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Abstract. Salinity plays a key role in the determination fluence of dissolved material on the thermodynamic proper-
of the thermodynamic properties of seawater and the newies of seawater. We consider three distinct representations of
TEOS-16 standard provides a consistent and effective ap-salinity that have been used in previous studies and discuss
proach to dealing with relationships between salinity andthe connections and distinctions between them. One of these
these thermodynamic properties. However, there are a numvariables provides the most accurate representation of den-
ber of practical issues that arise in the application of TEOS-sity possible as well as improvements over Reference Salin-
10, both in terms of accuracy and scope, including its use inty for the determination of other thermodynamic properties.
the reduction of field data and in numerical models. It is referred to as “Density Salinity” and is represented by

First, in the TEOS-10 formulation for IAPSO Standard the symbolS$e" it stands out as the most appropriate repre-
Seawater, the Gibbs function takes the Reference Salinitgentation of salinity for use in dynamical physical oceanogra-
as its salinity argument, denoteg, which provides a mea- phy. The other two salinity variables provide alternative mea-
sure of the mass fraction of dissolved material in solutionsures of the mass fraction of dissolved material in seawater.
based on the Reference Composition approximation for Stan:Solution Salinity”, denoted3°", is the most obvious exten-
dard Seawater. We discuss uncertainties in both the Refession of Reference Salinity to allow for composition anoma-
ence Composition and the Reference-Composition Salinitylies; it provides a direct estimate of the mass fraction of dis-
Scale on which Reference Salinity is reported_ The Refer-solved material in solution. “Added-Mass Salinity”, denoted
ence Composition provides a much-needed fixed benchmar&3%9 is motivated by a method used to report laboratory ex-
but modified reference states will inevitably be required to periments; it represents the component of dissolved material
improve the representation of Standard Seawater for somadded to Standard Seawater in terms of the mass of mate-
studies. However, the Reference-Composition Salinity Scaldial before it enters solution. We also discuss a constructed
should remain unaltered to provide a stable representation gfonservative variable referred to as “Preformed Salinity”, de-
salinity for use with the TEOS-10 Gibbs function and in cli- noteds,, which will be useful in process-oriented numerical
mate change detection studies. modelling studies.

Second, when composition anomalies are present in sea- Finally, a conceptual framework for the incorporation of

builds from studies in which composition anomalies are sim-

ply ignored up to studies in which the influences of composi-
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1 Introduction The use of a fixed absolute salinity scale and the SSW
Gibbs function formulation to characterize arbitrary seawa-
The relationships between the chemical composition, conters, affected by biogeochemical processes in the ocean, is
ductivity, salinity, and thermodynamic properties of IAPSO |ess obvious. Although the full ramifications of this choice
Standard Seawater, modified only by the addition and reqre not yet definitively known, recent investigations (Millero
moval of pure water through dilution and evaporation (here-et al., 2008a, b, 2009; McDougall et al., 2009; Pawlowicz,
after denoted SSW), are now defined to the best available prez010; Pawlowicz et al., 2010; Feistel et al., 2010a, b: Seitz
cision by a linked series of standards. Millero et al. (2008a)et al., 2008, 2010a, b) have yielded estimates of the magni-
(hereafter referred to as MFWM) define a fixed Referencetude of the resulting errors in different circumstances, as well
Composition (RC) as an estimate of the relative mole frac-as some details of the operational issues that arise. Here we
tions of the components of dissolved material in SSW, anddiscuss our present understanding of these issues.
link this to the conductivity/salinity relationship defined by  These recent investigations have also highlighted some
the Practical Salinity Scale 1978 or PSS-78 (UNESCO,conceptual difficulties that are not present when discussion
1981). Among other benefits, salinities can now be ref-js |imited to SSW. The term “Absolute Salinity” has been
erenced on an absolute or mass fraction scale, directly redefined for Reference-Composition Seawater (RCSW) and
lated to the dissolved material within seawater. Thermody—SSW in MFWM and used as a measure of dissolved mate-
namic properties, including density, are consistently linkedrial in seawater in previous publications (McDougall et al.,
to salinity by a thermodynamic equation of state for seawater009; Feistel et al., 2010a). In this context, the term “abso-
(TEOS-10) represented in terms of a Gibbs function formu-jute” is taken as implying a true mass fraction measure. This
lation, which itself is based on a comprehensive evaluations in contrast to the traditional Practical Salinity, which is
of all relevant data (Feistel, 2008, 2010; Feistel et al., 2010adefined as a function of conductivity ratio at reference condi-
b; 10C et al., 2010). tions with the function chosen to give a result proportional to
However, as discussed here, our direct knowledge of thechiorinity, and with the proportionality constant chosen for
true chemical composition of SSW has an uncertainty whichconsistency with past practice, rather than a best estimate of
is equivalent to a mass fraction salinity uncertainty of orderthe mass fraction of dissolved material. However, the mean-
0.05gkg*, whereas modern conductivity-based measure-ing of “Absolute Salinity” has not yet been precisely defined
ment techniques can routinely resolve spatial variations offor seawaters with composition anomalies. Here we consider
as little as 0.002gkg' in salinity. Work done subsequent seawaters with composition anomalies and show that in this
to MFWM already suggests the presence of small systemcase the absolute salinity can be characterized in a number of
atic deviations in the relative composition of SSW compareddifferent ways. A family of salinity variables is defined and

to the RC. Further, even leaving aside the issue of the exa consistent notation introduced to facilitate the discussion of
act composition of SSW, the composition of real seawatefiheir features and interrelationships.

from different parts of the world oceans is known to differ  The introduction of new salinity variables that allow for
slightly from the composition of SSW, which is derived from the presence of composition anomalies will increase both the
North Atlantic surface water. These composition anomaiiESopportunities and the complications involved in quantifying
are in fact the single largest source of errors in estimates ofhe ocean circulation. It has been common practice to ignore
the thermodynamic properties of real seawater when TEOScomposition anomalies in numerical models and assume per-
10 equations are used under the assumption that composfect conservation of dissolved material to represent the evolu-
tion anomalies are negligible. We are thus led to pose twajon of salinity. The result has then been identified with Prac-
questions: first, is the fixed composition model and the astjcal Salinity to represent the effects of dissolved material on
sociated absolute salinity scale an appropriate enduring apdensity. Similar approximations have been used in observa-
proach, and second, can we adapt the TEOS-10 formulatiofional studies (Lewis, 1981), but this is no longer the most
to incorporate additional information about these composi-accurate approximation available. One of the new variables,
tion variations. the “Density Salinity”, is proposed as an observational pa-
Regarding the Reference Composition defined byrameter which should provide a measure of absolute salinity
MFWM, itis clear that this can serve as a useful benchmarkwith the most general utility for oceanographic research, to
even though the connection with SSW is limited by both pe implied by the term “Absolute Salinity”. This is because it
data uncertainties and the Variability in SSW itself. Further, allows for the most accurate calculations of density_ For nu-
it is obvious that changes in the definition of the RC would merical modelling of ocean circulation, the salinity variable
have the potential to cause confusion in the future. Thus, alreferred to as “Preformed Salinity” will also be very useful
though refinements of the RC will inevitably be required for since it corresponds to a measure of seawater with the influ-
particular applications (e.g., Pawlowicz, 2010; Pawlowicz ences of biogeochemical processes removed. A hierarchy of
et al., 2010), we argue that the set of molar ratios definingpossible numerical approaches is outlined that allow for the
the RC should be established as a fixed benchmark. effects of composition anomalies added to Preformed Salin-
ity. Thus for numerical modelling purposes, Density Salinity
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is determined as the sum of Preformed Salinity and an approto more accurately deal with seawater that includes compo-
priately defined anomaly. sition anomalies with respect to SSW and are discussed in
In Sect. 2, we briefly review the set of salinity variables Sect. 4. Preformed Salinit§ is constructed to be as conser-
that have been used in recent studies and in Sect. 3 we cowative as possible; it is designed to be insensitive to biogeo-
sider issues associated with SSW in the absence of composthemical processes that affect the other types of salinity to
tion anomalies. The accuracy of the Reference-Compositiorvarying degrees. For SSW, five of the salinity variables are
Salinity Scale is reviewed and an argument is presented thatqual, the exceptions being Chlorinity and Practical Salinity.
future updates of the Reference-Composition Salinity Scale As discussed by MFWM and others before them, if the
should be avoided in order to provide the required stability ofrelative proportions of dissolved material in seawater can be
the measurement scale. In Sect. 4 we consider various reprassumed constant, then Chlorinity provides a suitable proxy
sentations of the dissolved material in seawater that includemeasure of dissolved material in seawater. It is defined as
composition anomalies. Several representations of the mags3285234 times the ratio of the mass of pure silver (g) re-
fraction of dissolved material in seawater, including the Den-quired to precipitate all dissolved halides (chloride, bromide
sity Salinity, are defined and approximations used to estimatand iodide) in seawater to the mass of seawater (kg). Prob-
them are considered. Additional considerations regarding théems with this measure of salinity are that Chlorinity must
validity of using Density Salinity as an argument of the Gibbs be measured by a skilled technician using a precise silver
function are also discussed. A framework for the consider-standard, the process is time consuming, and Chlorinity can-
ation of the effects of composition anomalies in numerical not be measured in situ, but only on collected water sam-
models is proposed in Sect. 5. Section 6 provides a summarples. Also, the approach assumes a fixed (or at least pre-
and conclusions. cisely known) composition of dissolved material in order to
convert from Chlorinity to a dissolved mass fraction. Finally,
the reproducibility of the silver standard and its traceability
2 Afamily of salinity variables to a reliable Sl reference is unclear.
i ) . Practical SalinitySp was introduced 30 years ago as a re-
In this article, we refer to seven measures of salinity: Chlo-pjacement for Chlorinity that addresses the first set of issues,
rinity C1, Practical SalinitySp, Reference Salinitf, Den- byt does not properly account for composition anomalies or
sity Salinity S3°" Solution Salinity S3°", Added-Mass  gjiow traceability to the SI (Lewis, 1981). Practical Salinity
Salinity $3%, and Preformed Salinitys,. Each of these s relatively easy to measure using now standard equipment,
salinity variables have been discussed in previous publicameasurements are more precise and less time consuming than
tions (Millero et al., 2008a, b, 2009; McDougall et al., 2009; measurements of Chlorinity and accurate measurements can
IOC et al., 2010; Pawlowicz, 2010; Pawlowicz et al., 2010), even be made in situ. The success of the method relies on
although not necessarily in a consistent or explicit mannerihe fact that for a fixed Composition at Specified tempera-
Their definitions will be formalized here. An explanation ture and pressure, the Conducti\/ity is related in a one-to-one
of the notation used and a figure to illustrate the r6|ati0n3manner to the mass ratio of dissolved material in seawater
between the various measures of salinity and density is proand the conductivity ratio relative to a standard can be pre-
vided in Appendix A. cisely measured using robust techniques. Further, reliable
Chlorinity is the oldest of the salinity measures consideredstandards are routinely available in numbered batches from
and is still a corner-stone in the study of dissolved material inthe Standard Seawater Service (Bacon et al., 2007). In prac-
seawater. Based on the principle of constant relative proportice, a polynomial relation was empirically determined to cal-
tions it provides a measure of the total amount of dissolvedculate ChlorinityC! from a measured conductivity ratio and
material in seawater in terms of the concentration of halidesthe resulting estimate of Chlorinity was converted to Practi-
Practical Salinity has been the internationally accepted stancal Salinity usingSp=1.80655C1/(g kg™1), a choice that was
dard for the representation of ocean salinity for the past 3made to maintain numerical continuity with historical salin-
decades; for SSW it is basically a scaled version of Chlo-jty estimates at/=(35/1.80655)gkg!. The strict defini-
rinity estimated via the measurement of conductivity. Ref-tion of Practical Salinity requires that measurements be made
erence Salinity is defined by MFWM to provide a measure at a pressure aP=101 325 Pa ang=15°C on the IPTS-68
of the mass fraction of dissolved material in SSW, and incor-temperature scale£14.996°C on the ITS-98 scale), but al-
porates the result of a century of study into the true compo-gorithms are available to convert from conductivity measure-
sition of seawater. The most practical way to estimate Ref-ments at other pressure and temperature values so this is not
erence Salinity over the Neptunian range of conditions is toa serious restriction as long as any composition anomalies
determine Practical Salinity and multiply by the fixed scale present do not corrupt these conversion relations (Feistel and

factor (35.16504/35)gkgl. We note however that Refer- \Weinreben, 2008). This is unlikely to be a serious concern
ence Salinity provides the best estimate of the mass fraction

