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Abstract. As seawater circulates through the global ocean,1 Introduction

its relative composition undergoes small variations. This re-

sults in changes to the conductivity/salinity/density relation- Traditionally, the densityo of IAPSO Standard Seawater
ship, which is currently well-defined only for Standard Sea- (SSW), obtained from a particular area in the North Atlantic,
water obtained from a particular area in the North Atlantic. iS not routinely measured directly but instead is estimated us-
These changes are investigated here by analysis of labord2g a mathematical function of state variables for temperature
tory experiments in which salts are added to seawater, by, S€a pressurg, and a salinitySstate

analysis of oceanic observations of density and composition

anomalies, and by mathematical investigation using a modef = f Sstate . p) @

relating composition, conductivity, and density of arbitrary The empirical functionf (-) and the free variables have been

seawaters. Mathematical analysis shows that understandingefined for many years by the 1980 equation of state, (EOS-

and describing the effect of changes in relative compositiongg: ynESCQ 19813, and will in future be specified by

on operational estimates of salinity using the Practical Salinyhe 2010 thermodynamical equation of state (TEOSHIG,

ity Scale 1978 and on de_nsity using an equation of state fogt al, 2010. The salinity state variablsiaeis used to pa-

Standard Seawater require the use of a number of differenfameterize the effects of dissolved material within the water,

salinity variables and a family of haline contraction coeffi- 34 in addition to acting as a state variable in Bii§ also

cients. These salinity variables include an absolute Sa"”it)traditionally used as a measure of the actual amount of dis-
[ i initved i _ _ .

S’ a density salinitys;=" the reference salinityg, and  solved material. Numerical values Sfiaeare defined to be

an added-mass salini§% In addition, a new salinity vari-  close to the mass fraction of solute.

able S, is defined, which represents the preformed salinity However, salinity itself is not easy to define precisely and
of a Standard Seawater component of real seawater to whicthe history of its definition and operational determination is
biogeochemical processes add material. In spite of this comcomplex (ewis and Perkin 1978 Millero et al, 20083.
plexity, observed correlations between different ocean bio-gajinity is currently determined by measurements of electri-
geochemical processes allow the creation of simple formulaga| conductivity, which varies with the ionic content. The
that can be used to convert between the different salinity andelationship between conductivityand a so-called Practical
denSity measures, a”OWing for the Operational reduction 0fSa||n|ty SP(K,t,p) in Standard Seawater is Speciﬁed by the
routine oceanographic observations. Practical Salinity Scale 1978 (PSS-T8\ESCQ 1981H).
Practical SalinitySp is the salinity state variable defined
for use in Eq. {) by EOS-80. Under TEOS-10 the salinity

Correspondence taR. Pawlowicz state variable is chosen to be a better estimate of the solution
BY (rich@eos.ubc.ca) absolute salinity (or absolute salinitg§°" of the seawater
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solution. Absolute salinity is the mass fraction of dissolved anomaly(SSge”Susing:
material contained within a sample of seawater at reference

conditions ( = 25°C and sea pressuye=0 Pa): 5Sgen55 SR ~ _ %m (5)
N pBr  p[0.735gg™b)]
SN=5(C) =) Mic; (2)  (Millero, 2000 Millero et al, 20083 McDougall et al,
i=1 2009, where the haline contraction coefficient for Standard

SeawaterfR, is related to the slope of the salinity/density

wherec; are the concentrations in moles per kilogram of relationship and is defined from Ed)(@as

solution (referred to as molonities) of th&. individual

constituents, collectively labelled as the composit@na= ~1dp

{c1,¢2,...,cn,}, and theM; are the molar masses of each con- PR= ; E (6)
stituent. The forms(-) will henceforth be used to represent

this type of summation. Then Sr in the TEOS-10 equation of state can be replaced

Under TEOS-10 a defined Reference CompositionWith a density salinitySa*"s= Sg + 3S3">to correctly esti-
(Millero et al, 20083 is taken as the best estimate of the Mate the density of any ocean water. This procedure is based
chemical composition of SSW. For seawater with Reference®n the use of salinity as a state variable for the density of
Composition the numerical value of the absolute salinity isS€awater. If density changes in seawater are approximately
called the Reference Salinitysg). The operational deter- dependent only on changes in the mass of dissolved mate-
mination of Reference Salinity for SSW, as measured usindial, irrespective of its composition, which has been found
conductivity within the range of validity of PSS-78, is linked t0 be true in many cases involving natural watevsliero,

to the definition of absolute salinity by a relationship 1975 Chen and Millero 1986, then Sa*"*would also be a
good measure ofs°"". Anticipating this, the value computed
SrR=y x Sp (3)  byEq. 6), denotedsSe"shere, was denotetisa in Millero

. , _ et al.(20083 andMcDougall et al.(2009, with the symbol
where the scale factar is chosen to give the correct abso . being used to represent bcﬁﬂo'” andsgens.

lute salinity on the Reference Composition Scale for a SSV\/S . . .
However, an alternative approach to quantifying the salin-

of a given Practical Salinity. The scale factoiis therefore . . X . .

numerically specified to baps= (35.1650435) g kg~* ity anomaly in real ocean seawater is to directly estimate

because the absolute salinity computed from the Referencg with an e_qugt!on similar to Eq2}. Not f?‘” constituents
need to be individually measured. In practise, measurements

C ition f ter withp = 35 is 35.16504 g kg'. ) ) ; :
omposition for seawater withp 'S g kg of conductivity and of the concentrations of constituents in

This definition produces the correct numerical argument for i h i due 1o bi hemical
the TEOS-10 equation of state. To remain consistent with theSAWater whose amounts vary due 1o biogeochemical pro-

i~ ; ; soln
numerical formulation of this equation of state,s must re- cesses are sufficienPawlowicz 2010 to estimatesSg™.

main fixed even if more accurate information about the com-ll-.hIS T\ppdroacrl, btased (Ijtn t_he use ofhs?lllnlty asa me_as:Jre |0f
position of SSW is knowr\right et al, 2017). issolved content, results in somewhat larger numerical val-

soln dens; i ;
Irrespective of the exact composition of SSW, as seawa 188 f0r8Sg ™ than are found fob S, "in the same situations

ter circulates through the world oceans, its composition will (Brewer and Bradshavd975 Pawlowicz 2010. This im-

; soln y, i dens
be altered by biogeochemical processes. The conductivp“e$ that§>" will be Iarger.tharSA ' . .
Since both roles of salinity, as a density state variable

ity/salinity/density relationships of this water will be differ- . . . -
Y y y P and as a measure of dissolved material, are important, it

ent than those of SSW. Thus not only wsk obtained using . :
Eqn. @) with y = ups be a biased estimate Sf\o'”, ie.. is necessary to understand the dlsagr_eement b_etween the
two approaches. The purpose of this paper is then to
Sﬁo'“z Sr+ 8S§oln (4) ?nvest?gfate composition—dep_endgnt changes in condugtiv—
ity/salinity/density relationships in seawater, to determine
with a nonzero salinity anomalzys,go'”, but density calcu- their effects on the haline contraction coefficient, and to pro-
lated from Eq. {) using thisSr as the argument may be in pose methods of providing corrections for these changes. Al-
error. The approximate magnitude of these errors is knowrthough all results in this paper involve calculations at atmo-
(Brewer and Bradshawl975 Millero et al., 1978 but their ~ spheric pressure, or comparisons with laboratory measure-
effects were deemed operationally unimportant during thements made at atmospheric pressure, it is assumed that pres-
standardization of PSS-78 and EOS-8@wis and Perkin  sure effects on these anomaly calculations are small. The
1978. Real seawater was treated as if it was SSW. results will then be useful in attempts to understand observa-
However, the differences are measurable, and providingions and develop models of the large-scale ocean circulation.
suitable corrections is now desirable. During the develop- In order to accomplish this, a numerical model relating
ment of TEOS-10, direct measurements of density anomaeomposition, conductivity, and density in seawater affected
lies, i.e. the differencespr between calculated and mea- by biogeochemical processes is developed (S®ctCom-
sured densities, were converted into estimates of a salinitposition/conductivity effects have already been investigated
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(Pawlowicz 2010. Here equations are formally developed 2.1 Aqueous solution density

to model the density of natural waters of arbitrary composi- , kilogram of pure water containing an additiong{l kilo-

tion (Sect.2.1). By taking appropriate derivatives of these : : .
; . . . grams of solute has a densjty and its volume differs from
equations, an analytical model for the haline contraction co- .
o . . o the volume of a kilogram of pure watey g by the apparent
efficient in cases of arbitrary compositional anomalies is de- p .
. o volumeV’ of the solute :
termined (Sect2.2). The effects of compositional changes ,
are discussed, both in cases of fixed chlorinity and in cases ot +S _ 1 v @)

fixed conductivity (Sect2.3). This requires the development o Po

of an appropriate notation. Chlorinitj(llero et al, 20083  The solute concentratiofi can be related to the more usual

is a measure of the quantity of small subset of the consermass fraction salinit§ (kilograms per kilogram solution) by
vative elements in seawater, and is an appropriate proxy for

salinity in laboratory investigations and ocean modelling ap- af S’
L . . S:ZM,’C,’:— (8)

plications. However, since ocean observations are based on — 1+8

measurements of electrical conductivity, which is affected by =

all ions present (conservative and nonconservative), and novhere M; (units of kg mot?) is the molar mass of thih

on measurements of density or constituent concentrations didissolved constituent, angl its concentration (molonity) in

rectly, it is important to consider means by which composi- Units of mol (kg solny*. The molal concentratioe in units

tion changes can be modelled at this fixed or measured coref mol (kg water) ! is related ta:; by ¢; = (1— S)c/. Hence-

ductivity. This requires determining an appropriate reductionforth, primed and unprimed symbols will be used to distin-

in the concentrations of conservative components in a Stanguish between the two concentration scales when required

dard Seawater of the measured conductivity, while nonconfor different variables. Calculation of densityfrom a set

servative constituents undergo increases to measured levelgf concentrations; or ¢; thus reduces to calculation of

Finally, in order to make numerical calculations, a seawa-(using Eq.8) andV’, followed by solution of Eq.7):

ter composition model must be constructed, including both 148 00

conservative and nonconservative components. We define a= '001+ V' - 1_StogV (9)

Standard Seawater composition (Sext), a model for car- PO £o

bonate system equilibria, and a model for biogeochemicawhereV = (1—$)V’,

anomalies in the open ocean which satisfies charge balance The practical reason for proceeding in this way is that the

requirements (Sece.5). apparent volume of solute in a multicomponent electrolyte
Once the mathematical machinery is validated against labcan be modelled by extensions of an additivity property that

oratory measurements (Sec&1 and 3.2), the effects of holds for many binary electrolytes. The additivity property

compositional changes are investigated for a test case regpuggests that the apparent volume of a binary electrolyte is

resentative of waters from the deep North Pacific (S8, the sum of the apparent volumes of the two ionic compo-

and then for actual hydrographic profiles in various oceandents into which it dissociates (more precisely, apparent vol-

(Sect.3.5). Practical computations can be greatly simplified Umes are approximately the same no matter in which com-

by the use of simple formulas. These simple formulas arebination they occur in an arbitrary electrolyte). This prop-

created by regression against model calculations over a gri@rty is uniformly valid at infinite dilution, and approximately

of composition anomalies (Se®.4) Finally, model calcula-  true at low concentrations. A simple estimate for the appar-

tions are compared directly with the observational databasé&nt volumeV’ of a complex solute is then formed by adding

of oceanic density anomaliggr (Sect.3.6). This end-to-  together the apparent molal volumes (typically in units

end test of the model shows good agreement with the fieldf cm® mol~1) of its constituents, multiplied by their molal

observations and validates the conclusions. concentrations. These include components of the ionic part

Vi (composed o * cations andV ™~ anions), and of the non-

ionic partVy, (composed ofN° nonionic constituents) of the

complete chemical composition:
Theoretical development of equations modelling the haline

contraction coefficient begins with a review of theory for Vi=Vi+ Wy
the density of multicomponent electrolyte solutions, which with

is then differentiated with respect to salinity. Next, the the- Nt N-
ory is _extended to mo_del observatlonal problems sp_emﬂcallyvl/ _ qu;rc/;r + Z(pi—c/; (11)
involving seawater. Finally, in order to make numerical cal- P =

culations a numerical model for the chemical composition Ofan
seawater and its anomalies is described.

