkg~(1 S SW _ ,FW (7.12) The functionsg and f are again evaluated at salinifg =
SO/ 8p — &p
upsx Sp.
The Gibbs function (3.19) with the argumersig>" and
S Sw SBSW can now be used to compute the corrected property.
SSW_ Sp+130mgkgt(1- 2R ) 5P (713 W P property
Sso/ gSW—gtW

Here, the functiong and f are evaluated at salinit§r =
upsx Sp. The constantpgis given in Table Al.
The Gibbs function (3.19) with the argumers>" and

SBsVY can now be used to compute the corrected property.
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Table A1. Numerical constants.

Symbol Value Unit Comment

ups 35.16504/35 g kgl Practical Salinity conversion

Tso 273.15 K Standard ocean temperature

Pso 101325 Pa Standard ocean surface pressure

Sso 35upg gkg? Standard ocean Reference Salinity

mso 1.160 581 mol kgl Standard ocean sea-salt molality

R 8.314 472 JmottK=1  Molar gas constant

Rew RIARW Jkg-lk—1  Specific gas constant of anomalous solute
Apw 54.037 23 gmotl Molar mass of the Baltic anomalous solute
Assw  31.403 82 gmot? Molar mass of Reference-Composition sea salt

Table A2. Numerical check values of the Gibbs function anomghy¥, Eq. (4.8), and of the conductivity functiost, Eq. (6.14).

Quantity Value Value Value Unit
SRSW0.030 0.005 0.005 kg kot

T 273.15 298.15 273.15 K

P 101325 102325 5108 Pa

P —0.677377468& 10 —0.835211586¢ 10° +0.25208961% 10° Jkg1

gt +0.145901670« 107 +0.791394921 107 +0.348699136¢ 108 Jkg!

W —0.268037038 107 —0.36209891% 10°  +0.80520267%10°  Jkg 1K~!
g 4+0.251267776c103  +0.219677073% 10°3  +0.114602035 102 m3kg!
gFW +0.379189354 10! —0.347691812 10! +0.470491769 Jkgt K2
ey +0.549912355¢10™°  +0.22450077% 107>  +0.22450077% 107>  m3kg~1K~1
g +0.481406848 1011 1019653352310 11 1019653352310 11 m3kglpal
f +0.324117950 +0.429079183 +0.442694939

8 Conclusions

For Baltic seawater with a simplified composition anomaly SESW =
representing only inputs of calcium carbonate, Eq. (1.1),
a Gibbs function is determined based on theoretical con-
siderations and results from FREZCHEM model simu-
lations. The new Gibbs function, Eq. (3.19), com- Note that a single salinity variable such as Eq. (8.2) is in-
bines the TEOS-10 Gibbs function of Standard Seawasufficient for the description of Baltic seawater properties.
ter (SSW), gSW(s33W, 7, P), with an anomalous part, Rather, the Gibbs function (8.1) takes two separate salinity
gFW(SESV\{ T,P), proportional to the Absolute Salinity of Vvariables, one for the SSW part and one for the additional

the anomalous (freshwater) S&ﬂg\%lw, resulting in the form anomalous (freshwater-related) part. The anomalous part of

the Gibbs functiong™", is available from the correlation ex-
gBSW(SESW, SBSW T, P) — (1— S'I:SVSVW> gsw<5/§sw’ T, p) pression (4.8) with regression coefficients reported in Table 1
+SBSWFW (SESW, T, P) _

1- (1 - SE&,W) (1 - S§8W>

SSSW 4 (1 - SESW) SBSW.

(8.2)

and numerical check values in Table A2.

Computed from the Baltic Gibbs functiop®SW, various
property anomalies are quantitatively displayed in Figs. 8-18
The Absolute Salinity of the “preformed” SSW part, the par- and discussed in relation to Millero’s Rule which provides
ent solution, is denoted b§z>Y, Eq. (2.26). From the mass generally reasonable, and sometimes very good estimates
balance, the Absolute Salinity of Baltic seawater is given byalthough it cannot be assumed a priori to be valid in gen-
Eq. (3.21), eral. Density Salinity is a good proxy for the actual Absolute
Salinity of the Baltic Sea when the composition anomaly is
represented by & and 2HCQ, although experimentation

(8.1)
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Table B1. Glossary of formula symbols.

R. Feistel et al.: Thermophysical property anomalies of Baltic seawater

Table B1. Continued.