of solute in a seawater sample only if it has the composition 2 IPTS-68: International Practical Temperature Scale 1968
of SSW. The last 4 Salinity Variables have been introduced 3ITS-90: International Temperature Scale 1990
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in the open ocean given that Pawlowicz (2010) estimates tha@ble approximation). In such a case, the Practical Salkpity
maximum error in the temperature correction to be of orderand the Reference Saliniig, both of which are functions of
0.0004 g kgt when converting from 1C to 25°C for North  the conductivity of seawater, each remain almost unchanged
Pacific Intermediate Water where composition anomalies areven for significant changes to the mass fraction of solute
near maximum. present in the solution. Similarly, Chlorinity is almost unaf-
MFWM list several reasons that a revised estimate offected by the addition of typical composition anomalies (real
salinity is now desirable. Five of these are: (1) to introduceseawater anomalies do not normally include halides but they
a chemical composition model for SSW which can be useddo slightly modify the mass of solution). Thus, none of these
in defining the Gibbs function for seawater at low salinities; quantities provide a measure of the change in the mass frac-
(2) to adjust the numerical value of the standard measure ofion of dissolved material in seawater that allows for general
salinity to be as close as possible, given measurement urecomposition anomalies.
certainties, to the true mass fraction of dissolved material in In fact, there is still no practical means to actually deter-
SSW (i.e., its absolute salinity); (3) to formally allow for ar- mine the mass fraction of dissolved material in water for the
bitrarily large or small values of salinity, (4) to overcome general case. Hence a precise and easily obtained measure
the T— P limitations of PSS-78, and (5) to officially allow of the amount of dissolved material in seawater is required
mass fraction units for salinity and make oceanographic paas an extension of Reference Salinity to allow for compo-
pers more readable for the wider scientific community. Tosition anomalies. Any extension must agree precisely with
achieve these goals, they define a stoichiometric composithe Reference Salinity when the dissolved material has the
tion model for SSW (the Reference Composition or RC), de-composition assigned to Standard Seawater. In addition, it
termine a “best estimate” of the mass fraction of dissolvedis desirable to introduce a measure of salinity that is trace-
material corresponding to this model at a Practical Salin-able to the Sl (Seitz et al., 2008, 2010a, b; IOC et al., 2010)
ity of 35, and specify an algorithm to determine a consis-which is not achieved by the introduction of Reference Salin-
tent estimate of the mass fraction of dissolved material inity (Seitz, 2010b). We shall argue that the introduction of
a sample of arbitrary salinity with the RC. The resulting mea-“Density Salinity” Sgensaddresses both of these issues.
sure of salinity is referred to as the Reference-Composition |t should be noted that MFWM interchangeably used the
Sallinity Sr (or simply Reference Salinity) and the scale on words “Absolute Salinity” and the symbdla for what we
which the Reference Salinity is measured is referred to asiow recognize as two different absolute salinity measures,
the Reference-Composition Salinity Scale (RCSS). By usingSolution Salinity and Density Salinity. For most of that paper
this approach, the Reference Salinity provides an estimate dfiFWM discuss SSW for which these measures of salinity
the mass fraction of dissolved material in any seawater samare equivalent to within measurement uncertainties, but with
ple by approximating it with seawater that has the Referencean implication of Solution Salinity. However, in Sect. 7 of
Composition defined by MFWM. MFWM they consider the influence of composition anoma-
The use of a single absolute salinity variable to representies and they use the words Absolute Salinity and the symbol
the material dissolved in a seawater sample is most appros, for what we now call Density Salinity with the symbol
priate for SSW because it has a nearly fixed relative com—sgens_
position. In fact, IAPSO Standard Seawater can be consid- We now consider uncertainties associated with the defini-
ered as a physical realization of the Reference-Compositioflion of the RCSS and the representation of the salinity of
Seawater construct. Nevertheless, it should be noted that thesS\wW. We discuss the effects of composition anomalies in
composition of SSW from different batch numbers must vary Sect. 4.
as a consequence of its natural origin, and the exact magni-
tude of these changes is presently unknown. Even as a con-
ductivity standard there are indications from the intercom-3 The Reference-Composition Salinity Scale and the
parison of field measurements that batch-specific offsets of salinity of SSW
up to about 0.003 in Practical Salinity occur (Kawano et al.,
2006), although the reasons for this have been disputed (Barhe Reference Composition was introduced by MFWM for
con et al., 2007). Seawaters of arbitrary origin may includetwo primary purposes: to establish a benchmark representa-
much larger composition anomalies that will further distin- tion of the composition of SSW, and to determine a “best es-
guish them from RCSW. Since these anomalies are of scientimate” of the mass fraction of dissolved material in SSW,
tific interest it is appropriate to consider them separately. and was then used to determine a scale, the Reference-
For a seawater sample of arbitrary composition, a singleComposition Salinity Scale. Since all of our salinity es-
measure of absolute salinity is too simple to fully describetimates except Practical Salinity will be expressed on the
its properties. This point is most obvious if one considersRCSS, we first review the definition of this scale and the un-
the dissolution in seawater of a substance that affects densityertainties associated with its definition. In this section we
and other properties but does not affect conductivity (silicic deal with the RCSS in the context of SSW. That is, we discuss
acid and sugar provide examples for which this is a reasonhow accurately the RCSS represents the true absolute salinity
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of a water sample whose composition precisely matches then terms of two end members, pure water defined as
SSW that was analyzed in the 1970s, when most of the conVienna Standard Mean Ocean Water (VSMOW; IAPWS,
ductivity and density measurements underlying both EOS-2001) and KCI-normalized Reference-Composition Seawa-
80* and TEOS-10 were made. Since the different measureser (RCSW) which is seawater with the Reference Com-
of absolute salinity are defined to be equal for SSW it is ap-position att=25°C, P=101 325 Pa that has been adjusted
propriate to use the symb@h without a superscript in this to a Practical SalinitySp of 35 (exactly) through the ad-

section. dition or removal of VSMOW. The Reference Salinities of
VSMOW and KCl-normalized RCSW are defined to be ex-

3.1 Uncertainties in the Reference-Composition actly 0g kg and 35.16504 g kg, respectively. The Refer-
Salinity Scale ence Salinity of an arbitrary sample of RCSW is then de-

fined by assuming conservation of dissolved material dur-

The Reference Composition includes all important compo-ing the addition or removal of pure water to the sample. If
nents of seawater having mass fractions greater than abouat sample with massa 1 requires the addition or removal of
1 mgkgt in seawater with a Practical Salinity of 35 that can a massn, (>0 for addition and<0 for removal) to bring
significantly affect either the conductivity or the density. All its Practical Salinity taSp=35, then its Reference Salinity
mass fractions were defined using the best available inforis (1+m2/m1)x35.16504 gkgl. Reference Salinity is not
mation for concentrations and molar masses in 2008, and themodified by changes in temperature or pressure that are made
RC was carefully adjusted to be in charge balance. The unwithout mass exchange. Note that in reality, there are small
certainty in the molar masses alone gives rise to a mass frachanges in the relative composition of a seawater sample as-
tion salinity uncertainty of about 1 mgkg (Millero et al., sociated with changes in temperature, pressure and concen-
2008a), but there are larger sources of uncertainty. tration. This is because equilibrium chemistry relationships

The most significant ions present in seawater but notbetween some of the constituents depend on these factors.
included in the RC are Li (~0.18 mgkg?') and R Consequently, Reference Salinity is perhaps best thought of
(~0.12mgkg?). Dissolved gases N(~16mgkg?!) and  as a potential mass fraction salinity that is obtained under the
O, (up to about 8 mgkg?) are not included since they are particular reference conditions discussed above.
highly variable and neither have a significant effect on den- As noted by MFWM, the value of the Absolute Salinity
sity or on conductivity. In addition, Nremains within afew  Sa of RCSW can be related to the atomic weights of the con-
percent of saturation for the measured temperature in almosstituents and the Chlorinity of the sample by:
all laboratory and in-situ conditions. However, the dissolved 1
gas CQ (~0.7 mgkg 1) and the ion OH (~0.08 mg kg'1) Sa =[0.3285234x (Apg/(A) x (Xcr + X0l "CL - (1)
are included in the RC in spite of their small concentrationswhereXCl and X, are the mole fractions of chlorine and
because of their important role in the equilibrium _dynamics bromine in the sea salfiaq is the atomic weight of silver,
of the carbonate system. Changes in‘G¢dncentration that 4 js the mole-weighted mean atomic weight of solute with
are commonly expressed in terms of pH involve conversionthe Reference Composition ai@ is the Chlorinity of the
of CO; to and from other ionic forms and affect conductivity sample of RCSW. The mole fractions of dissolved material
and density. The RC concentrations of the carbonate systefy Rcsw are precisely defined and Ed) {s exact for this
components were determined by taking the known total alkazomposition. Thus, for specified Chlorinity the only source
linity, assuming equilibrium with the levels of G@as in the of uncertainty in the determination 6 from Eg. () is the
atmosphere in 1976, and then using known mathematical regncertainty associated with the atomic weights. For a typ-
lationships for the equilibrium chemistry. Concentrations of jca| sample with Practical Salinity near 35 (Chlorinity near
the major nutrients $0H),, NO;, and P(i are assumed 19 374 gkg?) the resulting uncertainty iia is only about
to be negligible in SSW. Dissolved Organic Matter (DOM) 0.001 gkg'* (Millero et al., 2008a).
is typically present at concentrations of 0.5-2 mgkin the However, estimates of salinity rely on conductivity mea-
ocean, but its composition in seawater is complex and poorlysres, so MFWM rewrite Eqlj as
known. Although its concentration in SSW is unknown it is
likely to be smaller because of the filtration used in the man-Sa = upsSp, (2)

ufacturing procedure. It is not included in the RC. ) ,
The Reference-Composition Salinity Scale (RCSS) is de_where the RCSS scale factossis defined by

fined implicitly in MFWM by an algorithm that is used t0 ,,q—[0.3285234x SorC! x (Ang/(A)) x (Xc1+ Xl ™%, (3)
specify the Reference Salinityg. The Reference Salin-
ity is defined to provide an estimate of the (mass frac-with the quantity So@'! defined as the ratio of Practical
tion) absolute salinity of seawater with the RC. It is given Salinity to Chlorinity for RCSW. MFWM note that the value
of SonC! is unknown for RCSW because of practical diffi-
4E0S-80: International equation of state of seawater 1980 (Fo-culties associated with the preparation of a solution of RC in
fonoff and Millard, 1983) the laboratory (Kester et al., 1967; Millero and Lepple, 1973;
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Millero, 2010), and approximate S6% by the value 1.80655 the absolute salinity of a sample of SSW as described above
(gkg 11, which is the value appropriate to SSW (Dauphi- involves uncertainties associated with the use of RCSW as
nee, 1981; Culkin and Smith, 1981). This choice is supporteca model for SSW, but it does not involve any uncertainties
by the fact that the RC was defined as a “best approximation’associated with the value of S6hsince this value is pre-
to the composition of SSW. However, there are uncertaintiegisely known for the SSW samples of interest. Since our true
associated with this value. In particular, any modification interest is in estimating the absolute salinity of SSW, the use
of the estimated composition of SSW would imply a differ- of Eqgs. @) and (3) to directly estimate the absolute salin-
ence between its composition and the fixed composition ofity of a sample of SSW is preferred here and we continue
RCSW, and this could imply a change in the best estimate ofo consider the uncertainties associated with using RCSW as
SonC! that should be used for the latter in Ed),(and thus  a model for SSW.
a deviation of the ratida/Sg from unity for RCSW. The un- Even at the time that the RC was defined it was clear that
certainty associated with S@# is by far the largest source uncertainty in the true composition of SSW was larger than
of uncertainty associated with the determination of the Ab-the scientific requirements for precision in a salinity measure,
solute Salinity of RCSW using Eq)(and (3). which are about 0.002gkd. Recently, Seitz (2010a and
We note however that our interest in Eq$-8) is based personal communication 2010) have estimated the sulfate
on the fact that they provide a means to estimate the absolut&SOfl_) mass fraction of a sample of KCl-normalized SSW to
salinity of SSW rather than a specific interest in the absolutebe 2.702+ 0.022 gkg®. This range of values overlaps with
salinity of the theoretical water type referred to as RCSW.the Reference Composition value of 2.71235gkgo it
Consequently, it is of interest to consider the true uncertain-does not suggest any need to revise the RC at this time. How-
ties associated with the use of these equations for this purever, it also includes a lower bound of 2.68 gkgvhich can-
pose. To investigate this issue, we take a slightly differentnot currently be ruled out as a representation of the properties
approach to that presented by MFWM. of SSW. If the estimated sulfate mass fraction in SSW were
Consider a sample of SSW that was used in the deterreduced from 2.71235gkd to 2.68 gkg?! (a reduction of
mination of PSS-78 and assume that its Practical Salin337 umolkg1), then upon using the approach of MFWM in
ity has been precisely determined. Since the relationwhich the sodium (N&) concentration is adjusted to achieve
Sp=1.80655C1/(g kg~t) was used as a definition to convert charge balance, the estimated absolute salinity of the result-
between Chlorinity measurements and Practical Salinity foring modified RCSW would be reduced from 35.16504 gkg
this particular vintage of SSW, we can use this relation as arno 35.11114 g kg!. This suggests the possibility that a future
identity here. Thus, given the Practical Salinity of our SSW change in the estimated absolute salinity of SSW i35
sample, we know the value of its Chlorinity. Using E),(  could be as large as 0.054 g’kg more than an order of mag-
we now determine the Absolute Salinity of RCSW that hasnitude larger than the precision of Practical Salinity measure-
the same value of Chlorinity and we use this value as an esments and one third of the difference between 35.16504 and
timate of the absolute salinity of our SSW sample. 35, i.e., the difference betweeir/(g kg~1) and Sp for KCI-
There are subtle but important points to note about thenormalized RCSW.
modified interpretation given in the previous paragraph. There are smaller uncertainties in the composition of SSW
First, the resulting value of Absolute Salinity is recognized asand its absolute salinity associated with uncertainties in car-
an estimate of the absolute salinity of the SSW sample ratheponate chemistry. Uncertainties associated with the equilib-
than that of the ideal RCSW sample used in the estimationium constants involved result in uncertainties in the abso-
procedure. Second, the estimate of the absolute salinity ofute salinity of SSW of order 0.0002 gk or less. Simi-
the SSW sample with measured Practical Salinity is givenlarly, the estimated amount of boric acid in SSW has recently
by Egs. @) and (3) and is thus exactly the same as the estiheen revised upwards by 0.001 gkg(Lee et al., 2010).
mate of the absolute salinity of the RCSW sample with theA potentially larger effect arises from uncertainties about
same Practical Salinity. Third, the use of $8r-1.80655 the amount of Dissolved Inorganic Carbon (DIC) present in
(gkg™1)~1 for RCSW has been completely eliminated. Con- the 1970s SSW. For example, for a KCl-normalized sample,
sequently, neglecting the small uncertainties associated witthe SSW76 composition used as a representation of SSW
the atomic weight estimates, determination of the uncertaintypy Pawlowicz (2010) has a DIC value that is 117 umotkg
associated with the use 6k as a measure of the absolute higher than that associated with the RC. Using Eq. (51) from
salinity of SSW is reduced to consideration of the accuracyPawlowicz et al. (2010), we find that this difference alters
of the RC as a representation of SSW. the mass fraction absolute salinity by about 0.0055gkg
We emphasize that use of EqR) énd (3) to estimate the This change is almost an order of magnitude smaller than un-
absolute salinity of a sample of RCSW involves uncertain-certainties associated with other aspects of the composition
ties associated with the use of the value of Sbfor SSW  (e.g., sulfate), but still larger than the uncertainties associated
but it does not involve any uncertainties associated with thewith Practical Salinity measurements.
mole fractions since these are precisely defined for RCSW.
On the other hand, use of Eqg) &nd (3) to directly estimate
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The above discussion deals with the accuracy of the RCS8hange by investigators who are unaware of changes in the
for the determination of the absolute salinity of SSW. That measurement scale. The potential for confusion is substan-
is, it deals with the issue of how accurately the Referencetial and obviously undesirable. It should be avoided.

