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Abstract. Very accurate thermodynamic potential functions 1  Introduction
are available for fluid water, ice, seawater and humid air cov-
ering wide ranges of temperature and pressure conditiondn meteorology and oceanography, many standard textbooks
They permit the consistent computation of all equilibrium present the thermodynamic properties of moist air, seawater
properties as, for example, required for coupled atmospheresr ice in the form of a collection of independently determined
ocean models or the analysis of observational or experimeneorrelation equations for selected quantities (e.g., Gill, 1984;
tal data. With the exception of humid air, these potential Emanuel, 1994; Seinfeld and Pandis, 1998; Millero, 2001,
functions are already formulated as international standardgacobson, 2005) or by means of meteorological charts such
released by the International Association for the Properties ofis the Sive diagram, the emagram or the tephigram (Rogers
Water and Steam (IAPWS), and have been adopted in 2008nd Yau, 1989). Often, some of these equations rely on cer-
for oceanography by IOC/UNESCO. tain simplifications (e.g., ideal gas, constant heat capacity,
In this paper, we derive a collection of formulas for im- constant latent heat); their uncertainty, completeness, mutual
portant quantities expressed in terms of the thermodynamiconsistency or range of validity is not always clearly stated.
potentials, valid for typical phase transitions and compositeThe particular selection chosen may depend on personal pref-
systems of humid air and water/ice/seawater. Particular aterences of the author over various alternative empirical for-
tention is given to equilibria between seawater and humid airmulas available from the scientific literature. Although the
referred to as “sea air” here. In a related initiative, these for-air-sea interface forms the largest contribution to the atmo-
mulas will soon be implemented in a source-code library forspheric boundary layer, meteorological equations which ac-
easy practical use. The library is primarily aimed at oceano-count for the ocean’s salinity are comparatively scarce and
graphic applications but will be relevant to air-sea interactionapparently considered to be of marginal interest. Explicit for-
and meteorology as well. mulas for fundamental quantities such as entropy are often
The formulas provided are valid for any consistent set ofmissing (McDougall and Feistel, 2003; Pauluis et al., 2008).
suitable thermodynamic potential functions. Here we adoptEven if mathematical expressions for enthalpy, entropy or
potential functions from previous publications in which they chemical potential are available, without an explicit speci-
are constructed from theoretical laws and empirical datafication of their freely adjustable constants it is difficult to
they are briefly summarized in the appendix. The formulascompare the results from different formulas or to consistently
make use of the full accuracy of these thermodynamic poteneombine one with another (Feistel et al., 2008b).
tials, without additional approximations or empirical coeffi-  An alternative, systematic, theoretically more elegant and
cients. They are expressed in the temperature scale ITS-9€atisfactory concept is the construction and evaluation of
and the 2008 Reference-Composition Salinity Scale. thermodynamic potentials, as demonstrated by IAPWS
the form of its releases on fluid water (IAPWS, 2009a), ice
(IAPWS, 2009b) and seawater (IAPWS, 2008). On this
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basis, together with IAPWS, the SCAIRAPSO® Working The shortterm “sea air” is used in this paper to refer to sys-
Group 127 (WG127) on Thermodynamics and Equation oftems composed of humid air and seawater, freshwater or ice
State of Seawater in cooperation with UNESCO-f@@vel-  in mutual thermodynamic equilibrium, e.g. modelling prop-

oped a proposal for a new international standard for oceanogerties of a system including the ocean surface mixed layer
raphy, TEOS-10 (I0C, 2010), which has replaced the cur- and the marine atmospheric boundary layer. In addition to
rently valid 1980 International Equation of State of Seawa-the three thermodynamic potentials for fluid water, ice and
ter (EOS-80, Fofonoff and Millard, 1983) after almost three seawater endorsed by IAPWS, potential functions for dry
decades without formal updates to account for progress irair and virial coefficients for air-vapour interaction are re-
this field (Feistel, 2008a, b; Feistel et al., 2008b; IAPWS, quired for the construction of a potential function for humid
2008a; I0C, 2009). air. These formulas are available from the literature as dis-
All available accurate experimental thermodynamic datacussed later and are used here to construct the desired po-
for a given substance can be suitably combined with eachential function. An IAPWS document on this formulation is
other for the construction of a single mathematical func-in preparation (IAPWS, 2010). Combined, these four poten-
tion, the thermodynamic potential (Gibbs, 1873; Fofonoff, tials permit the computation of thermodynamic properties of
1962; Feistel, 1993; Pruppacher and Klett, 1997; Tillner-the atmosphere, the ocean, clouds, ice and lakes in a com-
Roth, 1998; Alberty, 2001; Hantel and Mayer, 2006; Alek- prehensive and consistent manner, valid over wide ranges in
sandrov and Orlov, 2007; Feistel, 2008a; Herrmann et al.femperature, pressure and concentrations, from polar cirrus
2009; 10C, 2010), from which all thermodynamic proper- clouds at high altitudes to saline estuaries in the tropics, with
ties can be derived analytically or numerically. Moreover, the highest accuracy presently available. Rather than being
if the potential functions of different substances obey cer-a mere theoretical exercise, these four independent functions
tain mutual consistency requirements (Feistel et al., 2008b)and numerous properties derived thereof are available from
any mixtures, phase equilibria or composite systems can ada numerical source-code library which has currently been
ditionally be described this way by rigorous thermodynamic developed, supporting the implementation of the intended
methods, i.e. by appropriate algebraic combinations of parnew oceanographic TEOS-10 standard (Feistel et al., 2009;
tial derivatives of the potential functions. Wright et al., 2009). The library will be available in Fortran
For practical use in oceanography and meteorology, Gibb&nd Visual Basic/Excel for easy use on various platforms.
functionsg (T, P) are the most convenient potentials becauselLater, versions in Matlab and C/C++ are also planned.
they provide all properties as functions of temperaftiend The mathematical forms of the four thermodynamic po-
pressureP which are directly available from measurements tentials are briefly described in the appendix. In Sects. 3
(Tillner-Roth, 1998). If the range of validity includes a phase to 9, exploiting those potentials, mathematical formulas and
transition region, Gibbs functions possess multiple values irrelations are given for the computation of properties of hu-
the vicinity of the phase transition line in tHe— P diagram  mid air and its equilibria with liquid water, ice and seawater.
(Kittel, 1969; Stanley, 1971). Helmholtz function&T, p) These formulas are rigorous thermodynamic relations; they
depending on temperature and dengitare single-valued will remain valid even if the particular potential functions are
even in this case and are therefore the preferred numericalpdated in the future with new numerical coefficients or dif-
formulation in such regions of parameter space. Enthalpyferent algebraic structures.
h(s, P) as a function of entropy and pressure is particularly The flux of water vapour from the oceans into the air is
useful for the description of adiabatic (isentropic) processeghe main source of moisture for the atmospheric branch of
(Feistel and Hagen, 1995; McDougall, 2003; Pauluis et al.the hydrological cycle, in which the moisture is carried by
2003; Feistel, 2008a), e.g. for the computation of potentiallarge-scale atmospheric circulation patterns. Via precipita-
temperature (v. Helmholtz, 1888; v. Bezold, 1888; Helland-tion, a great part returns directly to the ocean or indirectly
Hansen, 1912; Rogers and Yau, 1996; McDougall and Feisas riverine run-off from the continents. Spatial patterns of
tel, 2003). All these potential functions are mathematically evaporation, precipitation, river discharge and overall runoff
and physically equivalent; the choice of which to use dependwary substantially over time, and the oceanic circulation ad-
on application requirements or numerical simplicity. justs to close the freshwater cycle on the global scale. The
global freshwater balance controls the distribution of salin-
ity which, via internal pressure gradients, constitutes a main
2SCOR: Scientific Committee on Oceanic Researbtip:// d_riving factor for the circulation of the world ocean. _ Re-
WWW.SCOr-int.org gional exchang.e processes at_thg ocgan-atmospherg interface
3)APSO: International Association for the Physical Sciences of d€pend essentially on the redistribution of thermohaline wa-

the Oceanhttp://iapso.sweweb.net ter properties by oceanic currents. As sufficiently advanced
410C: Intergovernmental Oceanographic Commissibttp:/ global coupled ocean-atmosphere models become available,

ioc-unesco.org the remotely observed sea-surface temperature (SST) is be-
STEOS-10: International Thermodynamic Equation of Seawatering treated as an internal system variable rather than being

2010, http://www.teos-10.org formulated as a boundary condition of either an atmospheric
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or an oceanic climate model; it is thus becoming one of theequilibrium properties of sea air with some observations of
most useful and sensitive indicators for the correctness ofhe marine atmosphere. The appendix summarizes the details
such models. Fully coupled atmosphere-ocean general ciref the different thermodynamic potential functions, formulas
culation and ice-sheet models are presently the most imporfor properties derived thereof, conversion tables between the
tant tools to understand the dramatic climatic impact on at-partial derivatives of different potentials and, for reference,
mospheric water content, cloud formation, ice cover and seaimplified potential functions in the ideal-gas limit. Note that
level in the past and future (Trenberth et al., 2001; Lunt et al. this limit implies pressure-independent but not necessarily
2008). The feedback associated with changes in atmosphertemperature-independent heat capacities (Landau and Lifs-
water content is a key process that must be accounted for ighitz, 1987). For the humid-air potential that is published
predictions of global warming (Willett et al., 2007; Dressler in this form for the first time in this paper, tables with nu-
et al., 2008). merical check values are provided for the verification of the
A consistent description of the fluxes of seawater vapourcorrectness of its implementations or modifications.
and latent heat, which continually pass across the ocean- To use an approach and nomenclature that are consistent
atmosphere interface on different spatial and temporal scalesyith oceanographic practice, some equations developed here
is indispensable for models dealing with the coupled oceandiffer slightly from common meteorological practice. Pure
atmosphere system. All thermodynamic quantities associwater serves as the general reference substance, in the ocean
ated with such fluxes must be formulated consistently onin liquid form, in the atmosphere in its vapour phase. Dis-
both sides of the sea surface. While transport propertiesolved in or mixed with this fluid water are sea salt and dry
themselves cannot directly be computed from the equilib-air, both being natural mixtures of various chemical species,
rium properties summarized in this paper, the deviation ofdescribed by the absolute salinifs, as the mass fraction of
measured or modelled conditions from those equilibriumsalt in seawater, and the mass fraction of dry 4jiin humid
properties represent the system’s distance from equilibriurmair, including the limiting cases of freshwateix(=0), dry air
and estimate the thermodynamic Onsager forces (GlansdorffA=1) or air-free vapour4=0).
and Prigogine, 1971; De Groot and Mazur, 1984) driving the The dissolution of air in water or seawater is always ne-
irreversible fluxes. Consequently, standard formulas whichglected in this paper. Also, problems related to metastable
use measurable parameters to estimate the physical fluxesates, supersaturation or nucleation processes are not con-
of energy, heat, water, or salt at the sea surface are basexidered. The fallout of condensed water or ice from the
on equilibrium properties of seawater and humid air (Stull, real atmosphere depends on certain conditions such as the
2003; Weller et al., 2008). For example, the correspond-droplet size distribution. This precipitation problem is ex-
ing bulk formulas for the ocean-atmosphere latent heat fluxcluded from our theoretical model; in this paper we consider
(Weare et al., 1981; Baosen, 1989; Wells and King-Hele thermodynamic phase equilibria of gravity-free composite
1990) are more correctly expressed in terms of the sea-aisystems regardless of the shape of the phase boundaries.
specific humidity at the condensation point (Sects. 6, 12) The chemical composition of sea-salt, Table Al, is consid-
rather than of saturated humid air. Measurements of the evapered as constant, as described by Millero et al. (2008). The
oration rate of seawater at different salinities were made re€hemical composition of air, Table A2, is assumed to be fixed
cently by Panin and Brezgunov (2007). as described by Picard et al. (2008), although only the per-
In Sect. 2, with regard to ocean-atmosphere interactionmanent constituents of air are considered here except for the
we first briefly review several vapour-pressure formulas andvariable water vapour content. The symbol for pressures is
equations for humid air. In Sect. 3, the IAPWS Release 2008P with corresponding superscripts. Thus, for example, we
for seawater is explained. Some recent formulations for dryuse PV for the partial pressure of water vapour rather tean
air are discussed in Sect. 4. The generalisation for humidas often used in meteorological texts. The symbisl used
air follows in Sect. 5. The composite system of humid air for the specific entropy rather than(as in the word “tephi-
in equilibrium with seawater (sea air) is analyzed in Sect. 6.gram” which refers to th&-¢ diagram, wherep refers to
Its special case of vanishing salinity, i.e. the equilibrium be- specific entropy). Consistent with oceanography, the adia-
tween pure water and saturated air is described in Sect. hatic lapse ratéd” is defined here as the isentropic tempera-
in particular the saturation of air with respect to liquid water. ture change with respect to pressure rather than with respect
Below the freezing point of seawater, ice appears in sea air at altitude,I' = (a7 /9 P),, thus being immediately available
a third phase; in Sect. 8 extended formulas are discussed th&ibom e.g. the related Gibbs function as an intrinsic thermo-
account for the presence of ice, and in Sect. 9 we considedynamic property of air, independent of non-thermodynamic
the related zero-salinity limit, “ice air”. In Sect. 10 we dis- parameters such as gravity or distance.
cuss different definitions of relative humidity and derive its  Regarding the terminology of adiabatic processes and
equilibrium value for the sea surface. Introducing enthalpylapse rates, consistent with Pruppacher and Klett (1997), we
as a potential function in Sect. 11, we consider the propertiesefer to the lapse rate of dry air as “dry adiabatic”, of un-
of a well-mixed, isentropic atmosphere in local equilibrium saturated humid air as “moist adiabatic”, of wet air (parcels
with the sea surface. In the discussion, Sect. 12, we compareontaining humid air and liquid water) as “wet adiabatic” and
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of ice air (parcels containing humid air and solid ice) as “ice  The most recent and most accurate equation of state for
adiabatic”. This is in contrast to textbooks such as Jacobmoist air near atmospheric pressure is the C{F2@07 for-
son (2005) which, to some extent confusingly, link “dry” adi- mula (Picard et al., 2008), replacing its predecessor known
abatic lapse rates to unsaturated moist air, and “moist” adias the CIPM-81/91 equation (Giacomo, 1982; Davis, 1992)
abatic lapse rates to saturated parcels which condense watkr particular for its corrected value of the Argon fraction.
and warm up due to latent heat release during uplift. CIPM-2007 is valid in the range 0.06-0.11 MPa and 15—
If not explicitly mentioned otherwise, all equations are ex- 27°C for relative humidity 0-100%. Its relative combined
pressed in the temperature scale ITS-@reston-Thomas, standard uncertainty in density is estimated to be 22 ppm
1990) and in the new oceanographic Reference-Compositiofil0-%). The formulation of Hyland and Wexler (1983b)
Salinity Scale (Millero et al., 2008; 10C, 2010) in gkl covers dry air at 173.15-473.15K and humid air at 173.15—
rather than in Practical Salinity on the 1978 scale. As usual in372.15K at pressures up to 5 MPa. For an accurate construc-
meteorology, in several figures the absolute pressure is givetion of humid-air formulations from separate equations for
in units of hPa=100 Pa. dry air and for water vapour, Harvey and Huang (2007) re-
calculated the second virial coefficient of@-air interaction
by evaluating the statistical configuration integral. Earlier
second and also third virial coefficients fop®-air-air and
H,0O-H,O-air three-particle interactions are available from
Standard textbooks (Gill, 1983; Jacobson, 2005) provide setsHyland and. Wexler (1983b)' In .th.'s Paper we use these sec-
: . ) ond and third cross-virial coefficients in combination with
of various separate correlation equations for relevant thermo:

dynamic properties of the atmosphere such as the heat Call—_|elmholtz functions for dry air from Lemmon et al. (2000)

pacity, the lapse rate or the latent heat. The estimated unceg_g(ljcf)())rWatervapourfrom IAPWS-95 (Appendix D; IAPWS,
tainties in the proposed ideal-gas formulations for the den- ' . . . . .
Thermodynamic properties of water vapour including air-

sity of dry and humid air are less than 0.2% under typical d . :
atmospheric temperature and pressure conditions (Jacobso}qee saturation conditions are available from the IAPWS-95

2005) ormulation in the range 130 K-1273 K and pressures up to

. . . 1000 MPa in the form of a Helmholtz function. A correc-
A Helmholtz function for d blished by Lem- . .
eimnotz TUNCHon Tor ary air was pubisned by -em s[‘,1®[onterm additional to the ideal-gas part of IAPWS-95 below

2 Available formulations for dry air, humid air, and the
vapour pressure over water, seawater, or ice

mon et al. (2000), representing experimental data in the rang . . . . o
0-70MPa and 60-873K (reasonably predicting propertie 3(_) K is proposed in Appendlx c 9f this paper, extending its
ﬁ/ahdlty to 50K, for consistency with the latest formulas for

even up to 2000 MPa and 2000K) as an extended revisioth blimai dth blimati thalov of i
of the previous equation by Jacobsen et al. (1990), com- € sublimation pressure and the subliimation enthalpy ot ice

pleting it with the ideal-gas contributions for the major air Ih (Feistel and Wagner, 2007; IAPWS, 2008b).

constituents. The most recent ideal-gas heat capacities are A1 industrial humid-air description, intended for applica-
available from Helmholtz function formulations for Nitrogen 10NS at elevated pressure and temperature, was recently pro-
(Span et al., 2000, quantum rigid rotor model for 20-500 Kk Posed by Aleksandrov and Orlov (2007), based on the dry-
with 0.01% uncertainty), Oxygen (Stewart et al., 1991, from &if €quation of Lemmon et al. (2000) in conjunction with
experimental data at 30-3000 K with a maximum deviation € IAPWS Industrial Formulation IF97 (Wagner and Kret-
of 0.003Jmot K1) and Argon (Tegeler et al., 1999, us- zsc_hmar, 2008) for fluid water and an egrher gquatlpn fo_r ice
(Feistel and Wagner, 2005), although without including virial
coefficients for air-water interaction. The approach of Nelson
and Sauer (Gatley, 2005) is similar. The “SKU” model of

ing the constant isobaric heat capa@i‘f}’/’id =2.5R with an
uncertainty below 0.01% up to 10 000 K). Another equation

for oxygen is available from Wagner and de Reuck (1987)'Herrmann et al. (2009c, 2010) also is an ideal-mixture com-

We choose to use the more recent formulation of Lemmon .~ .. .
nblnatlon of the real-gas formulation of Lemmon et al. (2000)

et al. (2000) which combines the properties of the differ- ~. . i

ent air constituents including their ideal-gas parts, and isWIth IAPW.S (20092) for. water vapour (ideal mixtures are
expressed on the ITS-90 scale. Experimental data for '[hémdeIS which may consider nc'Jn-|deaI' properties of the pure
heat capacity of air were published by Henry (1931) at atmo_compongnts but negl_ect any |_nteract|on between the parti-
spheric pressure for the temperature range 202378@nd by cles .Of different chemlcal spt_eC|es). Herrmann et_ al. _(2009(:)
Magee (1994) for 67—300K at pressures up to 35 MPa. Th .rowde an extensive comparison of different humid-air equa-

different formulas and data available are reviewed in great'ol?/;‘?”a nd e;ggrllmentzaslafata. id ‘
detail by Lemmon et al. (2000). illero ( . p. ) provides a vapour pressure for-

mula for seawater that uses the pure-water vapour pressure of
Ambrose and Lawrenson (1972) with a pressure-independent
three-term salinity correction. The related table for practical