Symbol Comment Eq.

a dissolved species name or number

Ag molar mass of water

Ag molar mass of the specias

Asw mean molar mass of the BSW solute (4.19)
Arw mean molar mass of the FW solute (2.17)
Assw  mean molar mass of the SSW solute (2.17)
c sound speed (5.16)
SW TEOS-10 sound speed (5.18)
BSW  sound speed in BSW (5.17)
CcSSW  composition vector of SSW (6.1)
C¢BSW  composition vector of BSW

¢ vector of regression coefficients (4.13)
cp specific isobaric heat capacity

DIC dissolved inorganic carbon (6.7)

f anomalous Reference Salinity factor (6.13)
g Gibbs function (4.1)

g2 TEOS-10 Gibbs function expansion term (4.22)
¢BSW  Gibbs function of Baltic seawater (3.13)
ra saline part of the partial Gibbs function of freshwater  (4.36)
g anomalous part of the Gibbs function (3.16)
gl Gibbs function at infinite dilution (2.23)
W TEOS-10 Gibbs function of SSW (3.12)
¢SSW  Gibbs function of the SSW part (parent solution) (3.12)
gV Gibbs function of water vapour (5.33)
gV Gibbs function of liquid water (2.23)
GBSW  Gibbs energy of BSW (3.5)
GSSW  Gibbs energy of SSW (3.1)

k Boltzmann’s constant

m molality, moles of solute per mass of solvent

mg molality of the species (3.7)
mBSW  molality of the solute in the BSW (2.18)
mEa,W molality of the FW solute in the BSW (2.20)
mggw molality of the SSW solute in the BSW (2.19)
mg) chloride molality (4.3)
mca calcium molality 4.7)
mRC molality of seawater with RC

MBSW  mass of the BSW sample (2.9)
MW mass of the FW part (2.5)
MOW  mass of salt from OW (2.14)
MRW  mass of salt from RW (2.15)
MSSW  mass of the SSW sample (2.8)
ME‘SW mass of water in the BSW (2.6)
MESW mass of salt in the BSW 2.7)
MEW  mass of saltin the FW part (2.5)
mMEW  mass of salt from OW (2.14)
MSRW mass of salt from RW (2.15)
MS'SW mass of salt in the SSW part (2.4)
Na Avogadro’s number

NESW number of particles of speciesin BSW (2.2)

Ocean Sci., 6, 94%81, 2010

Symbol Comment Eq.
NEW number of particles of speciesn FW (2.2)
NESW number of particles of speciesn SSW (2.2)
NESW number of solute particles in BSW (2.10)
NSFW number of solute particles from FW (2.2)
NSSW number of solute particles in SSW (2.2)
NC;BSW number of water particles in BSW (2.1)
Né)W number of water particles from OW

NEW number of water particles from RW

NSW number of water particles in the SSW part (2.10)
NBSW number of solute particles of speciesn BSW  (2.1)
NEW number of solute particles of speciesn FW (2.2)
NaOW number of solute particles of speciefrom OW

NRW number of solute particles of speciesrom RW

NISW number of solute particles of speciein SSW  (2.2)
NESW number of solute particles in BSW (2.10)
N’S:W number of solute particles in the FW part (2.2)
NSSW number of solute particles in the SSW part (2.2)
P absolute pressure

Pso standard ocean surface pressure, Table Al (4.9)
pVap vapour pressure (5.33)
q some quantity

r formal expansion parameter (4.26)
R=Nak molar gas constant

Rrw = R/IApw  specific gas constant of anomalous solute (3.16)
Rs specific gas constant of a particular solute 4.1)
Resw specific gas constant of the BSW solute (4.24)
Rssw specific gas constant of the SSW solute (4.21)
K formal expansion parameter (4.26)
Sk preformed salinity (2.22)
SA Absolute Salinity (4.1)
SESW Absolute Salinity of BSW (2.11)
SXG”S “conservative” Density Salinity (5.1)
Sjo'" alternative nomenclature fnﬁESW (3.21)
S/?W Absolute Salinity of the OW end member (2.14)
SRW Absolute Salinity of the RW end member (2.15)
SRSW Absolute Salinity of the parent solution (SSW)  (2.26)
Ne| Chlorinity Salinity (5.2)

Sp “measured” Density Salinity (5.1)
SESW mass fraction of sea salt from FW in BSW (2.13)
sBsw Reference Salinity of BSW (6.4)
SESW Reference Salinity of SSW (6.1)
sESwW mass fraction of sea salt from SSW in BSW (2.12)
Sp Practical Salinity (6.1)
Sso standard ocean Reference Salinity, Table A1

T Absolute temperature

TA Total Alkalinity (6.6)