Salinity, determined from conductivity, represents the mass The second primary reason to avoid changes in the RCSS
fraction of dissolved material in solution for the ideal case of relates to the methods used to estimate the parameters in the
a sample of 1970s SSW. We have seen that the inaccuraci@d&0OS-10 Gibbs potential function for seawater. The param-
may be as large as 0.05 gkgwhich is substantially larger eters in this function have been determined to provide cor-
than the contributions to the mass fraction of dissolved ma-+ect results for SSW for specified values of Absolute Salin-
terial from composition anomalies that we consider in someity, temperature and pressure, with the Absolute Salinity ex-
detail in Sect. 4. However, these offsets will affect all salin- pressed on the current RCSS (recall that Reference Salin-
ity values proportionately and are accounted for in the defini-ity is our best estimate of the Absolute Salinity of SSW). If
tion of the Gibbs function for SSW, whereas the compositionthis scale were to be changed, then the input salinity argu-
anomalies discussed in Sect. 4 vary spatially and directly inment for the Gibbs function would be changed without any
fluence horizontal pressure gradients. In the next section, weeal change in the properties of a sample. Consequently, the
consider whether the uncertainties in the absolute salinities oGibbs function would have to be modified to obtain the same
SSW and RCSW might result in a need to update the RCS$hermodynamic properties with a modified salinity input. Al-

in the future. though the required change is simple (it can be implemented
by changing a single parameter) the possibility that some ver-
3.2 Will the RCSS need to be updated in the future? sions of computer code used to evaluate the Gibbs function

would not be correctly updated is rather large. Even if the

The above discussion emphasizes the uncertainty in the usgohdates were somehow made in every existing version of the
of the Reference Salinity to estimate the mass fraction of discode, changes in the RCSS over time would require that dif-
solved material in 1970s SSW. It motivates us to ask whatferent parameters be used in the Gibbs function for different
should happen if an improved estimate of the composition oftime periods. Clearly the chance of introducing confusion
this vintage of SSW is determined in the future. At first, it through such changes is large.
would seem natural to update the Reference Composition and Based on the above discussion, we conclude that it is desir-
hence the estimate of the mass fraction of dissolved materiadble to avoid any changes in the definition of the RCSS. For-
in SSW. This would in turn change both the RCSS and thewunately, such changes should not be necessary. This is be-
uncertainty associated with it. This approach would be necctause the Reference Salinity is needed first to determine the
essary if we required the RCSS to always provide the beskalinity input to the Gibbs function and second as a measure
possible estimate of the mass fraction of the salts dissolve@f the mass fraction of dissolved material in seawater. Mea-
in standard seawater without additional adjustments. Be'OWSL“'ements on the current scale can serve both purposes very
we argue that even if at some time in the future an improvedwell. As already noted, maintenance of a fixed RCSS is de-
estimate for the composition of SSW is definitively deter- sjrable for applications of the Gibbs function to estimate the
mined, it would still be highly undesirable to modify the RC density and other thermodynamic properties of SSW since
and along with it the RCSS. the Gibbs function has been constructed to provide correct

There are two primary reasons that updating the RCSSesults with the salinity specified on the RCSS. So the only
should be avoided. First, we note that changes in Referconcerns are related to use of the RCSS to provide a measure
ence Salinity of order 0.002 g kg (i.e., changes in Practical of the true mass fraction of dissolved material in seawater.
Salinity of order 0.002) are detectable in the ocean and salin- There is the possibility of a small change in the best esti-
ity changes have been interpreted as indications of climatenate of mass fraction absolute salinity of SSW at some time
change (Levitus, 1989; Joyce et al., 1999; Wong et al., 1999in the future. For rare applications in which the error incurred
Dickson et al., 2002, 2003; Curry et al., 2003). Thus it is by using the current scale to estimate the mass fraction might
highly desirable for climate change studies to use a measurbe significant, a correction could be made. This could be
of salinity that will not change by this amount unless there isachieved by multiplying the Reference Salinity determined
a true change in the salinity of seawater. Since the precisiomn the current scale by the ratio of the revised estimate of the
of Reference Salinity estimates is of this order, it providesabsolute salinity of KCl-normalized SSW (from the 1970s)
a suitable measure if the definition of the RCSS remains unto the current estimate of 35.16504 gRg Note that by
changed. However, the uncertainty of order 0.05tkgs avoiding repeated updates over time, a single correction fac-
a measure of the mass fraction of dissolved material in seator will be applicable to all archived measurements. One
water introduces the possibility that the RCSS could be re-of the very firm recommendations of the Intergovernmen-
vised several times by amounts considerably in excess ofal Oceanographic Commission (IOC), the Scientific Com-
0.002gkg? as estimates of the mass fractions in RCSW mittee on Ocean Research (SCOR) and the International As-
are improved. Such changes recorded in data bases and sociation for the Physical Sciences of the Oceans (IAPSO)
publications could be misinterpreted as signatures of climateén endorsing the use of TEOS-10 was that Practical Salinity
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should continue to be archived in national data bases (sePawlowicz, 2010). Their effects on the components of the
I0C et al., 2010). This practice of storing results for a mea-RC can be adequately parameterized using just the total al-
sured quantity but publishing results based on another relatelalinity (TA) and dissolved inorganic carbon (DIC) contri-
quantity is analogous to the present practice of archiving inbutions, although they typically result in changes to the rel-
situ temperature even though potential temperature is usedtive concentrations of all components of the carbonate sys-
for most analyses. This recommendation of IOC et al. (2010)em. In addition, there may be anomalies for species that are
is primarily intended to avoid confusion in data bases but itnot present in the RC. These include nutrients, of which the
also means that the influence of any modifications of our besmost significant are silicic acid and nitrate. Fortunately, TA,
mass fraction estimates will be easily and consistently ap-DIC, Si(OH)4 and NG are all routinely measured in hydro-
plied to both future data and past data that has been archivegraphic programs. Finally, the actual composition anomaly
since Practical Salinity was defined 3 decades ago. In factnust involve parameters that are not routinely measured,
since Practical Salinity is related to Chlorinity by the simple since arbitrary changes in TA and NQOnust be compen-
relation Sp=1.80655C1, any improvement in mass fraction sated in some way to preserve charge balance. The most im-
estimates will also be easily applied to all of the Chlorinity portant process contributing to changes in TA in the deep
data collected during the century before the introduction ofocean is likely the dissolution of CaGQSarmiento and

Practical Salinity. Gruber, 2006), although other processes (e.g., sulfate reduc-
tion; Chen, 2002) may be at work, particularly in coastal and
4 The characterization of seawaters of arbitrary marginal seas. Pawlowicz (2010) chooses to balance charge
composition in his model through the addition or removal ofavith the

caveat that other processes are recognized to be important at
least under some conditions. Comparison with observations
reveals that the resulting estimates ofCare accurate to
The differences between the compositions of SSW andwithin about 0.8 mgkg?.
RCSW are important in accurately determining the true ab- Pawlowicz et al. (2010) use the above approach in a model
solute salinity of SSW, and would therefore be important in study; they represent the major contributions to composition
(e.g.) determining the best possible estimate of the total salanomalies relative to SSW by specifying the anomalies in
content of the oceans. On the other hand, the Gibbs funcfour components: TA, DIC, N© and S{OH)4, with anoma-
tion has been defined based on salinity measurements refies in C£* estimated from the requirements of charge bal-
resented on the RCSS so the thermodynamic properties adnce. The largest anomalies occur in the North Pacific. To
SSW determined from the Gibbs function will be accurate motivate the following discussion we refer to Table 1a and
even if the RCSS provides a slightly incorrect estimate of theb where numerical values for the different salinity variables
mass fraction of dissolved material in SSW. However, as seathat we are about to discuss are provided for a North Pacific
water circulates within the world oceans, its composition un-scenario. A full description of this table will be provided be-
dergoes additional changes due to biogeochemical processesw, but it is useful to note at this stage that the numerical
The magnitudes of these changes are generally smaller thadifferences between the different salinity variables are of or-
our uncertainty in the absolute salinity of SSW, but theseder 0.01 gkg?, significantly larger than the precision with
anomalies are systematic and measurable, and their neglegthich Practical Salinity is measured (0.002 gky
results in errors in the representation of geographic changes We assume throughout our discussion that the dissolved
in the thermodynamic properties of seawater. In contrast tamaterial in a seawater sample consists of a component with
any inaccuracies associated with the RCSS, these anomaligse composition of SSW plus anomalies from this composi-
cannot be accounted for in the determination of the Gibbstion as discussed above. To be more specific, we must specify
function for SSW and they cannot be corrected for througha representation of SSW from which composition anomalies
a uniform scale factor applied to salinity estimates. In partic-can be determined. The RC was defined as a representation
ular, their neglect results in systematic errors in basin-scalef SSW and it would thus seem reasonable to determine com-
density gradients, and thus in inferred basin-scale transportgosition anomalies from this reference. However, as more in-
Consequently, it is important to consider how these anomaformation becomes available about the composition of SSW,
lies can be characterized. In this section, we discuss how thpetter approximations for SSW will be obtained. Thus al-
composition of seawater changes, and different methods ofhough there is no need to update the RCSS (and indeed
incorporating these changes in measures of salinity that caimportant reasons not to do so, as discussed in Sect. 3.2),
be used to describe arbitrary seawaters. anomalies should be determined relative to the best available
We limit consideration to changes that will affect salin- estimate of SSW composition rather than from the RC. We
iies at amounts larger than about 0.001gkg Anoma-  follow Pawlowicz (2010) and Pawlowicz et al. (2010) and
lies associated with the carbonate system (positive and negepresent SSW by the reference state referred to as SSW76
ative) tend to be largest due to the influences of air-sea exfor the purpose of dealing with anomalies.
change and biological cycling (Brewer and Bradshaw, 1975;

4.1 Salinity variables for the representation of arbitrary
seawater
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Table 1. Salinity corrections for water from the deep North Pacific, withy = 0.015kg nT3, normalized to (a)Sg = 35gkg1, and

(b) S« =35gkg L. spr = p — pR is the estimated difference between the true density and the density evaluated from the Reference Salinity
using the TEOS-10 Gibbs function. The corresponding Density Salinity anom‘ﬂfii*”s(often denoted Sa in other papers) is given by
SSRde”S: 3pr/(prRBR). The relations given in the second column are derived from formulae given in Pawlowicz et al. (2010) (see also I0C
etal., 2010).