2 Theoretical background

(10)

d

NO
V=Y ¢} (12)
i=1
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where thet, — ando superscripts indicate cation, anion, and  In order to determine the; for ions, the additivity princi-
neutral constituent values when they must be considered seple can be used, once a separation constant (or equivalently
arately, and the subscript refers to values for single charged the value for one ion) is specified. All others can then be
ions or neutral constituents. Note that apparent molal vol-found by difference. A variety of conventions for this ini-
umes can be negative as well as positive. tial choice appear in the literatur#illero, 1972. As long

lonic interactions between water and the different con-as the chemical composition of an electrolyte is charge bal-
stituents will affect thep;, and these effects can be modelled anced, the choice makes no difference to the final sum as its
by a dependence on the stoichiometric ionic strength, caleffect on cations and anions cancels when summing over all
culated as a sum over thé = N+ 4 N~ different ions in  ions.

solution: To derive ionic apparent molal volumes here the following
N procedure is used. First, values #Cl~) are derived from
I = }Zc/izf (13) ¢ (HCI) after specifying the volume af (H). Then values
2,:1 for ¢ (Na™) are derived from the difference between values

. . . for ¢ (NaCl) and¢ (Cl~). Finally, values for all other cations
wherez; is the valence of charge associated withittmeion. are found from chloride salts, and for all other anions from

For neutral constituents that do not dissociate into ions any, odium salts. 6 different cations and 9 different anions are

dfhpendenge tcr)]n lonllct_strength is due only to the presence ojnodelled, deriving their values from the available data for
other ions in the solution. 16 electrolytes.

Itis not possible to experimentally separate the apparent The straightforward additivity assumptions implicit in

molal volumes for cations and anions as all solutions re-E (L1) are not always valid. As concentrations increase
main in charge balance. However, apparent molal volumes 9. Y ' !

for charge-balanced binary electrolyigs(1') can be found interactions between particular ions may become significant.

H /
from Eq. 7) by measurements gfwhen s’ is known. Here, Thus (1) will not correctly calculateV]. As an example,
. . T i the apparent molal volume of MgQ@s somewhat smaller
we use aj subscript to distinguish parameters referring to

: . than that computed from the sum of the volumes of the two
either neutral or charge-balanced binary electrolytes from

the corresponding values for individual ions, which are Sub':\:/(I)onrztIgjcir:r:aotzscvavlrc]:iﬁlatt?:rz/sa;srdrﬁlrjl:{[?e?;gt)rgl ,\tl: 2”;;:;61:5
scripted withi. Experimental data for the apparent molal vol- Lire consideration of these interactions yie sy
umes of binary electrolytes and neutral dissolved substance® '

at ionic strengths of zero to about 1.5 mol#gare found in ‘Recent attempts at modelling seawater have relied on
the literature. Polynomial fits are converted to the form P|t_zer equatlons_l\(lonnln, 19_94 Pierrot an_d Millero 200Q
Feistel and Marion2007) which systematically account for

¢;(I',;)=vjo+ AT +B;I'+C;1”®2+D;1?+E;I'? (14)  ionic interactions and are valid at high ionic strengths. How-
o ] ever, such models do not provide more accurate results for
where the coefficients are themselves functions of temperseawater than the simpler Young's Rule approaklert
o~ i 0, (1 2 0 , _
aturet/°C, i.e. vjo= v;0)+u§.0)r+u§.0)12+..., Aj =A5- "+ rot and Millerq 2000, whose performance is well-known
A}l)t+A;.2)t2+..., etc. Coefficients for different electrolytes (Millero and Lepple 1972 Millero, 2003). An advantage
and the ‘sources of these coefficients are tabulated in Ta0f the relative transparency of the Young's Rule approach is

bles2-4. Most sources parameterize in terms of the mo-that it is straightforward to analytically evaluate the haline
lalities ¢/;; these are converted to polynomialsiin= w ;¢ contraction coefficient. This allows us to investigate the im-

using Eq. 13) to determine the factow;, which is 1J f’o} portance of different ionic interactions. The Young's Rule

1:1 electrolytes, 3 for 1:2 and 2:1 electrolytes, and 4 for 2:2approach also allows us to easily extend the range of com-
electrolytes. The disagreement between different literaturd®0sitions that can be modelled to include parameters for 20
sources for particulap;, and the misfit in the polynomials, different constituents, including 6 cations, 9 anions, and 5
is typically in the range of 0.1 cfrmol~1 to 1 cn?® mol~1. nonconductive molecules.

When temperature dependence is not known (Table In the Young's Rule approach specific cation/anion inter-
we apply a simple temperature correction that falls within actions in theV,” are included by computing the apparent
the range of temperature-dependence seen in electrolytes fonolal volume as the sum of thg; for all N* x N~ binary
which data is available: electrolytes that can arise from combinations of the avail-

able cations and anions. The decomposition into binary elec-
¢;(I',0)=¢;(1',25°C) —0.002333x (t —25)(—60) (15)  frolytes is done by assigning weights based on the relative

. N . o . amount of charge associated with the relevant cation/anion
This approximation will (eventually) result in increasing

the uncertainty of molal volumes of8r, NO3, F~, and Br- pair.

to as much as- 3cn? mol~! at 0°C. Fortunately, these ions NN -

are typically minor contributors to the density of natural wa- y,/ — €iCJ 4 16
ters | A (16)

j=1
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The total equivalent concentratidii is the concentration of 2.2 Aqueous solution haline contraction coefficient
positive (or negative) charges:
The haline contraction coefficieftmeasures the normalized

Nt N 1 effect on density of a perturbation in mass fraction salinity:
E’:szc?:szc’f:EZzic’i (17) 19
i=1 i=1 i=1 == (20)
pdS

with ¢'f =z7¢'] ande’; =z7 ¢’} the total concentration  Although the simplest way of calculatingjis by direct nu-
of charges associated with the particular cation and aniofnerical evaluation of the density change for a small pertur-
that combines to form thgth binary electrolyte. The*  pationss of whatever relative composition is desired, an an-
are equivalent apparent molal volumes, equapfdor 1:1  giytical formulation can provide considerable insight. Con-
electrolytes, t@; /2 for 1:2 and 2:2 electrolytes, etc. Higher- gjger a perturbatiofs’, composed of constituens;, added

order corrections to this Young's Rule decomposition arise asg a fixed composition of salinit§’ with constituent concen-
so-called excess mixing parameters, which will be assumegationsc’. Then
‘.

negligible in this development.

SomeN+ x N~ =54 binary electrolytes can be formed §'® =§' 455 = S/+ZM,~8c§ (21)
from the constituents considered here. However, data is
available over all temperatures for only 12, and at a singlelf S changes then the apparent volume of solute will also
temperature (25C) for only a few more. No data is available change:
for most of the 54 combinations. Although this is potentially 3V’
a problem, significant pairing effects are known to arise onlyV'® = V' 48V’ ~ V’+Z
for some metal sulfates and metal carbonafesnowicz
2008. Additivity can therefore be used to estimate the ap- . . —,
parent volume of most binary electrolytes from the apparent’ h? vo/Igme change involves partial molal volumes =
volumes of the constituent ions, which in turn are determined®” /a,ci mstea}d of the appare'nt volumesf.. The sum cgn be
by difference from salts that do not exhibit pairing in the con- ©V€r ions as in Eq.1(1) or (suitably modified into partial
centration range of interest. Only metal carbonates and metgjduivalent molal volumes) over all binary electrolytes using
sulfates must be handled separately. Young's Rule as in I%g.](e). B o

Note that if additivity held for all electrolytes then E46] Now, the density"® of the modified fluid will be
would be mathematically equivalent to the ion sum of 14+5@
Eq. (11). Intuitively this can be understood by recalling that p® = PO ———%
additivity implies a particular anion would always be associ- 1+ poV
ated with the same apparent molal volume, no matter whichand by subtracting Eq9J from (23) the density changéo
cation it is being paired with in the decomposition to a setassociated witldS’ can be shown to be:
of binary electrolytes, and clearly the total mass of this an- @55 sV
ion must remain the same in either decomposition. The samg, = p(2> —p= p [1_ ) ] (24)
will be true for the cations. 1-$ 38’

Among the metal carbonates and sulfates, reasonable megere the relationships = (1— S —§5)(1— 5)8S’ that fol-
surements are available only for MggOThe effect of ion  |ows from the definition &) is required.
interactions leads to a difference between the molal volume |f we now assume that the perturbations have fixed relative
for the electrolyte and for the sum of the ionic molal vol- compositionAc}, multiplied by a scale factos, i.e., §c; =
umes estimated from sodium and chloride salts. That is, the Ac}, then
difference

sc;=V'+> Ve, (22)

7
aci T,L';(#i

(23)

88'=) MiEAci=EAS (25)
5V =Y ViEAC (26)

is significantly nonzero at the concentrations of interest heregy supstituting into Eq. 24), rearranging, and taking the
The interaction effect is estimated to be of similar strengthjimijt £ — 0 we can evaluate
for the other metal carbonates and sulfates. Thus for each of

Ppair = (MgSOy) —p (Mg?) —(SCL ) (18)

MX whereM represents one of Mg, C&t, or SP*, and  p@—p 1 Y ViAC
X represents one of SO or CG5~, we estimate =eb @58 1-5S 1=p Y M;AC (27)
dMX)=¢d(M)+¢(X) + Ppair (29) The final result is not sensitive # at leading order, since

it cancels from the numerator and denominator of the ratio
with ¢pair defined using Eq.1@). term.