6|TS-90: International Temperature Scale of 198&@yw.bipm. 7CIPM: International Committee for Weights and Measures,
org/en/publications/its-90.html www.bipm.org/en/committees/cipm/
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salinity Sp=35 refers to Millero and Leung (1976), who smoke by differential evaporation and condensation is con-
provide a different, two-term salinity correction. The tem- trolled by the so-called &hler equation (Khler, 1936; Sein-
perature scale can be assumed to be IPTS-6& salin-  feld and Pandis, 1998; Jacobson, 2005). This relaxation pro-
ity scale is PSS-# No uncertainty estimate is given. cess is similar to the Ostwald ripening of nuclei that emerge
Kennish (2001, p. 62) provides a table with reference toalong with phase transitions of the first kind (Ostwald, 1896;
Millero (1996), which probably means the same formula Schmelzer and Schweitzer, 1987), as e.g. encountered in
as given in Millero (1983) and Millero (2001). The earlier cloud formation processes (Rogers and Yau, 1989; Prup-
edition of the CRC Handbook of Marine Science (Walton pacher and Klett, 1997; Hellmuth, 2006). In this paper we
Smith, 1974, p. 49) reported the vapour pressure loweringdo not consider the specific properties of aerosols or simi-
of seawater from Robinson (1954) and Arons and Kient-lar systems that are essentially influenced by surface-tension
zler (1954). The formula is pressure-independent. Siedleeffects.
and Peters (1986, p. 252) refer to Millero (1983), who inturn  Consistent with the Releases of IAPWS (2008b, 2009a,
provides the same formula as Millero (2001). Gill (1982) 2009b), valid over the full range of ambient temperatures in-
refers to empirical formulas of List (1951) and Kraus (1972) cluding conditions in the high atmosphere at high latitudes,
for the vapour pressure over water and seawater. Dietrich ethe vapour pressure over ice (i.e., the sublimation pressure)
al. (1975, p. 68) provide a graph for the vapour pressure low-was compiled by Feistel and Wagner (2007) and is available
ering based on measurements of Higashi et al. (1931) anffom an IAPWS Release (IAPWS, 2008b). The vapour pres-
Arons and Kientzler (1954). No uncertainty estimates aresure over sea ice (i.e. ice in equilibrium with brine pockets)
given and the temperature and salinity scales are not specand its relation to the brine salinity is discussed in Sect. 8.
fied. The formula is pressure-independent. As is evident from this brief review, numerous different
Linke and Baur (1970, p. 476) provide a standard mete-formulas are in practical use for the particular properties of
orological formula that is attributed to G. Hofmann (with- water, seawater and air, on different temperature scales, with
out giving the reference, which probably is Hofmann, 1955, different accuracies and over different ranges of validity, with
1956) for pure water with a linear salinity correction from uncertain completeness or mutual consistency. Quantitative
Defant (1961, p. 45). The latter in turn uses results frominformation is scarce about fundamental quantities such as
Witting (1908) without specifying that reference. No uncer- entropy or enthalpy of humid air, or the latent heat of sea-
tainty estimates are given, the temperature and salinity scalegater. In this paper we propose to replace this inhomoge-
are not reported, and the formula is pressure-independentieous collection by consistent, thermodynamically rigorous
Tetens’ (1930) formula for the saturated vapour pressure i§ormulas derived from a minimum set of comprehensive and
also common in meteorology; a recent update was recommost accurate thermodynamic potentials of fluid water, ice,
mended by Bolton (1980). A review of vapour-pressure for- seawater (Feistel, 2008a, b; Feistel et al., 2008b) and humid
mulas over pure water and ice was given by Sonntag (1982%ir which provide all thermodynamic equilibrium properties
with explicit conversion to the IPTS-68 temperature scale;of those substances as well as their combinations and mu-
the effect of the conversion to ITS-90 on the saturationtual phase equilibria over a wide range of conditions. When
vapour pressure was analysed by Sonntag (1990). Saturateh official standard formulation for humid air becomes avail-
vapour pressure data and formulae since 1740 were revieweable which covers wider ranges of conditions than the present
by Sonntag (1998) who expressed his regret regarding th€IPM-2007 formula (Picard et al., 2008), the building-block
lack of internationally recognised meteorological standardsconcept proposed here will permit its easy incorporation into
for these properties. For very accurate vapour pressure foithe suggested system of equations derived by thermodynamic
mulas such as that of Weiss and Price (1980) for seawaterules.
based on Robinson’s (1954) careful experiments, the tem- Simple correlation functions for particular thermodynamic
perature conversion to the recent ITS-90 temperature scalproperties have advantages for certain purposes; they are
is essential (Feistel, 2008a). An early review on seawateeasy to use and numerical implementations execute quickly.
evaporation was published by Montgomery (1940). Formu-The comprehensive formulation proposed in this paper can
las used for the latent heat in numerical ocean models argrovide error estimates and validity limits for such existing
given by Smith (1988); simple expressions for the evapo-formulas. For high-speed applications, it can be used to de-
ration and sublimation heat as functions of temperature argive from its computed data points tailored, very accurate and
available from Gill (1982). consistent new correlation equations. The time it takes to
Various properties of marine aerosols are reviewed bydetermine tailored formulae or to compute and store tabu-
O’Dowd et al. (1997) and Seinfeld and Pandis (1998). Thelated values in look-up tables is irrelevant for their later us-
adjustment of the equilibrium droplet size distribution of seaage. The sea-air functions implemented in the library (Feis-
tel et al., 2009; Wright et al., 2009) permit the computation
8|PTS-68: International Practical Temperature Scale of 19680f look-up tables for practically any desired combination of
(Goldberg and Weir, 1992). input and output properties, since the thermodynamic po-
9pSS-78: Practical Salinity Scale 1978 (Unesco, 1981). tentials provide acompletedescription. Real-time models
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require the highest computation speeds; so, we believe thdh particular for the description of phase equilibria with sea-
our equations may well feed such models with the most acwater, partial specific properties are conveniently derived
curate properties available. However, we recognize that fofrom the Gibbs function. If, for exampleSW is the en-
particular applications such as in oceanographic or climatehalpy of a sample of seawater that contains the mas¥és
models, computation (or look-up) speed may be critical, too.of water andnS of salt, respectively, the partial specific en-
thalpy Hy" of water in seawater is defined by (Glasstone,

. . . . 1947)
3 Helmholtz and Gibbs functions of fluid water, ice and

seawater 9 HSW
HIW = ( ) . (3.6)
mS,T, P

The new standard formulation for thermodynamic properties omW
of seawater developed cooperatively by the SCOR/IAPSO
WG 127 (Feistel, 2008a; I0C, 2010) and IAPWS (2008) con- Transformation to the absolute salinis = m>/(m"+m3),
sists of the saline part of the Gibbs functig¥(Sa, T, P)  and the specific enthalpy>V = HW/(m"Y +mS), yields for
which describes the salinity correction to the specific Gibbsthe partial specific enthalpy the expression
energy of pure liquid water that can be derived from the SW
: e ah 3,
Helmholtz potential for fluid (i.e. liquid and gaseous) wa- gSW _ j,SW (mW_,_mS)( ) ( A ) 3.7)
P m

ter, and a Gibbs functiop!" (7, P) for ice (IAPWS, 2009a, W AY amW
2009b; Feistel et al., 2008b). Mathematical details of those opSW
correlation functions are given in the appendix. =hSW_3s,
The Gibbs function of seawaterSW, ISa )1 p
g3V (Sa. T, P)=g" (T, P)+g%(Sa.T. P), (3.1) By means of Egs. (3.5) and (3.7}3" is computed from

the Gibbs function of seawater. SinH%\S,W depends on one
freely adjustable constant (see Appendix E), the absolute en-
ergy of water, only differences between partial specific en-
thalpies rather than their absolute values can be measured
the Gibbs functiong™, the IAPWS-95 standard provides a in thermodynamic_ experiment;. With respect to different
phases that contain water, an important example for such a

Helmholtz function for.flwd Waterf':(T,.,_o), depending on difference is the latent heat of the related phase transition.
temperature and density. Below the critical temperature, the . SW . ;
related equation for the pressure, If the Glbbgvsnerg)G of seawater is used_ln Eq. (3.(_5)
rather thanH ="', then the related result (3.7) is the partial
) arfF specific Gibbs energy of water in seawater which equals the
=p (E) (3.2)  chemical potential of water in seawater (Landau and Lifs-
chitz, 1987; I0C, 2010).
has two different inverse functions of practical relevance, one The freely adjustable constants representing the absolute
for the liquid density,0"V (T, P), and one for the vapour energy and entropy of water and sea salt are specified by the
density,pV (T, P), which can be computed iteratively from reference state conditions of vanishing internal energy and
Eqg. (3.2). With this liquid density, the Gibbs function of lig- entropy of liquid water at the triple point and zero entropy

as a function of absolute salini, absolute temperatuf®
and absolute pressuferefers to a Gibbs function of water,
gV, as its zero-salinity limit, and a saline pagtS, which
is explicitly available from IAPWS (2008). Rather than

uid water is obtained from and enthalpy of seawater at the standard ocean state (Feis-
W F W W tel et al., 2008b). The related terms of the Gibbs functions
g (T.P)=f (T"O )+P/'0 ’ (3-3)  \hich are determined by these conditions are independent

of pressure and of order 0 and 1 in temperature and salinity,

and similarly for the Gibbs function of water vapogt’. respectively (Fofonoff, 1962; Feistel and Hagen, 1995).

Together withgS available from the IAPWS Release 2008,
Eq. (3.3) provides the full Gibbs function (3.1) of seawater,
gSW, from which all thermodynamic properties of seawater 4 Helmholtz function for dry air

are available by thermodynamic rules, as e.g. the entropy . _
Air is a mixture of gases, Table A2, as described recently by

agSW Picard et al. (2008), with only minor variability of its com-
sSW(SA, T, P)=— | =>— (3.4) " : Y, )
v 9T : position under ambient conditions. A Helmholtz function for
Sa. P dry air was published by Lemmon et al. (2000) in the form of
the molar Helmholtz energy®M°!(T, p™°!), depending on
or the enthalpy,
absolute temperatuf® (ITS-90) and molar air density™.
sw P Y,
WSW (S, T, Py = ¢SW4 TsSW= gSW_1T dg (3.5) For consistency with the description of water and seawater,
or s p we will use in this paper the specific (rather than the molar)
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Helmholtz energys*, as the thermodynamic Helmholtz po- provides accurate results for higher densitiesff< m" or

tential, m" <« m” where the contributions from one component are
A A strongly dominating and contributions from 4th and higher

A (T pA> _F LfA,mol<T P ) (4.1)  order cross-virial terms remain negligible. The absence of
’ mA — MAL "MAL )’ these higher cross-virial coefficients will not relevantly af-

fect the accuracy of Eq. (5.1) for meteorological applications
which depends on the mass density of dry aft.=m"/V.  pecause of the smallness of non-ideal effects, Fig. 1, under
For consistency we use in the conversion (4.1) the originainatural atmospheric conditions of temperature, pressure and
estimate of the molar mass of dry air given by Lemmon ethumidity.
al. (2000),MA’L=28958 6(2)9 mGIl, rather than the latest Deﬁning the mass of hum|d air WAV :mA +mv and
estimate by Picard et al. (2008%,=28.96546 gmol' (Ta-  the mass fraction of dry air bt = m”/m* , we find for the
ble A2). In Eq. (4.1)" is the mass of air contained in the Helmholtz function of humid air the expression
volume V, and FA is the (extensive) Helmholtz energy of
this air sample.

The Helmholtz function (4.1) for dry air adopted from
Lemmon et al. (2000) is defined in Eq. (B1) in the Ap-
pendix. The absolute energy and the absolute entropy o MAMW
dry air is specified here by the reference-state condition of 3 0 A (1—A)
vanishing entropy and enthalpy at the standard ocean state, | Baw (T)+7p [WCAAW (D +—w CAWW(T)]}
To=273.15K, Pp=101 325 Pa. The related freely adjustable
terms of fA(T, p*) are independent 0p” and multiply  Here,p” =m” /V is the density of humid aigg = 1— A =
powers 0 and 1 ifT. mV /m™ is its specific humidity(1— A) o™ =m"/V is its

Various thermophysical properties of dry air are availableabsolute humidity, and = (1— A)/A =m" /m” is the hu-
from the formulas given in the following section for the lim- midity ratio or mixing ratio (van Wylen and Sonntag, 1965;
iting case of vanishing humidity. Gill, 1982; Emanuel, 1994; Pruppacher and Klett, 1997).
The relation to relative humidity is given in Sects. 7 and 10,
and Fig. 14 therein.

Later in this text, we will frequently omit for simplicity of

The Helmholtz functioryV (7, V) of water vapour is avail- thA?, formulae the superscript AV at the density of humid air,
= p, if there is no risk of confusion.

able from the IAPWS-95 formulation, Sect. 3 and Ap- L Th=p' fA rather th h " bl
pendix C, and that of dry aitf” (T, p*), from Appendix B € use olA rather thang as the composition variable

and Eq. (4.1) above. If a mass’ of vapour is mixed with of humid air is not common. This somewhat unfamiliar de-

d: N O pour| : cision was made independently of the typical ambient mass
a massn™* of dry air in a volumeV, the virial expansion ratios ¢ « 1). The formalisms used here are very similar for
of the Helmholtz energy?V of the humid-air system up to ' Y

three-particle vapour-air interactions reads (Appendix D) the ocean and the atmosphere. Water in its three phases forms
b b P ' the reference system; in particular its two fluid phases are de-

mY mh scribed by one and the same Helmholtz potential (IAPWS-

P (’”V’mA’ T, V) =m' ¥ (T’ 7) +mA A (T’ 7) (3:1)  95) for rigorous consistency between ocean and atmosphere.
A v Thus, as in nature, also in this theoretical model the water is

]} exactly “the same” on both sides of the sea surface. Added
to these fluid phases of water are natural mixtures of almost
In Eq. (5.1), R is the molar gas constant, and®, MW constant composition, sea salt in the liquid and dry air in the
are the molar masses of air and water, respectively. Theas phase. For these additives, their pure properties are de-
second molar virial coefficienBaw (T) is available from  scribed and corrected by a density expansion with respect to
Harvey and Huang (2007), and the third molar virial coef- their interaction with water. As a result, the equations for hu-
ficients Caaw (T) and Caww (T) of air-vapour interaction  mid air look very similar to those of seawater if just the mass
are reported by Hyland and Wexler (1983b). We note thatfraction A of the one additive is exchanged with the other,
the Helmholtz functiong’Y and fA that we have chosen to Sa.
use in Eq. (5.1) are complete expressions rather than expan- The Helmholtz potential (5.2) is formally a symmetric
sions in terms of powers of density; consequently, they in-function in the fractions of air and of vapour. Its validity
clude contributions corresponding to higher powers of den-is not restricted to small specific humidity= (1— A), such
sity than included in the cross-virial terms represented by theas some 1-3% often assumed for empirical equations used in
third term, see Appendix D. Eqg. (5.1) is thus an inhomoge-meteorology; see for example Figs. 3 and 13 in the follow-
neous approximation formula with respect to the powers ofing sections. Equation (5.2) can therefore be applied even
density and the related correlation clusters. This approacho physical situations in which dry air is the minor fraction,

ad (A,T,pAV)z%z(l—A)fV(T,<1—A)pAV) (5.2)

A(l— AYRT
¢ AR <T,A,0AV)—|—2,0AV¥

5 Helmholtz and Gibbs functions for humid air

RT m"mV

3[m m
+Z7W {BAW(T) taw [WCAAW )+ WCAWW(T)
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Non-ldeal Behaviour of Dry Air
: ! ! . . 0.03

P A gAY
Zpny = = P f s (5.3)
- -0.02 o~ RayT  RayT \0p™N /4 1
N
5 L 0.01 whereRay is the (effective) specific gas “constant” of humid
E air, as a function of the air fractios,
= 0
= Ry = — _gl|izA. A =(1-A)Rw+AR
§ L-0.01 NN T MW MA ] " A
g (5.4)
@]
o L-0.02 AV
andM*”V its mean molar mass,
1 1 3 : 3 1 1 ‘ -0.03 _1
.80 60 -40 -20 0 20 40 60 80 1-A A
Temperature t/°C MAV =XOVMW+(1_XOV)MA= [W+m:| ,
Non-Ideal Effect of Humidity (5-5)
— 7 7 1 7 7 oo
where the mole fractiony" of vapour is given by
A 1—A)y/ MW r (5.6)

WT A A MV A/ MR T MY A

The deviation of the compressibility factdpy , as defined in
Eq. (5.3), from unity is shown in Fig. 1 for dry and saturated
air for several values of and P. Selected values faZay
are reported by Pruppacher and Klett (1997). The compress-
ibility factor Z of fluids is generally small in the vicinity of
the critical point; the critical value ig.=0.375 for the van-
| N R R R S A S R der-Waals gas, 0.29 for noble gases (Guggenheim, 1967) and
20 -10 0 10 20 30 40 50 60 70 80 90 100 0.23 for water (Stanley, 1971). In statistical thermodynam-
Temperatre t/°C ics, the compressibility factor is the logarithm of the grand

canonical partition function and therefore a thermodynamic
potential in terms of temperature, density and chemical po-
tential (Landau and Lifschitz, 1987) which is regarded as
the Landau free energy or the Landau potential (Goodstein,
V1 75) divided byRT.

For the total pressure of humid air we get from Eg. (5.2),
compare Eqg. (D11),

Difference Z(sat) - Z (dry)

Fig. 1. Non-ideal behaviour”V — 1), Eq. (5.3), of dry (upper
panel) and saturated (lower panel) air for several valugsaid P.

such as condensers of desalination plants or headspaces o
subglacial lakes. The most relevant restriction for the ac-
curacy of Eq. (5.2) is the truncation error of the virial ex-
pansion, i.e., its omitted subsequent terms proportional to aFAV
A3(1—A)p3, A2(1—A)%pPandA(1—A)%p3 mustbeneg- P = —( v ) L
ligibly small. Hyland and Wexler (1983b) require pressures ’"AV”" T
less than 5MPa for saturated humid air; this condition im- _( Av)2 af _( Av>2 1- A2 A2 fA

R . I .= A =|p A-A)f v+A“fA
plies limitations to the air density in dependence of the air ap AT p P
fraction. The comparison with experimental data shown in a\2 RT
the appendix, Fig. D1, suggests that the current formulation +A(1—A)(p ) VAW
of Eq. (5.2) can safely be used up to densities of 100kg m A
of saturated humid air. Results remain reasonable beyond {ZBAW(T)+3,0AV I:WCAAW(TH‘
this point, but the uncertain third and the missing fourth and
higher crogss-virial coefficients are clearly relevant beyondfrom which the partial pressure of Vapo@r\,/, is obtained by
200kgnT™. multiplication withx¥ (Guggenheim, 1967). The subscripts
_ Describing the deviation of the equation of state from o, ¢V ang rA are meant as partial derivatives with respect
ideal-gas behaviour, the compressibility factag, of humid o P . .
air is defined as (van Wylen and Sonntag, 1965) to the pgrtlc_ular dgnsny arguments of those f_unctlons, _rath_er

’ ' than derivatives with respect to the total density of humid air,
AV
o™, in Eq. (5.7).

(5.7)

(1-A4)
MW

CAWW(T)“
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Computed from Egs. (5.7) or (5.3), the ratio

PMA AMWY +(1-A)MA
TV = ]?IOW = TZAV MW (58)
1+rMA /MW
=TZpny ——-—-~"—
AV 1+r

is known in meteorology as the virtual temperature of hu-
mid air (Rogers and Yau, 1989; Jacobson, 2005; Hantel an
Mayer, 2006).

The specific entropy of humid air follows from

A 1 aFAV B afAV
Moo —_ (5.9)
m OT ) A Vv 0T Jav
as
AV v A A RT
N =—A-a) f - Aff —240- 2N o (5.10)
o Baw , dBaw 3 /[ A (Caaw | dCanw
T " dr 4" |mA\T dr
(1-4) (Caww  dCaww
MW T dr

and the specific enthalpy from Eqgs. (3.3), (3.5) as

N = AN L PN TN (5.11)

Here, the functionsfAV, P and s”V are available from
Egs. (5.2), (5.7) and (5.10), respectively.

Equation (5.10) is consistent with the air-vapour interac-
tion terms of the virial formula for the entropy given by Hy-
land and Wexler (1983b, their Egs. 2, 3 and 7).

The Gibbs function of humid airg”, follows from its
Helmholtz function (5.2) via the Legendre transform

afAV
gAV — fAV +pAV ( )
AT

8,0AV
The functiong”V can be written in terms of the chemical
potentials of air in humid air®, and of vapour in humid
air, 1V, as (Gibbs-Duhem equation, Landau and Lifschitz,
1987; Feistel and Marion, 2007; Feistel, 2008a; I0C, 2010)

(5.12)

gV =Apt+1-AuY (5.13)
which obey the relations
9 AV
PN a8 (5.14)
A Jr.p
and
P AV
WV=gN a2 ) . (5.15)
A Jr.p

From the Gibbs function (5.12), the entropy (5.9) is com-
puted as
).

and the enthalpy in the form,

8gAV

T (5.16)

sAV(A,T,P)z—(
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9 AV
g—> . (5.17)
AP

WY (AT, Py=gN +Ts"N =g —T( o7

The

specific isobaric heat
(0r™ /oT) , , =T (0s™ /0T) , ,.

In particular for the description of phase equilibria with
%umid air, partial specific properties are conveniently derived
from the Gibbs function. If, for example”V is the en-
thalpy of a sample of humid air that contains the magsés
of vapour andn” of air, respectively, the partial specific en-
thalpy H/ of water in humid air is defined by (Glasstone,

1947)
)mA,T,P .

H(}V=<

Transformation to the air fractiosy = m”/(m" +m”), and
the specific enthalpyy™' = HA [(mV +m*), yields for the
partial specific enthalpy the expression

HY :hAV+<mV+mA)< > (
T,P

. . AV
capacity isch’ =

3HAV
omV

(5.18)

3/’ZAV
dA

)T,P

By means of Egs. (5.17) and (5.19)/ is computed from
the Gibbs function of humid air.

Exploiting the entropy (5.16), the (absolute) potential tem-
perature®”™V (A, T, P) (in K) of humid air referenced to stan-
dard pressure is obtained by solving (numerically) the equa-
tion

0A
amY

) (5.19)

8/’lAV

=™ —A
9A

e (A,QAV : Po) —s" (A, T, P) (5.20)

where Pp=101325Pa. Equivalently, the potential tem-
perature follows from the entropy derivative of the en-
thalpy (5.11) of humid air (Feistel and Hagen, 1995; Feistel,

2008), as
)A,P=P07

(

where the right side is evaluated at the reference pressure,
P = Py, and in-situ entropy.

The equivalent potential temperatwg) is the potential
temperature that a parcel of humid air would have if all its
vapour were condensed and the latent heat released used to
heat the parcel (Jacobson, 2005). If a mass fraction4}
of liquid water with the initial temperatuﬂﬁv is irreversibly
evaporated into dry air with the mass fractidmt the surface
pressurePy, the resulting humid air is cooled by this process
to the temperature”V determined from,

ahAV
as

QAV

(5.21)

A= A)n" (68, Po) + AWM (02 Po) =™ (4.6%, o). (5.22)
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100 R. Feistel et al.: Thermodynamic properties of sea air

because the enthalpy is conserved during an irreversible isczoincides with the (partial) pressure of the gas in the ideal-
baric and adiabatic process rather than the entropy (Landagas limit. The fugacityfay of humid air is
and Lifschitz, 1987; I0C, 2010). This equation implicitly
provides the equivalent potential temperataf¥ (4,04
as a function of the air fraction and the potential temperatur
of the original humid-air sample.