(a) Salinity measure Anomaly relation Value Offset from
to 5gens Sr/(g/kg)

Sp (Practical Salinity) - 34.836 —-0.164

SrR=(35.16504/35) Sp (Reference Salinity) - 35.000 g/kg -

Sx=SRr+35% (Preformed Salinity) S —SR%—O.35(SSE§”S 34.993g/kg  —0.007

sgens_ s 15 59eNS(Density Salinity) sdens_gp~1.05598"S  35.020g/kg  +0.020

$80IN—$r+855° (Solution Salinity) SN Sr~1.755598"  35.034g/kg  +0.034

$3dd_ gp 55399 (Added-Mass Salinity) ~ $399-Sg~0.78559%"S  35.016g/kg  +0.016

(b) Salinity measure Anomaly relation Value Offset from
to 5s4ens S+/(g/kg)

Sp (Practical Salinity) - 34.843 —-0.157

S« (Preformed Salinity) - 35.000 g/kg -

Sr=Sx+3SR (Reference Salinity) SR—S*%O.?:SSSge”S 35.007g/kg  +0.007

sdens—g, +559eS(Density Salinity) sdens_g,~1.35558MS  35.027¢g/kg  +0.027

580N, +555° (Solution Salinity) sgon_g,~2.1554e"S  35.041g/kg  +0.041

s3dd_g, +5524d(Added-Mass Salinity) ~ $399-5,~113559e"S  35.023g/kg  +0.023

The considerations leading to the definition of SSW76 likely that the value of DIC corresponding to SSW76 is more
are discussed in detail by Pawlowicz (2010) and Pawlowiczrepresentative of the analysed batches of SSW than the value
et al. (2010). Briefly, both the RC and SSW76 are based pri-corresponding to the RC; this choice also simplifies the equa-
marily on analyses of SSW done in the 1970s. Howevertions used to model interrelationships between the different
the borate and carbonate components represent significastlinity variables by avoiding the need to introduce offsets in
contributions to the composition of SSW that were not sys-the relations presented in Table 1a and b.
tematically investigated and MFWM and Pawlowicz (2010)
adopt different choices for these components. MFWM es-

timate these components under the assumption of equilibg atmospheric pressure and 5. For SSW76, we include
rium with atmospheric conditions at 26 whereas Pawlow-  yhe 16 main non-zero sea salt constituents listed in Table 2 of
icz (2010) sets the DIC content of SSW76 to force the den-p,\iowicz (2010)x76>0, a=1,2,...,16. Letm,>0 repre-

a 1 Ty ey ey .

sity to match that of in situ North Atlantic surface water, ¢ont the molality (moles/(kg solvent)) of speciei a sam-

and (scanty) information about the true DIC content of SSW.j0 f SSW76. Since chloride is an approximately conserved
The result is that the DIC specified by Pawlowicz (2010) ¢ngtituent, we choose to use it as a measure of the compo-

is 2080 pmol kgll, significantly higher than the RC value qnt of gissolved material associated with SSW§ rep-
of 1963umolkg™. Correspondingly, the estimated mass (agants the mole fraction of chloride in SSW76 ang rep-
fraction of dissolved material in KCl-normalized seawater rgsents the chloride molality of the particular solution under

. . l

is increased from 35.16504 gk to 35.17124gkg". In  (ongideration, then the molality of componenassociated

this context, it is noteworthy that Brewer and Bradshaw i ssw76 is given bync1xx76/xg? and the molal com-
a

e e o s et P61 oostion anomaly orspecass s, <, —ncy x4
I “f 2222 Ikgll in SSW - ( dt d A ). pth In addition, there may be anomalies for species such as nu-
a valué o Hmo n used to determine e o nis that are not present in SSW76, for whigh,=m,,

equati'on of s.tate. Although there is significant unCt_er.taintya>16. Although we use SSW76 to estimate the magnitude of
associated with the carbonate components of SSW, itis V€Y nomalies from Standard Seawater, we note that the salinity

Following the approach used for the RC, we represent
SSW76 by exact mole fractions at the reference conditions
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argument of the Gibbs function must be expressed on the 1. Addition or removal of pure water (i.e. dilution
RCSS which was determined using the RC. In practice, salin-  or evaporation) until S,=35.000 (or equivalently
ity will be determined from Reference Salinity plus anoma- C1=19.374gkg?),

lies in observational studies. Reference Salinity is defined
using Eq. 8) so it is automatically expressed on the RCSS. >¢
Strictly speaking, the salinity anomalies determined by the ~ the reference conditions=25°C and P=101325Pa,
formulae of Pawlowicz et al. (2010) should be multiplied by without exchange of mass, under which conditions the
the factor 35.16504/35.17124 to express them on the RCSS,  Absolute Salinity of the sample can be determined from
but this adjustment is entirely negligible for the small anoma-  EdS- @) and (3), and

lies that occur in the open ocean.

To proceed further, we must carefully define what is meant
by terms like “Absolute Salinity” when composition anoma-
lies are present. This has not been done rigorously in previ-
ous publications. The obvious first steps in any definition of Absolute

The approach of Millero and co-workers has been to ar-Salinity for anomalous compositions are then to standard-
gue that changes in the mass fraction of dissolved materialze the concentration and adjust to equilibrium conditions
in seawater relative t6r are adequately approximated by at+t=25°C and P=101 325 Pa. Unfortunately a precise ad-
3Sa= (p — prR)/(BR pR) WhereBr andpr are the haline con-  justment to the conditions used for SSW is not possible be-
traction coefficient and density &t= Sg determined from cause the chemical equilibria in the solution will inevitably
EOS-80 or TEOS-10 (the differences are negligible in thisbe affected to some degree by the anomalous solute. How-
context). This approximation for the mass fraction of dis- ever, operationally effective definitions are possible. Below,
solved material is now referred to as Density Salinity andwe discuss a conceptual approach followed by operationally
denoted b)Sge”Swith the increment Sa denoted bySSge”S. practical approaches.

The approach is supported by previous work (Millero, 1975; A crude standardization could be achieved simply by ad-
Chen and Millero, 1986) indicating that density changes ofjusting the Chlorinity of the solution to 19.374 gk} In this
natural waters are affected primarily by the mass of addedcaseSp would not in general be equal to 35.000 as it would
material, with the relative composition providing only a sec- for SSW because of the influence of composition anomalies
ondary effect. This definition naturally reverts to the exist- on conductivity. Also, the total mass of solution, and hence
ing definition of Reference Salinity as anomalies from SSWthe Chlorinity, is influenced by the presence of anomalous
tend to zero since the density varies smoothly as compositiomaterial so this approach to standardization is imprecise and
anomalies tend to zero. will be inaccurate for large anomalies. A normalization ap-

However, the limitations and biases of this approach areproach that is less affected by composition anomalies can be
not well understood for seawater that includes anomaliesachieved (at least conceptually or in numerical calculations)
from SSW. Previous verification has not systematically con-by adjusting the chloride molality, the total number of moles
sidered the range of composition variations that occur inof chloride per kg of solvent, instead of Chlorinity. Unlike
the ocean and since the physical/chemical characteristicEhlorinity, the chloride molality is not influenced by the ad-
of different solutes can vary greatly, it is not really clear dition of anomalous solute that does not react with water;
how Density Salinity is related to the mass fraction of dis- there is a weak influence if the added solutes react with wa-
solved material in seawater with arbitrary composition. Nor ter since they reduce the amount of water by a small amount.
were changes in conductivity considered, which would affect It should be noted here that the separation between what
Practical and Reference Salinity. In fact, we will see belowis pure water and what is dissolved material is not totally
that the difference between Density Salinity and Referenceclear, but this is not a serious issue at the level of accu-
Salinity does not necessarily provide a good approximatiorracy that we currently require<l ppm in density and salin-
for the anomalies in the mass fraction of dissolved materiality). In particular, one might question whetheg®t (the
in seawater. Thus, although it will be argued that Densityform that H" actually takes in water) and OHare solute
Salinity is well-suited to most physical oceanographic ap-or solvent but it makes little difference at this level of accu-
plications, an alternative measure of salinity is required toracy. We have already noted that OHk included as so-
provide a precise measure of the mass fraction of materialute in the RC, but its mass fraction is just 0.08 mgkg
dissolved in seawater. so its contributions to density and salinity are negligible.

To develop a more rigorous definition of mass frac- Given this estimate for OH, an order of magnitude estimate
tion salinity that will apply in the presence of composi- for H3O" is easily determined. Since the dissociation con-
tion anomalies and agree with the definition established irstant of water is of order TG4 (IAPWS, 2007), we have
MFWM when no anomalies are present, we first re-examingHzO"][ OH~]=K,~10~1* (mol/l)2 and with a pH of order
the procedure followed by MFWM for SSW. The basic prin- 8 (changes of order 0.1 associated with the choice of pH scale
ciples used to determine the Absolute Salinity of SSW are: don’t influence our order of magnitude estimate), it follows

2. Adjustment of the sample to chemical equilibrium at

3. Determination of the Absolute Salinity of the original
sample as the mass of dissolved material in the adjusted
sample divided by the total mass of the original sample.
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that pOH &14—pH) is near 6. Thus, the concentration of does not take part in biogeochemical cycling and so is es-
H30™ is roughly two orders of magnitude less than that of sentially a conservative variable, the component associated
OH~. Hence although kD™ is considered as solute, it is with the Reference Composition will be quasi-conservative
not explicitly included in the RC because its contributions to following the ocean general circulation, analogous to other
density and salinity are far below the level of current concern.similarly constructed quasi-conservative tracers likeaxd

For consistency with the normalization used in the def-NO* (Sarmiento and Gruber, 2006). It has mass fraction ab-
inition of Reference Salinity, we normalize to the chlo- solute salinityS,=m3/m1 and will be referred to as the Pre-
ride molality of SSW76 that has a Chlorinity of 19.374. formed Salinity.S, is modified by exchanges of water at the
This choice gives a chloride molality of 0.556642 molkg  ocean surface and by mixing in the ocean interior, but the
(=19.734631 g chloride perkg4®). Thus for consistency effects of biogeochemical processes on it are deliberately ex-
with the definition of Absolute Salinity in the absence of cluded. Itis thus an ideal baseline to which material is added
composition anomalies, we add or subtract mas®f pure by biogeochemical processes. The remainder of the solute
water to adjust the original seawater sample of maggo is referred to as the anomalous part. Again, we note that it
a chloride molality of 0.556642 molkgd. We refer to this  is possible for the “remainder” to be negative as in the case
adjustment as chloride-normalization. We now divide thewhen some of a SSW species is removed from solution.
dissolved material (all material not in the pure water compo- We emphasize thzﬂ/io'” deals with a solution in equilib-
nent of the solution) into two components. The first compo-rium and treats all non-water components of seawater as dis-
nent includes the chloride component plus each of the othesolved material. Consequently, when new material is added
components of SSW76 in the same mole ratios as definetb solution, the change in mass of the dissolved material may
for SSW76. The mass of solute in a chloride-normalizeddeviate from the added mass. Perhaps the most obvious ex-
solution of SSW76 is 36.45335 g/(kgB) ((35.17124g so- ample occurs when COis dissolved in water to produce
lute)/(1000g solution35.171249g solute)). The second a mixture of CQ, H,CO3, HCOy, CO%‘, H*, OH~ and
component includes all remaining dissolved material. NoteH»O, with the relative proportions depending on dissociation
that negative contributions from the chemical species in SSWeonstants that depend on temperature, pressure and pH. Thus,
are permitted in this second part although the total concentrathe dissolution of a given mass of G@ pure water essen-
tion of any species is non-negative. We now assume that théally transforms some of the water into dissolved material.
total mass of solute in this normalized solution can be deterSimilar situations occur for other dissolved materials; some
mined and isnsoiute The mass of solvent in the normalized may also release water upon dissolution, such as certain cal-
solution is themnggpent= m1 + Mo—mgoiute The total mass of  cium minerals.
the first component of soluteigsz = 0.0364533% msojvent= In contrast to the case for Solution Salinity, it is some-
0.0364533% (m1 + mo—msolute) @and that of the second com- times useful to deal with the anomalous mass added to SSW
ponent ismg4 = mgojute—0.03645335n501vent = 1.03645335  directly. This is particularly true in laboratory experiments.
Mmsolute—0.03645335/21 + m>). In principlem4 may be neg- If a massmagq of anomalous solute is added to a sam-
ative (e.g., when some of a species in SSW is removed fronple of KCIl-normalized (or equivalently chloride-normalized)
solution). SSW of massnsgy then a mass fraction absolute salinity

Given the above information, the mass fraction definition may be defined as (0.03517124sw+madd)/ (Msswtmadd),
of Absolute Salinity used by Millero et al. (2008a) can be where 0.03517124 s, is the mass of dissolved material
extended to include composition anomalies in a (concepin the original sample of SSWyqq is the added mass of
tually) very straightforward manner. The absolute salinity anomalous material andssw+madq is the total mass of the
of the chloride-normalized solution can then be simply de-final solution. We refer to this as Added-Mass Salinity, and
fined as the mass of material dissolved in the solution di-denote it ass3% For Standard Seawat§§%is also consis-
vided by the total mass of the solutiergyte/ (m1+m2). The tent with the definition of Absolute Salinity for SSW given
mass fraction of dissolved material in the original solution by MFWM since no mass is added in that case, but for seawa-
is then determined as before under the assumption of sater of anomalous composition the mass of anomalous solute
conservation during the addition or removal of pure wateris determined before it is added to the solution rather than af-
and is given by (&m2/m1) x msolute/ (m1+m2)=msolute/ M1 ter equilibrium conditions have been established for the new
or (m3+mg)/m1. We refer to this as the Solution Salinity, solution, as would be required for the Solution Salinity. Any
and denote it as$®", where “soln” refers to the fact that chemical reactions of the added solute with the SSW solu-
the mass of dissolved material is determined after it reachetion are therefore not considered for Added-Mass Salinity.
equilibrium in solution. This definition is consistent with the That is, neither precipitation of species nor redistributions
definition of Absolute Salinity given by MFWM (see Sect. 3 between solvent and solute have any effect on Added-Mass
above) for SSW and uses the same basic approach to exterghlinity. It is therefore conceptually very different from So-
the definition to allow for composition anomalies. lution Salinity and we will see below that it is also substan-

