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1 Introduction and FAQ

e Whatis TEOS-10?

In 2010, the Intergovernmental Oceanographic Commis${@€), International Association for the Physical

Sciences of the Oceans (IAPSO) and the Scientific Committeé@ceanic Research (SCOR) jointly adopted
a new standard for the calculation of the thermodynamic @riigs of seawater. This new standard, called
TEOS-10, supercedes the old EOS80 standard which has bedacefor 30 years, and should henceforth
be the primary means by which the properties of seawaterstirma&ted. TEOS-10 was the main product of
SCOR Working Group 127 (Thermodynamics and Equation oeSthEeawater).

e Why was it adopted?
There are many important advantages and improvementsioaied into TEOS-10. This standard

1. provides a complete thermodynamically consistent megreation of all thermodynamic properties of
seawater, and
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2. explicitly considers the chemical composition of se@ratnd incorporates corrections for composition
anomalies, which will also greatly improve our knowledge amderstanding of ocean circulation, and
the ways in which this is modelled,

3. should lead to the opening of new research areas assbwitethe fundamental parameters of seawater,
and

4. will facilitate development of salinity measurementteclogies with better long-term stability and Si-
traceability, required to investigate, e.g., climate dmissues.

However, it is true that for most oceanographers, espgdiatise not intimately concerned with precise mea-
surements of deep ocean waters, these advantages will motiediately apparent. They are there nonethe-
less!

o How will | be affected?

One aspect of the new standard that will immediately affgetyone is that salinity will no longer be de-
scribed using the old unit-less “Practical Salinif§, as defined by the Practical Salinity Scale 1978 (PSS78).
Instead, we will now speak of “Absolute Salinity”, denoted$y , which will have units of g kg! (i.e. a true
mass fraction).

The Absolute Salinity (capitalized) used in TEOS-10 is ey defined measure of absolute salinity (lower
case). This latter term generically refers to any salinigasure that has mass fraction units. Numerically,
the S, of a seawater sample represents, to the best availablesayc{and with certain caveats), the mass
fraction of dissolved solute in so-called Standard Seawaiid the same density as that of the sample. It
is sometimes also referred to as “Density Salinity”, deddtg®"s. Standard Seawater (or SSW) is seawater
with a particular composition, obtained from a referenceamal (IAPSO Standard Seawater) by adding pure
water or removing pure water by evaporation. Most labogateeasurements of seawater properties are made
using SSW.

However, the relative chemical composition of real seaneda differ slightly from that of SSW. It is because
of these changes in relative composition that differentsness of absolute salinity are possible. The numer-
ical differences between a number of different absolutmigaimeasures of the same North Pacific seawater
are given in Table 1. This example shows the largest variatexpected in the open ocean. Note that these
differences are all much larger than the precision with Whie can measur€p, which is typically+0.002.

It is important to emphasize that the correct salinity argatused in the equations making up TEOS-10 is
Sa, and not any other measure of absolute salinity, and DEFBNYTNOT the Practical Salinitysp. If you

use numerical values that represgptas the argument in calculations using TEOS-10 functions witl get

the wrong answer!

e What should | do to start using TEOS-107?

All of the details behind the new standard are explainedénitBOS-10 manual (I0OC et al., 2010), which is
available fromwww. t eos- 10. or g (and other places). The manual is nearly 200 pages long, larast
every page is dense with thermodynamics, partial difféa¢miquations, long lists of numbers and other
intimidating arcana. How should one deal with this? The fitste of advice to keep in mind is

DON'T PANIC

Basic operational procedures are straightforward. The imgsortant thing to do is to make sure the notation
you use is consistent and correct! In order to avoid confugtwactical Salinity should henceforth be reported
with the symbolSp and Absolute Salinity with the symbgl, .