From the Gibbs function (5.12), the specific volumf&/ Here we have used the subscript AV @rto distinguish the
and the density”V of humid air at giveri” and P are com-  fugacity fay from the Helmholtz functiory”V of humid air.

gAY _ oAV.id
efAV (A, T,P)=Pexp| —5——— (5.28)
Ray T

puted as The pressuré is obtained from Eq. (5.7), the ideal-gas limit
A ¢"V-1d s given in Eq. (H5).
VWA, T, P)= % — (85' ) _ (5.23) The fugacity is related to the compressibility fact@py ,
Y P Jar Eqg. (5.3), by the differential equation (Glasstone, 1947; van

The parcel’s volume expansion during adiabatic uplift is ob- Wylen and Sonntag, 1965),

tained from the adiabatic compressibility, P <8fAv> = P (5.29)
1 /autV (32h™ /P2, . 1 fav \ 8P Jar pRay T '
ng:_i( ) __ T _ . (5.24)
‘ WA 9P ), (0n™ jaP), . N2 AV AV :
. : Becauseg™ = f™ 4+ ZavRav T, using Egs. (5.3) and
Here,c=./(3P/dp) , , is the sound speed. (5.12), the fugacity (5.28) can be expressed in terms of
The adiabatic lapse rate of humid air (recall that in someHelmholtz functions as
literature this is referred to as the “dry” adiabatic lapse rate A oAVid
rather than the “moist” adiab_atic Iapse_rate) is computed fromyy, (A, T, P) = Pexp i +Zn—1). (5.30)
the enthalpy (5.11) or the Gibbs function (5.12) as RavT

oAV _ (al) _ (azhAV) _ (92" /010 P) (5.25) The fugacity of vapour in humid air is
oP ) 4
A

IsdP (02~ /0T2), . WV Vi
or, by means of Table G2, from the Helmholtz function (5.2) /v (A, T, P) = xy Pexp<W> : (5.31)
at the given humid-air density,= p”V, as
FAY Here,Rw = R/MW is the specific gas constant of watgV,
A — 5 To ) (5.26) is givenin Eq. (5.15) and its ideal-gas limit in Eq. (H13).
p2 (fﬁ/\)/) — pfﬁ\T/ (2f/§v + pfﬁ)v) The saturation of air with vapour is defined by the equilib-

rium between humid air and liquid water and will be consid-
Here, the Subscripts OfAV indicate partia' derivatives at ered in Sect. 7, i.e. asthe I|m|t|ng case for zero Salinity of the
fixed A. The deviation between the lapse rates of dry airSea-air properties derived in the next section.
(A =1)and of humid air4 < 1) in the atmosphere is usually
less than 3% (Seinfeld and Pandis, 1998), in contrast to th . . .
wet-air lapse rate, Eq. (7.19). Selected values of Eq. (5.26(;6 Gibbs function for sea air
computed at saturation humidity are displayed in Fig. 2. The Gibbs functiorgSW

The adiabatic virtual-temperature lapse rate (Jacobson,

2005) follows from the pressure derivative of the virtual tem- ¢SW(sa, T, P) = ¢W(T, P)+ g5(Sa, T, P) (6.1)
perature, Eqg. (5.8), as
A A of seawater (IAPWS, 2008a; Feistel, 2008a; Feistel et al.,
AV _ <3ﬂ> _ Mm" 3(PU ) (5.27) 2009; Wright et al., 2009) consist of a pure-water paff,
v OP )4y R aP s ' available from the Helmholtz functiofV(T', p) given by
the IAPWS-95 formulation, and a saline additiqgm;, ac-
_ (1_ AV>_ (E_L) i
=Ty K =Ty counting for the solute regarded as sea salt. HSfew=
P P pNe? mS/(mW +m®) is the absolute salinity (Millero et al., 2008),
Adiabatic compressibility and sound speed are given inexpressed by the masaS, of salt dissolved in a mass of
Eq. (5.24). liquid water,mV.

In addition to the compressibility factor, Eq. (5.3), another  In the composite system “sea air” consisting of seawater
common measure for the non-ideal behaviour of gases or gaand humid air, these two phases are spatially separate and the
mixtures is the fugacity (Glasstone, 1947; van Wylen andmutual molecular interaction (surface effects) of their parti-
Sonntag, 1965; Guggenheim, 1967; IUPAC, 1997). It is de-cles will be neglected. We may imagine a portion of the sur-
fined in terms of chemical potentials in such a way that it face mixed layer of the ocean in contact with the atmospheric
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Adiabatic Lapse Rate of Saturated Humid Air a) Sea-Air Specific Humidity

0.98 40
e b 1096
T ! b T i b
Q fomodeemembeoeooo TSN N N N R -0.94 2
9 | | | i ’ . } > 1000 hPa £
2 900 hPa >
< 800 hPa --- - 0.92 £
c 700 hPa =
% GOOhPa—————o_g )
o : : : ! ! ! ! ! 500hPa £
[ RRREE e R Ry e R oo oooes -oooe oo +0.88 Is)
a ! ! ! ! ! ! : ' ! [}
% i i i i i i i i : o
Sl et e 2
e S e 1.1
: : : : : : : ! 300hPa P
1 0.82 —_— Y —+—+—++—+—+—+—+—++—+—+—++0
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Temperature t/°C Temperature t/°C

Fig. 2. Adiabatic lapse rate (5.26) of saturated humid air at differ- b) Sea-Air Relative Humidity (WMO)
ent temperatures and pressures as indicated by the curves. Note that N N O T O O
this lapse rate is termed “dry” in some literature. For convenience,
the rate is shown per 100 m altitude difference as common in me-
teorology, rather than per pressure difference. For comparison, the?\:
lapse rate of wet air is shown in Fig. 7.

surface boundary layer, or droplets of sea spray floating in
air, in thermodynamic equilibrium at their interface. As a
simple example, a box containing certain masses of water,
air and salt (in any initial form) will adjust to its equilibrium
state in the form of seawater and humid air after some relax-
ation time. When the volume or the temperature of the box SR
is changing, the related shifted liquid-gas equilibria can be a0 a0 50 w0 ;o e0 70 a0 o
computed from a Gibbs function of this heterogeneous sys- Temperature t /°C

tem since each component has the same pressure and temper-

ature. Thus, the Gibbs functigi?” of sea air consists of the Fig. 3. Specific (a) and relative(b) humidity of sea air, i.e.,
sum of a seawater part with the mas3"V/ = mS+m"W, and humid air in equilibrium with seawater, at sea level pressure,
a humid-air part with the mass®™ =m” +m", formingthe =~ P=101325Pa, as a function of temperature for different absolute

Relative Humidity

total sea-air masgaSA = mSW i AV salinities as indicated by the curves. The equilibrium air fraction,
sa/ A S A A A = A®Nd at the condensation point is computed from Eq. (6.4),
g (w w3, T, P) =w" g (A, T,P) (6.2) the resulting specific humidity ig=(1— A). The relative humidity

+uSg (s, T, P) the eaated ai raction tirom Ba. (7.5 ASSis cisplayed as
g. (7.5). A>*is displayed as

Here, the independent composition variahlés= m”/mSA  the zero-salinity curve "0 g/kg” in (a).

andwS = mS/mSA are the mass fractions of air and of sea salt

in sea air, respectively. The liquid mass fraction of the sea-air

composite iavSW = mSW/mSA = wS/Sa, the gaseous one is

w =m™ ImSA =wh/A. Thus, from the mass conserva-
i . . ! agAV agSW
tion we infer the identity VA (W) =gW_5sa N , (6.4)
A
wh /A +wS/Sa=1 (6.3) rp r.p
which relates the air fractiod of humid air to the salinity ~From Eg. (6.4) along with (6.3), all thermodynamic prop-
Sa of seawater at given” andwS. erties of sea air can be computed as functions of the four

In equilibrium and in the absence of gravity, temperatureindependent variablgsy®, wS, T, P).
and pressure in both phases are the same. The vapour-liquid For this purpose, the air fraction = A"Y(Sa, T, P) of
mass ration"/m"V of H,O in sea air is controlled by the ther- sea air at equilibrium, i.e. of humid air at the condensation
modynamic equilibrium condition of equal chemical poten- point in contact with seawater, can be computed from the
tials of water in seawater and water in humid air, Eg. (5.15), condition (6.4) by Newton iteration. Converted to relative
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humidity using the WMO definition, Eq. (10.4), the subsat-
uration of sea air as a function of temperature and salinity
is shown in Fig. 3 at conditions ranging from cold brackish Da = —A(
water to hot concentrated brines. The climatological ambi-
ent relative humidity at the ocean surface is about 80% (Daignq pg of seawater as the derivative with respect to absolute
2006), i.e. clearly below the equilibrium values shown in the salinity change,
lower panel of Fig. 3. The equilibrium specific humidity of
sea-air shown in Fig. 3 is the actual quantity to be used in Ia—DS: Sa (iAAS[g]> =52 (azgSW/as,i) . (6.9)
tent heat flow parameterisations (Wells and King-Hele, 1990) EAY AT.P T.P
that represent the tendency of the system to adjust toward
thermodynamic equilibrium.

For a compact writing of formulas related to the equilib-

i _ A2( 92, AV 2
aAAAs[g]>SA’T’P—A (2" /04%) . (68)

From the Second Law of Thermodynamics it follows that the
coefficientsDa and Ds are nonnegative (Prigogine and De-

. " . ) fay, 1954; Ebeling and Feistel, 1982; De Groot and Mazur,
rium condition (6.4) of a composite system, we define for1984; Landau and Lifschitz, 1987; I0C, 2010). In the ideal-

sea air a formal phase-transition latency operatag[z] of o L
the two phases with the subscripts A for humid air and S forgzs (I:_rinllg)DA/T Is independent of temperature and pressure,

seawater, with respect to a certain propesty, Because of total water conservation between the phases,

P 5,SW Eq. (6.3), the differentials4land dSa at constanty” andwS
9 ) -ZSW+SA( : ) (6.5)
T.p TP

AV . .
Anslzl =z —A( of sea air are not independent of each other and are related

d0A AN
by
The operator (6.5) was originally introduced for sea ice in a A s
slightly modified version (Feistel and Hagen, 1998), where it ¥4 4 + w—dSA -0 (6.10)
was referred to as the “melting operator”. It turns out that for A2 S/i

humid air a similar expression is again a very useful tool. The

term “latency operator” is used as a natural generalization off NUS; In Eq. (6.7), d can be expressed in terms of«l
" applicable for arbitrary phase transitions ©F Vice versa. Eliminating first 4l, the Clausius-Clapeyron

“melting operator”, ; )
of the first kind. The operatak s is commutative regarding Ed- (6-7) reads for the total differentiabd

partial differentiation,(d/0x) Aas[z] = Aas[dz/9x], taken wS
at constantl andSa, if x stands for eithef or P. Aasis an- —ZDASdSA = Aas[s]dT — Aas[v]dP. (6.11)
tisymmetric in its indicesAas[z] = —Asa[z] = Asa[—z]. Sa

Evidently, in a case of three phases, A, B, C, the related 0Pygre the combined chemical air-salt coefficiénts is de-
erators obey additivity in the form fined as

Apg = Aac+Acs, 6.6 A S D D
(©:6) DAs=FDA+w—ASDs=—A+ > (6.12)

AT SWe
corresponding to the transitivity of the binary relation “equi- w W
librium” between phases. Using this operator, the equilib- The specific entropies of the two phases appearinigisis]
rium condition (6.4) takes the simple formas[g] =0. Its  ares® = —(3g™/3T) , , and s> = —(8g5W/aT),

total differential gives the Clausius-Clapeyron differential gnd A = (3g™V /aP), ;. vSW= (3gSW/3p)S , are the
equation of this phase transition, specific volumes of humid air and of seawatenias[v].
P From the exact differential (6.11) we infer the partial
dAas[g]=0= (—AAS[8]> dA (6.7)  derivatives
0A SA.T,P )
dSa Sa Aasls]
J 98 — =2 (6.13)
+| s Aas ) dSa+Aas (—) dr < ) S ’ .
(8SA [g] Arp 0T ) 4 s, T Jyawsp w> Das
and
+Aps (-) dp
OP ) A sa.T <%) . _ﬁ Aas[v] (6.14)
=——g . :
which tells us how changes in one state variable must be OP )y w1 w> Das

compensated by changes in some other state variable(s) iﬂlternatively, eliminating & from Eq. (6.7) by means of

order to maintain thermodynamic equilibrium. _ Eq. (6.10), we get for the corresponding changes of the un-
Evaluating the first two terms in Eq. (6.7), we define the g1 rated air fraction at the condensation point
chemical coefficientDa of humid air as the derivative of

the relative chemical potential with respect to the air fraction /5 A A? Aps]s]
change, 0T ) ya ys p WA

(6.15)

w Das
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and a) Sea Alr Entropy at 1013.25 hPa
9A AZA[] N 3”09"@
(-) .- (6.16) ,
0P ) A WS T Tw Das il
(o))
4
With the help of Egs. (6.13-6.16) we can derive formulas =
for relevant sea-air properties from temperature and pressure<,
derivatives of the sea-air Gibbs function (6.2), Sl
SA(. A S wh wS sw LE I
g (w w ,T,P):Tg (AT P+ (Sh.T. P), (6.17) g
0L
whereA andSa are the solutions of the Egs. (6.3) and (6.4),
i.e. functions of ¢*, wS, T, P).
The specific entropy of sea ait?, is

0 10 20 30 40 50 60 70 80 90
Temperature t/°C

ag

SA AV AV | SW _SW

o= (W) =w s HwTsT, (6.18) b) Sea Alr Enthalpy at 1013.25 hPa

wA, wS, P S Oglkg ‘3551@3 1000

and the specific enthalpy of sea @t”, is >
e
S

RS = gSA L T5SA = AV AV |3y SW),SW. (6.19) 2

Its humid-air parts”Y andh”V are plotted in Fig. 4 for dif- |

ferent salinities and temperatures at the standard surface ai 5

pressure of 101 325 Pa. £

The specific volume of sea air follows as g
n
sa_ [ 3¢ AV A | SW, SW
v = =w™ o™ 4w >, (6.20)
oP A s
w T

0O 10 20 30 40 50 60 70 80 90
Taking the derivatives in Egs. (6.18) and (6.20), the prop- Temperature t/°C
erty of the composite system is just the sum of the fractions
of the two phases. Any additional terms cancel because ofig: 4. Entropys”, @), and enthalpy™, b), of humid air in equi-
Eq. (6.4),Aaslg] =0. This is no longer the case if the sec- librium with seawater, Eq. (6.18), at sea-level pressure as a func-
ond derivatives of the Gibbs function (6.17) are involved, astion Of the sea-surface temperature (SST) for salinities 0, 35 and
for the heat capacity, compressibility or thermal expansion 120g/kg. The r(_elated humidity is shown in Fig. 3. Entropy and
e ', . . " enthalpy of dry air are plotted for comparison.

The specific isobaric heat capacity of seaeﬁﬁ, is com-

puted from Eq. (6.18), as

SA 55SA wh 7 95sAV The last term of Eq. (6.22) is the latent-heat part of the heat
— 3T = 7( o ) (6.21)  capacity caused by the transfer of water between the liquid
wh, wSs and the gas phase when the temperature is changing at con-
95AV 9A stant pressure.
ﬁ _( A ) (3_T> A s For the isothermal compressibility=" =
’ — (0vSA/9P) a s /v, we repeat similar calculation
s sw LO8 TwA us,
w_ w SSW W7 wS [ ds steps with the result
527 T sa\ 95a
o (Ans[v])?
% USACSA = AV A AV SW SWSW A; . (6.23)
AT ) ya us p AS
Using Egs. (6 5), (6.13) and (6.15), this expression can bé-or the thermal expansion coefficieat” =
rearranged to give (00SA/0T) a5 p/vS", we similarly obtain
SA WA AV L SWSW (Ans[s])? Ans[v] Ans(s]
A= wh A 4SS +TD—' (6.22) USAaSA:wAVvAVaAV_{_wSWvSWOtSW_{_Di. (6.24)
AS AS
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Various other thermodynamic properties of sea air are availthe relative humidity of sea-air is, from Eq. (10.4),
able from these coefficients using standard thermodynami®Hwymo=98.14%, Fig. 3. The latent heat is?ﬁ =

relations. As an example, a property of particular interest2498510Jkg?, its derivatives are(aLf;A/asA)
in meteorology is the adiabatic lapse raf&”, describing —30775Jkg? (aLSA/aT)
the temperature change with pressure under isentropic con; ¢, ’ P
ditions, similar to Eq. (5.25), (0L3%/0P)

[sA_ <3_T> __(82gSA/3T8P)
\OP ) A sas (92gSA/0T2)

) A,Tl,P =
AS.P = —2379Jkg-K™* and

lpa1
asp7 =—00136JkgtPat,

wh,wS (6.25) 7 Properties of wet and saturated humid air

A’ S,P . . P
v As an important special case, at zero saliniy=0, the

From Egs. (6.18), (6.20-6.22) and (6.24) we get Gibbs function (6.2) describes the properties of wet air, i.e.
saturated air combined with liquid water, e.g. in the form of

SA_ WV oA gAY oy SWySWoSW i A ps[v] Aas[s]/ Das (6.26) droplets as in clouds or fog. It is therefore often denoted
(WA Y +wSWeSW) /T + (Ans[s]) %/ Das as “cloudy air” in meteorology. However, this Gibbs func-

tion for a composite system of liquid water and humid air

for air over seawater reacting to air pressure variations withy, 1 utual equilibrium may also be applied to e.g. saturated
warming or cooling caused by adiabatic expansion as well 83jr resting over a fresh water lake, or to the precipitation of
condensation or evaporation. dew. Below the freezing point of water, in the formulas de-

A'Iéo obtain an appropriate expression for the latent heatyj e here the properties of liquid water must be replaced
L7>, of isobaric evaporation from the sea surface, we di-\ith those of ice.

vide the latent heat-capacity ternf;Aas[s]?/Das, from The Gibbs function of wet aig”WV, follows from Eq. (6.2)
Eq. (6.22) by the related isobaric evaporation rate, Eq. (6.15)gg
g™ (wA, T, P) =g (wA,O, T, P) (7.1)
ow _ wh(oA _ Aaslsl (6.27) AV AV W ,SW
AT ) oA s p A2\ a1 wh S, p Das =w"g" (AT,P)+w"g>"(0,T,P)

) ) and the related latency operator reads
Under consideration ok as[g] =0, Eq. (6.4), we eventually

: 9 AV
arrive at the formula for the latent heat, AAW[Z]ZZAV—A< z ) W (7.2)
sA A 3hAV 6.28 dA T,P
L3 =TAps[s] = Aas[h]=h""Y —A| —— .
P asls] asth] ( 0A )T,P ( ) The mass fractions ane”V =

wet air, wW =m"/(m*+m" +m") for the liquid wa-
ter in the wet air, andw® = m”/(m” +m" +mW), A =
This expression does not depend on the absolute enthalpie”/ (m” +m") for the dry air content, which together obey
of H,0, air, and sea salt. On the contrary, the simple en-mass conservation of waten” +m', between vapour and
thalpy differenceAhr = k™Y —hSW, between the gaseous and liquid, i.e. the identity

the liquid component depends on the arbitrary values of the A

EAYN

o pSW (mA+m")/ (m”A+mY +mW) for the humid air in the
sw
—h +SA( )

T,P

absolute enthalpies of air and of salt. Only in the special case— + wW — WA 4+ W — 1. (7.3)

of pure waterSa =0, A =0, does this difference equal the

latent heat of evaporation (Kirchhoff’s law). Thus, the Gibbs function (7.1) can be written in the form
From Eq. (6.28) it is reasonable to refert® — AnY as A

the specific enthalpy of water in humid air, att/— sanSW g (wA, T, P) = A(uT) 3 ¢V (A, T, P) (7.4)

as the specific enthalpy of water in seawater, or the par- A
tial specific enthalpies (Glasstone, 1947; Pruppacher and +<1_ w )gW(T P)
Klett, 1997), Egs. (3.7) and (5.19). In the ideal-gas limit, A(T,P) ’
W™ — ARYY equals the enthalpy of vapour, Eq. (H12), as . . . . ,

A ' , A
one wouid expect. The latent heat, Eq. (6.28), is an al_a_s a linear function of the given air fractiom*, of the wet
most linear function of temperature and depends only weakly As a function ofT" and P. the saturated air fraction of hu-

on sallnlty, air fraction and pressure (Fig. 5). For illustra- mid air, AZ?,{,(T,P), is obtained from the equilibrium condi-
tion we give the values for the standard ocean surface stat on

(Tso=273.15K,Ps0=101 325 Pa§so=35.16504 g kgl). At
this state, the air fraction of sea-air i$s0=0.996293, el— o™ _ A agtV
the saturated air fraction would bas3=0.996223, i.e. sl=&

—gV=o. (7.5)
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Latent Heat of Water and Seawater potentials of the two phases, e.g., Eq. (8.1). An approximate
B 2550 analytical solutionP (T) can be derived analytically and rep-
resents a reasonable estimate, for example, for the sublima-
tion curve of ice (Feistel and Wagner, 2007). In the special
2450 case when no air is present,= 0, dA =0, the generalized
form, Eq. (7.6), reduces to the familiar Clausius-Clapeyron
equation for the liquid-vapour transition. Geometrically, any
2350 displacement (d, d7', dP) which obeys Eq. (7.6) is tangen-
tial to the phase transition surface defined by Eq. (7.5) in the
(A, T, P) phase space, while the coefficients oA(ddT,
L2250 dP) in Eq. (7.6) form a “normal vector”.
Reading Eq. (7.6) as an exact differential fot,dve infer

2500

2400

2300

Evaporation Enthalpy in kJ / kg

—+2200 : S ) .
oo for the partial derivatives ofi, i.e., for changes of the air
RN T S S M S M- L £ ) fraction with temperature,
10 0 10 20 30 40 50 60 70 80 90 100
Temperature t/°C t
8AW_— aAZ?N _Asat AAW[S] 7.7
P = =AW 7.7)
T Jp Da

Fig. 5. Isobaric evaporation enthalpy of water, indicated by
“0 g/kg”, and of seawater with salinity 120 gké at101325Paand or pressure,
40gkg 1 at 5MPa and 10 MPa, computed from Eq. (6.28). The
salinity dependence is very weak in either case. At high pressureay _ <3AZ3\I,> _ st Aaw[v]
the validity of the current Gibbs function of seawater (3.1) is re- "7 9P - AW DA
stricted to maxima of only 40 g kgt and 4C°C, but at atmospheric r
pressure it is valid up to 120 g k¢ and 8C°C (IAPWS, 2008; Feis-  due to condensation or evaporation. The coefficibatis
tel, 2008). The lower temperature bounds are the particular freezinglefined in Eq. (6.8). The right-hand sides of Egs. (7.7) and
points of water or seawater. (7.8) depend only on the air fractiohof the humid-air com-
ponent rather than on the air fractiarf of the total sample,
i.e. they are independent of the mass of liquid water present.
Throughout this section, if not explicitly stated otherwide,  They can therefore be regarded as the isothermal and isobaric
equals the saturation valuﬁ?,\t,, Fig. 8, since humid air in  grying rates of humid air, i.e. the decrease of its saturated air
equilibrium with liquid water is always saturated. fraction AS3, due to heating or compression, corresponding

The functionAgY, (T, P) is different from the saturation  to a lowering of the relative humidity at constant specific hu-
ARNT, P) of humid air with respect to ice, Sect. 8. Both midity of an unsaturated sample at const&nor T, respec-
functions take the same values on the freezing curve becausgyely. Below the freezing point, different drying raté§'

" equalse'™ under the equilibrium conditions, Eq. (7.5) and must be applied with respect to the sublimation equilibrium,
its counterpart for ice air, Eq. (8.7). Sect. 8.