The separation of solute into the two components intro-tially different in practice.
duced above is of interest in its own right. Since chloride Although the Added-Mass Salinity may be useful in the
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laboratory, it is not straightforward to estimate for seawatercorrections) while Table 1b is relevant to the consideration of
with anomalous composition that is sampled from the oceanbiogeochemical effects.
Even if we assume that the composition of the final equi- Importantly, the model study of Pawlowicz et al. (2010)
librium state is known, one must still estimate the mass ofshows that, for the anomalies arising from ocean biogeo-
anomalous solute prior to any chemical reactions with SSWchemical processes, correlations between the anomalies of
Since equilibrium states are independent of their history, anydifferent constituents are strong enough in all ocean basins
combination of chemical species that irreversibly evolve tothat the linear relations given in column 2 of Table 1 ap-
the given sample composition is a potential candidate fomply for all deep-ocean sites within an uncertainty of about
the computation of Added-Mass Salinity, which therefore is 0.003 gkg !, even though the exact nature of the composi-
highly ambiguous for a given final solution. Additional infor- tion anomalies that produce the density anomalies can vary
mation must therefore be provided to resolve this ambiguitywith geographic location. If the details of the composi-
if Added-Mass Salinity is to be determined for ocean seawa-tion anomalies in TA, DIC, N@ and S{OH)4 are known,
ter. Pawlowicz et al. (2010) provide an algorithm to achievethen more accurate interrelationships can be derived using
this estimate, at least approximately, once some assumptionglatively simple formulas (Pawlowicz et al., 2010; 10C
about ocean biogeochemical processes are made. The detal., 2010), two of which are reproduced below as Egjs. (
tails are substantially more complicated than those requireéind (L0). In practice, measurements of conductivity and
for Solution Salinity and will not be reproduced here. The density, or of conductivity and concentrations of major non-
main point that we wish to emphasize is that the differenceconservative parameters (carbonate system and nutrients),
between Solution Salinity and Added-Mass Salinity lies in along with a few assumptions about the nature of ocean bio-
the treatment of the anomalous contributions and that (as ilgeochemical processes, are enough to specify the full seawa-
lustrated in Table 1a and b) these differences are important ger system to a useful accuracy, including Density Salinity,
the level of precision being considered here. In either caseSolution Salinity, Added-Mass Salinity and Preformed Salin-
the Preformed Salinity, can be uniquely determined from ity.
the chloride molality. However, the numerical values of the The largest deviations from Reference Salinity in Table 1a
salinity anomalieﬁsj"'n andan:‘dd which are added to Pre- are for Practical Salinity, and it is largely this discrepancy
formed SalinityS, to determiness®" and 5399 may differ  that justifies the introduction of the Reference Salinity as
significantly. a more accurate measure of absolute salinity. The next largest
numerical offset from the Reference Salinity appears in So-
To illustrate the magnitude and range of the numericallution Salinity which is roughly one quarter as large as the
variations between different measures of salinity, we con-offset for Practical Salinity. The final salinity increase for
sider an extreme example. Deepwater composition anomaSolution Salinity is significantly larger than for Added-Mass
lies from SSW in the open ocean are largest at depth irSalinity due to the incorporation of Hand OH" into the
the North Pacific. For KCI-normalized seawater, TA is in- anomalous non-conservative contributions to the dissolved
creased relative to SSW values by about 150 umotkgnd  material. The values for the Density Salinisfe" and
DIC by 300 umolkg™. NOj concentrations are as high as Added-Mass Salinitys39 are closest, and would generally
40 umolkg?, and S{OH)4 concentrations are as large as lie (just) within typical measurement error of each other,
170 umolkgt. The corresponding increase in&ais in-  a determination that is shown to also hold for a variety of lab-
ferred to be 95 pmol kgt to balance charge. Maximum den- oratory results in Pawlowicz et al. (2010). The smallest de-
sity anomalies relative to densities calculated usfagand  viation from Reference Salinity occurs for Preformed Salin-
the TEOS-10 equation of state in this region are estimated tety. However, even this change is about double the precision
be about 0.015 kg T?, both from direct measurements and to which Reference Salinity can be determined through con-
using the model calculations of Pawlowicz et al. (2010). Theductivity measurements. Tables 1a and b emphasize the fact
approximate magnitude of the corrections to determine salinthat the single largest factor limiting our knowledge of the
ities of the different types defined above can be derived fromspatial variations of thermodynamic properties (like density)
this density anomaly using equations proposed by Pawlowis a correct estimation of the effects of compositional varia-
icz et al. (2010). The corrections and the numerical valuegions.
of the different salinities are shown in Table 1a and b. Ta- Although no one salinity variable can fully characterize
ble 1a shows the changes to the various salinity variableseawater with anomalous composition, the central impor-
with respect to a Reference Salinity, while Table 1b showstance of density to dynamical investigations of the ocean sug-
the same salinity perturbations with respect to a Preformedjests that if a single salinity variable is required, then the
Salinity. The salinity perturbations in Table 1a are appropri- Density Salinity is the most useful. However, attempts to use
ate for the estimation of various measures of absolute salinthe Density Salinity as loosely defined at the beginning of
ity when the Practical Salinity (and hence Reference Salinthis section lead almost immediately to a number of techni-
ity) is available as a measured quantity (using, for examplecal questions that are addressed in the next section.
the lookup table of McDougall et al. (2009) to determine the
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4.2 The “Density Salinity” of seawater etal., 2010).S§e”3is thus guaranteed to provide the correct
value of density when used as an input to the Gibbs function
In Sect. 2 we noted that the Density Salinity equals the Refrepresentation, for any seawater composition at the reference
erence Salinity by construction for the special case of SSWalues of temperature and pressure. Below, we show that
and therefore reproduces the MFWM estimate of the mass Density Salinity is defined by Eq5j, then it can also be
fraction of dissolved material in seawater in this case. It isysed as the salinity argument in E4) {o determine reliable
also intended to be a useful measure of salinity effects in thesstimates of the density at other values of temperature and
general case when composition anomalies are present but thisressure. The demonstration of this point also shows that the
depends on whether its use with the Gibbs function for SSWyalue determined for Density Salinity is not sensitive to the
returns sufficiently accurate results for density and other therchoice of reference conditions so a|th0ugh a choice must be
modynamic quantities over the range of oceanographic conspecified for strict consistency, this choice is not important in
ditions. Here we more rigorously define the Density Salin- practice.
ity as a numerical measure that returns the correct value of To be more specific regarding the need to specify refer-
density when used as an argument of the Gibbs function agnce conditions for a seawater sample of arbitrary composi-
a selected’— P reference point, and show that the density tion, we note that if the density is correctly determined at any
values returned at other temperatures and pressures are suffeference poinf, Pr, then we can determine the density at

ciently accurate for practical usage. We then discuss alternaany other temperature and pressure from the equation
tive methods by which it can be estimated that will be useful

. . T
In p_ractlce. L true(SdensT P)— (SdensT P )+ ai(sdenst P )dt (6)
First, note that for SSW, the TEOS-10 density is given by A4 E)=PBAT IR IR a7 \PA DIR
Tr

}=;, (4) P
v gp(Sr.T,P)

| g . . . +/a—p( AT p)dp,
wherev is the specific volumeyg is the Gibbs function for J P
SSW (Feistel, 2008; IAPWS, 2008) and the subscFh- R
dicates partial differentiation with respect to pressure at conwhere the partial derivatives with respect to temperature and
stant salinity and temperature. For SSW, evaluating Bxj. ( pressure are the true values for the water sample. When the
at fixed Sg for different values of” and P will determine the  Gibbs function is used to evaluate the density, away from
correct values op for a fixed seawater sample. Thus, mea- the reference conditions, these derivatives are effectively re-
surement of at any specified values @f, P and subsequent placed by the corresponding derivatives for Standard Seawa-
inversion of Eq. 4) to determineSg will return the unique ter. The error associated with using the Gibbs function to
value of Sg appropriate to the sample. This unique value of determine density for an arbitrary seawater sample can there-
Sr is referred to as the Density Salinity of the SSW samplefore be expressed as
and is represented by the symtg§F"S We wish to extend r
this definition to apply to seawater samples of arbitrary com- a(p—pSS
position, but in this case the values$f determined by mea- A'O(Sgens’ T, P) = / (pa—;W) (S/ciens’ L, PR)dt )
surements of the same sample at different valueg ahd Tr
P are not guaranteed to be the same since thermal expan- P
sion and compressibility may be influenced by the presence 3(0—p>") dens
of composition anomalies in ways that are not accounted for opP
by Eq. @). Consequently, to use this procedure to define Pr
a unique representation of salinity for a seawater sample ofyhere)SSWis the density determined by the Gibbs function
arbitrary composition, we must specify reference conditionsfgrmulation for SSW.
at whichS$e"sis to be determined. For reference conditions, Equation {) clearly reveals the source of the errors that
we choose=25°C and P=101325Pa. Thus, for a sam- e wish to consider. Unfortunately, very little experimental
ple of general composition, with densityat r=25°C and  work has been done on the influence of composition anoma-
P=101325Pa, the Density Salinitii*"is defined by the |ies on the thermal expansion or compressibility of seawa-

10=

implicit equation ter. However, the FREZCHEM model (Marion and Kargel,
1 2008; Feistel and Marion, 2007; Feistel et al., 2010b), which
1Y (5) is based on Pitzer equations for aqueous electrolyte solu-

- dens :

&p (SA >29815K, 101325% tions, can be used to estimate the magnitude of the errors
In general, Eq.%) must be solved numerically, as discussed indicated by Eq.7). These model calculations are subject to
in Feistel et al. (2010a). This is straightforward because it in-considerable uncertainty since they are not validated by di-
volves the zero of a monotonic function; a routine to performrect measurements, and the numerical results are affected by
the inversion is provided in the Sea-Ice-Air library (Wright the details of the chosen compressibility parameterization.
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016

Pressure/ (103 dbar)
[9)]

However, the basic results discussed below have also beel 1o
confirmed using the LIMBETA model (Pawlowicz et al., | 2% %
2010) with different parameterizations of compressibility ef- /\0.12
fects. Thus, although details are uncertain, the model cal- 81 o r
culations provide a useful indication of the magnitude of the 71 \ L
effects of composition anomalies on the evaluation of density %,
using the Gibbs function for SSW.
To provide a relevant example, we consider the effect of 0.08
anomalies similar to those observed at depth in the North 2 | & %/ \,
Pacific where the largest known deep ocean anomalies ar¢ of
found. Two (numerical) samples of seawater are created, the 00— |
first representing Standard Seawater as discussed by Feic 2 / |
tel and Marion (2007) and the second including composition . @ N o
anomalies corresponding to North Pacific Intermediate Water o o® /
(Sect. _4.1 and Pawlowicz et al., 2_0_10). The concentration of %7 : o 15 20 25 30 35 a0
solute in the SSW sample is specified to gige=35gkg 1. Temperature C)
NPIW anomalies are then added to a duplicate sample to give
a density anomaly of approximately 0.015gsimilar to  Fig. 1. The estimated density difference (g/ ppm) between two
the maximum anomalies observed in the open ocean. Pure@ater samples used to represent NPIW and SSW that have been
water is then added to this NPIW sample to adjust its den-adjusted to give identical densitiesrat25°C and P=101 325 Pa.
sity to match that of the original SSW samplerat25°C, These estimates are obtained using the FREZCHEM model and
P=101325Pa, so that the samples of SSW and slightly di_should be treat_eq as rough estimates. Howev_er_, even given the asso-
luted NPIW have identical Density Salinities. ciated ungertalntles, the dlffgrence§ are negllg_l_ble compar_ed t_o the
Using the algorithms included in the FREZCHEM model, total density changes associated with composition anomalies in the
modified to represent a closed system with respect to CO open ocean.
exchange, the density changes predicted for both the SSW
sample and the diluted NPIW sample are now determined
for t between—2°C and 40°C and P between 10Pa and SSW with the same Density Salinity are between 0.023 and
108 Pa (roughly between the surface and 10 000 m below th®-029 Jkg* K~ and are entirely negligible compared to the
ocean’s surface), and the density differences between the tw@xPerimental uncertainty of 0.5 JkgK~* for the specific
samples are determined. If the temperature is below thdeat capacity of pure water. In fact, even the total changes in
freezing point of one or both samples then results are deheat capacity for an Absolute Salinity change of 0.025g'kg
termined for metastable liquid states. The results are show#$ only about 0.12 Jkg' K1, which is itself negligible com-
in Fig. 1 and indicate that the density difference between thePared to the measurement uncertainty, so we conclude that
two samples varies smoothly and is less than 0.28 aver the influence of composition anomalies on specific heat ca-
the full range of temperature and pressure conditions considPacity is safely neglected. For the activity potential, total dif-
ered. This difference is at least a factor of ten smaller tharferences are between %0~ and 6<10~° with the largest
the smallest density differences that can be routinely detectedalues occurring at the highest temperatures and only a rela-
using a densimeter and is certainly negligible for the presentively weak dependence on pressure. These values are again
purpose. Uncertainties associated with the formulation of€gligible compared to the variations for each water sam-
FREZCHEM (see, e.g., Marion et al., 2005) may signifi- ple that are of order810-2 (values are in the range0.40
cantly alter the details of Fig. 1, but they would not alter the t0 —0.43 for the range of oceanographic conditions consid-
main result that the errors associated with using the TEOS-16€d).
Gibbs function, withSﬂe“Sas the salinity argument, to esti-  Another important quantity to represent accurately is the
mate density changes over the Neptunian range of tempertheat content” of seawater, which is required in long-term
ature and pressure changes are negligible. Experimentatioimtegrations of climate models. The quantity that is very
with the LIMBETA model (Pawlowicz et al., 2010) confirms closely proportional to the “heat content” of seawater is
that even with different choices for uncertain parameteriza-Conservative Temperatute (McDougall, 2003) being pro-
tions, the errors always remain less than 1 ¢nwhich is portional to potential enthalpy with a reference pressure of
still negligible for the present purpose. zero dbar (i.e. zero sea pressure, or an absolute pressure
FREZCHEM has also been used to estimate the correef 101325Pa). In appendix A.21 of IOC et al. (2010) it
sponding anomalies in the specific heat capacity at atmois shown that Conservative Temperat@ds quite insensi-
spheric pressure and in the activity potential for the full Nep-tive to small changes in salinity. There it is shown that an
tunian ranges of temperature and pressure. The differencamcertainty in the salinity argument of the Gibbs function
between the specific heat capacity results for NPIW andof 0.025gkg? leads to an uncertainty i® of only about
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0.5mK, which is negligible for present purposes. The errorstivity of Baltic Sea water (Pawlowicz, 2008, 2010). The im-
associated with using the SSW Gibbs function to evaluate th@provements vary significantly for different properties, but in
Conservative Temperature with the Density Salinity as an in-no case are results degraded. For only one of the several
put will be even smaller. properties considered, namely the sound speed, was the devi-