WwWw.ocean-sci.net/7/363/2011/ Ocean Sci., 7, 38%-2011
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The form of Eq. 7) is convenient for computing, but Finally, calculation of8 using Eqgs. 27, 28 or 31) requires
for discussion purposes it is useful to rewrite this equation agpartial molal volumesi_/;. If the apparent volume of the so-
lute is written as a sum of the apparent molal volumes of all

1 VZ M,'ACI{ ions:
p= 1—52(1_ %) AS/ @8
' V= "¢l (32)
This shows that density changes arise when the density of J

. . . —/ .
the fluid differs from apparent densitied; /V; associated 5,4 since changes i will also affect’, then by using the
with the different constituents of the perturbation. The re- p5in rule !

sulting anomalies are then weighted by relative mass frac- ,
tions M; Ac;/AS’ of the constituents of the perturbation. sV =& ZV/AC{ — Z Vv Al (33)
If we take the relative composition of the perturbation to ; Y i I

be the same as the relative composition of the initial water, dp; 22

then Eq. 28) can be used to calculate the derivative of the :gz (¢,~ +Z { c’,. —’) Ac; (34)
salinity/density curvepfr. Eq. 28) can also be used when i j ar -2

the relative composition changes. The simplest case arises de;

in laboratory experiments when salts are added. In this case =¢& (Z@Ac;) +& (Z —’/¢;> AT (35)
many of theAc; =0, and the sum fog is composed of only i - dl

a few terms.
The relationship between perturbation concentrations o
the two concentration scales is

where Al = Z,-z,-ZAc;/Z is the perturbation in ionic
r%trength. Partial molal volumes are then associated with a di-
rect apparent volume change related to the addition of ions,
, £ ¢ as well as a large-scale change in the apparent volume of the
EAc; = m [Aci + ASlTS} (29) ions already present, related to the increase in ionic strength.
The derivatives with respect t8 in the second term can
which shows that the molonities of all constituents will typi- be evaluated analytically from Edl4):
cally change even if the molalities of most constituents do not
(and vice versa). This occurs because molonities are dilute P -
by the addition of any material, whereas molalities are only dl' 2T
diluted by the addition of water. Substituting EQ9J into
Eq. 28), g can be rewritten exactly in terms of molonities:

3
A,-+Bj+§ij/7+...

If we replace the ion sum in Eg3®) with a Young's Rule
decomposition over binary electrolytes (Hd) then the in-
— — termediate term for partial molal volumes in the expansion
p=3 - pVi MiAci S Sa- PViyMici 35y (Eq.34) is slightly different, but the final result (EGS) is

—) +— —)—
M~ AS 1-S§ M~ S formally identical. However, adding a particular electrolyte
pV; M; Ac; will unavoidably change the weighting factors for all com-
= Z(l_ M; ) AS +SBr (31) ponents, even in molal units, because these weighting factors

are all coupled through’:
The latter form is particularly useful, because in seawater

e . + - + - - + -
problems molonity is the usual concentration scale. A(e,j e'; - (7 +Ae )] +Ae)) . eje; (36)
Itis of interest to consider an approximation to the true ad- E’ E'+AFE’ E’

dition problem that uses the molonity scale. Instead of hav—rpo resulting formula fops is straightforward to compute,
) p . .
ing a few nonzerc\¢’;, assume that modifications result in but tedious to manipulate analytically. A computer program

a few nonzera\¢; = (1—S)Ac’; (rather than using ER9 | \BETA has therefore been written implementing all of the
to determine the true perturbation on the molonity Scale)'procedures described.

That is, ignore the dilution effect in determining the com-

position anomalhy\¢;. This anomaly is numerically addedto 2.3  Seawater salinity and conductivity

a fixed compositiorC with salinity S, i.e. S® = §+55. The

numerical difference betweef calculated using the origi- The density theory developed in the previous sections is gen-
nal Ac’; and B calculated using the approximations’; is eral and can be applied to any natural water. In applications
~ S(B— Br). If the relative composition of the perturbation to seawater problems a number of additional factors must
matches that of seawater, so tifat fr, then both problems be considered. These factors, described in this Sect. and
give the same numerical answer. In other situations considin Sects.2.4 and 2.5 are implemented in a computer code
ered in this paper the numerical difference is not larger tharLSEA DELS, which makes use of LIMBETA as well as the
about 3% of the calculated value at most, and this is smalcomposition/conductivity model LIMCOND oPawlowicz
enough to be ignored. (2008.
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Inverse Line Slopes:
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Fig. 1. Schematic illustrating the relationships between different salinities, densities, and conductivities used in the text. The conductiv-
ity/salinity relationship is on the left side with the scaled PSS-78 relationship shown as a gray curve. The density/salinity relationship on the
right side, with the equation of state (EOS) for SSW shown as a gray curve. Salinity measures are common to both relationships. Salinities
are indicated by subscripts for preformed (*), reference (R) and absolute (A) salinities, with further differentiations of the latter using su-
perscripts for added salinity (add), density salinity (dens) and true or solution absolute salinity (soln). The notational convention for salinity
variations isSto = Sfrom +8Sftr%m. For further information see Se@.3and Tablel.

The simplest situation, which is relevant to laboratory The changed or anomalous seawater has a true conductiv-
studies and to ocean modelling applications, arises when &y « and true density. Associated withe is a Practical
small amount of material is added to an existing seawaterSalinity Sp, a notional reference compositi@r (the com-
This will be denoted the “constant chlorinity” case as the position of Standard Seawater with the saspg a reference
concentration of unreactive elements in seawater like Cl salinity Sg = s(Cr) using Eq. 2), and in turn a reference
will remain unchanged with a biogeochemical perturbation. densitypr, which is the density of SSW of the sarfie As-

However, when considering the density corrections to besociated with the true density is a density sahmtySde”s,
applied to in situ ocean measurements, the perturbation wiltletermined purely by inversion of the SSW density/salinity
have to be constructed so that the conductivity of the initialrelationship. In addition, the density anomaly from the refer-
and final compositions remains constant and fixed at the obence$pr, is defined by
served value. This will be denoted as the “constant conduc-
tivity” case. In order to understand the perturbations in these{spR = p— R 37)
two situations, and their effects on the haline contraction co-
efficient, several different measures of salinity are involved
(Fig. 1, Tablel). and a true density anomaly from the original watgr,, is

First, consider a sample of IAPSO Standard Seawater. It§lefined by
measured conductivity, can be related to a Practical Salin-
ity Sp+ using ESS-78, a SSW. cqmpositidi;], and the true 5, = o —p, (38)
absolute salinitys, = s(Cy). S is, in turn, related to the true
densityp, by an equation of state for SSW.

Now, alter the concentrations of a small subset of the con- The salinity anomaly S from the reference value can
stituents of seawater to change the absolute salinity, i.e., Ip€ calculated from full knowledge @fr and the true com-
C = C,+35C, for a known (small) perturbatiodC,, in which ~ positionC:
many elementsc,; may be zero. Concentrations of all ions

for which §c,; are zero remain the same (hence constantBSsoln Ssoln Sr=5(C)—s(CR) (39)
chlorinity). This procedure approximately models a labora-

tory experiment in which a small mass of salt is added to —5(5CR) ziM«SCRi

seawater (see discussion after E2fgand31). i
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Table 1. Glossary of important symbols and abbreviations.

initial or
preformed  ky,Sp* conductivity, Practical Salinity (PSS78)
seawater: Cy,S«,0x  true composition, salinity, density (as for SSW)

final or K,Sp conductivity, Practical Salinity (PSS78)
arbitrary C,p true composition, true density
seawater: CRr,Sr.,0or reference composition, salinity, density (as for SSW)
Sﬂens density salinity & S + (Ssge”s)
SXO'” absolute salinity (mass solute)/(mass solution), @q.
Sﬁdd added mass salinity: 5, +5524d
fixed 8Cy composition anomaly= C — Cy)
chlorinity sssoin salinity anomaly £ 530"
calculation: 5S;':‘dd (mass added to Standard Seawater)/(mass solution)
8% density anomaly=£ p — px)
soln contraction coefficient (Eq¢t2)
add contraction coefficient based 615299 (Eq.50)
fixed 3CR composition anomaly= C — CR)
conductivity 850 salinity anomaly & Sf\o'”— SR)
calculation: 5526”5 salinity anomaly from density=£ §or/(orRAR))
SpR density anomaly=£ p — pR)
;0'” contraction coefficient (Egt1)
padd contraction coefficient based 65249 (Eq. 49)
S, s Solute mass (per kg water, per kg soln) in density theory 8Eq.
v,V’ Apparent volume of solute (per kg water, per kg soln) in density theory
55,88 Solute anomalies (molonity, molality scales) in density theory @q.
00 Density of pure water
3p density change from composition perturbation in density theory 2Bq.
B contraction coefficient for arbitrary perturbation in density theory
¢ ,c; constituent concentrations (molonity, molality)
o apparent molal volume ath constituent
V; partial molal volume ofth constituent
Sstate generic state variable for seawater equation of statel)Eq.
(SS;’; conversion from reference to preformed salinity of SSW componrest.(— SRr)
BRrR isothermal haline contraction coefficient for Standard SeawateGjEg.

but the true change in the absolute salinity from the originalcombine with the elements being dissolved. This will occur,

water is for example, in additions involving carbonate species.
85850 = g30IN_ g —5(C) —s5(Cy) (40) If the material added is not very conductive, as is the case
N, for biogeochemical anomalie®dwlowicz 2010, then the
—5(8C,) = ZMi5C*i c_onductlwty will not change as mgé:lh as it yvould for addi-
= tions of sea salt, and the poitt, S3°™ will lie above the

PSS-78 curve, as indicated by the dashed line on the left side
Note thats $3°" may not necessarily be equivalent to the ac- of Fig. 1. This curve diverges from the PSS-78 relationship at
tual amount of mass added relative to the mass of the seae,, and can be determined from a full conductivity model. In
water sample, denotetfs2d This is because of chemical addition, if the added material increases the solution volume
reactions that may take place within the water, in whigd®H more than the change that would occur for the same mass of
may dissociate into  and OH~ components which then sea salt, then the poinp,Sio'“) will also lie above the curve
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Table 2. Parameters from Eq14) for apparent molal volumes (chmol~1) of binary electrolytes for temperature$0O to 50°C. These

equations are in terms of molaliti

e§ =1'/w;. Sources are: NaCl, N80y, MgCly, MgSQ, — Lo Surdo et al(1982, NaHCQ; and

Nap,CO3 — Hershey et al(1983, NaB(OH)4, B(OH)3 — Ward and Millero(1974), KCI, CaCb — equations fit to model output dlao and
Duan(2008, HCI, NaOH —Millero et al. (1972, with HCI refitted to raw data.

- NaCl N&SO, MgCl, MgSOy NaHCOy Nap,CO3
w; 1 3 3 4 1 3
vio 12.870 2.126 10.336  —13.278 17.4977  —15.5645
v%) 0.2423 0.5384 0.2983 0.3522  3.41347e-1 5.9354e-1
v%) _4.4741e-3 —6.4051e-3 —6.8778e-3 —4.3372e-3 —4.3601e-3 —1.2112e-2
v%) 3.1601e-5  8.8200e-6  4.1345e-5-1.3013e-5 3.3604e-7 1.1032e-4
A;O) 1.8055 8.4742 9.7046 36.3245 1.98209 9.45551
Ai.l) —1.7967e-2 0.1271  —0.1150 ~0.2575  3.34829e¢-2 —0.263456
A§.2> 5.5444e-4 —1.3701e-3  2.4866e-3  8.8526e-3-3.63868e-3  1.31314e-2
Af) 0 0 0 0  8.92557e-5 —1.60376e-4
B](.°> 0.8999 17.3342  —4.9657  —57.8034 6.64518 8.73920
BJ(.l) _2.6792e-2  -009333  1.5080e-2  —0.1183 —7.1967e-2  —0.118837
B;Z) 1.4929e-5  1.2049e-2 —7.630le-4 —9.7965e-3 0 0
35.3) 0 0 0 0 0 0
c§.°> -0.1985  —9.7022 3.3785 74.0708 —3.64246  —2.62316
cj.l) 5.5640e-3 0.5567  7.9003e-5 0.2752

cj‘z) 0 -7.6066e-3  1.0568e-4  5.4991le-3 0

cf‘) 0 0 0 0 0 0
D;.O) 0 0 ~0.7703 46.8604 0 0
D;.l) 0 0 0 ~0.1075 0 0
D;z) 0 0 0 —0.1605e-3 0 0
D§3> 0 0 0 0 0 0
E;O) 0 0 0 11.3688 0 0

representing the SSW equation of state, along another curveomposition of the pertubation, but can be computed from
diverging from the SSW curve at, as indicated on the right Eqgs. @7, 28, or 31) onceSCRr or §C, are known. The par-
side of Fig.1. tial derivative terms in Eqs4{ and42) are the properties of
For small perturbations the slopes of the different curvesseawater. For small perturbations these are not sensitive to
are approximately constant. Then two different haline con-the numerical differences betweenR, p., andp. By com-
traction coefficients can be defined: parison with Eqgs.47, 28, or 31) these partial derivatives are