Solving Eq. (7.5) for eithel" (A, P) or P(A, T) provides From Egs. (7.7), (7.8), the adiabatic drying rate of humid
the saturation point (SP) temperatufep or pressurePsp,  air with respect to increasing pressure is computed by means
also known as the isentropic condensation level (ICL), i.e.of the chain rule as
the saturation level for an unsaturated parcel lifted moist- sat
adiabatically (Stull, 2003; Jacobson, 2005). This is consid-gAW _ _ <8AAW) — AW | AV AW (7.9)
ered in more detail below, see Eqg. (7.25) and following. aP J r P

The total differential of the phase equilibrium condi-
tion (7.5) is the related Clausius-Clapeyron differential equa-

: (7.8)

Here, the adiabatic lapse rate of humid &fY =
(0T /3 P), 4, is given by Eq. (5.25).

ti h . .
on. Returning to wet air, we find for the entropy, Eq. (6.18),
dAaw[g]
A =0=—7"—"" A 7. AW
dAaw[g] =0 ( A ) Pd (7.6) (AW (wA, T P) _ <Bg ) _ VA Ly WW (7 10)
s BT wA’p
g g -
+Amw | | 7= dr +Aaw | | = dp, and the specific volume, Eq. (6.20),
0T J 4. p OP J 41
: . AW (. A 9g" ALA W W
which represents a special case of Eq. (6.7). v (w T, P) =\Gop ).,V +w™o™. (7.11)

Commonly, the Clausius-Clapeyron differential equation
for a two-phase system such as water-vapour or ice-vapoufhe entropy of wet air, Eq. (7.10), is plotted in Fig. 6 (“tephi-
takes the form & /dT = As/Av, obtained by taking the to- gram”) as a function of temperature, pressure and the dry-
tal differential of the equilibrium condition of equal chemical air fraction w” between the freezing point and complete
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evaporation of the liquid component.

wh < AL (T, P) from Eq. (7.3) andd = ASS, (T, P) com-
puted from Eg. (7.5), as shown in Fig. 8.

Similar to Eq. (5.20), the potential temperature of wet air

follows from the equation,

Pl (wA,QAW, Po) =AW (wA, T, P) . (7.12)
or, equivalently, from the enthalpy™W,
9 AW
RAW — AW _ (28 (7.13)
3T wA,P

as its isobaric entropy derivative (Feistel and Hagen, 1995;
Feistel, 2008a) taken at the in-situ entropgnd the surface

pressurePy as the reference pressure,

QAW B (ahAW>
9 JuA p=py

(7.14)

Equation (7.14) is the formal solution of the implicit
Eq. (7.12) foro”AY which can be inferred from the total dif-

ferential of the enthalpy potential function!W (w?, s, P),

obtained from Egs. (7.13) and (7.5), as,
dn™W = u & dw? + Tds +vdP, (7.15)

where the relative chemical potentialy = u” —uV, of hu-
mid air is given by Egs. (5.14), (5.15).

Equations (7.12) and (7.14) are meaningful only if liquid

water is still present at the reference presskggi.e. if the

dewpoint pressure (ICL) is higher thdty. Otherwise, one
has to insert the conserved entropy: sV computed from
Eq. (7.10) and the conserved air fractiér= w” into the en-

thalpy 2™V (A, s, Po) of unsaturated humid air and compute

the related potential temperature from Eq. (5.21).

In analogy to Egs. (6.22—-6.28) we compute the heat capa

ity, as,

AW s AV AV w W
Cp =T< ) =w"cp +w cp
wA, P

o7 (7.16)

WAV T (Aaw[s]) 2
Da

the isothermal compressibilityﬁw,

8UAW
UAWK]A~W=— =™V UAVK7A~V+wWUWK]W (7.17)
aP wA T

+

bl

w/.\v (Apaw [U])Z
Da

and the thermal expansion coefficiemtV,

+

’

VAW AW _ v AV A A L W W W (7 18)
or wA, P
A A
AV AAw [v] Aasls] '

Da
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Evidently, the tem-
perature range of validity of Eq. (7.10) depends strongly
on the pressure and the air fraction, given by the condition

C_

R. Feistel et al.: Thermodynamic properties of sea air

a) Entropy of Wet Air at 1013.25 hPa
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b) Entropy of Wet Air at 500 hPa
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Fig. 6. Entropy of wet air, Eq. (7.10), as a function of temperature
at 1013.25hPga) and 500 hPb) between the freezing point and
complete evaporation of the liquid component for dry-air fractions
w™ of wet air, Eq. (7.3), between 10% and 90% as indicated by the
curves. The related liquid mass fraction¥’ of wet air, Eq. (7.3),

are shown in Fig. 9.

The adiabatic lapse rate of wet air, often regarded as the “sat-
urated” lapse rate, is computed from Eqgs. (7.16) and (7.18)
as

MW _ (£>
P wh s

. wAVvAVaAV+vaWaW+wAVAAW[U]AAW[s]/DA (7.19)

(WA Y +wWell) /T +wA (Apw[s])?/Da

Neglecting the liquid contributions to the heat capacity in
the denominator, i.e., usinch‘,ﬁv ~ 0, leads to the approx-
imate “pseudoadiabatic” lapse rate (Emanuel, 1994; Jacob-
son, 2005). In this simplified model the condensate is as-
sumed to precipitate and disappear immediately from the ris-
ing parcel (v. Bezold, 1888; Rogers and Yau, 1989). This
model picture fails for sinking air as it cannot explain the
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Adiabatic Lapse Rate of Wet Air

Dry-Air Fraction Range of Humid Air and Wet Air
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Fig. 7. Adiabatic lapse rate (7.19) of wet air at the dewpoint, i.e. Fig. 8. The saturation curvesZ%(T,P) computed from solv-
containing a negligible amount of liquid water, at different temper- ing Eq. (7.5) at the pressures 1013.25, 500, 200 and 100 hPa,
atures and pressures as indicated by the curves. Note that this lapgg indicated, between the freezing and the boiling temperature of
rate is termed “moist” in some literature. For convenience, the ratéyure water separate the physically sensible dry-air fractidns,

is shown per 100 m altitude difference as common in meteorology,As%(T’ P), of the single-phase state of humid air from those of
rather than per pressure difference. For comparison, the lapse rajg o two-phase state of wet air®

Sk - < AS2L (T, P). On a particular
of humid air is shown in Fig. 2. =Apw (T, P) p

saturation curve the two systems coincide, Eqgs. (7.23), (7.24). The
liquid fraction of wet ainV =1—w”/ASZL (T, P), Eq. (7.3), is
latent contributions in Eq. (7.19) since there is then no liquid S"W" " Fig. 9.

in the parcel that could evaporate. If in reality precipitation

happens during rising, the sinking air must correctly be de-

scribed by the moist-adiabatic lapse rate (5.25) rather than A sat )

Eq. (7.19), which produces the warming “foehn wind” effect w" = Aaw (T, P) at the dewpoint (7.23)

at the lee side of a mountain. In addition to being conve-

nient simplifications, the definition of such “pseudo” prop-

. . A . -
erties is practically useful for cases in which the condenseoohomé_sblgfe}ce '?. the(']f) f {))Sp?ﬁe bOL;ndS ttr;]e \glt'g'tﬁ of
water fraction is unknown, such as for measured radiosond € &Ibbs function oTwet air. Un the surface, the $1bbs func-

profiles. Selected values of Eq. (7.19) computed at a negligi—tlons of wet air and of humid air have the same values,

ble condensate fraction are displayed in Fig. 7. WA/ A AV gsat
During the adiabatic lifting process, the liquid fraction in- & (w ’T’P) =8" (ARN.T.P). (7.24)

creases at the adiabatic condensation rate L . L
AW For an unsaturated humid-air parcel with the in-situ prop-
1)
s

awW w erties @, T, P), the dewpoint temperatufgp and pressure
NET2 :(1_w )T' (7-20)  pyp are met during adiabatic uplift when the t ti
WA DP g adiabatic uplift when the two equations

between the independent variables of Eq. (7.4). This dew-

The latent heat for the evaporation of liquid water follows Az?/b(TDP: Pop)=A (7.25)
from Eq. (7.16) as the ratio of the latent part of the heat ca-
pacity to the isobaric evaporation rate of the liquid fraction

(Fig. 9), A N
s"V (A, Tpp, Pop) =s"" (A, T, P) (7.26)
awW _ wh Aaw[s] 701
T WA P A Da (7.21) are satisfied. The solution of Egs. (7.25) and (7.26) defines

the adiabatic dewpoint temperatufgp(A, T, P) and pres-
sure Ppp(A, T, P) for a given unsaturated sample of humid
AW A oAV w air. This dewpoint temperature is also regarded as the isen-
Lp" =TApw([s]=Aaw[h] =h —A<W> —h"(7.22)  tropic condensation temperature (ICT), defined as the tem-
ne perature at which saturation is reached when unsaturated air
Of particular interest is the saturation pOint of humid air. At is cooled adiabatica”y at a constant mass mixing ratio of wa-
the dewpoint, no liquid water is present) =0, so we infer  ter vapour (Rogers and Yau, 1989; Jacobson, 2005). The
from Eq. (7.3) the relation dewpoint pressure is regarded as the isentropic condensation

derived from Egs. (7.3) and (7.7), as
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a) Liquid Fraction of Wet Air at 1013.25 hPa entropy, Gibbs energy and therefore also enthalpy cross over
N 100 continuously between humid air and wet air. Since the mass
e O T -1 fractionw' and thus the volume of the native liquid phase
8 U RO SO R SO SN Rt S I are zero at the saturation point, the density changes contin-
E L R T DU T e N NN 20 uously, too, and therefore also the Helmholtz function and
% the internal energy of the parcel. The second derivatives of
e T TN T the potential functions such as the compressibility or the heat
5 fffff """" fffff """" 50 capacity change discontinuously across the saturation curve,
S| % AU N W S S N LN Lo Tao however.
% ,,,,,, SR PO N TN e AU I N VU W O Property changes of wet air subject to adiabatic processes
= T TN\ L |20 are preferably computed from the enthalpy as the appropri-
NN ate thermodynamic potential. To express the enthaff}y,
”””” e e S B N N W N T R R Eq. (7.13), in terms of its natural variableé, s and P, the
NS S S NG N U 0 Eq. (7.12),
0 10 20 30 40 50 60 70 80 90 100

Temperature t/°C

b) Liquid Fraction of Wet Air at 500 hPa 100 SAW (wA’ T, P) =S (7'29)
o e derived from the Gibbs function (7.4) must be inverted nu-
Sl L T g merically for the temperature; (w?, s, P). At given w”
S aw b L AN and P, this computation is sensible onlysftakes values re-
% | | ; | | | | | | stricted to its particular range of validitymn(wA, P)<s<
N S e D N L B smax(w?®, P), as shown in Fig. 6, bound between freezing
@ = R o T R and complete evaporation of the liquid part. From the given
S | U S SN S S U W SO S pressureP, the minimum temperaturgyn is available from
S| 1w SO SR IO - S NN W T S SO the freezing point of liquid water, Eq. (8.1), and from it, in
g e N N N A R D turn, the minimum entropy of wet aifyin = s"W (w?, Trin,
”””” e S S T VU U S 1 S K P), Eq. (7.10). The upper end point, the “cloud base”, is de-
”””” T S T N W VA o o H e S fined by the saturation of humid air at the given air fraction,
A S B S N U W R RS 1 S— 0 A=w?, Eq. (7.27), solving Eq. (7.5) fol' = Tmax at the
O 10 20 30 40 50 60 70 80 90 100

given pressuré®. Since entropy is continuous at the phase-
transition point from humid to wet air, the maximum entropy
of wet air is therefore given bymax= s (W, Tmax P),

Eq. (5.16).

Temperature t/°C

Fig. 9. Liquid mass fractions" of wet air, the “burden” of con-
densed water, as a function of temperature at 1013.2%d)Rad
500 hPgb) between the freezing point and the point at which com-
plete evaporation of the liquid component occurs for dry-air frac- . . . .
tionsw™ of wet air, Eq. (7.3), between 10% and 90% as indicated8  Properties of sea air below the freezing point

by the curves. The complement-{w"W) is the gaseous humid-air ) )
fraction of wet air. At temperatures below the freezing point of seawater, the

sea-air system forms a third phase, solid ice Ih, which does

not contain relevant amounts of sea salt or air. More pre-
level (ICL) during adiabatic uplift. As an example, solutions cjsely, ice-crystal distortions due to occasionally built-in salt
of Egs. (7.25), (7.26) are shown in Fig. 16. or air particles are considered as negligibly seldom, which

Approaching the transition point from the other side (i.e., can safely be expected if the freezing process is sufficiently

from below the saturation curve in Fig. 8), this dewpoint sjow or the ice is sufficiently aged. This assumption does
(“cloud base”) is reached by adiabatic compression of wethot exclude the presence of macroscopic brine pockets or air
air with the in-situ propertiegw”, T, P) if the conditions bubbles within the ice which count as parts of the liquid or
the gas phase, respectively. In other words, the equilibrium
properties between humid air, seawater and ice do no depend
on the spatial distributions or shapes of the three phases in
the system. Any surface-tension effects are neglected in this
s (wh Top, Pop) =s"A (w?, T, P) (7.28)  model.

The binary relation “A is at equilibrium with B” is transi-
hold, which define the point where the parcel's liquid frac- tive; if it holds for a pair of systems (A, B), and for another
tion w"W is completely evaporated but the humid air is still pair (B, C), then it is true for (A, C), too. Thus, for example,
saturated (Fig. 9). Thus, passing the dewpoint adiabaticallyif we have sea ice forming a barrier between humid air and

A3 (Top, Pop) = w” (7.27)

Ocean Sci., 6, 91141, 2010 WwWw.ocean-sci.net/6/91/2010/



R. Feistel et al.: Thermodynamic properties of sea air 109

water and in thermodynamic equilibrium with each of them, lowered by about 2.4 mK if dissolved air is present (Doherty
then the air and the water are also in thermodynamic equiand Kester, 1974; Feistel, 2008a).

librium even though they are not in contact; if the ice layer In this section, we generalize the Gibbs function of sea
were removed, the remaining humid air and water would beair, g5#, Sect. 6, to the Gibbs function of sea-ice air'*,

in equilibrium. Either the seawater or the humid air may alsoextending the validity of Eq. (6.2) below the freezing tem-
be removed without upsetting the equilibrium between theperature of water/seawater,

remaining pair. Similarly, if a hole is made in the ice barrier,
no adjustment is required to maintain equilibrium. Note thatgSIA (wA’ ws, T, P) =w N (AT, P) (8-2)
if ice were added to a system containing air and seawater at |, SWoSW(g, T p)4 e (T, P)

equilibrium, then establishing equilibrium conditions for the . . SHA _ ,, SW
new system may require property adjustments in the air an(;”ls samlﬁle of sea-ice air ha; th? total mass” =m ,sv—vi_
seawater. However, if a new equilibrium is achieved contain-"" +m”, consisting Of. %‘ liquid phasg, seawaier, -,
ing all three elements then any one of them may be remove([lhl'f1 gas phase, hurr_ud an™, and the solid phase, ice Ih,
at constant” and P without upsetting the equilibrium be- ™ - The mass fractions of seawater,

tween the remaining pair. In this sense, the properties of thevS"W = mSW/mS"" = wS/Sx, (8.3)
equilibrium between ice and humid air, briefly “ice air”, are humid ai

independent of the presence or distribution of seawater; sim- urmnid.ai,

ilarly, the equilibrium state between seawater and ice, sseaw™ =m™ /mS" = wh /A, (8.4)
ice”, does not depend on the continued presence of the amy, 4 icew'n
bient air components. Thermodynamic equations for sea ice s A i
were derived from the Gibbs functions of seawater and of ice”/Sa +w" /A+w™ =1. (8.5)

by Feistel and Hagen (1998). Quantitative formulas for air- The equilibrium condition (6.4) of equal chemical potentials

free sublimation pressure and enthalpy are available down t@f water in the different phases takes the generalized form of
50K from Feistel and Wagner (2007) and IAPWS (2008b) the two separate equations

=m"/mS"A, obey the identity

The three-phase system, referred to here as “sea-ice air”, SW
has the independent variablésand P as well as the mass 5 —oSW_g dg _oh_p 86
: A e silgl=¢ A g = (8.6)
fractions of saltw>, and of air,w”, with respect to the sys- ISa ). p

tem’s total mass. The special cases of sublimation equilibria

or of sea ice are available from the formulas considered here A agh n

in the limits of vanishing sea saltyS=0, or of air,w”=0, Aallg]l=g¢ _A(a_A> -g =0 (8.7)

respectively. The salt-free equilibria are considered in more T.p

detail in Sect. 9. The relative spatial distribution of the three At given T and P, these equations define the equilibrium

phases is not relevant here for the thermodynamic propertie§actions of air,A(7, P), and saltSa(T', P), as well as the

of the parcel as a whole, for instance, the humid air part mayce fraction,w!™(wS, w”, T, P), from Eq. (8.5). Between

be completely separated from the seawater part by a surfadge freezing points of pure water and seawater the stable ex-

layer of ice. This is true since the equilibrium between threeistence of freshwater (e.g., as fog droplets in the air) and of

phases always implies equilibrium conditions for each cho-ice (€.g., as ice fog in the air) is impossible in sea air. The

sen pair of phases. humid-air part, i.e. the gas fraction of dry air mixed with
Of particular interest is the special case of ice air at zerovapour, of sea air is always subsaturated, Fig. 10, as a re-

salinity, wS=0, i.e. the properties of saturated air containing sult of the vapour-pressure Iowe_rlng due to dlsso_lveo_l salt. In

ice as in cirrus clouds or ice fog, air resting over a frozencontrast, below the freezing point of seawater, ice is a sta-

lake or precipitating frost. The equations and formulas arePle phase (either within air or seawater) of sea-ice air and

similar to those for wet air, Sect. 7, except that the liquid- the humid-air fraction is always 'sa'turated since no relevant

water properties of that section are substituted by the relate@mounts of salt are “dissolved” in ice. Note that the freez-

ice properties for the application below the freezing point.iNg point of liquid water is not a distinguished temperature

The freezing point (P) of liquid water is computed from for vapour, regardless of whether or not air is present. As a

the equilibrium condition of equal chemical potentials of the Stable gas phase of water, vapour can exist down to 40-50K

two phases, (Feistel and Wagner, 2007).
From the total derivative of Eq. (8.6), i.e. the Clausius-
(T, P)=¢"(T, P). (8.1)  Clapeyron differential equation for sea ice,
ad
Here,g" is the Gibbs function of liquid water, Eq. (3.3), and 9Asilg]=0= <EAS'[$’]>T PdSA (8.8)

g is the Gibbs function of ice, Eq. (F1). At 101325 Pa,

the freezing temperature of pure water is 273.152 5192)K , , (3_g> a7+ Ag (3_8> 4P
(Feistel and Wagner, 2006; IAPWS, 2008b, 2009b), and is oT /s, p OP ) g, 1
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a) Sea-Air Specific Humidity of ice air from the differential of Eq. (8.7). The related iso-
S e A baric and isothermal air drying rates are
-0.38
IAR! A
10.36 85 =— ALY _ 4 Z2A [s] , (8.10)
S T )p Da
2 -0.34 cat
2 0.32 Al Z_(aA_AI) Z_AAL[U]
E 0.3 P Jr D
T L 0.28 in which Dp is defined in Eqg. (6.8). Crossing the freezing
g 026 point (7;, Pr) of pure water, the drying rates of humid air
;)i L o.24 change discontinuously from the ones relative to liquid water,
' Egs. (7.7) and (7.8), to those relative to ice, Eq. (8.10), while
1022 the saturation value itself is continuous, i.A;"’l‘t(Tf, Pf) =
A e A S A% (Tt Py) at this point.
5 5 & 5 4 e L, 4, o We infer from Egs. (8.5), (8.9) and (8.10), that upon heat-
Temperature t/°C ing the ice fraction shrinks at the isobaric melting rate,
Ih
b) Sea-Air Relative Humidity (W A =— dw = wSWASI[S] +uw? Anls) , (8.11)
; ‘ ; : ‘ 100 T ) A sp Ds D
99 or, when compressed, at the isothermal melting rate,
\O 98 h
2 0 A A
= 97 g?A=_<a’”P ) —— Z'[”] —uw?V ’;[”].(8.12)
E L 96 A,wS,T S A
E Los With the help of Egs. (8.5-8.12) we can now compute the
° ‘ first and second derivatives of the Gibbs function (8.2) for a
B 3‘"”94 system composed of seawater, ice, and humid air.
2 193 The specific entropy of sea ice aif'?, follows as
A S S E I A 9gSIA
7777777 3,,,,,,,3,,,,,,,3,,,,,,,3,,,,,,,3,,,,,,,3,,,,,,i,,,,,,i,,,,,,i,,,,gl SSIA:_ =wAVSAV +wSWSSW+w|hSIh, (813)
! ! ! ! | | | ! ! or | ., o
i i i i i | | , , wh w>, P
T T T T T T T T T 90 .
8 7 6 5 4 -3 2 -1 0 1 the enthalpy is