Estimation of the influence of composition anomalies on ation between the estimated anomaly and the result obtained
other quantities is complicated by the almost complete lackusing Density Salinity in the SSW Gibbs function found to
of experimental results on the thermodynamic properties ofsignificantly exceed the experimental uncertainty.

seawater in the presence of known composition anomalies. \e conclude that for the most demanding applications that
Feistel et al. (2010b) develop an approach that allows themye are aware of, Density Salinity is very well-suited for use
to estimate the full range of thermophysical properties in theas the salinity argument of the Gibbs function since it pro-
presence of small composition anomalies relative to SSWqyces accurate results for both density and heat-related quan-
Using the FREZCHEM model (Marion and Kargel, 2008), tities. Thus the form of absolute salinity best suited to extend
“data” is generated for the specific volume, heat capacitythe definition of the Absolute Salinity of SSW to seawaters
and activity potential of seawater that includes the compo-yjith anomalous composition is the Density Salinity. In addi-
sition anomaly of interest and this data is then used to detertion, the results for Baltic seawater anomalies show that this
mine the Gibbs function for the anomalous seawater (Feistehpproach provides results within measurement uncertainties
and Marion, 2007; Feistel et al., 2010b). Note that althoughtor all considered quantities except sound speed. The latter

the FREZCHEM *“data” is limited to only three properties, result is suggestive for general seawater anomalies, but has
once the Gibbs function is obtained a much broader range ofot been verified except for Baltic seawater anomalies.

properties is easily considered. Compared to the significant
experimental and numerical effort required for the construc-
tion of a highly accurate Gibbs function for a particular solute
composition such as SSW (Feistel, 2008), this Gibbs-Pitzer
approach is the currently easiest practical method to estimatéhe solution of Eq.§) for an arbitrary seawater sample con-
arbitrary thermodynamic property anomalies with sufficient Stitutes the definition of the Density Salinitsi*"but results
accuracy. are insensitive to the reference valueg'adnd P. The most
Although a Gibbs function that explicitly accounts for the direct approach to determining the valueSif"for a par-
composition anomalies present in the open ocean has ndicular water sample is then to determine its density using an
yet been developed, Feistel et al. (2010b) have formulatednstrument such as a vibrating-tube densimeter (Wolf, 2008)
a composition-dependent Gibbs function for the special cas®' Perhaps an optical salinity sensor (Grosso et al., 2010) to
of Baltic Sea water in which the primary anomaly is due to Measure and invert Eq.§) at the temperature and pressure
the addition of calcium carbonate to SSW. They consider theat Which the density is measured. To estimate the accuracy
influence of composition anomalies on several quantities foit® Which Si*"can be determined using EG) (in practice,
this special case. Their Fig. 18 shows that the density erWe first note that using a densimeter, density can be routinely
ror Ap corresponding to Eq.7] for typical Baltic seawater Measured to an accuracy of order 10gf{with a coverage
anomalies depends strongly on the brackish salinity but idactor of 2), and it is possible to reduce this uncertainty to
less than 5 g m3 for the full range of conditions considered, 1€ss than 2gm?® at atmospheric pressure with careful use of
i_e_' for P=101 325 Pa, OC<r<25°C and solute anomalies the substitution method (Wolf, 2008, Feistel et al., 2010a)
between 0 and approximately 100 g# Note that the maxi- Given this uncertainty in density and the fact that the ha-
mum solute anomalies in the Baltic are nearly 7 times as largdine contraction coefficient for SSW is approximately 0.75
as those in NPIW. Compared to the true density anomady (99 1) ~*, we conclude that the above approach can be used
associated with the presence of anomalous solute, the relatii® routinely make individual Density Salinity measurements
error|Ap/8pr| is greater than 10% (approaching 16%) only with an accuracy of order 0.013gky and that using the
nearSﬂe“‘:SSg kg~! where both the true density anomaly methodology described by Wolf (2008) this can be reduced
and the absolute error tend to zero. Thus use of Density© about 0.003 g kg', comparable to the precision of Practi-
Salinity represents a useful approach to account for the influ¢al Salinity measurements.
ence of composition anomalies on density even in the pres- An important advantage of any approach using density to
ence of the larger composition anomalies found in the Baltic.specify salinity is that density measurement results that are
Feistel et al. (2010b) also consider uncertainties associebtained by the substitution method (for example) are trace-
ated with using Density Salinity as the salinity argument of able to the Sl (Seitz et al., 2010b). Although at present this
the SSW Gibbs function for other thermodynamic proper-linkage is still immature, the introduction of Density Salinity
ties of Baltic Sea water. They find that this approach con-should facilitate future attempts to bring ocean salinity mea-
sistently provides improved results compared to those obsurements within the general framework of physical stan-
tained using Reference Salinity, which was estimated usinglards. This also makes it more suitable for long-term mon-
the LSEADELS model to determine the anomalous conduc-itoring than Practical Salinity alone because the accuracy of

4.3 Operational aspects of Density Salinity
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the latter is approximately one order of magnitude less tharanomaly(SSge"S and silicate anomalies is empirically deter-
its precision (Seitz et al., 2010a). mined, with different latitude-dependent proportionality con-
The definition ofsgenS using Eq. b) is most useful when stants in each ocean basin that all agree where they connect
density, temperature and pressure are known and one wish&gth the Southern Ocean. The root-mean-square variations
to calculate other thermodynamic properties of seawater. Thef observed values about this empirical estimate vary with lo-
Density Salinity can then be determined and used to estimateation but are typically of order 0.005 gkY which should
a wide range of thermodynamic properties as discussed bpe compared to root-mean-square spatial variations of order
Feistel et al. (2010b) and Wright et al. (2010). Of course,0.01gkg ! and maximum anomalies of order 0.015 gkg
measurements of density require some experimental efforfor the Density Salinity anomaly itself (McDougall et al.,
and are not always available. Further, in applications suct2009). The uncertainty estimate of 0.01 gkgobtained
as numerical ocean circulation modelling the salinity is nor-using a coverage factor of 2 is already comparable with
mally updated using a prognostic equation and then usedhe uncertainty in individual estimates mge”%btained di-
to determine the density; a definition Sﬂensthat assumes rectly from densimeter and CTD measurements. The second
knowledge ofp is not particularly useful for such applica- columns of Table 1a and b gives the various salinity anomaly
tions. To useS,‘iens as an input to the Gibbs function in measures in terms of the quantity tabulated by McDougall
such cases, an alternative approach is required to estimatgt al. (2009). The use of these in numerical modelling stud-
it. Three approaches to achieve this are discussed below. ies of present-day conditions is considered in Sect. 5.
The first approximation foS,‘ie”Sis provided by the Refer- The third method for estimating Density Salinity will be
ence Salinity useful for studies in which salinity anomalies might be ex-
9 pected to change, as in paleoclimate or climate change sim-
Sr = (351650435 Sp gkg ™, (8) ulations. In such cases, it is desirable to have expres-
(Millero et al., 2008a) which neglects the generally small sions that relate to variables that can (eventually) be mod-
composition anomalies in seawater and therefore provideglled rather than specified based on climatological condi-
results essentially equivalent to past practice with the com+tions. This requires an alternative approach to that of Mc-
monly used Practical Salinit§p. The extensions of the Prac- Dougall et al. (2009) for the calculation of Density Salin-
tical Salinity Scale to cover9Sp<2 by Hill et al. (1986) and ity. For such purposes, the results of Pawlowicz et al. (2010)
42<Sp<50 by Poisson and Gadhoumi (1993), permit B). ( should prove useful. They show that Density Salinity anoma-
to be directly applied over the full range<Gp<50. Note, lies relative to Reference Salinit§g can be related to com-
however, that the high-salinity densities measured by Poissoposition anomalies relative to SSW76 using the equation
and Gadhoumi 1993) possess larger uncertainties than orig- _
inally estimated by the authors (Millero and Huang, 2009;955?53”5/(mg kg™ =556ATA+4.7ADIC ©)
Feistel, 2003, 2010). Use of this approximation in the Gibbs+38.9A[NO; ] +50.7A[Si(OH)4](mmoIkg’l),
function already prowdes 'T"‘”e and improved estlmaj[es OfWith a standard uncertainty for the fit to their model “data”
the thermodynamic properties of SSW than were previously

1 . .
available from EOS-80 (Fofonoff and Millard, 1983; Feistel, O 0-08Mgkg " over the oceanic range of parameters if all
2003, 2008, 2010). quantities on the right side are known precisely. Similar for-

2 mulas are also given for conversion to the other salinity vari-

A more sophisticated approach that can be used to pro- . . .
o ! ; AR ables discussed above. In particular, the difference between

vide improved estimates of the Density Salinity in the

presence of composition anomalies is developed in Mc-

Dougall et al. (2009) and used to determine a global at-

las of §S3eN=s5ens_ s (referred to as$Sa by McDougall 559"/ (mgkg ) =73 7ATA +118ADIC (10)

et al., 2009_). The method is base_d on s_eml-emplrlcal resul_ts+81_9A[Nog] +50.6A[Si(OH)4](mmolkg™1)

presented in a series of papers in which measured density

anomalies are regressed onto the concentrations of other vanvith a standard uncertainty for the fit to their model “data”

ables that are easier to measure (Millero and Kremling, 1976pf only about 0.01 mg kgt. The uncertainty is substantially

Millero, 2000a; Millero et al., 1976a, b, 1978, 2008b, 2009; smaller than for Eq.9) due to the fact that conductivity re-
Feistel et al., 2010a, b). sults are not involved in the determination of E§O), This

McDougall et al. (2009) make use of Density Salinity es- equation is ideally suited for use in coupled biophysical mod-

timates determined from direct density measurements usels in which one wishes to account for the influence of com-

ing Eq. 6) as well as Reference Salinity estimates deter-position anomalies of biological origin on the density and

mined from conductivity measurements and compositionhence on the ocean circulation.

anomaly estimates determined by various analytical mea- The fact that Density Salinity ensures an accurate estimate

surement techniques. Using these resalfg?”szsf\e”s—SR for density is particularly useful for physical oceanographic

is estimated and compared with the estimates of compositiompplications since the density and quantities such as com-

anomalies. A linear relation between the Density Salinity pressibility, thermal expansion and haline contraction that

Density Salinity and Preformed Salinity can be determined
using
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are derived directly from it are the most crucial properties sumed for decades for the total salinity variable in numerical
to determine accurately. Indeed, the salinity argument formodels) plus anomalies from this formSSe”S:Sge”S—S*.

the Gibbs function must return accurate results for densityThese anomalies are caused primarily by biogeochemical
to be useful in many oceanographic applications. Our defi-processes but may also be locally influenced by surface and
nition of Density Salinity guarantees its utility for the most coastal boundary inputs (e.g., Millero, 2000b; Feistel et al.,
demanding oceanographic applications even in the presenc2010b).

of significant composition anomalies. Its usage in numerical Sinces, is a conservative variable, given initial values and

ocean circulation models is considered next. appropriate boundary conditions, it evolves according to the
equation

5 The representation of salinity in numerical models d
ES*=V-(K,D;S*) (11)

Any attempt to include the influence of composition anoma-

lies on salinity estimates naturally raises questions abou he appropriately averaged residuak-mean velocity (see, for
how salinity should be treated in numerical models. Here, Pprop y g Y '

we consider a general approach to allow for the effects Ofexample, I0C et al,, 2010 and Griffies, 2004) and the right-

. . . .~ hand side is a schematic shorthand for the turbulent diffusion
non-conservative biogeochemical source terms. To achieve

this, Density SallnltyS,‘iens is used as the argument of the of the conservative quantity, by isopycnal n'nxmg.vv'lth tur
. d : ) : N bulent diffusivity K and by small-scale vertical mixing with
Gibbs function or the equivalent “equation of state” used N
turbulent diffusivity D.

in the model to determine density. In the first case consid- .
) L Currently, we do not know how to reliably model the non-
ered, Density Salinity is represented as the sum of Preformed . G cdens. odens o
S : ) . conservative contributiofiST"=S5,°">-S, so we insist that
Salinity determined by the model conservation equation plus *

. . . It remains consistent with observational estimates. One pos-
an anomaly representing the effects of non-conservative bio- P

geochemical processes, which are empirically accounted for§|bll|ty is then to determine global observational estimates

den ; ; ;
Simplifications of this approach are then considered followedOf 85.°"x, y, p) and 5|mply_ adql this tgnghe model variable
. . . . .S, to complete the determination csﬂ > However, ex-
by a discussion of a less empirical route forward using bio-"* . : :
. . . perience has shown that even a smooth field of density er-
geochemical models to determine the anomalies.