Ne clearly proportional to terms of the form-1pV,/M;; the
pEon= iz i Mideri 1 %R (41) depezdgnc% on the composition arises in fhel {:allculation of
RO REGIMic) |, 5SPM  pr sSSP

partial molal volumed/’.

relating the absolute to the reference salinity, both corre- The constant conductivity case, which will be used to
sponding to the same sample of anomalous seawater, and model ocean observations, can be understood with the same
schematic, but with a different starting point. In this case the

1 p Miscyi 1 6 ' < ” :
soin_ _— E p d Cl*’ ~— p*l (42)  measured conductivity of the modified seawater is known
px = 0(Mici) |, 88"  pi 8SFO" i i :
i=1 pe * (from which Sg and pr are calculated assuming that this

relating the absolute salinities of the seawater before and afneasured a SSW). A measurement of the true depsity

ter the addition of anomalous material. equivalently a measurement &fr, can be inverted into an
The haline contraction coefficieng§®" andgS°" depend ~ estimate ofs SE"Sand henceSye"Susing fr. If, however,

on properties of seawater, as well as the details of the relativéio'n is desired, then knowledge ¢f, is required. This is
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Table 3. Parameters from Eql4) continued.

- NaB(OH); B(OH)3 KCl caCh HCl NaOH
wj 1 1 1 3 1 1
vio 12.38  36.56 23.35 13.40 16.37  —11.20
vj%} 0.434 0.13 0.2587 0.2800 0.0896 0.35040
v%) ~4.229e-3 —8.1e-4 -51734e-3 —57918e-3 —1.264e-3 —4.4160e-3
v;%) 0 0  3.8487e-5  4.1403e-5 0 0
Aj.") 1.4447 0 1.4783 6.6367 1.3997 4.2380
A;l) 1.6799e-2 0 1.00834e-2  5.3689e-2 1.636e-3 —0.15290
A;z) —8.4055¢-6 0  8.6654e-5  3.243le-4 4.8464e-4  2.3400e-3
Af') 5.55153e-7 0 0 0 0 0
B;O) 8.856 0.09 0.64507 —0.12690 ~1.9368 4.9080
B;l) —0.235  4.0e-4 —3.5860e-2 —8.2642e-2  3.65992e-2 —0.25402
35.2) 2.794e-3 0 4.262e-4  6.2636e-4 5.9591e-5  3.8296e-3
Bﬁ?’) 0 0 0 0 0 0
c§°) 0 0 0 0 2.2967  —3.3920
cj.l) 0 0 0 0 —3.0578e-2 0.22504
cj.z) 0 0 0 0 -1.57886e-3 —3.1968e-3
cf’) 0 0 0 0 0 0
D;O) 0 0 0 0 —0.8724 0
Dj.l) 0 0 0 0 —1.8990e-3 7.36e-3
D;Z) 0 0 0 0  1.20628e-3 —2.944e-4
D§3> 0 0 0 0 0 0
A 0 0 0 0 0 0

because the true compositiéns not a straightforward mod-  ductivity, but rather the conductivity at reference temperature
ification of Cr. Instead, it is most easily found as a modifi- and pressure.
cation ofC,. The notional dilution implies that the concentration of ev-
The compositionC, will be a dilution of Cg, i.e. C, = ery unobserved constituent, relative to that found in the com-
aCR, for some as-yet undetermined constant To this  position of Standard Seawater appropriate for the measured
diluted water is addedC,, with whatever nutrients and Sp, will change (albeit by a small amount). The dilution it-
carbonate parameters are required to match ocean observeelf is of interest, because this water has precisely the com-
tions. Effectively a compositiol€ = aCr +8§C, must be  position of Standard Seawater. The salinfty of this wa-
constructed in which observed parameters like;NtBe fixed  ter, which in this context can be callegpeeformedseawater,
at their observed levels, but all unobserved parameters are st#ten characterizes the part of seawater unaffected by biogeo-
toac;. The reason for this dilution is that the addition of ionic chemical processes,. will be conservative in the sense that
nutrients that can increase conductivity must be matched by & is set by boundary processes, but affected only by advec-
decrease of (other) ions, to keep conductivity constant, undetion and diffusion within the ocean. In the following discus-
the constraint that the relative composition of the unreactivesion we will also refer to the anomadyj;, defined by
constituents of seawater remains the same. In order to find
the dilution factorx a nonlinear conductivity equation: S.=Sr+8Sg (44)

K(@Cr+8Cx) = (CR) (43)  OréSg=(¢—DSr.

The values of3°" and g°" are influenced by different
must be solved. This can be done iteratively using the seawachoices of the base state and the perturbations with respect to
ter conductivity model described Pawlowicz(2010. Note  those states, and hence are generally numerically different.
that the right hand side is not necessarily the measured conAjith the aid of Fig.1 it can be shown that thaoR/(SSjo'”
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Table 4. Parameters from Eq14) for apparent molal volumes (¢hmol~1) of binary electrolytes at 25C. These equations are in terms of
ionic stengthl’. Sources are NaF, NaNONaBr, SrCh — Millero et al. (1977, Si(OH)4 — Duedall et al (1976, CO,, O, No —Watanabe
and lizuka(1985.

— NaF NaNQ NaBr SrCh  Si(OH)4 CO, O N2

V0 —-2.371 27.805 23504 17.975 60 35.698 30.553 34.54

A;O) 1.839 2586 1.689  3.941 0 0 0 0

B;O) 0561 -0.292 0.076 -0.038 0 0 0 0
relationship can be re-written in terms,ﬁgj"'” as follows: with [-] representing concentrations (molonity). Minor de-

endences arise from the total amount of B &©B), and
S — soln(SSsoln 45 p . 4
PR= PRP AT I (45) B(OH)3, SG;~, and a number of other constituents whose
= PuB O SR+ (PRBR — P+ BTSSR concentrations are well below our threshold of 1 mgkg

If the effects of added material on conductivity and density (Millero, 1995. TA and DIC are routinely measured con-
differ from that of added sea salt, thgﬁo'“ and gr will dif- servative parameters. Their values in SSW76 are 2300

fer. The magnitude of the conductivity effect will then gov- (Sp/35) umol kgt and 2080« (Sp/35) pmol kg~! respec-

ern the difference betweq@ﬁo'” and ﬂfo'n, When material tively. The individual components of TA and DIC, and re-
added toC, is conductive$ s will be large and hencgso"  lated parameters such as the pH, are computed using equi-
and 5o will differ. BOM and BS°" agree only in the case librium constants that, in turn, vary with temperature, pres-
when the perturbed composition is completely nonionic, e.g.Sure, and the overall salinity or ionic strengickson et al.

the addition of only SIOH)a. 2007).

The widespread concentration changes in fixed conduc- Although the concentration of TA in SSW76 follows the
tivity calculations make analysis of the results considerablychoice made in the definition of the Reference Composition
more complex, without necessarily adding any insight. In(Millero et al, 20083, DIC levels are about 11Zmol kg~*
the following numerical examples where complete Composi-higher. A comprehensive discussion of the factors involved

tions are discussed only composition changes for the constari this choice is given iffawlowicz(2010. Briefly, a number
chlorinity case are shown, but bo@§°" and ,3,%0'” are com-  of factors suggest that the actual value in 1970s vintage Stan-

puted. 8" will also be used to correct hydrographic profile dard Seawater and/or in North Atlantic surface water may

data. be anywhere from 0 to 240mol kg~ higher than the RC
value, but with considerable uncertainty. However, within
2.4 Standard Seawater Composition that range, the SSW76 choice resultssgg°"~ 0 for real

cases whedpr ~ 0.

In order to carry out calculations using the theory developed  Nyumerical parameters for SSW76%t= 35 andt = 25°C
above, a chemical model of seawater is required, specifyzre shown in Tabl&, column 2. The composition of Stan-
ing concentrations of the different constituents over a rangeyard Seawater at other salinities is approximately obtained
of salinities. The SSW76 model for seawatBaylowicz by scaling these concentrationBagvlowicz 2010. Note
2010, containing all inorganic constituents affecting salinity that absolute salinity of this model SSW (“mod#{”) cal-
atamounts of1 mg kg1 is used. Although not a full chem-  ¢jated using Eq.2) is (35.17124/35x Sp) g kg~L. This is

ical model, which is beyond the scope of this work, SSW76 gjightly larger than theSg that would be obtained via EgB)

can account for variations in salinity, as well as composi-for water of the sameSp using the TEOS-10 scale factor
tional changes arising from changing chemical equilibria in,, . — 351650435 (“TEOS-10SR”). This is because the

the carbonate subsystem. It is therefore an extension of thg|c content of SSW76 is slightly larger than the DIC con-
fixed Reference Composition (RC) bfillero et al. (20083. tent of the Reference Composition.

The seawater carbonate system in SSW76 is described us- \ya are primarily concerned in this paper with relation-

ing well known nonlinear equilibrium dynamic®ickson  gpins petween anomalies in conductivity, salinity, and den-

et al, 2007). The system is characterized by the Total Al- gjry arising from composition anomalies that modify SSW.
kalinity TA: These are insensitive to the “base” salinity value, although
TA= [HCO§]+2[CO§‘]+[B(OH);]+[OH—]_[H+] (46)  not always to the concentrations of individual constituents
in SSW. The application of our results to ocean analyses in
which salinities are measured on the Reference Composition
DIC=[CO,]+[HCO;] +[CO§‘] 47 Scale of TEOS-10 will be discussed later. However, it must

and dissolved inorganic carbon (DIC):
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Table 5. Haline contraction coefficients for various combinations of biogeochemical processes. The first column is the composition of
Standard Seawater (SSW76) wip= 35, afterPawlowicz(2010, as well as the calculateftgo'”: soln_ g at temperatures of 2% and

1°C. Subsequent columns provide,;, §5$°" and $8°" for different additions and combinations of additions, as wepg" and g$O".

All concentrations are in mg ket Perturbations of zero are denoted™ Perturbations denoted “0.00” are nonzero, but too small to affect
salinity.