T; freezing temperature (5.29)
Tso standard ocean temperature, Table A1 (4.9)

WWWw.ocean-sci.net/6/949/2010/



R. Feistel et al.: Thermophysical property anomalies of Baltic seawater 979
Table B1. Continued. Table B1. Continued.
Symbol Comment Eq. Symbol Comment Eq.
ups conversion faction between Practical and Reference Salinity [ng chemical potential of the anomalous solute at infinite dilution  (3.17)
up conversion faction between Practical and Reference Salinity  (6.1)  #ssw  chemical potential of SSW (5.23)
N specific volume W chemical potential of water (5.24)
reduced salinity variable (4.9) ¢ osmotic coefficient (4.2)
‘ ) activity potential 4.2)
x vector of molar fractions ¥BSW  activity potential of BSW (4.16)
xFW mole fraction of solute: in FW (2.2) ¥SSW  activity potential of SSW (4.17)
xRC mole fraction of solute: in the RC 22 Pzzx density of SSW
y reduced temperature variable (4.9) szw density of BSW_ 6-2)
bl 49 R reference density of BSW (6.5)
N red}uced pressure "a”ap? (4.9) reduced temperature (6.14)
B haline contraction coefficient (5.11) ) dat taint 413
lous haline contraction coefficient with respectto FW  (5.10) @i ata uncertainty . 13)
Prw anoma £ reduced absolute salinity (6.14)
Sc sound speed anomaly (5.17)
sch sound speed anomaly in terms of Absolute Salinity (5.19)
scP sound speed anomaly in terms of Density Salinity (5.18)
Scp heat capacity anomaly (4.15)
sch heat capacity anomaly in terms of Absolute Salinity (5.15) . X
5c§ heat capacity anomaly in terms of Density Salinity (5.14) Shows that thgse results are somewhat sensitive to the partic-
3cR sound speed deviation _ _ (7.6)  ular composition of the anomaly.
g;f’ g’?gég?gﬁ;‘itgndzxf;‘;’l‘yFREZCHE'V"G'bbs function (3(‘1"51)3) The influence of dissolved calcium that is in charge bal-
5G Gibbs energy anomaly (3.5) ance and in_chemical equilibrium with the .marin.e carbon-
o enthalpy anomaly N (5-20)  ate system is estimated from LSH2ELS simulation re-
bw  enthalpy anomaly in terms of Absolute Salinity (21 sults and is effectively represented by the conductivity factor
8h enthalpy anomaly in terms of Density Salinity (5.22) SSW . .
shg  enthalpy deviation 7.7 £ (Sx>W,T) which correlates the anomalous mass-fraction
bmca - calcium molality anomaly @5  salinity, SBV, with Practical Salinity,Sp, in the form,
SP vapour pressure anomaly (5.34) E 6.13
spA vapour pressure anomaly in terms of Absolute Salinity (5.36) q. ( ' )*
spP vapour pressure anomaly in terms of Density Salinity (5.35)
BN Absolute Salinity anomaly (7.1) _ (SSw ( SSW ) BSW
ASp  Density Salinity deviation (5.37) Spxups = ST+ fASATNT) X Spw (8.3)
8[SO4] sulfate molality anomaly (6.11) o . o .
5ASSP ;rafctlcal nglr}!tytar:jom.alty ((%%) The salinity conversion factarpsis given in Table Al. The
R ererence salinity aeviation . . . SSW .
o freezing temperature anomaly (.30 correlation functionf (SA. ,T') has the mathematical form
sTA freezing temperature anomaly in terms of Absolute Salinity  (5.32) (6.14) with coefficients given in Table 3 and numerical check
sTP freezing temperature anomaly in terms of Density Salinity (5.31) values in Table A2. The pressure dependencg e un-
STA - Total Alkalinity anomaly €10 Lnown but is assumed to be of minor relevance for the rela-
8TR freezing temperature deviation (7.8) ) . .
sv specific volume anomaly 4.14)  tively shallow Baltic Sea compared to the general uncertain-
du; specific volume deviation FREZCHEM - Gibbs function  (4.13)  ties of the models and the scatter of the data employed here.
Sa anomaly of thermal expansion (5.7) Th b di . ds the infl i |
Sah anomaly of thermal expansion in terms of Absolute Salinity  (5.9) € above IS(_Zl_,ISSIOI’] regaras the influence of anomalous
saP anomaly of thermal expansion in terms of Density Salinity ~ (5.8)  Solute as an addition to the preformed SSW part of the Ab-
gﬂ znomta'y of ha':”e contraction (2561)2) solute Salinity. When dealing with field measurements, it
0 ensity anomaly . . . . .
5or density anomaly due to conductivity (6.5) is often more convgplent tq _con3|der anomalle§ from the
Ap density deviation (5.39) Reference-Composition Salini§g = upsx Sp. In this case,
Sy activity potential anomaly (4.18) i H
Sy activity potential deviation FREZCHEM — Gibbs function (4.13) the COhdUCtIVIty effect of the anomqlous solute m.ﬂuences the
v mean activity coefficient 4.2) value ofSr ar_ld reduces the an_omahes in comparison to those
14 mean activity coefficient at infinite dilution 4.2 computed with respect to estimates based on the preformed
Ya  practical activity coefficientof the species = S Absolute Salinity,S3S%W, as shown in Figs. 24-27. This con-
Ya activity coefficient of the speciesat infinite dilution (3.10) . . .. . . .
Ve mean activity coefficient of FW 3.8  Clusion is similar to ea_rller studies on regional ocean waters
vy mean activity coefficient of FW at infinite dilution 311) (Coxetal., 1967; Lewis, 1981).
r partial specific Gibbs energy at infinite dilution 4.1) H _ L.
partial specific Gibbs energy of specieat infinite dilution  (2.23) . For some propertles the usexﬂ__ SP X MP$ as the salin
rBSW  partial specific Gibbs energy of BSW at infinite dilution @416) Ity argument of th.e.TEOS-].O Gibbs functlpn (10C et al,,
'SSW  partial specific Gibbs energy of SSW at infinite dilution (4.17) 2010) proves sufficiently accurate for Baltic seawater but
«SSW' - conductivity of SSW 61)  may be insufficient in cases such as for density or sound
«BSW  conductivity of BSW d d di th tual licati |
) chemical potential of a water molecule 3.1) Speed, depen In'g on esevc ua aBPsR/\Jca 1on pu.rposes. n
La chemical potential of the solute particte (3.1) these cases, estlmatesxﬁ and Sgy" are required for
ud absolute chemical potential of the solute particle a (3.7)  use in the Gibbs function, Eqg. (8.1). Two alternative meth-
ul" - chemical potential of ice (429 ods, Egs. (7.12), (7.13) or (7.16), (7.17), are suggested to
ILEW chemical potential of FW (5.23) » EOS. ' ! ' ' ! ' ! 99
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estimate these quantities, the first set of equations requiringeistel, R.: Extended equation of state for seawater at elevated tem-