Temperature t/°C SIA — gSIA L T SIA AV AV | SWSW L ihyth g q )
Fig. 10. Specific(a) and relative(b) humidity of sea air, i.e.,  and the specific volume

humid air in equilibrium .With seawater, at seailevel pressure, SiA

P:_1(_)_1 325 P_a, as a function of temperature fo_r_ dl_fferen_t abso_lutevsm: (38 ) — PV A 4y SW,SW. Thy b (8.15)
salinities as indicated by the curves. The equilibrium air fraction opP A s

A is computed from Eq. (6.4); the resulting specific humidity is whws T

g=(1— A). The relative humiditRHywo is determined fromt by Thus, the first derivatives of the Gibbs function are strictly
the WMO definition (10.4) with the saturated air fractiaf!given additive with regard to the phases present.

by Eq. (8.7). The specific humidity related #5is displayed as For the second temperature derivativegd”*, exploiting
the bold curve “Ice” a), indicating the saturation of sea-ice air due Egs. (8.13), (8.3), (8.4) we have

to ice formation below the freezing temperature at the particular g SIA AV
5 as av | [9s
=w — (8.16)
oT WA wS.p T Jap

salinity.
we infer the partial derivatives for the change of the brine +<3SAV> <3A) S+ SW 955V
T.P wh, wS, P Sa.P

T

salinity, SA (T, P), independent of air, 0A aT oT
Sa Asi[s dSa Asi[v asSW 3 ds'
<—> = —Sa [ ], (-) — Sa [v] (8.9) + A +w' =
oT Jp Ds oP Jr Ds AT rp T J A s p oT »
whereDs is defined in Eq. (6.9). _awh oA _ sww® (35
For ice air we get from Eq. (8.7) the saturated value forthe ~° A2 \ 37 WA S p s g DT ) yn s p
air fraction, A = AS3Y(T, P), with respect to ice, independent i o
of the presence of seawater. In the same way as in Eq. (8.8)  ¢/h dw
we can derive the Clausius-Clapeyron differential equation ar wh wS. p
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from which we obtain the formula for the isobaric heat ca- 9 Properties of ice air

pacity,
In the limit of zero salinity, the composite system “sea ice
SIA_ AV AV SW SW_ . 1h Ih k X ) ) : . ; .
cp =wrey FwTe, T w e, (8:17)  4ir described in the previous section turns into “wet ice air”,
a (AA [s])z SW(AS|[S])2 i.e.the qu|l|br|um othmd.water,}c/? and vapour in the pres-
+T 3w D—A+w s | ence of air. When there is no ag”=0, temperature and

pressure of this system equal the triple-point temperature and
In the scientific literature, we are not aware of a pressure of water, while the mutual mass ratios of the three
thermodynamically rigorous definition of the latent heat phases are controlled by two additional constraints such as
that occurs in conjunction with the exchange of wa- the volume and the total entropy of the sample. When air is
ter between seawater, humid air and ice. We defineadded, the partial vapour pressu?& will remain close to
here the latent-heat part of the heat capacity (8.17)the triple-point pressure but the total pressutes PV /xOV,
T{w™ (Aai[s1)%/Da+wSW(Agi[s])2 Ds}, divided by the  Eq. (5.6), of such an air parcel will be different, Fig. 11. This
isobaric melting rate, i.e. the mass fraction loss of ice,state is controlled by Egs. (8.5-8.7) at zero salinity, i.e.,
—(aw'h/aT)wA’ws,P from Eq. (8.11), as the isobaric latent

— W _ h_
heat of ice LS'A, of this system, Awlgl=g"-¢"=0 ©.1)
poa_ WY a2/ Da+w(AsI)?/Ds g o) y
P = A SW . 9
wA Api[h]/Da+wSWAsi[h]/ Ds A [g]EgAV_A( 8 ) _Jh_p 9.2)
This expression includes both the latent heats of melting A Jr.p

(subscript S) and of sublimation (Al), and only indirectly ;g 5vstem of equations can be solved for the temperature
that of evaporation (AS). Rather than simply being addedy 4y 3nd the pressurg(A) as functions of the air fraction
up, the transition enthalpies appear averaged, weighted by‘

sublimation and melting rates. For freshwaterP£0), this
formula for L3 reduces to the sublimation enthalpy in air
A [h],

The three mass fractions of the parcel's phases, liquid wa-
* ter, w", ice, w'", and saturated humid aigy™V = w”/A,
are related to temperature and pressure via the mass frac-

otV tion A(T, P) of dry air in humid air, i.e., to the solution of
LY =Anh]=h™N — A <—>T . —n'n (819)  Egs.(9.1), (9.2):

dA
A
Alter'natively, for gir—free conditionsu{"=0), it provides the wW w4 Y o_1 (9.3)
melting enthalpy in seawatef,s[A] A
- - - A -

ghSW At a given air fractionw”™ and entropy, Fig. 12,
L3 = Ag[h]=hSW—5p —n'h (8.20)

95a T,P

A
s=wWsW (T, Py 4w (T, Py + LA (A, T, P) (9.4)

The expressions for the latent heat must be independent of A

the freely adjustable coefficients. It is easily verified that this system of wet ice air still possesses one degree of free-
Egs. (8.18-8.20) satisfy this necessary condition. In alldom. We term the pressure it takes at complete melting,
cases, using the simple difference between the enthalpies'"=0, the isentropic freezing level (IFL) of wet air, and at
of ice and seawater or humid air rather than Egs. (8.19)complete freezingy*V=0, the isentropic melting level (IML)
(8.20), would be essentially wrong for this reason. In otherof ice air. For sea air with entropy and air fraction com-
words, the numerical values of the additional saline enthalpyputed from Egs. (6.4) and (6.18), these curves are displayed
term Sa x (8h°/8Sa) . , or the humid-air enthalpy term in Fig. 17.

A x (8hAV/8A)T , depend on the arbitrary choices made for At pressures below the IML, the _quuiq phase has disap-
the adjustable coefficients and must not be neglected. peared and the system reduces to “ice air".
When changes i or P cause a certain water mass to
be tran§ferred I_Jetween ice and the two fluid phases, the_re 80 Relative humidity and fugacity
no additional direct transfer of water between those fluids,

seawater and humid air, i.e., Eq. (8.18) covers the latent hegkelative humidity is not uniquely defined in the literature.
of all three phases below the freezing point. This means thagometimes it is defined as the ratio of the actual partial pres-
Eq. (8.18) can also be expressed in terms of the transitio’yre of vapour in air to the saturated vapour pressure, and
properties of the other two possible phase pairs, sublimatiorometimes as the ratio of their corresponding mole fractions
(Al) and evaporation (SA), or melting (SI) and evaporation (van Wylen and Sonntag, 1965; Sonntag, 1982). All defi-
(SA), using the relation (6.6\sa = Asi— Aal. nitions give the same results in the ideal-gas limit. Also in
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a) Wet-Ice-Air Pressure
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Fig. 11. Equilibrium pressureP, panel(a), and temperaturd, ) ] ) )

panel(b), as a function of the mass fractiohof dry air in humid ~ Fig- 12. Entropy of ice air as a function of temperature at

air of a parcel containing liquid water, ice and humid air. 440, 1013.25hP4a) and 500 hPgb) between—100°C and the melt-

the curve ends in the common triple point of water at about 611 Pgnd Point of the solid component for dry-air fractiong* of ice air

and 273.16 K. Note that the dissolution of air in liquid water is not Petween 10% and 90% as indicated by the curves.

considered here which may have comparable additional effects on

the freezing temperature (Doherty and Kester, 1974; IAPWS, 2004imosphere at some observed temperature, to the saturation

Feistel, 2008a). vapour pressure of pure water at this temperature (Calvert,
1990; IUPAC, 1997). For a real-gas mixture such as air,

this approximation, relative humidity is a property of fluid partial pressures of its components are defined by the total

water at given temperature and pressure of the vapour phasgressure multiplied by the mole fraction of that component

independent of the presence of air. (Lehmann et al., 1996; IUPAC, 1997)
The CCT definition of relative humidity is in terms of
mole fraction: at given pressure and temperature, the ratio{) =xaP. (10.1)

expressed as a percent, of the mole fraction of water VapOUrys gefinition of the relative humidity takes the form
to the vapour mole fraction which the moist gas would have

if it were saturated with respect to either water or ice at the Y
same pressure and temperature. Consistent with CCT, I[URHcct= “AV.sat (10.2)
PAC!! defines relative humidity as the ratio, often expressed v

as a percentage, of the partial pressure of water in the aR?vith regard to the mole fraction of vapou*(}V(A) from

i i al
10CCT; Consultative Committee for Thermometmww.bipm. =9 (5.6) and the saturated air fractiot¥*(7, P) from

org/en/committees/cc/cct/ Eq. (7.5) Wi_th respect to liquid Wat_er a_nd from_Eq. (8.7) with
1LYPAC: International Union of Pure and Applied Chemistry, f€SPect to ice. The pressure derivative provides the rate of
WWw.iupac.org relative humidification upon adiabatic uplift,
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Dry-Air Fraction Range of Humid Air and Ice Air
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Fig. 13.  Saturation curvesAxi(T,P) computed by solVing gy 14 Mass fractiond of dry air in humid air as a function of
E_q. (9.2) at the pressuores 1013525' 5?0 200 and 100 hpfa'_ as Irfémperature at nomal pressure, 101 325 Pa, for different relative hu-
dicated. Between-60°C and the melting temperature of ice, ijities (WMO definition, Eq. 10.4) as indicated by the curves from
these Scaltjrves separate .the physically reasonablg dry-alr fractlona,o% to 100% (dewpoint). Specific humiditygs1— A. Below the
A= AR(T. P), of the single-phase state of humid air from those ye\\n5int curve (100%), liquid water is present, i.e., the stable state
of the two-phase state of ice ais/* < AS3Y(T, P). Atthe saturation s wet air rather than humid air.
point, the two systems coincide.

dRH dRHwwmo
x(A,T,P)=—<—CCT) (10.3) x(A,T,P)z—(a—P) (10.5)
oP Aus A,s
AV r
__ W Mm% ((SAW+FAV8AW) =W(S¢W+FA\/8§W).
MA(l—ASﬁlt)2 ! v (1-A%Y)

Sometimes, especially when considering phase or chemical
Here, the drying rates™V with respect to liquid water and  equilibria, it is more convenient to use the fugacity (or ac-
the lapse rat€” of humid air are defined in Egs. (7.7), (7.8) tivity) rather than partial pressure (Lewis, 1908 Glasstone,
and (5.25). Below the freezing poir,"V must be replaced  1947; Mobius and Mrselen, 1973; Ewing et al., 1994: |U-

by A with respect to ice, Eg. (8.10). PAC, 1997; Blandamer et al., 2005). The fugacity of vapour
The WMO! definition of the relative humidity is (Rogers  in humid air is defined as, Eq. (5.31),

and Yau, 1989; Pruppacher and Klett, 1997; Jacobson, 2005),

A(AT,P)= f&’(T)exp{

v
w} (10.6)

o 1/A-1 RwT
RHwmo = —;

,.sat: 1/Asat_ 1 (10'4)

The chemical potential of vapour in humid gitY, is given

VoA o ) in Eqg. (5.15). Ry is the specific gas constant of water. The
wherer = (1-A)/A=m"/m" is the humidity ratio. The |(eference fugacity

relation (10.4) between air fraction, temperature and relative v
humidity is shown quantitatively in Fig. 14. 0/ i 12
If  is small, we can estimatel ~ rM”/M"W from fV(T)_}I)ITOfV(A’T’P)eXp{ RWT} (10.7)
Eq. (5.6) and therefor® Hywmo ~ R Hccr, i.€. approximate V.id
consistency of Egs. (10.2) and (10.4). =xv Pexp{ K }
The adiabatic humidification rate, i.e. the rate of increase RwT
of relative humidity of an adiabatically lifted air parcel fol- s chosen such that in the ideal-gas limit of infinite dilution,
lows from Egs. (10.4) and (7.9) as fv converges to the partial pressure of vapour (Glasstone,
1947; Guggenheim, 1967), Eq. (10.1),

vV Vid

AV no—=p
=xy, Pexpy ———;.
N=x pi RwT }

o _ - _ (10.8)
WMO: World Meteorological Organisatiomww.wmo.int
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The ideal-gas chemical potentjaY !¢ is given in Eq. (H13), In first approximation, derived from a series expansion
and the mole fraction of vapour in humid ai(}v, isgivenin  with respect to salinity, we obtain from Eq. (10.9)sw =
Egs. (5.6) and (B9). Sa/MS+0(S3), and¢SW =1+ O (Sa) the linear relation
The ratioAy = fy/ f\(,’ is the absolute activity of vapour
(Ewing et al., 1994; IUPAC, 1997). SA MW
The fugacity-pressure ratigy/ (x{" P) is known as the ¢~ 1- TR (10.15)

fugacity coefficient or enhancement factor in meteorology. ) ,
The saturation fugacity is defined by the equilibrium from Eq. (10.14), i.e. Raoult's law for the vapour-pressure

between liquid water and vapour in aig¥ (A,7,P)=  lowering of seawater (Landau and Lifschitz, 1987; Feistel et
wWWV,T,P), ie. al., 2008b). In the ideal-gas limit, Egs. (10.14) and (10.15)
are valid, too, for the relative humiditySA~ RH.
Wo,r,P i i
oAt f\9(T)exp w"(0,7,P) ’ (10.9) Below the freezing temperat_ure qf pure water at given
RwT pressure, the saturated vapour is defined by the chemical po-

tential of ice rather than liquid water, i.e. by
wherepW = ¢W(T, P)=¢SW (0, T, P) is the chemical po-

tential of liquid water, i.e. its Gibbs energy (3.3). The relative her, p)
. A . sat__ 0 W )
fugacity ¢ of humid air can thus be defined as W=~ (T)exp “ReT |’ (10.16)
VA, T,P)—uWV(O,T,P
Q= f—;/at: xpl & ( ) —17( ) . (10.10)  instead of Eq. (10.9). Then, the relative fugacity of sea air is
fv RWT
: LV Viid - - i W (Sa,T.P)—p'™(T, P)
In the ideal-gas limitpu¥ = u¥-'%, the relative fugacity ap- SA_JIV_ _aypl B WAL K ’ (10.17)
proaches the relative humidity (10.2) because of Eq. (10.8). e RwT

It follows that the relative fugacity of sea air is

SA _ R —e {MW(SA,T,P)—MW(O, T,P)

R RwT

When the temperature is lowered further to the freezing point
of seawater, the exponent of Eq. (10.17) vanishes and the air
is saturatedyS~=1, for sea-ice air at any lower temperature.

} (10.11)

since its vapour is assumed to be in equilibrium (6.4) with
seawaterV (A, T, P)=uWV(Sa, T, P). 11 Isentropic expansion of sea-air
The chemical potential difference in the exponent is pro-
portional to the osmotic coefficient of seawaig??V, which In an external gravity field, equilibrium states possess verti-
is computed from the saline part of the Gibbs function, cally constant temperature and chemical potentials but are
Eq. (6.1), as (Feistel and Marion, 2007; Feistel, 2008a), stratified in entropy and concentrations (Landau and Lifs-
chitz, 1987). Adiabatically mixed air columns are better

s o X
SW(SA. T, P) = — [gS—SA (r'ﬂg) } . (10.12) approximations of the real atmosphere, characterized by the
T,P

aSa conjugate properties of constant entropy and concentrations
with temperature and chemical potentials depending on the
andmsyy is the molality of seawater (Millero et al., 2008),  vertical coordinate (Feistel and Feistel, 2006). It must be
Sa emphasised that an adiabatically well-mixed air column in
=5 (10.13)  a gravity field is not in thermodynamic equilibrium since
A-SaM the irreversible thermodynamic driving forces are the non-
We infer for the relative fugacity of sea air the simple formula zero gradients of in-situ temperature and chemical poten-
tials, rather than those of potential temperature or concen-
trations (Glansdorff and Prigogine, 1971). Due to the slug-
<pSA=eXp(—mstW¢SW), (10.14)  gish molecular relaxation in comparison to turbulent mixing,
equilibrium states are prevented from being approached un-
which is also known as the activityy of water in seawater der ambient conditions. While the air column as a whole
(Falkenhagen et al., 1971; Millero and Leung, 1976; Feistelherefore remains far from overall equilibrium, each thin iso-
and Marion, 2007). Similar to the ideal gas approximation, paric layer is assumed in the following to be in local thermo-
the relative fugacity of sea air is independent of the presencelynamic equilibrium. In particular thermodynamic equilib-
or the properties of air. In Eq. (10.14)5" <1 expresses rium is assumed to hold within a boundary layer extending
the fact that the vapour pressure of seawater is lower than thegnly slightly above and below the sea surface.
saturation pressure of liquid pure water, i.e., that humid air |n the sea-air atmosphere model of this section we con-
in equilibrium with seawater above its freezing temperaturesider an air column which is in equilibrium with the sea sur-
is always subsaturated. face and “vertically” isentropic. The pressure is used here

mswRT

msw
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as the “vertical” coordinate so that gravity is only implic- Sea-Air Isentropes
itly considered. The vertical profile of the real atmosphere R
is simulated by isentropic expansion of a parcel with given
mass fractions of air and water. All thermodynamic proper-
ties of the vertical profile of the sea-air atmosphere model
can be computed from three given independent variables,%
the in-situ temperature at the surface (sea-surface tempera
ature, SST), the sea-level pressure (SLP), here assumed ¢ £
101325 Pa, and the sea-surface salinity (SSS), here assume 3
as 35.16504 g/kg (Millero et al., 2008). a
Depending on pressure and entropy as its natural variables,
enthalpy” is the most convenient thermodynamic potential
function for the description of adiabatic processes (Feistel
and Hagen, 1995; Feistel, 2008a). The “vertical” isentropic

1007

b Lioos
i i I ’CL(Mu’d) i i
: 1009

+1010
r1011
1012

: : : : : : ' ' : ' ' r1013
1.06 1.08 1.1 1.12 1.14 1.16 1.18 1.2 1.22 1.24 1.26 1.28 132 1.

density profile is computed from Density  p/(kg m?)
-1
o(P)= % (11.1) Fig. 15. Vertical isentropic sea-air profiles of density overlying
OP J A s ' seawater at standard-ocean salinity (35.16504¢kgnd sea-level

pressure (101 325 Pa) for different SST values between 0 an@ 40
and the isentropic temperature profile (Fig. 16) from as indicated. The related isentropic condensation levels (ICL) of
liquid water and ice (bold lines) are also shown.

oh
T(P)= (-) ) (11.2)
as ) A p Sea-Air Isentropes
’ : : : : : : : 1007
Here,w” is the mass fraction of dry aik the enthalpy and e
s the entropy of either humid air or of the composite systems [ /7 \mu““ ””” P e
wet air, ice air, or wet ice air. Solving Egs. (7.25), (7.26), the 3 3 1 1 ‘°L3 3 3 3 3
subsaturated equilibrium humidity of sea air (Fig. 3) results & [~ =" || 009
in an isentropic condensation level (ICL) of 4-5hPa below & ; | | ! | | | |
surface pressure (Figs. 15, 16). In Earth’s atmosphere, this T
corresponds to an altitude of about 30-40 m above the se: 3 3 3 3 3 3 3 3 3
surface. & A R S R e R N R
Below the dewpoint temperature, the sea-air potential 3 3 3 : 3 3 3 3
must be replaced by the wet-air potential (7.1), and be- I A N R o N N R
low the frost point it is replaced by the corresponding ice- | || | | k 777777777777777777777777 | 1013
air potential. Note that in doing this, we are consider- | | | ‘ |
5 10 15 20 25 30 35 40 45

ing condensed/frozen water as a floating, not precipitating
aerosol/fog/cloud. Recall that any fallout from the sample

is neglected by the model approach of an isentropically ex'Fig. 16. Vertical isentropic sea-air profiles (almost vertical thin