SSW76 All noSi noNO3 noDIC noTA Si NO3 DIC TA
Na 10781.35913 — — — — — — — — —
Mg 1283.71757 — — — — — — — — —
Ca 412.08380 3.81 3.81 3.01 3.81 0.80 — 0.80 — 3.01
K 399.10324 - - - - - — - - —
Sr 7.94332 — — - — - — — - —
Cl 19352.71293 — — — — — — — — —
SOy 2712.35228 - - - - - — - - —
Br 67.28578 — — - — - — — - —
F 1.29805 — — — — — — — — —
HCO; 115.94926 21.39 21.39 21.39 -5.78 19.85 — - 19.85 -5.78
CO%‘ 9.77242 —-484 —4.84 —4.84 6.14 —-7.95 — — —-7.95 6.14
B(OH)3 21.38143 2.26 2.26 2.26 —2.27 3.49 — — 349 227
B(OH)Z 5.45779 —-2.89 —-2.89 —-2.89 290 —-4.45 — — —4.45 2.90
CO 0.74233 1.32 1.32 1.32 -0.33 4.71 — — 471 -0.33
OH™ 0.08172 -0.05 -0.05 —0.05 0.06 -0.07 — — —-0.07 0.06
HT 0.00001 0.00 0.00 0.00 —-0.00 0.00 - - 0.00 -0.00
NO; 0.00000 2.48 2.48 — 2.48 2.48 — 2.48 — —
Si(OH)4 0.00000 16.34 — 16.34 16.34 16.34 16.34 — — —
PHotal 7.89892 -0.37 -0.37 —0.37 0.23 —0.80 - - -080 023
520'”,85,30'” 35171.241 39.834 23.494 36.552 23.336 35.212 16.340 3.282 15.590 3.714
SSE 6.206 6.206 4577 4.095 3.237 — 1.629 1.608 2.466
t=25°C
fo'” 0.735 0.489 0.559 0.467 0.722 0.322 0.387 0.735 0.166 2.185
ﬂ%"'” 0.735 0.439 0.490 0.425 0.719 0.276 0.387 0.735 0.095 5.763
t=1°C
io'” 0.779 0.519 0.588 0.498 0.761 0.353 0.421 0.758 0.197 2.255
BISQO'” 0.779 0.460 0.500 0.447 0.758 0.296 0.421 0.732 0.094 4.897

be emphasized that when a numerical argument is requirednce. The dissolution of CaG@s assumed to be the most
for the TEOS-10 equation of state, which occurs only duringimportant counterbalancing source in the open ocean, lead-
model validation, it is taken to be “TEOS-BR", i.e. upsSp. ing to another constraint in the model:

2.5 Composition anomalies ATA+ A[NO; |=2A[Ca] (48)

Analyses of seawater from different oceans suggest that comwhere A represents the changes from values in SSW76.
position changes greater than a threshold of 1 mg'lagise ~ C& is not routinely measured. Changes in its concentration
primarily from the addition of nutrients NDand S{OH)a, will therefore be inferred from Eq4@) in order to maintain
and changes in the carbonate system via changes in TA ancharge balance.
DIC (Brewer and Bradshawl975 Pawlowicz 2010. Nu- Actual ocean observations of &a variations differ
merical values for these parameters, which are a standarglightly from the values estimated by Eet8j, but the ex-
part of modern hydrographic programs, will then be takencess values are of order@mg kg1, which is (barely) un-
as inputs to the calculations. der our thresholdde Villiers, 1998. In some situations in-
However, we cannot just add ions to the base compositiorcreases in TA may be balanced in other ways. In coastal areas
in a chemical model. Increases in TA and N@equire a  reductions in SQ may be importantRavlova et al.2008
counterbalancing increase in one or more positive ions (or &hen 2002. Surface increases in the Arctic are complex,
decrease in some other negative ion) to preserve charge baknd greatly affected by freshwater inflovigates and Mathis
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Fig. 2. Comparison between TEOS-10 and LIMBETA densities and haline contraction coefficient, over the general range of seawater.
(a) Differences in predicted densitiefh) Relative error in density anomaly from pure water valugs.Sr for model (thick dashed lines)
and from TEOS-10 (thin lines)d) Relative error in modesg.

2009. Detailed analysis of conductivity/salinity/density re-  The haline contraction coefficierdr calculated using
lations in these situations will be considered elsewhere. Eqg. 27) can also be compared to that provided by TEOS-
10 (Fig.2c). When relative error is contoured over the whole
range, largest systematic differences can be seen at low salin-
ities and at high temperatures (Figd), but these are no
larger than 0.003. The RMS difference over the tempera-
tures O°C to 25°C and salinities 5 g kgt to 40 g kg'® is

" 6x104ggt
LIMBETA was used to calculate densities over the range g9g =
0°C<r<35C and 0 g kg! < Sr <42 g kg™! for the Model performance degrades slowly at even higher salini-
SSW76 model of Standard Seawater. These densities wetées. Recently, measurements were made of seawater density
compared with those obtained from the TEOS-10 equatiorat salinities of up to 70 g kg* (Millero and Huang 2009.
of state Feiste] 2008, whose accuracy is considered to be A polynomial fit with an RMS error of 3.6 g ¥ is pro-
better than 4 g m? over this range of temperature and salin- vided over temperatures ofQ to 40°C (Millero and Huang
ity. LIMBETA systematically overpredicts density with an 2009 Table 3). Directly comparing both the ion sum and
RMS error of 22 g m? over this temperature/salinity range, the Young’s Rule calculation with that polynomial (Fgg)
with greater errors at high and low temperatures when salinshows that our model overestimates density at low salini-
ities are highest (Fig2a). The relative error in the anomaly ties, but that this error decreases and changes sign at high
from the density of pure water at the same temperature, i.e salinities. Also, the ion-ion interactions parameterized in the
0(S,t) — po(t), which is the density change actually mod- Young’s Rule calculation for binary electrolytes make little
elled, is only about 0.002 (Fi@b). This is similar to the rel-  difference at low salinities, but decrease calculated densities
ative uncertainty of the measurements of the molal volumesby 30 g nT2 at highest salinities. Model agreement with the
of binary electrolytes on which the model is based. measurements at high salinities is better than that of TEOS-

10. The DES2010 correction to TEOS-1Be(ste| 2010,

3 Results

3.1 Validation for p and Br calculations
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Fig. 3. Comparison betweefa) model densities an¢b) haline
contraction coefficienr determined from the model, and those
obtained by direct measuremeniillero and Huang 2009, for
salinities up to 80 g kg at¢ = 25°C.

3.2 Laboratory manipulations of Standard Seawater

Laboratory experiments were carried out in which known
amountss $299 of different salts were added to Standard Sea-
water to produce a mixture (Tab& Fig. 4). Bothspr and
3ps« can be directly calculated from measurements of the con-
which incorporates these new measurements, lies close uctivity and density of both the original and mixed waters.
the LIMBETA results at high salinities. In the mid-range of | n€se values can also be calculated from LSELS using
salinities, the DES2010 result is closer to the measurementd'€ measured conductivity and specified compositional per-
although the differences show several oscillations over thdurbation. Inthese cases, the true nature of the perturbations
full range of salinity which apparently arise from some in- '€ known, so Eq4@) is not required.
consistencies in the database of high-salinity measurements 1 1€ mean difference between predicted and mea@,uéed
(R. Feistel, personal communication, 2009). for all the dlﬁe_rent salts cons!dereqasl.ZGi 3.58) g rr_r

Comparisons of modedr and that directly calculated us- (Table 6). This agreemenF is entirely co_nS|stent with the
ing Eq. 6) and the density equation Millero and Huang uncertainty of thg conduqt|y!ty and density measur(_ements.
(2009 over the same range of salinity (Figh) show good quever, the .ObVIOUS definition for a useful contraction co-
agreement. Again, at high salinities the model predictionseﬁ'c'ent* relating the added mass and the measured density
appear to match observations better than those of TEOS-1@nomaly
and are reasonably similar to DES2010. In addition, the a 1 Spr
relatively small change between the ion sum and Young'sPr = n §5add
Rule calculation suggests that accounting for ion-ion inter- PR 3%
actions in the more complex Young's Rule approach pro-varies tremendously (Figla), even changing sign for some
vides very little advantage over the simple ion sum, at leastsalts, and is clearly not well approximated By in general.
in this case. The good agreement between LIMBETA cal- A large part of this discrepancy arises from the sensitivity
culations, whose algorithm is in no way tuned to seawaterof solution conductivity to the composition of the perturba-
densities, and the purely empirical fits to measured densition. We can eliminate this issue by using the true density
ties, suggests that there is no inherent drawback to using thmcreasesp,, which is possible in both laboratory experi-
Young's Rule approach instead of the more formally correctments and in our numerical calculations. Model predictions
Pitzer approach in this application. Ovei@< ¢t <25°Cand  for §p, are again in good agreement with the measurements,
5 g kg1 < Sk <40 g kg1, the performance of LIMBETA  slightly larger by (0.82+ 4.94) g m~3. Correlation with
compares favourably with a recent Pitzer model of seawaéS:';‘dd (Fig. 4b) is much better. Although the values of
ter, which has larger RMS errors of 60 gfin density and
3x 103 ggtin B (Feistel and Marion2007). padd— 1 o (50)

D (SSfdd

(49)

range from 0.67 g g* to 1.14 g g for different salts
the root-mean-square error that arises from ustipg=
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Table 6. Density and conductivity changes resulting from laboratory additions of various salts to IAPSO Standard Seawater (batch P152).
All measurements at=25.000°C.

Sp+ Sp 5.5add SPR SPR Diff.  ssSon_ 5gadd
original  mixture (measured) (model)
mg kg~ gm=3 gm3 gm3 mg kg™t
NaCl
36.319 36.328 4.07 0.17 -0.32 —0.49 —
36.319 36.341 12.90 -0.66 -1.03 -0.37 -
36.319 36.354 30.30 450 -2.41 —-6.91 —
36.312 36.374 58.60 2.38 —4.67 —7.05 —
NaNGO3
36.313 36.327 7.47 -3.07 131 4.38 -
36.313 36.331 13.90 0.90 2.44 1.54 —
36.313 36.334 26.40 5.63 4.63 —1.00 —
36.313 36.370 50.30 5.40 8.82 3.42 -
NaBr
36.312 36.328 18.50 3.17 5.91 2.74 —
36.312 36.339 34.50 6.85 11.02 4.17 -
36.312 36.341 46.30 11.30 14.79 3.49 —
36.312 36.351 57.80 11.80 18.46 6.66 —
MgCl,
35.461 35.483 10.60 -3.85 1.02 4.87 —
35.461 35.489 21.80 -1.38 2.09 3.47 —
35.461 35.503 36.00 0.03 3.45 3.42 —
35.461 35.518 49.00 —-1.31 4.70 6.01 —
35.461 35.545 81.50 1.28 7.82 6.54 —
NaF
36.312 36.322 12.50 6.71 2.67 —4.04 —
36.312 36.328 15.70 5.17 3.35 -1.82 —
36.312 36.345 38.30 11.30 8.18 -3.12 —
NaHCQO;
35.463 35.468 3.90 1.49 143 —0.06 —0.03
36.315 36.327 16.40 5.93 6.03 0.10 -0.11
35.464 35.479 22.60 6.18 8.30 2.12 —0.15
36.315 36.334 38.90 11.60 14.31 2.71 —0.26
36.315 36.340 57.90 20.10 21.29 1.19 —0.38
NapSiOg
36.314 36.319 10.90 8.98 8.31 —0.67 2.61
36.314 36.321 19.00 14.50 14.45 —0.05 4.46
36.314 36.323 24.70 20.00 18.73 -1.27 5.74
36.314 36.323 26.80 21.00 20.30 —0.70 6.20
36.314 36.322 38.10 25.70 28.68 2.98 8.67
—1.26+3.58

0.735 g g! to describe the density change is only and hence in Eq4() (Fig.5). Since ionic apparent volumes
+5.1g nr3 over all salts considered. This is reasonably are specified only up to an arbitrary separation constant the
close to the measurement accuracy, although will clearly unfesulting values are not unique, even though the apparent vol-
derestimate the density change for several salts. umes of charge-balanced electrolytes are well-defined. How-
In order to understand the contribution of specific salts to€Ver. this freedom can be exploited. As seawater is primar-
the contraction coefficient it is useful to examine the weightsily composed of NaCl it is convenient to choose the separa-
(l—pV;/M,') which play a central role in Eqs28 and31), tion constant so that the apparent molal densitigge; of
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Analysis for additions of salts like NaHG@nd NaSiOs
1.8 is potentially complex because of chemical reactions that oc-
161 oon cur after addition. In order to model these additions it is
14 or easier to deal with quantities that will not be altered by the
N oCO% reactions. The addition of NaHGMbviously results in an
' o Mg™* increase in the concentration of Nas the salt dissolves. In
€ b o s dca” 050, contrast, the equal amount of HgGdded will not remain
soos) SePe oM, oy in this form. However, the increase in both the inorganic
06/ No> ° :K 9 oc carbon content (measured by the change in DIC), and in the
044 o BOH) negative charge required to counterbalance the increase in
ol o ’ positive charge from the Na(measured by a change in TA)
‘ o are not affected by transformations within the carbonate sys-
0 ’ tem. Thus we model the addition of NaHg@s being an
027 ‘ ‘ Ny ‘ ‘ addition of exactly equal amounts of NaDIC, and TA. The
107 10" 10° 10! 10° 10° 10° actual changes in the final concentrations of all components
mg kg™ of the carbonate system are then solved from the equilibrium

equations, as described in Setd.