In the rest of this primer, the basic procedure to be follovgealtlined, followed by a brief outline of the theory
behind TEOS-10. References are given to particular papetisel literature, which themselves are incorporated
(somewhere!) in the TEOS-10 manual.
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Salinity Measure Definition value difference
from Sg
Sp (Practical Salinity) Conductivity with temperature and 34.836 0164

pressure-dependence removed (PSS78)

Mass fraction of solute in SSW with the

Sr (Reference Salinity) same conductivity as the sample

35.000gkg! -

Mass fraction of solute in SSW of the sam

1
chlorinity as the sampl& 34.993 gkg 0.007

S, (Preformed Salinity)

Sqens (Density Salinity), also Mass fraction of solute in SSW of the same, 020gkg!  +0.020

Sa (Absolute Salinity) density as the sample
Sseln (Solution Salinity) Mass fraction of solute in the sample 35.034gkg +0.034

S. plus mass of solid added in, e.g., labo-

add _ ini 1
544 (Added-Mass Salinity) ratory experiments 35.016gkg" +0.016

a In coastal areas8. is also conservative, but may not be related to chlorinity.

b §add differs from S5°!" because of chemical reactions involvifigO that occur after addition; thus mass of
solute may not be the same as mass of added solid. In thisioee@mple the mass of solid added to SSW
is inferred from knowledge of the biogeochemical proce¢Basvlowicz et al., 2010)

Table 1: Different measures of salinity for water from thegdéorth Pacific, where composition anomalies in the
open ocean are largest relative to SSW (from Wright et al1,020 Water has been normalized $¢ =35.000

g kg~!. For this water the density anomalyr=0.015kgnT3. The density anomaly is the difference between
the true density and the density evaluated usiggas the salinity argument in the TEOS-10 Gibbs function, i.e.
ignoring the effects of composition variations. Note that $amples with the composition of SSW all of these
measures (except for Practical Salinity) are identical egdivalent. Additional definitions are also possible, but
have not been explored (e.g., a measure that provides thectanic strength for anomalous seawater).
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2 Howtouse TEOS-10

At present, most conductivity-measuring oceanograplstuments report data that is converted to, and calibrated
using, Practical Salinityp. This will not change. In factp will continue to be the primary salinity value stored
in archives Op is then best thought of as a conductivity measure with thee&ature and pressure dependencies
removed). DO NOT ARCHIVES,! However, for all other purposeS, according to the TEOS-10 definition is
required. Determinings involves only 3 steps:

1. Determine Practical Salinit§p.

2. For waters in the “Neptunian” range (i2< Sp < 42, —2°C< t < 35°C), a REFERENCE SALINITYSr

on the REFERENCE COMPOSITION SALINITY SCALE can be estinglts

_ 35.16504
Sr/(g kg 1) = ~ 35 X Sp 1)

Clearly, this conversion will be important to any measuratageporting (or requiring) a precision of better
than 1 g kg!'. Details of the Reference Composition and the associatéerétee Composition Salinity
Scale are provided by Millero et al., (2008).

The Reference Salinity is the mass fraction of solute in #ificdal seawater with a precisely defined Refer-
ence Composition. However, actually constructing suchréfical water is very difficult. In fact, IAPSO
Standard Seawater (the current standard for calibratian)o2 thought of as the best physical realization of
this definition. When diluted or concentrated by the addittw removal of pure water, the resulting sea-
water of fixed relative composition is denoted SSW. Theof a seawater sample is then the best available
approximation of the mass fraction of solute in SSW with tame conductivity as that of the sample.

. Because the composition of seawater is not exactly condtere are changes in carbon system parameters,
nutrients, and some other constituents like calcium, in@am®that make a practical difference at the level
of accuracy we are interested in), this Reference Salinitynet be exactly the same as the actual Absolute
Salinity. Instead, they differ by a small correction faciofy :

Sa = Sgr + 654 (2)

This correction factor is usually but not always positivecause composition anomalies tend to be relatively
unconductive for their mass compared with “sea salt”. Itleams large as 0.02 g kg in the open ocean, and
as much as 0.09 g kg in some coastal areas. It is therefore important when dgalith any measurements
reporting a precision of better than about 0.1 g kg

There are several possible ways to estimate the correet@iord S . In order from simplest to most complex:

(a) One can simply assume, in the absence of other informdtiaté Sy = 0.