only Practical Salinity and temperature as inputs, and the sec- perature and salinity, Desalination, 250, 14-18, 2010.

ond set additionally requiring density readings. Feistel, R. and Hagen, E.: On the Gibbs thermodynamic potential
We note that these estimates result from numerical simu-_ °f Slea""ateg Progr. Oceanogr., 3,6b*b249f327' 1995. or Hiah

lations with the models FREZCHEM (Marion and Kargel, FeISs;?irlliF. ggawl\:lfer:o;he?én'\g'a ﬁa%icss'ifgerggg;ﬂg”row'%lg_

2008) and LSEADELS (Pawlowicz, 2008, 2010) rather oo oo y » Frog: gr., 1%

than from direct laboratory measurements of Baltic seawayqiqe| R. Nausch, G.. and Wasmund, N. (Eds): State and Evo-

ter. Observational data (Feistel et al., 2010a) show satisfac- |,tion of the Baltic Sea, 1952—-2005. A Detailed 50-Year Survey

tory agreement with our simulation results, Fig. 19. The ex-  of Meteorology and Climate, Physics, Chemistry, Biology, and
perimentally confirmed conservation of Practical Salinity of  Marine Environment, John Wiley & Sons, Inc., Hoboken, 2008b.
Baltic seawater (Feistel and Weinreben, 2008) is also consisFeistel, R. and Weinreben, S.: Is Practical Salinity conservative in
tent with the LSEADELS model prediction, Fig. 23. More the Baltic Sea?, Oceanologia, 50, 73-B&p://www.iopan.gda.
detailed comparisons of the FREZCHEM model with SSW  pl/oceanologia/5a.html#A6 2008.

properties were discussed previously by Feistel and Marfeistel, R., Weinreben, S., Wolf, H., Seitz, S., Spitzer, P., Adel,
ion (2007). B., Nausch, G., Schneider, B., and Wright, D. G.: Density and

Absolute Salinity of the Baltic Sea 2006—2009, Ocean Sci., 6,

. 3-24, doi:10.5194/0s-6-3-2010, 2010a.
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