Temperature t/°C

panded, gravity-free parcel. _ _ lines) of temperature for different SST values between 0 arfC40
The adiabatic lapse rate of sea air at the surface is availablgy standard-ocean salinity and sea-level pressure of 101 325 Pa, to-
from the formula gether with the related isentropic condensation levels (ICL) of lig-
2 SA uid water and ice (bold lines). Below the freezing temperature of
. T . 9°h seawater, sea air is saturated at the sea surface. The slope of the
r=(— = . (11.3) . S i .
AP ) A uss dsoP ) . o isentropes is given by the adiabatic lapse rate, Egs. (6.25), (6.26).
w

the liquid or solid water phase, neither at the sea surface nor
12 Discussion within clouds (Korolev and Isaac, 2006). Thermodynamics

can be used to estimate the distance from equilibrium and the
The isentropic expansion of sea air considered in the previselated irreversible fluxes.
ous section represents a rather idealized model of the marine During the oceanographic expedition AMOR-92 of r/v
atmosphere. In this section, we consider for illustration pur-“A. v. Humboldt” in the late summer of 1992 in the Atlantic
poses some examples taken from observations and compao®astal upwelling region off Morocco (Hagen et al., 1996),
them with related properties of the sea-air model. Frequentlyregular radiosonde sampling of the atmosphere was carried
the ambient atmosphere is not in an equilibrium state without. To provide comparisons with examples of real maritime
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atmosphenc profiles, we have ;elepted here two casts as d%éble 1. Two selected radiosonde profiles taken off Morocco in
scribed to Table 1 and shown in Fig. 19. In RS #37 we seeseptember 1992 on riv “A. v. Humboldt”. The sea-surface salinity
approximately isentropic conditions consistent with the 10- sss is given on the 1978 Practical Salinity Scale (PSS-78) which is
cal surface conditions at the sight. However, in the nightconverted to the Absolute Salinifip =SSS<ups used in this paper
time outside the upwelling filament (RS #14), the conditions by the factonpg=(35.16504/35) g kgt (Millero et al., 2008; 10C,
strongly deviate from the idealized local isentropic condi- 2010).
tions indicated by the vertical line. The presence of Sahara

dust in the local atmosphere at this time indicates that certain Radiosonde RS #14 RS #37
air layers were qdvected from the conpnent. Note thgt 'Ehe Date 17.09.92 21.09.92
near_-surface air is almost saturated, likely due to radiative uTC 04:54 12:28
cooling. Lat®N 31.96 31.00
In Fig. 19, the entropy profiles computed from radiosonde Long® W 11.01 10.17
data are compared with the sea-air entropy computed from Wwind vel (m/s) 9.6 2.7
the related measured sea-surface salinity (SSS), sea-surface Wind dir (deg) 27 18
temperature (SST) and sea-surface pressure, Table 1. Clouds Sc, tr, Cu, fra  Ci, fib
As another example measured over the tropical Atlantic, a Cover 10/10 1/10
radiosonde profile launched at 15:47 UTC on 7 March 2004 P(hPa) 1014.0 1017.8
off South America at 9.8579N, 33.11862E is selected ;g;y (Ec?) ;;g 1?2
from the AEROSE-I cruise (Nalli et al., 2005; Morris et SSS 36.96 36.23

al., 2006) and displayed in Fig. 20. The sea-surface tem-
perature registered by the vessel was 26Q28he absolute
salinity 36.22 g/kg (Practical Salinity 36.05). The surface
pressure was 1011.33 hPa, the relative humidity was 70.2%,
much lower than the related equilibrium sea-air relative hu-
midity, Fig. 3. In the near-surface atmosphere between 1000
and 930 hPa, entropy and air fraction form an almost homo-
geneous layer which is characteristic for isentropically mix-
ing or rising air. Since radiosondes cannot measure the con-
densed fraction of wet or ice air above the condensation level,
the displayed profiles reflect the gaseous part only. In com—§
parison to equilibrium conditions at the sea surface (indicated ;
by the vertical lines), the ambient air had lower entropy and ¢
specific humidity. 2
Over most ocean regions, surface relative humidity has rel- £
atively small spatial and inter-annual variations; it is typi-
cally within 75%—82% during all seasons (Dai, 2006). In | 800
contrast, the global warming signal is observed in the to- ot NN WS S NS N S SR PO
tal atmospheric moisture content over the oceans that has |......=". ... R SO Y FOU A I I - 1000
increased by 0.41 kgAnper decade since 1988 (Santeret 5 0 5 s 1 S f15 T20 25 /3% 35 40 45
al., 2007), while at the same time the upper-ocean salin- ea-Suriace Temperaturd
ity is rising over large parts of the global ocean (Curry et

al., 2903; Stott et al., 2008). This .EﬁECt Cpunteracts the_m'sea air with standard-ocean salinity (35.16504 gkias a function
creasing freshvyater flux from meltmg gIame_rs and polar ice ¢ the sea-surface temperature (SST), computed from Egs. (9.3),
caps, as described by the “osmotic potential” of Cochraneg 4) with entropy and air fraction computed from Egs. (6.4) and
and Cochrane (2009). Durack and Wijffels (2009) found (6.18). At pressures higher than IFL, the condensed part s liquid, at
that the surface salinity of the global ocean has generallypressures lower than IML, the condensate is ice. Between the two
been increasing in arid (evaporation-dominated) regions andurves, the solid, liquid and gas phase of water coexist. Both curves
freshening in humid (precipitation-dominated) regions, with begin at the condensation level (ICL), Fig. 16, and do not reach the
a spatial distribution similar to that of the surface salinity sea surface. Note that the local temperature (Fig. 18) is always very
anomalies relative to the spatial mean over the globe. Thid!ear 0°C in the mixed-phase region between IML and IFL.

has led them to suggest that the global hydrological cycle has

accelerated over the past few decades. The explanation for

climatological trends in surface salinity in specific regions In non-equilibrium situations that are usually found at the
such as the brackish Baltic Sea estuary can be significantlair-sea interface, Figs. 19 and 20, thermodynamic fluxes
more complicated (Feistel et al., 2008a). are driven by Onsager forces such as the gradient of

Remark Sahara dust dust
Upwelling no yes

Sea-Air Isentropic Freezing & Melting Level
: ! . . . . : : 200

+300

+400

r500
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+700

Fig. 17. Isentropic freezing level (IFL) and melting level (IML) of
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Sea-Air Isentropes
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Fig. 18. Vertical isentropic sea-air profiles of temperature for differ- Entropy Profile of RS 37

ent SST values betweerd0 and +40°C at standard-ocean salinity e 200

(35.16504 g kgl) and sea-level pressure (101325 Pa), beyond the

related isentropic condensation level shown in Fig. 16. Note that : : : : : : : : :

the pressure range in Fig. 16 is compressed into a very thin layer |-} b b 1300

at the bottom of this plot. The isentropic transition between liquid & 1 1 | e | | | |

and solid condensate, between IFL and IML in Fig. 17, has an ex- E 777777 ! 3 ! ! ! L 400

tremely small lapse rate and appears here as a pressure jump, i.€ ¢ ;

as an almost isothermal layer in which the solid, liquid and vapour §, R S N : : 3 : : | 500

phase of water coexist, Fig. 11b. 4 | | 3 | | 3 3 3 3
- ! ] ! i ] ] 600

B 10 A

w/ T (Glansdorff and Prigogine, 1971; De Groot and Mazur, B e B doooo-beee- 1800

1984). At the sea surface, assuming the same temperature | === | ! R R

and pressure on both sides of the interface, the dimensionless 150 120 140 160 180 200 220 @ 240 | 260 280’1388

Onsager forc&sa (A, Sa, T, P) driving the transfer of water Specific Entropy s/ (J kgt K1)

is the difference between the chemical potentials of water in

humid air and in seawater, Fig. 19. Entropy of two radiosonde profiles taken on the subtropical

Atlantic off Morocco, Table 1, computed from Eq. (5.16), neglect-

7 /,LXV (A, T,P) /LW(SA,T,P) ing any unknown condensed fraction, compared with the related

Xsa=A <RWT) - RwT N RwT (12.1) sea-air entropy, computed from ocean surface properties by means
of the equilibrium Eq. (6.4) and shown here as vertical lines. The
It vanishes at the condensation poiAt= Acondcs, T, P), large difference in the upper panel probably results from strong off-

Eq. (6.4), rather than at saturation. Equation (12.1) can béhore wind that also carried Sahara dust observed at this time.

expressed in terms of fugacities, Egs. (10.10) and (10.11), in
the form
4 13 Summary
;pA—S — mswM"V oSV £ Ing (A). (12.2)
¢="(Sp) The broad aims of this paper are twofold. First, to provide

Rather than the relative humidity, Egs. (10.2), (10.4), the® collection of equation_s for various_propertie; of eq.uilib—
sea-air Onsager forcEsa, in conjunction with the formula 1@ between seawater,' ice and' humid air, derived directly
(6.28) for the evaporation enthalpy of seawater, is relevanfrom the thermodynamic potentials for the elementary com-
for the parameterization of non-equilibrium latent heat fluxesPONents. - Second, to review information on sea air condi-
across the sea surface. In the special case of limnological afions and provide a best estimate of the sea-air potential func-
plications, or below the freezing point of seawater, it reducedioN(S), expressed in different forms, based on previously
to Xsa = Ing(A), which corresponds to the relative humid- pupllshed work. Very gccurate and comprehensive formu—
ity, In (R Hcet), in the ideal-gas approximation. lations of these potentials have recently become ayallable
(IAPWS, 2008, 2009a, b; Lemmon et al., 2000; Feistel et
al., 2008b) and permit the consistent computation of all their
thermodynamic single-phase properties as well as of their

Xsa=In
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Air Fraction Profile of AEROSE 04030715 namic relations. Consequently, it is a fundamental feature
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 200 of our approach that the quantitative accuracy of the ther-
modynamic potentials used as “inputs” is not relevant to the
mathematical correctness of the fundamental thermodynamic

. ””” ””” ””” ””” ””” 300 relations which are the primary subject of this paper. Because
a ; ; ; ; ; ; ; ; ; of our focus on general relations that follow from exact ther-

Q[ 400 modynamic principles, we do not discuss the correctness of
g ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ any particular selection taken from the various published em-
2 500 pirical geophysical correlation equations. In most cases, the
a 1600 verifications of those empirical equations have been achieved

+700 through many practical applications as discussed in the liter-
‘ 800 ature. Similarly, we do not discuss the mutual consistency

‘ ‘ ‘ Dol 900 of examples for pairwise and higher-order combinations of

o1 or75 ‘96 9525 985 o875 o5 9920 505 975 b those correlations in order to, say, demonstrate the higher ac-
Air Fraction in % curacy of the potential functions we employ.

The relations considered here constitute the mathemati-
cal “processing pipeline” applied to extract from the given
“input” the various special properties of interest. If im-
proved formulations for any of the chosen potential func-
tions become available in the future, these “inputs” may be

Entropy Profile of AEROSE 04030715
: : : : : : : : 200

+----1 300 _ : .
s | substituted for our current choices without any fundamental
< | changes of the relations collected and published in this pa-
% o 400 per. Nevertheless, we note that the potential functions that
2 L Ls00 we recommend here are (or are planned to be) formulated in
g ! | 600 officially endorsed IAPWS documents and represent interna-

tionally recognized standards that possess distinctively high

700 reliability and accuracy.
800 Starting from those very few but comprehensive formula-
777777 :iggo tions, all thermodynamic properties can be derived (within
280 300 the range of validity and the related uncertainty) in a consis-
Specific Entropy s/ (J kg™ K™) tent and highly accurate way. Based on this approach, stud-

. ‘ . . ‘ ies of different authors using these properties will be much
Elg. 20. Profiles of air fraction and entropy of the radiosonde Pro- more directly comparable. We also note that although lim-
f'r']es AE_RolsAEI 049307;58;%;3 %g Zl'\é'ggcé‘ 2:04_ 15:47UTC Injtations of space and time have not permitted it, a virtually
the tropical Atlantic at 9. 35, SNOWING an ISen- —, yimjted set of tailored correlation equations can be derived

tropic surface layer (Courtesy Nicholas R. Nalli, NOAA). The ver- for special applications from the exact thermodynamic rela-
tical lines indicate the values computed for the humid-air part from P PP Y

the sea-air equilibrium at the observed sea-surface temperature 5if0ns gnd the chosen potential functions, gven for properti_es
26.28°C and salinity of 36.22 g/kg, Eqgs. (6.4) and (6.18). The air for which direct measurements are unavailable or show sig-

fraction A on the abscissa relates to specific humidityl— A. nificant uncertainties (e.g., sublimation pressures at very low
temperatures or freezing points at high pressures).

It should be noted that the two parts, i.e., the empirical pri-
various combinations in mutual phase equilibria. The for- mary standard and the set of rigorous thermodynamic formu-
mulas focus in particular on systems having seawater as ongs, can be advanced essentially independently. That is, new
component, such as sea ice, sea air or sea-ice air, and alsgnctions based on the fundamental thermodynamic relations
cover the traditional meteorological application for the limit- can be introduced into user libraries (e.g., Feistel et al., 2009;
ing case of vanishing salinity. Wright et al., 2009) and/or new or extended versions of the

In this paper we suggest an approach that is conceptuallgmpirically determined thermodynamic potentials can be in-
(and practically) different from the common approach of us-troduced without directly affecting the other part. All that is
ing a collection of separate empirical equations for propertiesequired is that a standard interface be established to com-
of interest. In particular, we describe how a small number ofmunicate information between the two parts. For example, a
previously published potential functions can be consistentlymass-based Gibbs function with its first and second deriva-
combined with each other and exploited mathematically totives, inputs of Absolute Salinity, absolute ITS-90 tempera-
calculate the wide range of thermodynamic properties of in-ture and absolute pressure can be replaced by a revised or
terest in oceanography and meteorology. Most of the equaeompletely new function with these same properties without
tions that we consider are expressions of exact thermodyrequiring any other changes.
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The Helmholtz function (5.2) of humid air is composed Table Al. _Chemlcal composnlo_n _o_f sea salt (Mlllgro et al., 2008).
Mole fractions are exact by definition, mass fractions are rounded

h?re of th? Helmholtz funCt'Or,]S of dry alr .and of f!u!d water to seven digits behind the period. Uncertainties of the molar masses
with additional second and third cross virial coefficients de- wieser, 2006) are given in brackets.
scribing the air-water interaction, i.e. non-ideal properties of

humid air, Fig. 1. Mole Mass Molar mass
The Gibbs function (6.2) of sea-air describes a composite  gojute fraction fraction gmott
system of seawater and humid air in mutual thermodynamic
Nat 0.418 8071 0.3065958 22.989 769 28(2)

equilibrium, controlled by the Clausius-Clapeyron Eq. (6.7). Ma2t 0.047 1678 0.0365055 24 3050(6
Subsequently, formulas for several properties of sea air are 9 + : : ' (6)
derived from the Gibbs function, in particular the latent heat c& 0.0091823 00117186  40.078(4)

’ K+ 0.009 1159 0.011 3495 39.0983(1)

of seawater, Eq. (6.28), Fig. 5. s+ 0.0000810 0.000 2260 87.62(1)

In the limit of vanishing salinity, sea air reduces to wet air, cl- 0.487 4839 0.5503396 35.453(2)
i.e. saturated humid air in equilibrium with condensed water. Soi‘ 0.0252152 0.077 1319  96.0626(50)
The Gibbs function of wet air, Egs. (7.1) and (7.4), provides HCO3 0.0015340 0.002 9805 61.016 84(96)
various properties of central interest in meteorology, in par-  Br—- 0.000 7520 0.001 9134  79.904(1)
ticular the saturation point (7.5), Figs. 8 and 9. The humid-air CO%‘ 0.0002134 0.0004078 60.0089(10)
part of sea air is subsaturated, Fig. 3. The subsaturation of sea B(OH);  0.0000900 0.000 2259  78.8404(70)
air can be quantified by the relative humidity, Egs. (10.2) and -~ 0.000 0610 0.000 0369 18.998 403 2(5)
(10.4), in two different standard definitions, or by the relative =~ OH™ 0.000 0071 0.0000038 17.007 33(7)
fugacity, Egs. (10.10) and (10.14). B(OH);  0.0002807 0.0005527 61.8330(70)

COy 0.000 0086 0.000 0121 44.0095(9)

Below the freezing temperature of seawater, sea air con-
tains ice lh as a third phase. Its Gibbs function, Eq. (8.2), Seasalt 1.000 0000 1.000 0000 31.404(2)
and the two Clausius-Clapeyron equations, Egs. (8.8) and
(6.7), are used to derive equations for related properties. The
humid-air part of sea-ice air is always saturated because the
equilibrium between ice and humid air is independent of ad-access to sea-air as well as fluid water, ice and seawater prop-
ditionally present seawater. A special situation occurs be-erties.
tween the freezing points of water and of sea-water where
neither ice nor liquid water can form a stable phase. In this )
temperature interval, the humid-air part of sea air is subsatAPPendix A
urated, Fig. 10. The latent heat, Eq. (8.18), of sea-ice air, N )

i.e. of water evaporating at constant pressure from sea icd>0Mmposition of sea salt and dry air

is a complex three-phase expression which, beyond the subI;h hemical - f it and drv ai .
limation enthalpy, includes the melting heat resulting from . € chemica composnlonsq sea salt and dry air are given
the temperature change of ice and the salinity change of thé! Tables Al and A2, respectively.
brine.

At zero salinity, sea-ice air reduces to ice air with only two Appendix B
phases, ice and humid air, except for a small temperature-
pressure window in which ice, liquid water and water vapourThermodynamic potential of dry air
coexist in the presence of air. This “triple-point” atmosphere
is referred to as wet ice air, Fig. 11, and forms an almostThe specific Helmholtz energy for dry air is (Lemmon et al.,
isothermal layer of isentropically lifted air between the melt- 2000),
ing and the freezing level, Figs. 17, 18. In the two-phase )
region of ice air, saturation is defined with respect to ice, f* (T,pA) = RkT[Ot'd (f,3)+ares(f,5)], (B1)
Fig. 13.

The properties provided in this paper can be computedvhere R§ = R-/M” ! is the specific gas constant of air,
from the currently available potential functions for humid M”'-=28.9586gmot! and R-=8.31451Jmot*K~1 are
air, fluid water, ice and seawater and the related equationthe molar mass and gas constant used by Lemmon et
will not require modification as the potentials are improved. al. (2000). Note that these values differ slightly from the
Based on functions available from the literature as repeateanost recent ones given in Table A1. The functid(z,8) is
in detail in the appendix, a new seawater library (Feistel etthe ideal-gas part,
al., 2009; Wright et al., 2009) has currently been developed
as source code in Fortran and Visual Basic, with later ver-
sions planned also in MatLab and C/C++, and will offer easy
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Table A2. Chemical composition of dry air. Mole fractions from Table B1. Coefficients and exponents for the ideal-gas part (B2)

Picard et al. (2008) except forNvhich was adjusted by subtracting for dry air (Lemmon et al.,

2000). Here, we have adjusted the co-

all other mole fractions from 1 (Picard et al., 2008). Uncertainties efficientSng and ng to the reference state conditions of zero en-
of the molar masses (Wieser, 2006) are given in brackets.

tropy and zero enthalpy of dry air at the standard ocean surface
state 0C and 101325Pa. The originally published values are

Mole Mass Molar mass ng=—13.841 928 076 and2 = 17.275 266 575.
Gas fraction fraction gmott
Ny, 0.7808479 0.75518473 28.0134(3) i i
O, 0.2093900 0.23131860 31.998 8(4) 1 +0.605 719 400 00107 8  +0.791 309 509 00
Ar  0.0093320 0.01287036 39.948 (1) 2 —0.210274 769 0910~ 9 +0.212 236 768 00
CO, 0.0004000 0.00060775 44.009 5(9) 3 —0.158 860 716 09103 10 —0.197 938 904 00
Ne  0.0000182 0.00001268 20.179 7(6) 4 +0.9745025174394810 11 +0.253 636 500 09102
He  0.0000052 0.00000072 4.002 602(2) 5 +0.100 986 147 428 932107 12 +0.169 074 100 0Q1C?
CH, 0.0000015 0.00000083 16.042 46(81) 6 —0.19536342000103 13 +0.873 127 900 0R10?
Kr  0.0000011 0.00000318 83.798(2) 7 +0.249088 803 2010
H,  0.0000005 0.00000003 2.015 88(10)
N,O 0.0000003 0.00000046 44.012 8(4)
CO 0.0000002 0.00000019 28.010 1(9)
Xe  0.0000001 0.00000045 131.293 (6) Appendix C
Air  1.0000000 0.999999 98 28.965 46(33)

Thermodynamic potential of fluid water

The specific Helmholtz energy for fluid (gaseous and liquid)
water is (IAPWS, 2009a; Wagner and Pruf3, 2002),

PY(TpY) = 4 (T.0Y ) + RET9™5(x.0), (€
id _ 0. i-4 .
o (z,8) = In‘3+Z” T ngrt £ ndine (B2)  \where fV9(T,pY) is the ideal-gas part, Eq. (C2),
=1 Ry = 46151805 Jkg*K~1 is the specific gas constant
+n8|n[1 exp( nllf)]-lrngln[l exp( nlzf)] of H,O used in IAPWS-95, andp™5(z,8) is the di-
0 0 mensionless residual part consisting of 56 terms, avail-
+”1o|”[2/3+eXp(”13T)] able from Eq. (C5) and the Tables C2-C4. Note that
) ) the gas constant used here differs from the most re-
anda'®S(z,d) is the residual part, cent value, Rw = R/IMW=461.52364Jkg'K~1, where
MW=18.015268gmol! is the molar mass of water
a"®S(7,8) = an(glktjk + Z nk(&;lk Jk exp( 51k> (B3) (IAPWS, 2005).

k=11

Here, the reduced variables are= 1326312K/T, § =

p”/(10.4477moldnt3 x MA'L), and the coefficients are
given in Tables B1 and B2. Numerical check values are avail-fV-id (T, pV) =

able from Table 12, Appendix I.
The temperature scale is ITS-90. Equation (B1) describeghe function¢®(r,8) was obtained from an equation for

The ideal-gas part, fV:9(T,pY), of the specific
Helmholtz energy for water vapour is (modified from
IAPWS, 2009a; Wagner and Pruf3, 2002)

RET [45%, 5) +¢EX(r)] . (C2)

reliable experimental data available for 60-873K and tothe specific isobaric heat capacity developed by J.R. Cooper
70MPa, and predicts air properties even up to 2000 K and1982) and reads

2000 MPa. Here, we are interested only in the ranges in

which air is in its gas phase, either &t> T, or T in the  ¢%(t, 8)—In8+n1+n2r +n3|n‘[+ZnO|n< e*Viof)_(ce,)
interval Tc > T > Tiiq(P), between the critical temperature
T. and the dewpoint temperatuf®&jq of liquid air. The
critical point of air is at7,=132.5306 K, P.=3.7860 MPa,
pc=11.8308 mol dm3 x MA-L ~342.685kgm?3. The dew-
point curveTiiq(P) is given by Lemmon et al. (2000).