This approach is probably the appropriate choice when wgrka coastal regions (that is, on the con-
tinental shelf and inshore) and/or in marginal seas, eapig¢ahallow seas, that have had no direct
anomaly measurements (Red Sea, Mediterranean, perhajs) Arc

Note that ignoring this correction is roughly equivalentusing the old PSS78/EOS80 approach, al-
though even in this mode TEOS-10 provides estimates of mananpeters, over a wider range in tem-
perature, salinity, and pressure, with slightly betteraacy, than the old approach.

(b) In the open ocean (Atlantic, Pacific, Indian, Southere&s, also Baltic), there exists a global atlas
of 654. As described by McDougall et al., (2009), existing measumets were extrapolated over the
whole basin by using spatially-varying correlations witncentrations of silicic acidi(OH ),). This
is possible because the actual composition variationsgrisom biogeochemical processes are them-
selves correlated.

This is probably the appropriate choice for most “blue-wateork. The atlas itself is contained in a
MATLAB code base. When using this approach, however, it Wdag important to state the version
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number of the atlas used, as the size of the corrections menygehas more direct density measurements
are made in different parts of the ocean and the extrapoktice made more accurately.

(c) If measurements of carbon system parameters (two &', T A, pH, or fC'Os), as well as measure-
ments of silicate and nitrate are available, théh can be estimated from a simple equation, linear in
[TA], DIC, [NO;5 ], and[Si(OH)4]. The coefficients of this equation (and the theoreticaldbabthe
numerical model from whose calculations they are deriveeld@scribed in Pawlowicz et al., (2010).
This model-based procedure can be used anywhere in the ,caredmay also be useful in numerical
models, especially those that include biogeochemicalge®ses. This approach replicates the purely
empirical data-based atlas approach to within004 g kg—!, which is approximately the error of the
direct measurements used in creating the atlas. It is nat cight now which of the two approaches
is more accurate. It may be simplest to rely on the atlas nmite experience is obtained with these
procedures.

(d) One can make estimates of the salinity anomaly by makinegidmeasurements of the density anomaly.
The density anomalypr, is the difference between the true density, and that conolpugang Sy as the
salinity argumentin TEOS-10 (i.e., ignoring the effect@obmalies). Then

8Sa/(gkg™") ~ dpr/(kg m™?)/0.75179 3)

This may be necessary to obtain the most accurate resultsas af unknown composition anomalies,
and the global database of such measurements should ieaeastime. However, it is unlikely that
making density measurements will be necessary (or desirédnl most routine work.

4. In certain specialized applications, other definitiohgosolute salinity (see Table 1) may be useful. As
a practical matter, the correction factors required to eshbetween these different measures of absolute
salinity andSg can be approximately determined by a simple scaling%f. For details, see Pawlowicz et
al., (2010) and appendix A.4 of IOC et al., (2010).

NOTE: In order to prevent confusion, and to facilitate future camgons, it is VERY IMPORTANT that in
published work:

e you use the CORRECT NOTATION for the salinity definition yae aising, and that
e you document the EXACT METHOD used for estimatifn .
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3 What are the advantages and disadvantages of TEOS-10?

3.1

1.

3.2

Advantages

Use of mass fraction

In TEOS-10, the explicit scaling which in the definition ofatical Salinity maintained continuity with the
old salinity measures based on Knudsen titration for chityris modified in order to have the best available
measure of mass fraction. Salinities in TEOS-10 are red@sdrue mass fractions, consistent with practices
in other scientific fields.

. Use of latest temperature standards

EOS80 calculations require temperature on the old IPTSe@8&sbut for 20 years now temperatures have
been calibrated and reported on the newer ITS90 scale, sitatesy awkward corrections. This is no longer
necessary in TEOS-10.

. A thermodynamically consistent description of seawater

Properties like (e.g.,) the density, sound speed, and lagetcity are related to one another through ther-
modynamic relationships, but the EOS80 equations are sistamt with these relationships. TEOS-10 is
constructed in such a way that all thermodynamic relatigpssare consistent.