- .___rors can result in significant anomalies in diagnostic model
An ocean model needs to calculate salinity at every time

step as a necessary prelude to using the equation of state glculaﬂons, primarily due to unrealistic misalignments be-

: . S . . _ tween the model density field and the model bottom topog-
determinep and its derivatives (for use in the hydrostatic . .
. ! ) . . raphy. Indeed, even if the correct mean density could some-
relationship and frequently in neutral mixing algorithms). . L . .
. . . ”" how be determined, approximations associated with the spec-
The current practice in numerical models is to treat salin-

. . o S ification of the model bottom topography can result in sig-
Ity as a perfectly conservative quantity in the interior of the nificant errors in bottom pressure torques that can degrade
ocean. It changes at the surface and at coastal boundari P q 9

?ﬁ'e model solution. One way to minimize such errors is

due to evaporation, precipitation, brine rejection, ice melt . . o
. o . e . to allow some dynamical adjustment of the specified den-
and river runoff and satisfies an advection-diffusion equation_., ~_ X )
sity field so that, for example, density contours tend to align

away from these boundaries. The inclusion of composition™ . : )
) . L with bottom depth contours where the flow is constrained to
anomalies requires changes in this approach for several reg-

ollow bottom topography. This simple idea is the key to

sons, the relative importance of which vary in space and tim e success of the robust diagnostic approach (Sarmiento and
and are not yet fully understood. The changes can be divideeg gne bp .
ryan, 1982). To allow dynamical adjustment of the salin-

into two broad categories. First, in addition to fresh water. . . . L
9 ty anomaly field while still constraining it to be near to the

inputs and brine rejection, all sources and sinks of dissolved ; : den .
: . o . observational estima#&s2¢"obs), we recommend carrying
material entering or exiting through coastal boundaries, the *

i i dens i ;
surface or the sea floor (e.g., the sediment, hydrotherma"f‘.n evolution equation fais,*that includes advection and

vents, benthic populations) should be considered as possglﬁusmn exactly the same as fek plgs an addltlo_ngl restor-
- . . ing term towards observational estimates that is intended to
ble sources of composition anomalies. Second, within the

interior of the model, changes due to the growth, decay anéepresent unknown (or poorly known) sources and sinks:
reminer_alization _01_‘ biological material must be considered.ﬂasgenszv,(K’D;(Ssgen3+} (Bsgens(obs_asgens>’ (12)
We begin by outlining an approach that could take advantagesit T

of currently available information to gain insight into how wherer is a restoring time. The Density Salini@ge”sthat

important the presence of composition anomalies might be. js needed for the equation of state in the model is then com-
The notion of Preformed SalinityS,, introduced in  puted using

Sect. 3.1, is useful in considering how to account for compo-_gens dens

sition anomalies in ocean models. The basic idea is that theSA =Sx 85,7 (13)
dissolved material in the ocean can be separated into a salifequations 11) and (L2) are our basic equations for the de-
ity componentsS, that is conservative (just like we have as- termination of salinity variations. To apply this approach, it

here the left-hand side is the material derivative following
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remains to determine credible observational estimateS.for model to diagnose the effects of the included biogeochemical

ands59ens specify appropriate initial and boundary values processes on the model’s density and its circulation.

and provide a value for the restoring time.

A variety of different approximations that can be used to Approach (ii): Treat salinity as a conservative variable.

represens, ands $98"Sin ocean models are discussed in I0C

et al. (2010). Here we consider a range of possibilities that It is convenient at this point to add Eq4.1f and (12) and

includes the most complete and the simplest approaches emse Eq. {3) to obtain

visioned. Note that coupling to, for example, a sea ice model 1

that also uses a salinity variable may involve further techni- —S$e"=v. (K, D; S99 4 = (8 s9enSoby — 5 SSE“S). (14)

cal details, but since the sensitivity of the circulation to the dr t

small variations we are considering here is largest in the deepnplementation of Eqs.1¢-14) is clearly equivalent to ap-

ocean we shall not consider these details in our discussion. proach (i), withS9e"s now given by Eq. {4) and S, deter-
mined by Eq. {3). There is no computational advantage to

Approach (i): S, and 65%nS consistent with Pawlowicz implementing Eq.14) rather than Eq.11); Eq. (L4) merely

etal. (2010) and McDougall et al. (2009). provides a single equation for the Density Salinity.
_ An obvious simplification of Eq.14) is to neglect the
In this case, we make use of the full EgsI)through (3).  restoring term on the right hand side. Under this approxi-

From the results of Pawlowicz et al. (2010) summarizedmation, Eq. {4) reduces to
in Table 1b, we know that the simple estimafig —
5,~0.355 58" models the results of more detailed cal- ES:V.(K,D;S), (15)
culations to within an acceptable error. Hence a globaldt
observational estimate of. can be determined from an where the variablé has been used to represent the resulting
available Sp climatology (to determinesg) and the global  approximation for Absolute Salinity. Use of Edl5) will
observational estimates 6f53°" provided by McDougall  save the computational expense of carrying B@) gince it
et al. (2009). To obtain an observational estimatéSfe"s is no longer required to determine the evolution of the model
we usesSIeNsv1.355598"S (Table 1b) and again use the salinity, but it must be emphasized tisawill not provide the
global estimate oS3 from McDougall et al. (2009). best available estimate foiiens Under this approximation,
Once the observational estimates are determined, they cahe model’s salinity variable is represented as a conservative
be used both as initial conditions for Eq&l(and (L12) and  quantity, which is consistent with the approach used for the
to specify the deviation from observations that appears in thepast few decades to represent salinity in numerical models.
restoring term in EQ.12). S, and«SSEe”Sare updated using However the influences of biogeochemical processes that re-
Egs. (L1) and (12) and the absolute salinity is calculated us- sult in composition anomalies are ignored.
ing Eqg. (L3) which is then used in the equation of state to It remains to specify initial and boundary conditions to
determine density and any other thermodynamic propertiesomplete the estimation of salinity under the approxima-
used in the model. tion (15). Three sub-cases are of interest which we refer to
To complete our system, we must specify the restoringas options (ii-a), (ii-b) and (ii-c). Option (ii-a) explicitly al-
time that appears in Eq12). Determination of a “best lows for the influence of composition anomalies in the spec-
choice” will require experimentation but an appropriate valueification of initial and boundary conditions, option (ii-b) al-
is likely in the range of one month to a few years. The lower lows for composition anomalies only to the extent that they
bound is based on a very rough estimate of the time requireé@re captured by conductivity measurements and option (ii-
for the density field to align with local topography through c) explicitly removes the influence of composition anomalies
advective processes. The upper bound is set by the requirdrom the specification of initial and boundary conditions.
ment to have the restoring time relatively short compared to Option (ii-a): In this case, initial and boundary conditions
vertical and basin-scale horizontal redistribution times. are specified consistent with observational estimates of Den-
Finally, we note that the nudging termt1(5 59" obg — sity Salinity 3" The model is initialized with the best
859ens in Eq. (12) is a rather crude representation of the in- available climatological estimate Gﬂe”swhich would cur-
fluences of many complicated and poorly understood biogeorently be determined from a climatological estimateSaf
chemical processes. If inclusion of composition anomalies(=(35.16504/35)Sp g kg~?) plus the correction terrﬂsgens
turns out to have significant consequences, then biogeochenobtained from the McDougall et al. (2009) global atlas.
ical models will be required to properly model the interior Specification of the fluxes of water across the model bound-
sources and sinks that are believed to dominate the occumries then completes the system. If restoring boundary con-
rence of composition anomalies in seawater. In this caseditions are desirable, thefiis restored to observational es-
Eq. (L0) will be very useful. If a biogeochemical model pro- timates ofS,‘ie”S. Using this approach, the equation of state
duces estimates of the quantities on the right hand side oin the model receives the correct salinity argument initially,
this equation, it can be immediately integrated into an ocearbut over some longer time scale determined by circulation
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and mixing processes, the absence of the non-conservativi  x1®
source terms (the last term in Ei}) will reduce the fidelity Y :
of the solution; the model salinity will degrade as an estimate .. %....00..
of Density Salinity and the representation of density will de- S
grade as a result. An advantage of this approach is that it s
initially takes into account the influence of the spatial varia-
tions in seawater composition, but the fidelity of the solution
will inevitably degrade over time due to the omission of non-
conservation effects from the right hand side of Edp)(

Option (ii-b): This option is considered as a close approx-
imation to past (and current) practice. The model salinity
is initialized with a climatological estimate ¢z (the best
approximation l‘orSgens that doesn’t explicitly account for
composition anomalies) and the fluxes of water are specified A i :
across the boundaries of the model. If restoring boundary ° ‘ ’ |g,|(:;'0309; ' T
conditions are desirable, th&rwould be restored to observa-
tional estimates of Reference Salinity. If the resulting salinity Fig. 2. The northward density gradient at constant pressure (the
estimates are then substituted into the TEOS-10 equation faorizontal axis) for all the data in the ocean atlas of Gouretski and
density, results will be very similar to those obtained with the Koltermann (2004) fop>1000 dbar. The vertical axis is the magni-
current practice of initializing a model with a climatological tude of the difference between evaluating the density gradient using
estimate ofSp, specifying water fluxes across the boundariesSa- " as the salinity argument in the TEOS-10 expression for den-
or restoring to observational estimates of Practical Salinity toSIY compared with usingp in the EOS-80 algorithm for density.
determine the evolution of the model salinity and then using;hsrlea};err]g?gesﬂpndzto d(.:flr”remt?racnce.and.fogggg?{gose of this
EOS-80 to determine density. g gnificantly different from using in '

Option (ii-c): A third option is to acknowledge that

Eq. (19 is really only appropriate in the absence of the bio- are also not insignificant. Noting that the geostrophic trans-

geochemical processes that result in composition anomalies. : . . ) ) .
Since this is only correct for Preformed Salinity, it is consis- port associated with a vertically uniform horizontal density

tent to initialize the model with a climatological estimate of difference of across a box of arbitrary width and thick-

. . nessH is approximatelysp H2/(2pf), it is easily seen that
S, and either specify fluxes of water across the model bound density change of just 10 ghover a depth of 1000m is

aries or restore surface values to observational estimates c?f : : .
ssociated with a 0.5 Sv change in volume transport through

. TEOS-10 would then be used to estimate densit base@~| . S . .
g; the resulting salinity estimates. The results of th)i/s cas € section, which is not entirely negligible. We also note that
’ Fthe systematic density gradient anomalies in the north-south

are of interest since comparison with those obtained usmgEiirection are likely to result in robust changes in the bottom
option (i) discussed above would provide a direct estimate y 9

) ; : ressure torque with a potentially more significant effect on
the influences of biogeochemical processes on the large sca Re circulatioqn Investi gtion of tr):e resultirfJ changes is cer
deep ocean circulation. In particular, one could compare ro- ' 9 9 9

bust diagnostic results obtained with option (ii-c) to the cor- tainly vyarranted. )
responding results obtained with approach (i) to determine ©OPViously, each of the approaches discussed above repre-

a reasonable estimate of the influence of composition anoma€Nts & rather crude method to include the effects of compo-
lies on the large scale ocean circulation without requirings't'on anomalies on the results of ocean circulation models.

major computations. Nevertheless, we suggest that examination of such simplified
An immediate indication of the errors associated with us-formulations will provide useful new insights with minimal

ing either approach (ii-b) or (ii-c) rather than approach (i) effort. We therefore bel.i_eve that the s_ystematic examinatic_)n

is provided by Fig. 2. Similar errors will develop over time ©f @Pproaches (i) and (i) and comparison of the results will

for approach (ii-a). The vertical axis in this figure is the dif- rePresent a useful starting point for the examination of the

ference between the northward density gradient at constarft€CtS Of composition anomalies.

pressure when the equation of state is evaluated with observa-

tional estimates off{e”sand withSg as the salinity argument.

The figure shows that for all the data in the world ocean be-6 Summary and conclusions

low a depth of 1000 m, 60% of the gradients are in error by

more than 2%. If this graph were done with rather than  Both the Reference Composition (RC) and the Reference-

Sr as the reference with which results are compared then th€omposition Salinity Scale (RCSS) have been defined pre-

error would be increased by the factor 1.35. cisely and we recommend that they remain unchanged in the
While the differences shown in Fig. 2 are not large, they future to provide stable benchmarks for the composition of