Reduced density = pV/pc and temperature = T,/ T are
specified bypc = 322kgnT3, T, = 647.096K. The coeffi-
cients of Eg. (C3) are available from Table C1. The IAPWS-
95 reference state conditions define the internal energy and
the entropy of liquid water to be zero at the triple point.
A highly accurate numerical implementation of these con-
ditions gave the values rounded to 16 digits for the ad-
justable coefficients:] = —8.320446483749693 andl;, =
6.683210527593226 (Feistel et al., 2008b).
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Table B2. Coefficients and exponents for the fundamental Eq. (B3) for dry air (Lemmon et al., 2000).

ko ix Iy ng ko ix i Iy ng

1 1 0 0 +0.118 160 747 229 11 1 1.6 1 —0.101365037 912

2 1 033 0 +40.713116392079 12 3 08 1 -0.173813690970

3 1 101 0 -0.161824 19206710 13 5 095 1 -0.47210318373%10°1
4 2 0 0 +0.71414017897¢10°1 14 6 125 1 -0.12252355425310°1
5 3 0 0 -0.86542139664610°1 15 1 36 2 —0.146629609 713

6 3 015 0 +0.134211176704 16 3 6 2 —0.316 055879 824101
7 4 0 0 +0.11262670421810°1 17 11 325 2 +0.233594806 142103
8 4 02 0 -042053322884210°1 18 1 35 3 +0.14828789197810 1
9 4 035 0 +0.34900843198210°1 19 3 15 3 —0.93878288466%102
10 6 135 0 +0.16495718318610°3

Table C1. Coefficients of the ideal part (C3). Note that the orig-

inally published values (Wagner and Pruf3, 2002) of the adjustable The residual part of Eq. (C1) has the form

coefficientsz{ andnj are slightly different from those given here. 7 51
Those given here are preferred (IAPWS, 2009b; Feistel et al. 5= thSd" i Zni(sdi Tl exp(_aci) (C5)
2008b). i=1 i=8
54

P 70 + Y mishe exp( —ai (6 &) B (r = 7)?)

1 —8.32044648374969 l;zz

2 +6.68321052759323 b;

3 +3.00632 +.Z n; Abisy

4  10.012436 1.28728967 i=55

5 40.97315 3.53734222 with the abbreviations

6 +1.2795 7.74073708

7 +0.96956 9.24437796 A=6%4B;|s -1,

8 +0.24873 27.5075105

1
0=1—1t+A;|6-1|%,

and

The temperaturd is measured on the ITS-90 scale. The ¥ = eXp(—Ci (6—1?-Di(r— 1)2)-
range of validity is 130-1273 K without the extension (C4), _ ) )
i.e. with ¢®(¢) =0. The range can be extended to include Equation (C1) is valid between 50 and 1273K and for

the region 50-130 K with a correction function added in this Pressures up to 1000 MPa in the stable single-phase region
temperature range, of fluid water. Uncertainty estimates are available from

IAPWS (2009a) and Wagner and Pruf3 (2002). Numerical
check values are available from Table 12, Appendix I.

(1) (C4)
1 3 | T 9 Ot 72 )
=Fx —Z—g—z(fﬁ-&‘)ng—z—gﬁ-@"'ﬁ ) Appendix D
at 50K<7 <130 K Thermodynamic potential of humid air

where Te=130K , E=0.278296458178592; — Ty/T.. At  The Helmholtz energy”V-d of humid air in the ideal-gas
t=¢, ¢®X(1) is zero, as well as its first, second, third and approximation (H3) is additive with respect to its compo-
fourth temperature derivatives. This correction has been debents air, 744, and vapour,FV-¢ (Landau and Lifschitz,
termined such that when applied to Cooper’s formula usedl987, §93),

in IAPWS-95, it results in a fit to the heat capacity data of .av.id  AQd V.id

Woolley (1980) between 50 and 130 K with an r.m.s. devia-F (Nas Ny, T, V) = FRE(NA T V) + FEE WL T, V) (B1)
tion of 6x10% in cp/Rw. This extension formula has been Here, Nao and Ny are the numbers of air and vapour parti-
developed particularly for implementation in the source-codecles in the volumeV. The additivity of the Helmholtz en-
library and is not published elsewhere. ergy (D1) is consistent with the entropy of mixing of ideal
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Table C2. Coefficients of the residual part (C5).

i ¢ di n;
1 0 1 -05 +0.012533547935523
2 0 1 0.875 +7.8957634722828
3 0 1 1 —8.7803203303561
4 0 2 05 +0.31802509345418
5 0 2 075 -0.26145533859358
6 0 3 0375 —7.819975168798410°3
7 0 4 1 +8.808949310213410°3
8 1 1 4 —0.66856572307965
9 1 1 6 +0.20433810950965
10 1 1 12 —6.621260503968710~°
1 1 2 1 —0.19232721156002
12 1 2 5 —0.25709043003438
13 1 3 4 +0.16074868486251
14 1 4 2 —0.040092828925807
15 1 4 13 +3.934342260325410~ 7
6 1 5 9 —7.594137708814410~6
17 1 7 3 +5.625097935188810~4
18 1 9 4 —1.560865225713610°
19 1 10 11 +1.153799642295410°
20 1 11 4 +3.658216514420410~7
21 1 13 13 —1.32511800746681012
22 1 15 1 —6.263958691245410~10
23 2 1 7 —0.10793600908932
24 2 2 1 +0.017611491008752
25 2 2 9 +0.22132295167546
26 2 2 10 —0.40247669763528
27 2 3 10 +0.58083399985759
28 2 4 3 +4.9969146990806103
29 2 4 7 —0.031358700712549
30 2 4 10 ~0.74315929710341
31 2 5 10 +0.4780732991548
32 2 6 6 +0.020527940895948
33 2 6 10 —0.13636435110343
3 2 7 10 +0.014180634400617
3 2 9 1 +8.3326504880718103
3 2 9 2 —0.029052336009585
37 2 9 3 +0.038615085574206
38 2 9 4 —0.020393486513704
39 2 9 8 —1.655405006373410~3
40 2 10 6 +1.9955571979541103
41 2 10 9 +1.587030832415710~4
42 2 12 8 —1.63885683425810°
43 3 3 16 +0.043613615723811
4 3 4 22 +0.034994005463765
45 3 4 23 —0.076788197844621
46 3 5 23 10.022446277332006
47 4 14 10 —6.268971041468610°
48 6 3 50 —5.57111185656451010
49 6 6 44 —0.19905718354408
50 6 6 46 +0.31777497330738
51 6 6 50 —0.11841182425981
Ocean Sci., 6, 91141, 2010
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Table C3. Coefficients of the residual part (C5).

i di 1 np o B Vi o &

52 3 0 -31.306260323435 20 150 1.21 1
53 3 1 31.546140237781 20 150 1.21 1
54 3 4 -—-2521.3154341695 20 250 1.25 1

Table C4. Coefficients of the residual part (C5).

i a; bi B ni Ci D Ai Bi

55 35 0.85 0.2 —-0.14874640856724 28 700 0.32 0.3
56 35 095 0.2 0.31806110878444 32 800 0.32 0.3

gases, Eqg. (H9). At higher densities, the corresponding
Helmholtz energy of the real-gas mixture is

FA (Na, Ny, T, V)= FA(Na,T,V)+ F¥ (Ny,T,V) (D2)
QAV

0AQV”

The configuration integral@”®, 0V and Q”V of the canon-
ical partition function are defined in terms of the pair-

interaction potentials: between the particles of air at the
positionsr® and those of vapour a¥, as 8 = 1/kT):

—kTINn———

Na ALY
o))
V/ \%4 |4
exp{ ﬂZMAA(,,]) ﬂzuvv(,, )
oy -~
_5;/ZUAV< T )}
0" = f (?)NAexp —ﬁZuAA( Arh) (D4)
Vv i<j
QV =/<¥)N\/ exp —IB%MVV (r}’,r}’) (D5)
v i<j

Here, (drA)NA is the shorthand notation for the&Va
nested volume integrationsfidr5...dr%, , and similarly for

(drV) ™ For the pure componentsA andFV, the formu-
lations of Lemmon et al. (2000) and IAPWS-95 are available
from the literature. They provide empirical approximate ex-
pressions for the integrals (D4p, and (D5),0V, valid up
to very high densities of either dry air or pure water. For the
mixed term, only the lowest-order cross-virial coefficients
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Table D1. Coefficients of the virial coefficients, Eqgs. (D16-D18).

i a b; ¢ d; % A‘I/A {1+1\‘7/ABAA(T)+(A"/A> Cana (T)—l—...} (D11)
0 +0.48273%10°% —0.1072887& 107

1 +0.105678 +0.34780x10*  +66.5687 —0.237 A —BWW(T) + (N ) Cwww (T) .

2 —0.65639410° -0.38338%10°  —238.834 —1.048 v v

3 +0.29444%10°  40.33406<10° —176.755 —3.183 Na Ny

4  —0.31931%10’ v v {ZBAW (T) +3—CAAW (1) +3—CAWW (I)+.. }

which defines the virial coefficient8 andC as functions of
the temperature. The 2nd air-air virial coefficient follows to

are known. We introduce the binary air-vapour correlation ) . T .
be a volume integral over the binary air-air correlation func-

function, : )
tion (Reif, 1965; Kammer and Schwabe, 1971; Landau and
Y = exp( ,BuAV( rA r)’)) —1, (D6)  Lifschitz, 1987), in the form
1
and write the mixed exponential of Eq. (D3) in the form of Baa (T)= —ﬁ/drﬁdréhlz (r/f,@) (D12)
the cluster expansion (Kammer and Schwabe, 1971; Good- v
stein, 1975)

and similar for Byw. The term (D10) is proportional
Na Ny to the 2nd cross-virial coefficienBaw (7)) of Harvey and
exp{ ﬁZZuA\/( Ar )} =i1'1j(1+hﬁv) (D7)  Huang (2007) which is denoted hereBigy (T), in the cor-

i=1j= responding form

Z ,,Zk, i Baw(T) =~ / drdry g (r4.r¥). (D13)
Then, the density expansion of the mixed term of Eq. (D2),
FMix— pA _ A _ EV takes the form We conclude from this statistical consideration that the

A mixed Helmholtz function (D8)F™X, yields the correct 2nd
i 0 cross-virial coefficienBayw of Eq. (D11), regardless whether
F™(Na,Ny,T,V)=—kTIn D8 Aw OTEQ. reg
(Na. W ) oA QY (b8) the Helmholtz functiong"® and FV are used in their com-

pact forms (D2) of Lemmon et al. (2000) and IAPWS-95, or
=—kTIn| 14+ —— 1 /(dr ) <dr_> approximated in the form of their virial expansions (D11).
or oY 14 Without formal proof we assume that the same conclusion
also holds for the higher virial coefficients since the respon-
Z hAV Z hAV Ay sible cross-correlation functidlr(*v_ appears in each term of
ij "M the cluster expansion (D8) df™* but in none of FA or
FV. In other words, the three terni&*, FV and F™X of the
statistically exact formula (D2) possess independent cluster
exp{ ﬁZuAA( ) ’BZMW( iof ) H expansions and mutual cancellations of their higher correla-
tions are not possible. Thus, the best approximatiorFfdr
In the lowest order in density of this series, the exponential§s obtained from the combination of the best approximations
of Egs. (D4), (D5) and (D8) reduce to unity, and the remain- ayailable separately faf”, FY and F™X.
ing volume integrals of Converting Egs. (D2) and (D11) from particle numbers to
_ A " mass densities, the specific Helmholtz enerdy (T, p?)
F™(Na, Ny, T, V)%—ka( v ) (7) {Zh } (D9) for humid air is Eq. (5.2), up to the 3rd virial coefficients in
v air-water interaction,

i,j i,j.k,l

i<j i<j

can be carried out except for the particular two arguments of .ay AV FV v Y,
AT, =—=(1-A T,(1—-A D14
hAV Each term of the sum (D9) provides the same integral; f ( ) == ( (=4 ) (b14)

their sum is +AfA (T,ApAV)JrfmiX (A,T,pAV)

: NaNvkT
F™(Na, Ny, T, V)~ vz fdffdr\z/hAV< ) (D10)  with the cross-virial part of the Helmholtz function
|4

- 2A(1— A)p™V RT
Computed from Eg. (D2), the density expansion of pres-/" (A’T’PAV> = AW (D15)
sure,P =—(0F~ /aV), . . can be written in the form 3 [ 4 1—A)
(Guggenheim, 1967; Hyf nd and Wexler, 1983b), [BAW(T)+Z/> [WCAAW T+ W CAWW(T):“
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Here, A is the mass fraction of air in humid aif (T, p*) is 10 : : , , S
the Helmholtz function of dry air, Eq. (H1), ang (T, pV) . ® .
is the Helmholtz function of vapour, Eq. (C1). The second 0 e pooee o
virial coefficient, Baw (T'), with t = T/ (100K), g
g a0 TR % o 1
3 >§ oo °© ® [¢]
Baw =b*) ¢t 01 & | °o % o ]
i=1 % @ o
is valid between 100 and 2000 K (Harvey and Huang, 2007). g -30 - ° ° o :
The reducing factor i$* = 10-°m®mol™?, the coefficients S °
are given in Table D1. sl E—— ° o ~
The third cross-virial coefficients Caaw () and o fmixe0
Caww (T) are (Hyland and Wexler, 1983b) -50 : : : : :
0 50 100 150 200 250 300
4 -3
. pl(kgm™)
Caaw = C*Zair’ (D17)
i=0

Fig. D1. Deviations of values for the saturation partial pressure of
water calculated from different models to experimental data given

by Pollitzer and Strebel (1924) at 323K and Webster (1950) at
}. (D18) 273 and 288 K, Hyland and Wexler (1973) at 303, 313, and 323K,
and Hyland (1975) at 343K, as well as Wylie and Fisher (1996) at

. . 293K, 323K and 348K, plotted over the total density. Considered
They are reported in IPTS-48 or IPTS-68, but their conver- . jais: “this work’, calculated from Eq. (7.5), “fmix=0" — this

sion to ITS-90 is not necessary because of their large Ungyori without the cross-virial coefficients andC, i.e. neglecting
certainties of 100% and 200%. The range of validity is pmix=g Eq. (D8). This result is consistent with earlier studies by
—80 to 220°C for Caaw and —100 to 200C for Caww Herrmann et al. (2009a, b, ¢, 2010); the virial model of Hyland and
(Hyland and Wexler, 1983b). The reducing constant isWexler (1983a, b) is included in the latter studies.
¢* =10"%m®mol—2, the reduced inverse temperature is
1K/T. The coefficients of Egs. (D17) and (D18) are given
in Table D1. Numerical check values are available from Ta-as large. At higher temperatures or when sea salt is added,
bles 11-13, Appendix I. the solubility decreases. From Raoult’s lawPV/PV = —x,
The formula (D14) is valid fof” between 193 and 473K, the vapour pressure loweringP"V of water or seawater can
and for A between 0 or saturation, and 1. At lower density be estimated from the neglected mole fractioof the gas
of at least one of the air or the vapour component, the thirdin the solution (Landau and Lifshitz, 1987). The humid-air
virial coefficients can be neglected and the validity range informulation of this paper describes experimental data of the
temperature extends to 100-1273 K. saturation vapour pressure within about 0.5% at 0.1 MPa and
A comparison of the humid-air formulation of this paper 1% at 5 MPa (humid-air density50 kg n3), Fig. D1. Thus
with experimental data is shown in Fig. D1. The incorpo- we may consider the effect of dissolved air as insignificant
ration of air-water virial coefficients in the form of a trun- if the mole fractionx of dissolved gas is less than 0.005
cated density expansioFi™X, Eq. (D8), into the humid-air and 0.01, respectively. Since 1kg of water contains about
formulation significantly improves the agreement with mea-50 moles of water, the related air molalities must be less
surements at the saturation state. This conclusion regardintan 250 mmol kg* and 500 mmol kg to be considered in-
the virial coefficients is consistent with the results describedsignificant. The estimated molalities of nitrogen and oxygen
by Herrmann et al. (2009a, b, ¢, 2010). The deviations ofare at least a factor of 10 smaller than this tolerance limit,
these models and of the model of Hyland and Wexler (1983ayvith the largest values corresponding to nitrogen at 5 MPa
b) from the experimental data used in Fig. D1 are withinand 0°C. The errors incurred by neglecting their effect are
+2% in their range of validity up to 10 MPa(L00 kg n3), therefore insignificant for the vapour pressure lowering of
whereas the mean deviation is not higher th&h5%. water or seawater at the given uncertainty.
The effect of air dissolved in the liquid phase is neglected
in this paper. To estimate the related error of the saturation
pressure and thus of the relative humidity, we use data foAppendix E
oxygen and nitrogen solubilities in water and seawater taken
from the literature (Weiss, 1970; Battino et al., 1984; Sun etThermodynamic potential of seawater
al., 2004). For nitrogen in pure water &t®, the solubility is
about 1 mmolkg? at 0.1 MPa and 50 mmolkg at 5MPa.  The Gibbs potentiad(Sa, T, P) of seawater (IAPWS, 2008;
The related values for oxygen are estimated to be about halFeistel, 2008a) is a function of absolute saliriy, absolute

3
Cavw = —c*exp{ Zb;ri
i=0

Ocean Sci., 6, 91141, 2010 WwWw.ocean-sci.net/6/91/2010/



R. Feistel et al.: Thermodynamic properties of sea air 125

temperaturel’ and absolute pressui®. The temperatures
are based on the temperature scale ITS-90, the salinities 5
on the Reference-Composition Salinity Scale (Millero et al., |n

. . . ' T,P)=go—soTlt- TiRe F1
2008). This equation of state for seawater is given as a sum ( )=go—soTt-T+ T ;rk (F1)
a pure-water pargV (7', P), and a saline parS(Sa, T, P), )
defined such that®(0,T, P) =0, |:(tk—1')|n(tk—r)+(tk+r)In(tk+r)—2tk|ntk—;i|

k

g(Sa.T.P)=g"(T.P)+g5(Sa.T.P). (E1) . )

The water part is computed from IAPWS-95, Eq. (C1). Re- 80(P)= ZgOk <(m —mo)* r2(P) = Z”Zk <(r —mo)*
duced byg*=1Jkg™!, the saline part is the dimensionless k=0 k=0
polynomial-like function, with the reduced temperature=T/T;, the reduced pressure
5 6 7 w=P/P;, and the reduced normal pressutg=Po/ P;, where
¢S(Sa. T, P)/g" = ZZ <g1jk§2In§ +Zg,-jk§") tizk, (E2)  T=273.16K,P;=611.657 Pa is the experimental triple point
k=0,=0 i=2 pressure andp=101 325 Pa the normal pressure. The real

constantgoo to gos andsg as well as the complex constants
11, r1, t2, androg to 2 are listed in Table F1.

Uncertainty estimates are available from Feistel and Wag-
ner (2006). Note that the absolute zero-point entropy com-
puted from Table F1 is computed from arbitrary reference-

The coefficients of Eq. (E2) are given in Table E2. Two state conditions (Feistel et al., 2008) and is not equal to the
of these parameters:foo and go10) are arbitrary and are  Statistical residual entropy of ice (Feistel and Wagner, 2005,
determined by the reference-state conditions (Feistel et aI.?OOG)' The range of validity is given in twlb— P regions as

2008b).
Uncertainty estimates are available from IAPWS (2008) @0<P=101325P0D =T =27316K,

and Feistel (2008a). The range of validity given in three ré- (1) 101325Pa P < 200MPa238K < T < 27316K.
gions of theSy — T — P space is T -

with the reduced temperatute= (T — Tp) / T*, the reduced
pressurer = (P — Py)/P*, and the square root of the re-
duced salinity,¢ = ./Sa/S*. The reduced quantities, =
andé& vary from 0 to 1 in the oceanographic standard range.
The constantgy, Py, T*, P* and S* are given in Table E1.

The equation of state provides reasonable values also for
(a) 0<Sa<42g/kg, Tr<T <313K,101325P& P <100MPa the region 101 325 Pa P <200 MPa, 0< T < 238K, but no

uncertainty estimates are available.
(b) 0<Sa<50g/kg, Tr<T <313K, P¥¥P<P<101325Pa
(c) 0< SaA <120g/kg, Tt < T < 353K, P =101325Pa Appendix G
T; is the freezing temperature?,V@P the vapour pressure of
seawater. Relations between properties and thermodynamic
Region (c) does not include pressure derivativesgof —potentials

Density values in (c) are reasonable. Density derivatives _ _ o _ _
may be invalid inside a triangle given by the conditions The various partial derivatives of different thermodynamic

TIK+450Sa/(kgkg™1) > 362, Sp < 0.12kgkg L, and T < potentials can be converted into each other by algebraic com-
353K. In this triangle, the precipitation of carbonate must Pinations. Such relations for the Helmholtz energy, the Gibbs

be considered, too (Marion et al., 2009). Recent new mea€nergy and the enthalpy are summarized here in Tables G1,
surements of seawater densities are expected to improve tHg2 and G3. The Jacobi method developed by Shaw (1935)

Gibbs function for hot concentrates (Millero and Huang, is the mathematically most elegant way of transforming the
2009; Safarov et al., 2009; Feistel, 2010). various partial derivatives of different potential functions into

each other, exploiting the convenient formal calculus of func-
tional determinants (Margenau and Murphy, 1943; Guggen-
Appendix F heim, 1967; Landau and Lifschitz, 1987).