In this particular case, the equilibrium state of seawater
is such that the equilibrium reactions have little effect, and
the composition changes that occur in the carbonate system
are by far the largest for HCDalone. The difference be-
tweens SO (the calculated change in absolute salinity af-
ter equilibrium is reached) arﬁ;’j‘dd (the actual amount of
Na and CI are the same. Changing the separation constagided mass) is not zero, but is reasonably small (T test
will move all negative ions in one direction in Fifi, say up-  column). Finally, the apparent density of the combination

Wal’dS, with |Ightel’ ions mOVing Sl|ght|y further than heavier of Na+ and ch is not too different from that of sea salt
ions, while moving all positive ions in the opposite direction (Fig. 5).

(downwards). However, the mass-weighted average location The addition of NaSiOs also results in an increase in

of the charge-balanced sum of a positive and a negative iofa+, However, most of the Sib will undergo hydrolysis
will remain unchanged. The location of neutral constituentsat the pH of seawater and will appear agC8i)4 (Duedall
will not be affected by changes in the separation constantet al, 197§. Charge balance is maintained by an increase
From the figure, it can be seen tha is primarily deter-  jn TA. Thus reactions involving Si§) result in§ s be-
mined by NaCl which dominates the composition, but is in- ing about 1.23 times larger thmfdd (Table6). Effects of
creased slightly by the presence of Mg&@nd then affected  jncreases in the TA of seawater, without a change in DIC,
in smaller measure by the remaining constituents. mostly involve the conversion of HCDInto C@*, but also
Some _s_alts, SUCh_ as NaCl, NaBr and Na\@ve appar- ino|ve the conversion of BH)z into B(OH),, as will be
ent densities very similar to that of seasalt so 11:139{”% BRr shown more clearly in the next section.
Wh?n these are added. However, this in no way implies that |, 5 cases model predictions are in good agreement with
PR~ Pr, which requires additional constraints related 10 o |aporatory results. Furthermore, in most cases these re-
effects on conductivity. Salts such as Mg@nd NaF have g it5 can be quickly explained in terms of the known charac-
weight terms somewhat larger th#ir. Addition of these o \istics of the different ions involved. However, the sen-
salts 10 seawater causes densily changes greater than WOL&RiVity of these results to the relative composition of the

be predicted if a_S|m|Ia_1r mass of sea salt was added. perturbation, especially in the fixed conductivity calcula-
Although not investigated here, neutral constituents suchjgng and the potential difficulties in dealing with changes in

as S{OH)4 and BIOH)s are relatively light for the volume o carhonate system, implies that the actual compositional

occupied in solution (or equivalently relatively bulky for anomajies that arise from specific biogeochemical processes

their mass), and will cause much smaller density changeg, the ocean must be examined, and that conductivity effects
than would occur from the addition of a similar mass of S€aghould also be considered.

salt. Changes in the dissolved gas Will cause virtually

no change, as its apparent density is almost identical to thag.3 North Pacific intermediate water

of water. Slightly more noticeable changes in density could

occur through variations in Nand CQ. However, oceanic Largest changes in the composition of seawater relative
variations in N are quite small, as are overall concentrationsto the reference state occur at intermediate depths in the
of COy, so in practise their neglect in density modelling is North Pacific. Based on typical observations we con-

reasonable. sider a model North Pacific seawater w§h = 35 to have

Fig. 5. Weighting terms ].—pV;/M,' in Eq. (28) for seawater at
25°C. Coordinates along x-axis give mas3és:; in seawater with
Sp = 35. Horizontal dashed line shows calculatéd- Sr)Bgr for
seawater.
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Si(OH)4= 170 umolkg ! and NG =40 pmol kg1, with TA almost 4 for case “TA’. Changes in the carbonate system may
and DIC larger than SSW76 values by 150 pmotkgnd  have a large effect on conductivity and density anomalies,
300 umol kg! respectively. By inference through Eei8 but the form of the change is important. DIC variations alone
C&*t must increase by 95umol k§. Adjustments in have little effect on density, whereas the effect of TA changes
the carbonate system are again determined as discussed ¢an be large.

Sect.2.4. Although concentrations of 8DH)4 increase in seawa-

In this case (Tablé, column “All"), the compute(ﬁ;o'”% ter due to remineralization of sinking particulate matter, in-
ﬁiomm 0.45 g g1, about two thirds ofsg =0.735 g g1 creases in BOH)3 are related primarily to decreases in the
(both at 25C), and the difference betweq&jo'” andﬂFs{"” is pH of seawater, which will ch_ange the eqyilibrium between
about 11%. Largest changes in mass occur for ge@d ~ B(OH); and BOH)s. In addition, conversions from cp
Si(OH)4, but changes in pH also occur, and these are relateto HCGO;', and from HCQ to CQ,, which also occur when
to smaller changes within the whole carbonate system. pH decreases, will also affect the contraction coefficient.

Although all calculations are performed a5 appropri- ~ Thus, whereas interpretation of the laboratory experiments
ate for laboratory measurements, the effects of temperatur&as complicated primarily by conductivity effects, the value

dependence on the contraction coefficients is relatively smallof contraction coefficients in the ocean is mostly dependent
At1°CBr=0.779¢g g—l andﬁgoln% 550"1@ 0.48¢ g—l, The on the complex variations in the full carbonate system.

increases of 0.044 and 0.03 g'g respectively, over the val- Sons'lng_hat paradoxically, in most cases it does appear
ues at 25C are relatively small compared to the differences that g™ is smaller thanfg, and the numerical value is
betweengg and Igaoln_ only weakly sensitive to the exact details of the composi-

To study the sensitivity of the calculated contraction coef-tion change. Thus simple (but incorrect) theoretical models
ficients to different components of the perturbation, 4 cased@sed on simple salt additions may produce approximately
ters is set to zero in turn while leaving the others unchangedrue nature of the dependence of the contraction coefficients
as inputs to the model (Columns 4—7 of TaBJe At 25°C ~ On biogeochemical processes cannot be simply estimated us-
the fixed conductivity3s®" increases slightly to 0.490 g¢ N9 simple additions.
without the addition of SOH)4 (case “noSi”), and decreases . .
slightly to 0.425 g g* without added NQ (‘noNO3"). If 3.4 Regressions onto observational parameters

DIC is unchanged (‘noDIC")g’"increases t0 0.7199°9,  Rather than deal with the individual carbonate system com-
approachingr, but if TA is set to zero (“noTA)B" drops ponents, it may be more straightforward to determine rela-
to 0.276 g g'. Values at £C are slightly greater, but the tionships with parameters such as TA and DIC which are un-
difference is at most 0.04 gg. affected by the details of the equilibrium reactions, but re-

In spite of this sensitivity to compositiop®"~ gS°Min  |ate to charge and carbon mass. Previous attempts have been
almost all cases, and is at all times less tganin all cases  made to model density perturbations as a linear function of
except whereADIC is set to zero the changes in the car- the variations of a few constituents only (including these),
bonate system dominate the contributions to the changes iwith the coefficients determined semi-theoretically and/or
58, Consequently, nutrients cannot be considered the mosémpirically by fits to field dataBrewer and Bradshayt 975
important influence on these contraction coefficients, everMillero et al, 1976 1978 Millero, 2000 Millero et al,
though the mass change from(GH)4 is relatively large.  2008h 2009. Although Eq. &1) is linear in the constituent
Note that only about 10-20% of the total salinity change concentrations, and hence has a similar mathematical form
855°nis accounted for by changes in conductivity-based ref-to these empirical formulas, the complexities of concentra-
erence salinity, i.e. iaSSo". tion scales and carbonate chemistry resulting from additions

In a second set of cases, all parameters are set to zef@s shown in Tablé) suggest that, rather than proceeding
except one (Columns 8-11 of Tabtg. The variation in  analytically, it is simpler to use the model to generate “data”
calculated,BﬁgoIn is larger, from a minimum of 0.095 gg which can be regressed directly onto constituent concentra-
when DIC alone is added (“DIC"), to a value nearly iden- tion changes. An additional advantage of this approach is
tical to fr when C&NOs); is added (“NO3”), to a rather that this data can be chosen to cover a full range of condi-
large 5.763 g g* in the last case (“TA") which models the tions even if measurements are lacking in some regions of
somewhat unrealistic case of Cag@issolution without an  parameter space.
increase in DIC. The large change here occurs because rel- Consider perturbations whes» = 35. The model is used
atively light B(OH)3 and HCQ are removed, and replaced to calculate 4500 sets @R, SS§°'”, and Sy “observa-
with relatively dense BOH), and ccgi tions” over a grid of perturbations in TA, DIC, NQ and

The difference betweefi$®" and 83°" ranges from zero ~ Si(OH)4 within a range of G< ATA <0.3 mmol kg'*, 0<
for an addition of SIOH)4 or NO, indicating that nutrient ~ ADIC < 0.3 mmol kg%, 0< A[NO; ] < 0.040 mmol kg%,
additions in themselves do not greatly affect conductivity, toand 0< A[Si(OH)4] < 0.160 mmol kg! with [C&*] again
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varying according to Eq.4Q) and Sp held fixed. Inspec- estimate Brewer and Bradsha{d975, corrected irMillero
tion of the results shows that all three parameters vary quasiet al, 1976):

linearly with the components of the perturbation. By least-

squares fitting the Eq. 8or/(g M3) = (53.7ATA —9.6ADIC +24A[NO; |

552N/ (mgkg 1) = (7.2ATA +47.0ADIC (51)
+36.5A[NO; ]+ 96.0A[Si(OH)4])/(mmolkg ™)

+45A[Si(OH)4])/(mmol kg~ b

estimated in a far simpler manner from less reliable chemical
models 8S,§°'” with a standard error (misfit) of & data.