=
=T

w

Ie, (FOS09) - ho, (EOSED)
L8]
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Standard Seawater and a stable scale for the presentation eéstigations as it allows for the correct calculation of density
salinity results. when used as an argument in the TEOS-10 Gibbs function.
The RC was defined by Millero et al. (2008a) as a “bestWhen considering seawater that includes anomalies, MFWM
estimate” of the composition of SSW that was analyzed dur-used the term Absolute Salinity to refer to Density Salinity
ing the mid-1970s and RCSW is seawater with the RC. Theand we continue this practice with the recognition that Den-
RCSS was defined to provide a best estimate of the mass frasity Salinity may deviate significantly from Solution Salinity
tion of dissolved material in RCSW and the SSW that it ap- when composition anomalies are present.
proximates. The use of RCSW as an approximation for SSW We emphasize that our choice of salinity argument for use
improves our numerical estimates of its absolute salinity byin the Gibbs function is the Density Salinity which is defined
about 0.165 g kg in water with a Practical Salinity of 35. such that it will provide the most accurate results possible
Nevertheless, uncertainties remain. Subsequent investigder density even though it may not provide equally accurate
tions (Pawlowicz, 2009; Lee et al., 2010) have already identi-results for the mass fraction of dissolved material. The inclu-
fied smaller but quantifiable differences between RCSW andsion of composition anomalies necessarily introduces some
SSW, and given the current limitations of our knowledge of inconsistencies between these two quantities. Our choice
the true composition of seawater, it is likely that future inves- ensures that density and related quantities, as well as Con-
tigations will show even more changes. It might be tempt- servative Temperature (“heat content” per unit mass) are ac-
ing to modify the definition of the RC and also the RCSS curately represented by the Gibbs function. Consequently,
to continue to provide a best estimate for the compositionwe believe that our choice for the representation of salinity
and absolute salinity of SSW in the future. However, suchis the most relevant generalization to allow for composition
adjustments would inevitably cause confusion and could re-anomalies. To improve on this measure of salinity, it seems
sult in problems detecting long-term changes in ocean salintikely that an additional parameter (or parameters) represent-
ity and in providing reliable estimates of the thermodynamicing the effects of composition anomalies would be required
properties of seawater. We therefore recommend that botlas an input to the Gibbs function. Such an extension has been
the RC and the RCSS remain unchanged. If improved esimplemented for the Baltic Sea (Feistel et al., 2010b) and it
timates of the mass fraction of SSW are available and sit-may be useful in the future to develop a similar extension for
uations arise in which it is desirable to have more precisethe open ocean.
estimates of the mass fraction, corrected values can be de- There are currently three methods available to estimate the
termined for special-purpose applications. Such correction®ensity Salinity for use as an argument of the Gibbs function.
would be easily achieved since the RCSS has been defineld only measurements of Practical Salinity and geographic
so that the Absolute Salinity of SSW on this scale can differsampling position are available, then Density Salinity can
from the true mass fraction only by a fixed proportionality be estimated using the Reference Salinity determined from
constant. Eq. @) plus the salinity anomalys3®™sor 55 determined
The next largest uncertainty in our ability to predict the from a lookup table (McDougall et al., 2009). If on the other
properties of seawater arises from spatial (and temporal) varihand, one measures density in the lab at known values of
ations in the composition of seawater. These give rise taemperature and pressure, ideally at the reference conditions
salinity variations of up to 0.03 gkg in the open ocean and of 25°C and 101 325 Pa, then a direct estimate of Density
may exceed 0.1 gkd in coastal waters or estuaries. In or- Salinity is available through the solution of Ed)( If the
der to correctly understand these effects a number of differenPractical Salinity is also measured, then an independent es-
salinity variables are defined, each of which is useful in dif- timate ofSSE{e”Sis available which can be used to improve
ferent applications. The term Solution Salinity is introduced the reliability of the lookup table. Finally, relationships like
for the mass fraction of dissolved material after it is in solu- Eq. (9) have been proposed (Brewer and Bradshaw, 1975;
tion and in thermodynamic equilibrium. This is also the most Millero, 2000a; Millero et al., 2008b, 2009; Pawlowicz et al.,
“intuitive” definition of absolute salinity. The name Solu- 2010) to estimate the density anomaly from direct measure-
tion Salinity emphasizes that the mass fraction is determinednents of some or all of the nonconservative parameters in
for the dissolved material actually in solution, accounting for seawater. Collection of information to verify all of these ap-
the fact that chemical reactions that occur when material iproaches is particularly important for semi-enclosed basins
added can convert 4D to (or from) chemical forms defined where current estimates &Sgensare most uncertain.
to be part of the “solute”. The term Added-Mass Salinity is  Note that although the formal definition of Absolute Salin-
used to refer to the mass fraction based on the mass of soluigy as the Density Salinity of seawater can be extended to
added to SSW before entering solution. The Density Salinitynear-coastal waters without difficulty, a variety of operational
is the Solution Salinity of SSW that has the measured densityand conceptual issues arise in these situations that increase
of our anomalous seawater. This is not the same as the at¢he complications relative to the open-ocean cases discussed
tual Solution Salinity when the relative composition differs here. An example of a conceptual issue is that the cor-
from that of SSW, but it is a measureable and Sl-traceableect definition of Preformed Salinity is less obvious. Al-
quantity that is probably of most relevance to dynamical in-though the chemical composition in coastal waters differs

Ocean Sci., 7, 126, 2011 www.ocean-sci.net/7/1/2011/



D. G. Wright et al.: Absolute Salinity, Density Salinity, and Reference Salinity 21

from that of SSW, some of these anomalies occur because The inclusion of the effects of composition anomalies on
of boundary (i.e. riverine) inputs of dissolved material and density and other thermodynamic properties of seawater rep-
not through nonconservative biogeochemical processes. Preesents a new and challenging area of research. We have dis-
formed Salinity could represent either the SSW portion of thecussed one approach to evaluating the potential significance
coastal water, or the larger portion that includes the conseref these effects through the use of numerical models. Ini-
vative part of these composition anomalies, added in a mantially we propose an empirical approach that can be used to
ner that dilutes their effect as salinities approach open-oceaprovide new insights into the significance of this effect. If
values. In addition, composition anomalies in coastal areashe effects prove to be significant, then more sophisticated
are in general poorly known, and may change over relativelymodels that account for variable inputs through surface and
short periods of time. Thus, numerical conversion factorscoastal boundaries as well as chemical and biological pro-
valid at one particular time and place may not be appropriatecesses will be required.
at other times. This raises obvious problems in the correct
presentation of time series and/or transects that begin neakppendix A
the coast and end well offshore. On the other hand, in these
regions the density anomalies themselves are generally unimNomenclature
portant in practical terms relative to the much larger density
gradients present. A full discussion of the application of the This appendix provides a reference for the definitions of var-
Gibbs function in near-coastal waters is beyond the scope ofous forms of salinity and density variables used here and
this paper, but will be addressed in future work. the relations between them. The notation used is a consis-
We have stressed that the most appropriate input to théent simplification of that used in Pawlowicz et al. (2010).
Gibbs function for most dynamical physical oceanographicThe basic symbols used are summarized in Table Al and the
applications is Density Salinity. Nevertheless, use of Refer-relations between them are illustrated in Fig. Al.
ence Salinity will be more appropriate in some applications The notation is chosen to maintain consistency with previ-
where maximum simplicity is desirable and reduced accu-ous usage but extended to deal with composition anomalies
racy is acceptable as well as for studies such as the detection @ manner that is intended to be intuitively obvious. We
of salinity variations associated with climate change whereretain the symbols$p and Sg for the commonly used Prac-
precision may be more critical than accuracy. Regardingtical Salinity variable and the Reference Salinity variable in-
the latter point, we note that the reproducibility of Refer- troduced by MFWM. An additional symbol of this styk
ence Salinity is roughly 0.002gkg and is not subject to is used to represent Preformed Salinity which is introduced
future changes provided the RCSS is not altered. On thé&s a conservative parameter to which anomalies, primarily
other hand, the uncertainties in estimates of Density Salinof biochemical origin, are added. In previous publications,
ity are several times larger in some situations. At presentthe symbolSa and term Absolute Salinity has been used to
the most well tested way to determine the influence of com-represent the mass fraction of dissolved material in seawater
position anomalies on global estimates of density salinity(here defined as the Solution Salinity). In practice however,
involves use of a lookup table that is based on a spatiallyAbsolute Salinity was approximated by the Density Salin-
varying correlation between Density Salinity anomalies andity. With the addition of composition anomalies, distinc-
silicate anomalies estimated using less than a thousand indtions arise between quantities that were previously treated as
vidual measurements from just 105 locations. As the num-equivalent, and so new variable names are required to distin-
ber and distribution of the measurements available to deterguish them. In particular, based on the work of Pawlowicz,
mine the global variation of the composition anomalies im- et al. (2010), we now know that the Density Salinity anoma-
proves, this lookup table will be refined and changes of or-lies do not provide a good approximation for the anomalies
der 0.01gkg? are likely to occur in some regions where in the mass fraction of dissolved material in seawater. To
the current data coverage is sparse and of order 0.003'g kg make the distinction between these different forms of salinity
more generally throughout the ocean. Further, use of relawhile maintaining a connection with previous usage, we rep-
tions such as Eqs9) and (L0) will be desirable in some cases resent the Density Salinity and the Solution Salinity (i.e., the
and these might also change estimates by similar amounts imass fraction of dissolved material in solution) by the sym-
some regions. It is therefore anticipated that methodologicabols S3e"and S3°". In addition, Added-Mass Salinity, de-
changes will result in changes in Density Salinity estimatesnoted bys299 represents the form of salinity obtained when
that may be substantially larger than the precision with whichthe mass of anomalous solute is determined prior to adding it
we can determine Reference Salinity. Consequently, Referto solution rather than after its dissolution and equilibration
ence Salinity should be used in applications where precisiorat reference values of temperature, pressure and concentra-
is more critical than accuracy, but we recommend that Dention. WhenSp is used without a superscript, it will be taken
sity Salinity be used whenever the highest available accuracyo refer to Density Salinity, consistent with the assignment
is required for density. made in practice in most previous studies and justified in this
paper.
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Fig. Al. This figure schematically shows the relationships between different variables used to characterize sgvWwaieSSW. The
estimateSg of the Absolute SalinitySa is used to define a conductivity/salinity relationship (schematically shown as the scaled PSS-78
curve on the left hand graph), and a density/salinity relationship (schematically shown as the TEOS-10 curve on the right hand graph).
The vertical gray bar indicates the uncertainty range of measured densities around the TEOS-10 prébjcEon.arbitrary seawater,
composed of a preformed SSW component with absolute salipjtplus a composition anomaly. Observed values are indicated by labels
outlined in gray along the horizontal axes. The observed conductivisyrelated to a Reference Salinify and a reference densipg

using relationships developed for SSW. However, the observed dengtyelated to the Density Salinityge”%éSR. Estimates of mass

fraction salinitiess399ands3°™" directly determined from the full chemical composition are respectively defined based on whether the mass
of anomalous solutes are accounted for before or after their addition to the Preformed Salinity. The difference between the two estimates
reflects the effects of equilibrium chemistry within seawater, which converts sgf@eito the chemical forms comprising the solute.
Empirically, the relationship in the ocean betweﬁﬁ’d and measured densitiescan be described, within typical observational error, by

TEOS-10. This is not true in general for the relationship bet\/\@H‘ andp.
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Table Al. The various salinity variables and the relations between them.

23

Quantity Symbols Equations Comments

Practical Salinity Sp PSS-78 Unitless conductivity-based salinity

Reference Salinity SR (35.16504/353p g/kg Absolute Salinity of RCSW. For a general seawater
parcel,Sr is influenced by HO exchange and
conductive anomalies

Preformed Salinity A\ SR—8S5 Standard Seawater to which anomalies are added;
influenced by HO exchange.Sx can be calculated
from other salinity measures by subtracting off the
effect of composition anomalies.

Density Salinity SIeNS(SA)  Sr+8S8ENS 5, +5598NS  Provides the best estimate of density using TEOS-10.

Solution Salinity Sz("” SR+8S§°'", S,+855°IN  mass fraction of material actually dissolved in
solution, as in MFWM

Added-Mass Salinity sgad Sp+85399 5,+65299  salinity measure used in lab analyses

Preformed — Reference 55;5 S«—SR

; d d . . -
Density — Reference 8SREM(8SA)  SAT"-SR Additions used to adjust from Reference Salinity
Solution — Reference 55;0'” Siom_ Sk to the other salinity parameters
Added-mass — Reference s530d 53dd_sg
Reference — Preformed sSR SR—S«

; d d . . -
Density — Preformed 8Sens SASS= Sk Additions used to adjust from Preformed Salinity
Solution — Preformed sssoin Sioln_ S to the other salinity parameters
Added-mass — Preformed ssadd s3dd_g,

Haline contraction coefficient for RCSW Br p—lR ;TPR Calculated from the TEOS-10

Gibbs function

The special case of Standard Seawater is particularly sim- Increments relative to either Reference or Preformed val-
ple as illustrated in the upper panel of Fig. Al. In this case,ues all begin with the symbal. The increment relative
the Reference Salinity, Density Salinity, Solution Salinity, to Reference values i&r=p—pr Where the true density
Added-Mass Salinity and Preformed Salinity are all equiva-is indicated byp. If the density increment relative to the
lent to within measurement uncertainties and they can be unpreformed density is required, it should be represented by
ambiguously determined simply by measuring conductivity. §p.=0— px.

An optimal estimate of the true density is then determined us- For salinity, the increments begin at either the Refer-
ing any of these salinity variables as an input to the equatiorence or Preformed base values and end at any of the five
of state. In this case, the Practical Salinity is (35/35.16504)possibilities Reference (R), Preformed (*), Density (dens),
times any of the other salinity variables when they areSolution (soln) or Added-Mass (add) Salinities. The sub-
expressed ing kg (e.g. Sp~(35/35.16504% Sa /(g/kg) for script R is used to indicate use of the Reference Salinity
SSW). as the base quantity and subscript * is used to indicate use

In studies involving composition anomalies, each of the of Preformed Salinity as the base quantity. The five target
different salinity variables is distinct and it is convenient to values listed above are indicated by R, *, dens, soln and
consider them in terms of base quantities and anomalies frordd. Thus for examplé,Sg=5.—Sr, 6 SE"=53°"-Sr and
these base quantities. For situations in which the Referencésden=sgens_s, .

Salinity is known and an improved estimate of one of the
other salinity variables is required, the base quantity is cho-
sen as the Reference Salinfy or the densityr determined
from the SSW Gibbs function using the Reference Salinity
as an input. When considering the effects of composition
anomalies of biogeochemical origin (or in discussion of lab-
oratory studies) it is more convenient to use the “preformed”
quantitiesS, andp, as base quantities.
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Table A2. Glossary of abbreviations.

Cl
DIC
EOS-80

IAPSO

IAPWS

I0C

IPTS-68

ITS-90
KCl-normalized

MFWM
PSS-78
RC

RCSS

RCSW
Sl

SorCl

SSW

SSW76

TA
TEOS-10

UNESCO

VSMOW

Chlorinity
Dissolved Inorganic Carbon
Equation Of State defined in 1980

International Association for the Physical
Sciences of the Oceans

International Association for the
Properties of Water and Steam

Intergovernmental
Commision

Oceanographic

International Practical Temperature Scale
defined in 1968

International Temperature Scale of 1990

Seawater normalized to a Practical
Salinity of 35

Millero et al. (2008a)
Practical Salinity Scale defined in 1978

Reference Composition — the
composition model for Standard
Seawater introduced by MFWM

Reference-Composition Salinity Scale

Reference-Composition Seawater
International System of Units

The ratio of Practical Salinity to
Chlorinity for SSW which is also used as
an approximation for RCSW irlj

IAPSO Standard Seawater

The composition model for SSW
introduced by Pawlowicz (2010)

Total Alkalinity

Thermodynamic Equation of Seawater
2010

United Nations Educational, Scientific
and Cultural Organization

Vienna Standard Mean Ocean Water
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