Also, the use of TEOS-10 allows for the calculation of thedyrmamically important variables such as the
enthalpy, internal energy, and entropy. These variables wet available from EOS80. Their calculation will
allow heat fluxes and heat budgets to be more accuratelynligied.

. Use of the latest, best measurements of water properties ava much wider range of temperature,

pressure, and salinity

The best and most recent measurements of pure water andefeatss are included, as are the latest values
for atomic weights (whose present uncertainty alone leadmtuncertainty of about 0.001 g kb in the
absolute salinity).

. More accurate values for seawater properties

This is especially true when salinities are corrected fonposition variations.

. Standardizes a composition model for seawater

The definition of a Reference Composition (i.e. a completakdown of the major ionic constituents in an
artificial seawater) forms a baseline to which compositieaaations can be compared.

Disadvantages

Although there are substantial advantages to using TEQ$h&Oprice to paid for this is that the mathematical
equations making up this standard are rather complex aravienmany coefficients specified to 16 significant
digits. It is NOT RECOMMENDED that you try to program theseuyself. Instead, you should use software
developed by members of SCOR WG127. Currently this softumevailable in FORTRAN, Visual Basic, and
MATLAB at ww. t eos- 10. or g. At present there is no easy way to use TEOS-10 if you areduinib, e.g.,
Excel.
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4 Brief theory behind TEOS-10

4.1 Utility of the Gibbs function

The basis for TEOS-10 is the construction of a Gibbs functidhe Gibbs function (named after Josiah Willard
Gibbs, b1839-d1903) is a THERMODYNAMIC POTENTIAL FUNCTIONPF). A TPF is a scalar function used
to represent the thermodynamic state of a system. One greattantage of the Gibbs function as a description of a
system is that all thermodynamic properties of the systembeadetermined by specific combinations of derivatives
of that function. For example, the densitysound speed, specific heat capacity,, specific entropy), and specific
enthalpyh are:

p = (9p)7" (4)
¢c = gp \/gTT/(g%P — grT9PP) (5)
¢, = —Tgrr (6)
n o= —gr (7)
h = g—Tgr (8)

where the Gibbs functiop = ¢(Sa, t, P) is an empirical function of absolute salinity, temperatanel pressure,
andgx = dg/0X, holding all other variables constaft.= Tj + ¢ is the absolute temperature of the systéi)(
with ¢ the temperature iAC andTy = 273.15.

The Gibbs function thus represents a theoretical tool byclwvhieasurements of all thermodynamic properties
of SSW can be combined into a single fit. This single fit will imrt be consistent with all the measurements, and
will provide a thermodynamically consistent representatihat will interpolate between the measurements. The
TEOS-10 fit is described by Feistel (2008).

4.2 Meaning of the Gibbs function

However, the Gibbs function also has a deeper meaning, vilichfundamental importance to understanding the
energy or “heat” budget of the oceans. First, it is necesacpnsider two important thermodynamic parameters.
These aré, the SPECIFIC ENTHALPY, ang, the SPECIFIC ENTROPY of the system. In this context, “sfici
implies a measure per unit mass.

The specific enthalpy is defined as the sum of two terms:

h=u+ Pv 9

whereu is the specific internal energy of the system (i.e. the kinetiergy involved in vibrating molecules plus the
potential energy of chemical bonds and electrostatic @®r@ndPv is the energy required to make room for the
system by displacing its environment. Hédras the pressure of the system ani the specific volume (& p). The
specific enthalpy is therefore a measure of the heat contéiné ystem.

Entropy measures the amount of disorder in the system, arahmechanical energy which is not accessible. It
has the special property that it is always produced (rathen testroyed) by both molecular and turbulent mixing
processes. Both entropy and enthalpy can themselves hdatalt from the Gibbs function (eqgs. 7-8).