102 mg kg1 and a maximum misfit of @ mg kg1, The coefficients vary slightly as a function of salinity.
These calculations were repeated for salinities over the range

8pr/ (@M %) = (41.7ATA+3.6ADIC (52)  30< Sp <40, replacing theATA and ADIC terms with ones

+29.3A[NO§]+38.1A[Si(OH)4])/(mmoIkg‘l) for salinity-normalized offsetsA\NTA and ANDIC, where

these are now the anomalies from 230%p/35) pumol kg1
modelsspr with a standard error of 81072 gm3and a  and 2080« (Sp/35) pmol kg~! respectively. Largest varia-
maximum misfit of 03 g m~3, and tions are found to occur in the TA coefficient, froa20 to
_ —16 in thesSs Eq. 63). The numerical variations are no
8Sg/(mgkg ") =(~181ATA-7.1ADIC (53) more thant lFf{or most of the other terms.
—43.0A[NO; 1+0.1A[Si(OH)4])/(mmolkg ™)
3.5 Calculations on observed hydrographic profiles
modelss Sg with a standard error of @ 102 mg kgt and
a maximum misfit of & mg kg™X. In all cases the misfit The different biogeochemical parameters are highly corre-
error is negligible in practical applications. This justifies lated in the ocean, and these correlations may simplify the
the assumption that while TA and DIC include some com-interrelationships between Eq§1(54) in real ocean waters.
mon species, they provide complementary information andRather than attempting to parameterize these correlations di-
are both useful proxies for explaining the changes in conducrectly, the above analysis is extended by carrying out calcu-
tivity/salinity/density relationships. lations for some recent high-quality hydrographic profiles.
The coefficient of the $0H)4 term in Eq. 61) is almost  Results are shown for 5 profiles, selected to be representative
identical to its molar mass, and the coefficient in E8B)(  of the North Atlantic, Arctic, North Pacific, North Indian,
is almost zero, as would be expected because of its noncorand Southern Oceans (Figsand7).
ductive nature. The coefficient in EcZ) is relatively low Surface nutrients are low in all profiles except in the South-
due the relatively bulky/light nature of the molecule in solu- ern Ocean, and surface pH relatively high, although near or
tion. The small deviations from ideal behavior result from slightly lower than in SSW76 in all except the Indian Ocean
higher order nonlinearities in the relationship with the other (Fig. 6). The Arctic profile has a high DIC, due to cold tem-

variables. peratures, and a high surface TA, which to achieve charge
For comparison with estimates ofS3" from the  balance is taken to imply higher &ausing Eq. 48). This
database described iklcDougall et al. (2009, we fol-  assumption is probably incorrect as the geochemistry of Arc-
low their convention and divide Eq.58) by prAr ~ tic surface waters is complicated and greatly affected by river
0.75179 g m3 (g g 1)~1 (Eq.5) to get inputs Bates and Mathj2009, but in the absence of direct
dens 4 observations our assumption should provide at least some in-
(mg kg™1) = (55.6ATA +4.7ADIC (54)

sight into Arctic density anomalies. Nutrients, TA, and DIC
+38.9A[NO3]+50.7A[Si(OH)4])/(mmoI kg‘l) at depth are higher in the North Pacific than in the other pro-
files. However, deeper North Pacific pH is lower. Deep
Changes in DIC contribute more 855°" than they do to  nutrient levels are typically higher than surface nutrients in
Spr (and henceSSde'“) or 884, whereas the opposite is true all cases. InferredC&" is high in the surface Arctic and
for the effects of changes in TA. Changes in N@ffectall ~ Southern Ocean, and high in the deep North Pacific and In-
three parameters in roughly similar measure. Comparisondian Ocean.
of the individual terms on the right hand sides suggests that Calculated constant-conductivity density anomalipg
the ratiospr/3Sg°"™ cannot in general be constant, nor even (Fig. 7a) are highest at depth in the Indian and Pacific
independent of the constituents.For example, if oA is Oceans, and uniformly high in the Southern 0ce¢g§P'n
nonzero, theidpr/8S"=5.7 g m~3 (g g~1)~%, but if only (Fig. 7b) is variable in surface waters, but is remarkably
ADIC is nonzero, theﬁpR/85§°|”—O.08 g m‘3 (ggHL constant below 200 m, typically around 0.3 to 0.4 o'g
Although the predictions of these equations remain to befrom 200 to 1000 m, rising slightly to between 0.3 and
tested, the coefficients of Ecp2) at least are recognizeably 0.5 g g1 in deeper waters. These values are much lower
similar in approximate magnitudes to a previous theoreticalthangr ~0.735 g g 1.
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Fig. 6. Composition anomalies for example stations: North Pacific ~2-1 9 g * is sufficient for predictions with an error of less
(WOCE line P17, station 34, 375, 135.0' W, 10 August 2001), than+1mgkg ™.

North Atlantic (WOCE line A24, station 119, 52.7Bl, 34.7P W,

22 June 1997) Arctic (AO94 station 29, 87°14, 160.7T E, 3.6 Comparison with observedipr

17 August1994) Southern Ocean (WOCE line S04, station 29,

62.02 S, 134.18 E, 9 January 1995) and Northern Indian Ocean The simple relationships found in the previous section,

(WOCE line 105, station 297, 1.3, 80.00 E, 13 March 1995). ) o0 g purely on calculations made with representative hydro-

(a) Normalized TA for all profiles (NTA=TAx 35/Sp). (b) Nor- . . - . . .
malized DIC (NDIC=DICx 35/Sp). (c) pH on the Total scale. graphic profiles, can be validated against direct observations

(d) Computed changaCa2+ (e) NO3. () Si(OH). Vertical of §pr (Millero et al,, 1976 1978 2008h 2009 McDouga_II
dashed lines show values in SSW76. et al, 2009, although the data are more geographically
limited. Most of these observations come from the North and
South-East PacifidcDougall et al, 2009. Corresponding
observations ofsp, TA, DIC, Si(OH)4, and NG were ob-
tained either from archived station data, or from published
A direct comparison oBSE" with spr/pr (Fig. 7¢),  tables in the references. The resulting 610 sets of observ-
shows a strong correlation between the two, with the em-gbles were used to calculaier using the full model in a
pirical approximatiorﬁé‘)'”z 0.42 g g ! sufficient to model  fixed conductivity calculation.
the relationship at all depths to an accuracy:@ mg kg . Model-predictedspr (Fig. 8) are in good agreement
The Iarger variations in direCtly CalCUlatﬁéOIn within shal- with the ObservationS, with a difference of On(y5]_:|:
lower waters are less important due to the smaller density; 16) g m~3 over a range of about 20 gTh (Table7). This
anomalies, resulting in the increased utility of this simple end-to-end comparison of observations against predictions of
generalization. Thus as a first approximation the effect ofthe L SEADELS model is affected by uncertainties in the ob-
composition changes arising from biogeochemical processeserved values ofpr, S, NO3, Si(OH)4, TA, and DIC (all
on denSity is Only abOUt02/0735% 0.57 of the effect aris- from datasets obtained up to 30 years ago), as well as un-
ing from a similar mass change of sea salt. certainties in the seawater conductivity modePafvlowicz
Comparisons of6S% and Spr also show a strong cor- (2010 and in LIMBETA, the reference seawater composi-
relation. Although the general trend does show a pro-tion SSW76 (in particular the specified TA and DIC), the
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307 * Millero78 - N Pacific K tent with the empiricaps®"~ 0.42 g g-* found in Sect3.5.
° m:::z:ggg:g‘g'igcmc L7 Similarly, comparison of calculatediS} and observedpr

251 Millero76 — N. Atlantic (Fig. 9b) also shows a strong correlation, again consistent
B Millero76 - N. Pacific 7 7 with §pr/(pRESR) ~ —2.1 9 g L. The scale factors obtained

® McDougallog - S. Indian ’ empirically from analysis of representative profiles from dif-

ferent oceans are therefore consistent with the additional
available observations.

201

4 Discussion and conclusions

A detailed mathematical analysis of the haline contraction
coefficient reveals a considerable degree of subtle detail that
arises when composition perturbations have a relative com-
position different than that of reference seawater (Big.
A number of different measures of salinity can be made,
and each are associated with different definitions of “salin-
ity anomaly”. The situation is made more complex by the
‘ importance of changes in the chemical equilibria of the car-
30 bonate system, which can dominate the calculations of salin-
ity and density changes, as well as the effects of conductivity

. . . . which partially account for some of these changes.
Fig. 8. Comparison between direct ocean observationipgfand Ins pite of t);ﬂs theoretical complexit modelgcalculations
model estimates based on measurements of conductivity, nutrients, P P Ys

and carbonate system parameters. The dashed lines show relatioﬁh(_)W good agree_ment with both Iaborat(_)ry experiments in
shipsspr(mode) = 5pr (observeg + 0.004 g nT 3. which known additions are made, and with ocean observa-

tions when the biogeochemical anomaly is known. Further

calculations suggest that the relationship between the differ-

ent anomalies and the density anom&ly can be related in
composition model for seawaters of salinities different thana very simple way in the open ocean. The relationships
Sp = 35, the carbonate equilibrium model, and the assump- SR
tion of CaCQ dissolution incorporated through Eqag].  8SR™=Spe"— Sp=————"——
However, we emphasize that all of these factors were set a PrI0.73Xgg™ )]
priori. None were varied in any way to tune the agreement inbetween the density salinitsl‘liens (i.e., the absolute salinity
this comparison. Since accuracy of obserpeglone is gen-  of a SSW with the measured density) and the reference salin-
erally quoted at- 3g m3, and the uncertainty in the refer- ity Sg (i.e., the absolute salinity of a SSW with the measured
ence salinity of: 3 mg kg~* (Pawlowicz 2010 is equivalent  conductivity), and
to a density error of about 2 g m2, it would be unrealistic 5
to expect better agreement. 5530 — g0 _ g — Ll

Although the overall agreement is good, there are some PRI0-A29G™)]
variations in the degree of agreement for different datasetshetween the true or solution absolute salinﬁio'” and
Individual comparisons for each dataset show standard dethe reference salinity provide good agreement for all open
viations of around 2 g m® to 4 g nT3, roughly equiva-  ocean observations considered. Density/conductivity mea-
lent to the expected measurement variatiorfanobserva-  surements can also be used to estimate a preformed salinity
tions, but these comparisons also suggest that there may, using the relationship
be systematic mean differences between different datasets
(Table 7). These systematic differences give rise to off- 55;: Si—SR=——F"——
sets in the model/observations comparisons that range from PrI2.1(gg )]
—3.1 g nT3 to 3.6 g n73 depending on the dataset. They This preformed salinity represents the absolute salinity of
are most noticeable for the southeast Pacific dataset&fig. seawater with the effects of biogeochemical processes re-
Assuming that these systematic differences between datasetsoved. It is therefore a conservative tracer in the ocean,
(which are consistent with the quoted experimental accuramodified by boundary processes but otherwise governed only
cies) are an artifact of the measurement process, we suliy advection and mixing.
tract them from the observations in order to better identify It should be emphasized that the simplicity of the relation-
the trends (Fig9) that occur with changes #pr. ships in Egs.§5-57) must be a direct consequence of strong
A comparison of calculateﬁlsao'” with dataset-corrected correlations between changes in the nutrients and carbon-

observedSpr (Fig. 9a) shows a strong correlation, consis- ate system parameters, as the sensitivitiesSgf 5or, and

Model Predicted 3p /(g m™)

0 10 3
Observed BpR/(g m )

(55)

(56)

Spr (57)
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Table 7. Comparison between model-generated and observed estimé@eﬁf