The fundamental thermodynamic relation between smallgbéaim enthalpy, internal energy, and entropy is

dh — vdP = du + Pdv = T'dn + pudSa (20)
from which we see that

1. achange in pressudd by itself alters the specific enthalpy of a seawater parcel,

2. the work done in compressing (changing the volume) of avata parcelPdr changes its internal energy,
while
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3. changeslSy in the absolute salinity of the parcel result in changes imogy dn, through a CHEMICAL
POTENTIAL y (which itself can also be derived from the Gibbs function).

The Gibbs functiory is formally defined as
g=h—Tn (12)

and is therefore a measure of the maximum energy availalde tconmechanical work (like stirring or mixing)
in an isothermal, adiabatic system. However, the oceantissathermal. As different water masses mix, changes
in temperature and salinity will occur, and hence energyoisverted from one form to another. The concept of
conservation of energy thus becomes critical to fully ustierding ocean circulation.

Energy conservation is quantified by the First Law of Thergrmamics. Both entropy and enthalpy are key
thermodynamic variables that are involved in the First LAlthough a proper derivation of the First Law in a fluid
system with added solute is complicated (for details, segeidix B of IOC et al., 2010), the result shows that the
convergence of the radiative and molecular fluxes of heatedlsas the dissipation of turbulent kinetic energy both
act to “warm” a fluid parcel (actually, increase its enthalpy

However, in the ocean the energy contribution from the dasbn of kinetic energy is typically small. Thus,
when seawater undergoes turbulent mixing at any given presaway from direct radiation, enthalpy is almost
exactly conserved. As a result of the “contraction on miXitge cabelling effect on that arises because of the
curvature of isopycnals on a temperature-salinity diagremernal energy will increase (c.f. eqn. 10). Entropy
also increases irreversibly as a result of mixing. Thes@@rties, namely that enthalpy is a conservative variable
under the process of turbulent mixing at a fixed pressureandtitropy is not, make these parameters fundamentally
important to our understanding of how the ocean transpodgdéfuses “heat”.

4.3 Conservative Tracers for “Heat Content” and Salt

Although the temperature and Absolute Salinity are reqLi&® arguments to the TEOS-10 Gibbs function, we are
also interested in deriving conservative tracers in theocén this context, “conservative” describes a tracer vehos
guantity in a specified volume of seawater stays constanherabsence of fluxes through the boundaries of that
volume (over time, while it mixes, etc.).

The true heat content of the system is not simply relatedd@tterage temperature. Instead it is most rigorously
identified with the enthalpy, which as we have explained alis\not affected by turbulent mixing. However, the
enthalpy is affected by the ambient pressure. In the samethaypressure effects are removed in the definition
of potential temperature (by moving the sample without & fia& to or mass exchange with its surroundings to a
reference pressure which we take to be the pressure at tee€sairface), the pressure effect can be removed from
enthalpy to create a POTENTIAL ENTHALPKX, as a measure of heat content. Note that the word “potentéd” h
yet another implication here than as it is used in the namedrRfthe name of.

Potential enthalpy is then an ideal conservative variatiénéat content. It can be scaled into a new variable,
CONSERVATIVE TEMPERATURE, denote@.

0=-=2 12)

The scale factocg is a constant carefully chosen so that potential tempex@tand Conservative Temperatuge
will be numerically similar for typical seawaters .8 = 35, or neart = 0°C. However, the difference between the
two can exceed®C when salinities are low and temperatures high (for detsdle IOC et al., 2010).

In addition, it would be useful to have a conservative trdoesalinity. The Absolute Salinityss is not con-
servative, because it slowly increases in the ocean du@gebthemical processes, which remineralize carbon and
nutrients. The Reference Salinii is also not conservative, since it is measured with condigtivhich will
also slowly increase due to these increases in concemtsadionutrient and carbon system ions. However, we can
"remove” these effects and construct a conservative sglirdcerS,. Typically this PREFORMED SALINITYS.
will equal Sg (and.Sya) in SSW, but as ions are added it will become smaller thareefiih andS, (as illustrated
by the example in Table 1).
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