Dataset Ocean Spr(mode) — spr(observed  Number of
gm3 Samples
Millero et al. (1976 N. Atlantic —-1574+210 9
Millero et al. (1976 N. Pacific —1.48+4.33 8
Millero et al. (1978 N. Pacific —3.11+4.15 123
Millero et al. (20088 Indian —0.04+4.15 110
Millero et al. (2009 S. E. Pacific $H3+2.82 317
McDougall et al (2009 S. Indian only 29+41.85 43
All All 1.51+4.16 610

x  Millero78 - N. Pacific
o Millero08 - Indian
Millero09 - SE Pacific
NI Millero76 — N. Atlantic
Millero76 — N. Pacific
\ ® McDougall09 - S. Indian
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Fig. 9. (a) Comparison between observéek/p and model-calculate&i?ao'”. Dashed curves show a relationship \/\4@0'“: 0.42 offset

by density variations ot 0.004 g n13. Solid curves show the same result usiirg (b) Comparison between measugk /o and model-
caIcuIatecBng. Dashed curves show a relationsamg/(pasfg) =—2.1, with measured density offsets#f0.004 g s,

Ssgo'”to different components of the biogeochemical anoma-ductivity correctionﬂé""‘) might also be sensitive to compo-
lies (Egs.51-54) are quite different. That is, the different sition. This is seen in the laboratory measurements @jig.
components have an effect on density which cannot be simHowever, the generally small differences betwﬁﬂ'” for

ply described by the change in dissolved solute mass. Howthe fixed conductivity case angf°'" for the fixed chlorinity
ever, if observations of nutrients and carbonate parametersase in Tablé suggest that, for the specific case of biogeo-
are available, then Eqs51-54) can be used to estimate the chemical perturbations in the ocean, these conductivity ef-
density corrections, and the different types of salinities, with-fects are not large. As was found BPawlowicz(2010, the

out relying on these correlations (at least in the open ocean)constituents of biogeochemical perturbations are relatively

Is there any way to interpret these results in a mannetnconductive. TypicallyldSg| is less than 0353°", so
consistent with the heuristic that changes in thermodynami&Ven the largest composition-related variationsS would
properties depend only weakly on composition but primar-have only small effects oS,
ily on the added mass? The obvious source of apparent Instead, the critical issue appears to be that the definition
contradiction is that the calculations carried out here includeof salinity and its perturbatiomsjo'” is itself not completely
conductivity effects. This is because the starting point of theconsistent with the idea of added maSﬁdd, because the
relevant calculations wasg rather thars,. Conductivityisa latter does not properly account for the mass gbtand Q
transport property and is sensitive to compositiBawlow-  involved in chemical reactions within the water that mod-
icz, 2010, and so the difference between the effects of addedfy the chemical forms actually added. This is even more
mass and of added charges (which determines the fixed cortrue for8S§°'”, which in addition is affected by conductivity.
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Fig. 10. Calculated salinity/density relationships for example profiles. Legend as foisigsl7. (a) 8 591/ 5p, relationship (b) 852495,
relationship. Dotted lines show salinity uncertaintyto# mg kg~ above and below the lines.

Increases in deep ocean DIC arise primarily from the pro-from constituents already within the seawater. Note that rem-
duction of CQ by remineralization of organic carbon, and ineralization also results in the production of a small amount
from CO%‘ when CaCQ dissolves and dissociates. How- of H>O, which will dilute the seawater. As this dilution will
ever, Tableé shows that the largest composition change in thechange salinities by much less than 1 mg kit is ignored
ocean is an increase in HGO Remineralization of organic  here.

nitrogen also produces HNQwhich dissociates into Hand
NOj. Increases in the concentration o{@H)4 occur due
to the dissolution and hydration of solid SIO Thus the

Equation 68) for 65299 can be simplified by tak-
ing A[HT]=A[NO3] and A[Ca2+]:A[Co§—] (= (ATA+
A[NO31)/2 from EQq.48), consistent with knowledge of bio-

true amount of mass from biogecl)chemical processes addegeochemical processes. Then, using the definitions of TA
to seawater must be less th&ﬁ:o " Note that these dif- and DIC (Eqs46_47), Substituting, rearranging, and incor-
ficulties do not affect denSity CalCUlationS, which are baS@dporating the numerical values for molar masj%m,ﬂowicz
entirely on the final chemical forms of added material. How- 2010:
ever, since they affect the salinity measure they must be re- add .
flected in changes to the relevant haline contraction coeffiéSs /(MgKg ™) = (—Mc+ Mco, + Mca) /2ATA
cient. . _ +McADICH+ ((—Mc+ Mco, + Mca)/ 2+ My + MN)
'I.'h.e true mass of mat_enal added_ to a water W|thd%reformedA[NO§] + Msio, A[Si(OH)4]

salinity S, from these biogeochemical process®$%C, can _

= (44.0ATA +12.0ADIC+59.1A[NO3]

be estimated as
+60.1A[Si(OH)4])/(mmolkg ™)

(59)

§5299— pcA[COy]

+ My A[HT]+ My A[NOZ] For comparison, from Eqs51-53) we have a difference be-
N 3 _ tween the preformed and solution salinities of:
+McaA[Ca2 ]+MCO3A[CO§ 1 soln —1 soln *
+ Msio, A[Si(OH)4] (58) 8S:/(mgkg™) =853~ 65k (60)
= (25.3ATA +54.2ADIC+79.5A[NO5 ]

whereMy is the molar mass for formul&. This equation is 95.9A(Si(OH kgL

a modification of the definition of salinity (EQ) because it +95.9A[SI(OH)4))/(mmolkg™™)

attempts to model only the material added to seawater, rathegssociated with a total density change of:

than the actual composition of the mixture. Thus the mass 5 .

of O in remineralization of C and N is not included in mass 80+/(@M ) = 80r — PRARS SR

calculations because its primary source is the dissolved O= (554ATA +8.9ADIC+617A[NO;] (61)

gas already in water. Neither is the mass of addeg®kh-
cluded with increases in @H)4. The equation also does
not take into account any composition changes that result The relationship betwee&Sjo'” and 8p,. for the hydro-
from changing equilibria in the carbonate system. In all casegraphic profiles considered earlier can be modelled with
these changes will incorporate extra mass which is converteqﬂfo'”% 0.48 g g1 (Fig. 10a), which is only a little different

+38.2A[Si(OH)4])/(mmolkg ™)
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than the value 0530'% 0.42 g g ! found for theSS§°'”/8,oR the salinity best when details of the complete composition
relationship (Fig.7c). Removing the effects of conductivity are being investigatecﬁ‘ﬂensis most useful as the state vari-
has only a small effect on the salinity/density relationship, able in the equation of state to provide more accurate thermo-
as expected on the basis of the discussion above. Howevedynamic information.S, has a role as a conservative tracer.
the 299~ 0.88 g g* relationship betweeds2® andsp,  $3%is in itself not important, except that keeping trackSef
(Fig. 10b) is very different. Not only does the relationship andss299may be useful in investigations of biogeochemical
exhibit far less curvature than seen in Figs,d, and10a,  processes, with their sum being useful as an approximation to
but the results can also be modelled (albeit with a bias of upsgens_ Fortunately, the model results described here suggest
to 4 mg kg1) using Br. The ratios of individual terms in  that any of these parameters, and the conversions between
Egs. £9) and @1) are still not related by this (or any other) them, can be obtained through measurements of conductivity
single scaling factor, nor i85299 exactly equal tosS%"S  and density using Eqs5%, 56, 57, 62 and63), or measure-

(= SSSG”S—SS;’;), so there is still some sensitivity to the exact ments of conductivity and carbonate system parameters and
details of the perturbation. However, for ocean profiles cor-nutrients using Eqs5(, 52, 53, 54, 59, 60 and61).

relations between the different constituents again reduce the Recall that all the formulas here have been developed

variability. The final relationship based on composition anomalies from SSW as specified
acld Spr by the SSW76 composition model, whose DIC value dif-
Sp %= »1088(gg-D)] (62)  fers from that implied in the Reference Composition (RC;

Millero et al, 20083. The effects of using a different
between added-mass and preformed salinities is then apIC reference can be illustrated as follows. As long as
proximately (and narrowly) consistent with the heuristic that the change in the reference state is “small” (which is the
added mass alone is the most important factor affecting dencase here, as the range of oceanic variation in DIC is much
sity (exact equivalence would require a numerical parametefarger than the change we are considering), the coefficients
in the denominator of 0.735 gg). If we consider changes n Egs. 61-54 and 59-61) do not change significantly. A

relative to reference conditions we find decrease in the reference level of DIC is essentially similar
add 8PR in effect to increasing thaDIC value used in these formulas
S = SRN o T 63) by 117 pmol kg
rrI0.95(gg™H)] ylifp g-.

(where the second form is obtained after usipg= spr — Thus, Lis'hg the RC value for DIC mcreasmgo'” b*y
prBROSE, substituting Eq.%7) and takingor ~ p,). These 2 M9 kg™, mclreases,oR_ by 0.4 g m?, and decreasessk
show a greater divergence from the heuristic. by 0.7 mg kg~ Effectively this would move all the cal-
Thus the basic conclusion is that the density of seawaculated curves in Figs/c and9a upwards by 5 units and
ter does in fact change roughly (i.e. within typical measure-fightwards by 0.4 units, those in Figad andSb downwards
ment error) in proportion to the added mass of solutes fromPY 0.7 units and rightwards by 0.4 units, all points in F8g.
the biogeochemical processes, as long as they are correlatégpwards by 0.4 units, all curves in Fig0a upwards by 5.5
in the specific ratios seen in the ocean, but that this resul@nd rightwards by 0.9 units, and all curves in FIghb up-
may have only a restricted applicability in practical calcula- Wards by 1 and rightwards by 0.9 units. This would imply
tions involving field measurements! This is largely becausethat some of relationships in Eq§X-57, 62 and63) would
the (intuitive) definition of salinity, a simple summation of Pe better modelled with a non-zero intercept. The fact that
the inorganic ions present in solution at reference conditiondhe linear correlations obtained using SSW76 as a reference
(Eq. 2), takes into account chemical reactions that modify 9° through the origin (e.g., in Figgc,d and10) in spite of
the added constituents into other (generally heavier) molecth® composition-dependent scalings in the anomaly Egs. is
ular forms. This factor was not generally present in the lab-then a fortuitous result that simplifies all interpretations.
oratory experiments that were carried out. However, unlike However, one must consider how to apply the results ob-
the case for many of the laboratory experiments, correctiongained here in applications that use the fixed RC and the as-
that arise from conductivity changes result in a much smallersociated Reference Salinity Scale used by TEOS-10. Fortu-
discrepancy because the products of ocean biogeochemicahtely, the differences in numerical salinity values are rel-
processes are relatively unconductive. atively small. The relations obtained here are linear in the
Potentially this makes conductivity/salinity/density rela- composition anomalies, and RC lies within that linear range.
tionships to be used in reducing ocean measurements muchhus the anomalies predicted by these relations may be
more complex. In addition to the traditionally measused  added directly to reference salinities (“TEOS-S#) in this
and the recently definesik which more usefully describes standardized reference state.
SSW, a hierarchy of different salinity variablesg{™", Sa°"S One might consider the possibility of “improving” the
S/?\dd, ands,.) are required to understand spatial and temporalTEOS-10 formulation by modifying the factepsin Eq. @),
variations in the ocean. Each of these new variables is mosto that the calculatefr reflects the newer estimate of the
suitable for a different particular purposé“;o'” represents carbonate components of SSW considered here. This would
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