Thermodynamic potential of ice |h
Appendix H

The Gibbs potentiag™(7,P) of ice Ih (IAPWS, 2009b;

Feistel and Wagner, 2005, 2006) is a function of absoluteApproximate equations for humid air in the
temperaturel’ and absolute pressui. This equation of ideal-gas limit

state is given as a function of temperature, with two of its

coefficients being polynomial functions of pressure, In this section we Slmp“fy the equations derived in the pre-
vious sections for the ideal-gas approximation which may be

WWw.ocean-sci.net/6/91/2010/ Ocean Sci., 6,811-2010
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Table E1. Special constants and values used in Eqg. (E2).

R. Feistel et al.: Thermodynamic properties of sea air

Quantity Symbol Value Unit
Normal pressure Py 101325 Pa
Reducing pressure ~ P* 100 MPa
Celsius zero point To 273.15 K
Reducing temperature T* 40 K
Normal salinity Sn 35.16504 g kg?
Reducing salinity

§* = Sp x 40/35 §* 40.188617... gkgl

@ Normal salinity represents the salinity of KCl-normalized seawater (Millero et al., 2008).

Table E2. Coefficients of the saline part of the Gibbs function (E2). Coefficients not contained in this table have thg yal0e

i 8ijk i 8ijk
+0.581 281 456 626 73210% —0.860 764 303 783 977103
+0.141 627 648 484 19710% +0.383 058 066 002 436103
—0.243 214 662 381 79410% +0.694 244 814 133 268103
+0.202 580 115 603 697107 —0.460 319 931 801 257103

A OWONOOBRMWOWONMNBAENMNPPWONDDONDMPONOOPRAWDNENOOMSWDNPRE
P RPPRPOOOCOOOUURMDMPMPWWWNNNRRERPRPRPRPRPRPOOOOOOO|-

PRPRPRPPPPPOODODO0ODO0OO0ODO0ODO0OO0O0000000000000O0OO0OO| ™

—0.109 166 841 042 96710%
+0.374 601 237 877 840103
—0.485 891 069 025 409102
+0.851 226 734 946 706103
+0.168 072 408 311 545103
—0.493 407 510 141 682103
+0.543 835 333 000 098103
—0.196 028 306 689 736103
+0.367 571 622 995 805107
+0.880 031 352 997 204103
—0.430 664 675 978 042107
—0.685 572 509 204 494102
—0.225 267 649 263 404103
—0.100 227 370 861 875107
+0.493 667 694 856 254 107
+0.914 260 447 751 250107
+0.875 600 661 808 945
—0.171 397 577 419 788107
—0.216 603 240 875 314107
+0.249 697 009 569 50810
+0.213 016 970 847 18310
—0.331 049 154 044 83010*
+0.199 459 603 073 904103
—0.547 919 133 532 887102
+0.360 284 195 611 086107
+0.729 116 529 735 046103
—0.175 292 041 186 547103
—0.226 683 558 512 820107

WNDAWNDNNWNOWONRDRWOWNWDNDWDNDWN

NNMNNNMNNMNNWPONN®

—0.297 728 741 987 187103
+0.234 565 187 611 356103
+0.384 794 152 978 590103
—0.522 940 909 281 336107
—0.408 193 978 912 26410

—0.343 956 902 961 561103
+0.831 923 927 801 819107
+0.337 409 530 269 367103
—0.541 917 262 517 112107
—0.204 889 641 964 903103
+0.747 261 411 387 560107
—0.965 324 320 107 458107
+0.680 444 942 726 450107
—0.301 755 111 971 164107
+0.124 687 671 116 248103
—0.294 830 643 494 290107
2 3-0.178 314 556 207 6381L0°
+0.256 398 487 389 914107
+0.113 561 697 840 594103
—0.364 872 919 001 588107
+0.158 408 172 766 824107
—0.341 251 932 441 28210

—0.316 569 643 860 730107
+0.442 040 358 308 000107
—0.111 282 734 326 413107
—0.262 480 156 590 99210

+0.704 658 803 315 44010

—0.792 001 547 211 68210

P RPOOOMNWNNRPRPRPRPOOORMADWWNN|
WWWWWNNRNNNMNNNNNRPRRPRPPRPR|®

NPFPOWNPFPFOOMNWNDN
O ugd~DMDNMNDANWOL®W
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Table F1. Coefficients of the Gibbs potential (F1).

127

Coefficient Real part Imaginary part Unit

200 —0.632 020 233 335 88610° Jkgt

201 +0.655 022 213 658 955 J k¢

202 —0.189 369 929 326 13110~/ Jkgt

803 +0.339 746 123 271 05810~ 14 Jkgt

204 —0.556 464 869 058 9941021 Jkgt

50 —0.332 733 756 492 168104 Jkglk-1
1 +0.368 017 112 85505410~ 4+0.510 878 114 959 532101

r1 +0.447 050 716 285 388107 +0.656 876 847 463 484107 Jkg k-1
1 +0.337 315 741 065 416 +0.335 449 415 919 309

20 —0.725 974 574 329 220102 —0.781 008 427 112 830107 Jkglk-1
o1 —0.557 107 698 030 123104  +0.464 578 634 580 80610~4  Jkg 1K1
o2 +0.234 801 409 215 9131010 _0.285 651 142 904 93210710  Jkg 1K1

Table G1. The partial derivatives of the Helmholtz functiofi(A, T, p), expressed in terms of thermodynamic coefficienis. isothermal
compressibilitye: thermal expansion coefficient,: specific isochoric heat capacity.

Derivative of

f(A,T,p) Property Unit

f u—Ts=g—P/p Jkg_1

fo P/p? ImPkg—2

fr —s Jkg k1
foo (L/kr —2P)/p3  InPkg™3

for o/ (p%er ) InPkg~2K 1
frr —c/T Jkg 1k 2

Table G2. Partial derivatives of the Gibbs functiog, expressed as partial derivatives of the Helmholtz functjonSubscripts indicate
partial derivatives with respect to the respective variables.

Derivative of Equivalent in

g(A,T,P) Property f(A,T,p) Unit

P P 0% fo Pa

g f+Pv f+pfp kgt

gA ® fa Jkg?

gp v=p1 p71 m3kg~1

gT =S fr Jkg ikl
8AA faa —pffp/(prﬁLprp) Jkgt

gAT FaT =pfapfor/(2fp+pfpp)  IkgTKT
gAp Fapl[p(2fo+pfop) m3kg~1
gpp —r/p =1/[03(2fp+fpo) mkg~Pal
grp a/p for /[P (2fo+pfop)] mikg~ 1K1
grT —cp/T  frr—nfZr/(2fp+ o) Jkg K2

WWw.ocean-sci.net/6/91/2010/ Ocean Sci., 6,811-2010
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Table G3. Partial derivatives of the enthalpy potential functidn,expressed as partial derivatives of the Gibbs functionSubscripts
indicate partial derivatives with respect to the respective varidilegliabatic lapse rate,: isentropic compressibility.

Derivative of ~ Equivalent in

h(A,s,P) g(A,T,P) Property Unit

s —8r s Jkg k1
h g—Tgr h Jkg1

ha gA u Jkg1

hg T T K

hp 8P v m3kg~1
haa (gAAgTT —gf\7>/gTT a Jkg1

h s —8AT/&TT a K

hap (8aP&TT —8ATETP)/8TT 2 m3kg—1
hss ~1/grr T/cp kgk?J~1
hsp —8rP/8TT r KPa 1
hpp <8TTgPP_8%P>/8TT —vky =—v%/c?  mikg~lpal

8The quantityg 47 appearing here is related to the thermodiffusion coefficient (Landau and Lifschitz, 1974, §58) but has no common name

or symbol.

sufficiently accurate for certain application purposes. Most The ideal-gas Helmholtz function of water vapour has the

of these relations are well known (Guggenheim, 1967); wesimilar form,
repeat the formulas here for easy reference to the same quan-
tities in the more general case of the real gas, and in partic-

ular for their adjustable constants chosen consistently Witth,id (T”OV) — f(;/

the real-gas formulation, Table H1. This consistency is in-
dispensable for applications such as the fugacity (10.8). The
Helmholtz functions (H1) and (H2) are equivalentto the ideal ;i
parts (B2) and (C2) except that the temperature dependencies’ Cy
of the heat capacities are not specified here and may be re-
placed by simpler expressions if this is appropriate.

The ideal-gas part of the Helmholtz function for dry air
Eq. (B2), takes the form

pAid (T, pA> _ iAZFcild (H1)

T
= - T TO s +/<1——> ST dr’
8

FAV.id (A, T7pAV) _

T
T ; A
Al o= (r-a)st o [ (-7, ) b r)ars rkrm s

T
T— TO 5y +/(1——> (H2)

V
(T')dT" + RY; TIn—

Po

For the Helmholtz function of humid air we obtain from
" Eq. (5.2) in this limit, Eq. (D1),

(H3)

AV

)

,OA r T
+RkT|np—A +(1-A) fOV_(T_TOV)sg+/<1—F)
0
T
Here, RA R'-/MA L is the specific gas constant of air, and A
T8, 3\, sh, pf are mutually related, freely adjustable con- -c\‘ﬁ*id(T’)dT/+R3\,5Tln(l_$ .
stants, Table H1, subject to reference state conditions. The Po

formal temperatur@’ in Eq. (H1) and in the following equa-

tions is a dummy integration variable that takes any valueHaving computed the pressure from the density derivative of

from the lower through the upper bound of the integral. Eq. (H3), as

pAV.id _ (pAV>2(afAV,id/apAV>

AT (H4)

=V [(1—A)R\?\,5+AR,k] T,

Ocean Sci., 6, 91141, 2010
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Table H1. Consistently chosen adjustable constants and related properties of the ideal-gas formulas with respect to the ideal-gas
parts of the formulations for dry air, “LJPF", (Lemmon et al., 2000), Eqg. (B2), and water vapour, “IAPWS95", Eq. (C3), and
their reference states. The densitig§ and py satisfy the ideal-gas equation) R5To = Po and py RyeTt = . For compari-

son, if the latest values/”=28.96546 gmotl, MW=18.015268 gmoil and R=8.314472Imoll K1 are used rather than the older

values, the related ideal-gas densities at the reference points cham@ei%c Mp Po/(RTp)=1.2922935073108 kgﬁ*?’ and pV’id =
My P/(RT;)=0.00485171538112533 kg TH.

Constant Value Constant Value Unit
fé\ —78148.1837806036 fo 2375392.69430482 Jkg

g 277.859139288958 gV 2501460.96484282 Jkg

h 277.859139288958 2501460.96484282 Jkg

PEA 101623.289881139 P\;’ 253269701789.662 Pa

s 0.844000164354527 s 9157.23473377111 JkgK 1
™ 273.15 Y 273.16 K

p% 1.29198154372646 pQ/ 0.00485177410935868  kgmh
EJF’Fid(To Po) 47.3204943955194 g&PWS%ﬁd(Tt,Po 70.7249659009445 Jkd
sWPRId (70, Pg)  0.844000164354527 s!APWSOSId(7y pyy  9157.23473377111 JkgK—1

C'ERPF"d (To, Po)  1003.9199246143 c'(épws%fd (Tt, Py  1859.01849914039 JkgK 1

e PR (1o, ) 716.802798786396 ¢ WSS (1 pyy  1397.50044914039  JkdK~1
To 273.15 Tt 273.16 K

Po 101325 P 611.654771007894 Pa

we derive the ideal-gas Gibbs function of humid gft!1d =
AV L pAVId A TEG(5.12),

as

PV(A,P)=x{VP is the partial vapour pressure and

= (1-A)RY/[(1—A)RE+ARK] is the mole frac-

tion of vapour in humid air,

Eq. (5.6),PA(A,P)

AV,id
g (AT, P) (H5) xpV P is the partial air pressure anedy’ =1—xiV =
T A ARA/[(l A) R3S+ ARK ] is the mole fracnon of air.
=A|gh /(1__) Adr +RATInx The expression (H6) can be written in the form
T/ . . .
7 o sNVIA T, P)y= AT, PY+ (1= A)sVY(T, P)  (HI)
+SmIX(A)

; T AVP H the entropy of mixing is

+(1-4) gg’+f(1——,>- Vidgrr 1 ROSTINY ere, Py of miXing |
T py s™(A) = —ARKInxyY —(1— A)RYINxY > 0. (H10)

\
Ty

out superscriptsP = PA-d_ The related entropy follows as  pressure:

The ideal-gas enthalpy of humid aip"Vid = gAV.id 4
Here, the pressure as an independent variable is written withZs”V+14 as a function of temperature does not depend on the

T
. T Ald . .
SAV,Id (A’T’P) =A f (T)dT/ Rll&lnXA hAV,Id (A,T,P) :A hé_'_\/\cﬁ,ld (T/)dT/ (Hll)
A
fo (H6) 73
T v.d AV
+(1—A) fvwdT’—R\?\?lnx\l’JVP ro
To +(1—A) h})’+/c‘,’;'d(T/)dT’
with the heat capacitieScQ dry = ST + RE, Ty
\Iﬁ'd(T) e 'd(T) + R and the mod|f|ed adjustable The partial enthalpy of water, Eq. (6.28), in ideal-gas humid

constants, Table H1,

air follows from Eq. (H11) as

. T
AV.id .
T,P Ta/
PS’ =p R T0 exp<s0 /R ) (H8) and equals the ideal-gas enthalpy of vapour.

WWw.ocean-sci.net/6/91/2010/
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130 R. Feistel et al.: Thermodynamic properties of sea air

Enthalpy as a thermodynamic potentiaf¥-1d (4, s, P), heat capacity formula derived from the ideal-gas parts of dry
expressed in terms of air fraction, entropy and pressure, isir, Eq. (B2), and vapour, Eq. (C2).
useful for the computation of isentropic properties of the at- For the computation of the adjustable coefficients we use
mosphere. To derive this function, temperature must be elimthe equations for the Gibbs energy of the pure components,
inated from Eqgs. (H6) and (H11). This is analytically possi- Eq. (H5) atA =0 andA =1,
ble only if the heat capacities of air and vapour are given by ’
simple formulas such as constants, e.g., for applications |nA id
narrow temperature intervals. (T.P)= g0+/(
For the chemical potential of vapour in humid air we get £y
from Eq. (5.15),

T
T A
WV oa T P)_gg_}_/(l_l).cv,id(T/)dT (H13) gV"d(T,P)=gg+f<1—f> ey (1) AT+ R Tln— (H17)
’ ’ - P
73

1—%) (") dT’ +RATIn , (H16)
O

T’ Ty
AV and for their entropies, Eq. (H6) at=0 andA =1,
RETIN=Y—.
+Rw PV I Alid
0 A.id (1) ) i P
sMUT, Py= | £——=dT"—RzIn—. (H18)
The adjustable coefficientg), gy, 15 andhy are given in A T Py
Table H1. The relative chemical potential is To
: ) AV ,id . .
pAVid ( Lk )T = pAid _Void T Vi () .
: V,id _ [ ¢p I p95
A }: (1 T) AiddT/ RLTI XQVP N (T,P)—/TdT —Rwlnw (ng)
=go+ [ (1—7)-cpdl" + n 0
T . .
—gé,/— /(- %) ~c\}f"ddT’ R\%sﬂn v We set the adjustable temperaturesTE}S: 27316K and
Ty 0 Té* =27315K and express the adjustable pressures from

o _ _ _ Egs. (H18), (H19) in terms of the absolute entropies at the
and the second derivative of the Gibbs function (H5), l.e., thereference points of the ideal parts of the full equationsi

chemical coefficient (6.8) is given by

aZgAV,id _ R\?\?RkT
9A% ) RW(1L—A)+AR}

P§ = Poexp(s-F9 (7o, Po) /R ) (H20)

A(l—A)( (H15)

Py = Ptexp(s'AF’V"SQSid (T, P /R3v5). (H21)

To consistently adjust the free coefficients of the ideal-

gas equations of this section to the reference state conknserting Egs. (H18), (H19) into Egs. (H16), (H17), we find
ditions used for the formulation IAPWS-95, Eq. (C3), forthe adjustable Gibbs energies

and Lemmon et al. (2000), Eqg. (B2), we require that the A
ideal-gas parts of the latter two provide the same values0 =
for the entropy,s"APWS9id (T3 p), and the Gibbs energy,
g'APWSSSId (73 p), of vapour at the IAPWS-95 triple point, gy = g"APWS9Sid(7 py) 4+ T35'APWSSSId (1, p). (H23)
P=611.654771007894 P&=273.16 K, and for the entropy, ) ) » v

sWIPFid (70, po), and the Gibbs energyPFid(Ty, Py), of Choosing the adjustable densmp@ andpgy in Egs. (H7),

dry air at the standard ocean surface st#g5101 325 Pa, (H8) conveniently to_satisfy the ideal-gas equations
To=273.15K. P RS TS = Py andpy RYTy = P, we get for the adjustable

gntromes of Eq. (H3),

The approximation used for the ideal-gas heat capacitie
of air and vapour in Egs. (H3),_(H5), (H6) etc. is restricted (A — sLIPRid (7 ) (H24)
to pressure-independent functions of temperature (or con-
stants); the particular choice depends on the required accuy, IAPWSOsid
racy of the application purpose. Values for at the refer-  So = (Tt, Py). (H25)
ence states are given in Table H1. For a wider range or a dif-
ferent working point¢ p can, for example, be computed from
the temperature derivative of Eq. (5.17) at very low pressure
P — 0 and in the limiting case4 — 0 for vapour andd — 1
for dry air. In general it is recommended to implement the

Adding up Egs. (H16) and (H18) & = T2, and corre-
spondingly for Egs. (H17) and (H19) &at= T0 , we get from
Eqg. (H11) the adjustable enthalpies
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Table 11. Numerical check values for the Helmholtz functigY and its derivatives, Eq. (D14), as well as selected properties, Egs. (5.9—
5.24), for saturated aird = AS3 with respect to ice at 200 K, and with respect to liquid water at 300 and 400 K. The humid-air density is

pszVsz_’_pV:mAV/V:(mA_'_mV)/Vl

Quantity Value Value Value Unit

A +0.892 224 944 +0.977 600 624 +0.825 531 379 kg kgt

T +200 +300 +400 K

p=p" +0.163445 112 1004 +0.114587678< 10  +0.793198 75% 10  kgnt3

p +0.100 000 000« 10 +0.100 000 000« 1¢°  +0.100 000 000« 10’  Pa

A —0.682237558 106  —0.927 933016« 10° +0.24039327% 10° Jkg?!
@fAV 1A T, —0.572842 114 10°  —0.264 760 901« 103 +0.31114518% 10° Jkg!
@fAV18T)s,  —0.405403 634 10  —0.296 780108« 10° —0.106 912 744« 10* Jkg 1K1
@fNlap)a.r +0.374 331 286< 1010 +0.761 595 138« 10° +0.158 941 003« 10° J nP kg2
021N 1A% 71, +0.920803547% 10°  +0.624 746 061x 10’ +0.113 770932 10’ Jkg™!
02N 10AdT), +0.915588345¢ 10*  +0.822 737 763« 10  40.702 643 265¢ 10 Jkg 1K1
(02N 19Adp)y  —0.213404 004« 1010  —0.449931 36X 1P —0.727 775 043« 10* I nP kg2
0%~ 18T?) 4, —0.394 095 200« 10 —0.244799 624« 10  —0.222492603< 10 Jkgl1K2
027N 19Top),  +0.187166 12 108 +0.254574 163« 103 +0.414512 281 107 JnmP kg 2K™1
@2 fN1ap?) 4.7 —0.229025760< 101°  —0.664 927 281« 10° —0.202 004 713< 10* I nP kg3
e +0.189 752330« 10°  +0.835101493« 10° +0.577 762 111x 10° Jkg?!

v —0.62105493% 106  —0.552388319%« 10* +0.150111134 106 Jkg?!

sV +0.405 403 634« 10*  +0.296 780 108« 103  +0.106 912 744« 10* Jkg 1K1
wY —0.109 950 916< 10°  —0.526 505 27% 10* —0.106 748 98% 10° Jkg!

Y +0.109 410 518< 10*  +0.102 705 09% 10* +0.123576 406< 10 Jkg 1K1
¢ +0.291 425 752 103 +0.349 274633« 103 +0.416 69751% 10° ms!

hAzgg‘

hvzgg.

Finally, evaluating Eq. (H3) at =1, T = T3\, p = p§* and
atA=0,T=T,, p=py, we get the adjustable Helmholtz

Appendix J

(H26)

(H27)

energies frong”V.1d = AV.Id | pAV.Id ) ,AV gnd Eqgs. (H16),

(H17) as

A_ A A_ A pLoA
fo =8 —Po/py =80 —RaTy

vV_ v V_ V_ p05nV
fo =8 —Pt/pg =89 —RwTy -

The numerical results for these constants are listed in Ta-

ble H1.

Appendix |

Check values for the humid-air formulation

(H28)

(H29)

The check values reported in Tables 11-I13 correspond to
those of the draft IAPWS Guideline (IAPWS, 2010) that is
the subject of an evaluation process at the time this paper
is being written. The evaluation includes the reproduction
of the numbers given in Tables 11-I3 by independent imple-
mentations of the equations defined in Appendix D.

WWw.ocean-sci.net/6/91/2010/

Glossary of symbols and abbreviations

The following table summarized the formula symbols used
in this paper. Additional symbols used exclusively in the ap-
pendix are explained there.

Ocean Sci., 6,811-2010



132

R. Feistel et al.: Thermodynamic properties of sea air

Table 12. Numerical check values for the dry-air paft}, and the water-vapour part, of the Helmholtz functionf”V and its derivatives,
Eq. (D14), for saturated air} = AS3. with respect to ice at 200K, and with respect to liquid water at 300 and 400K, corresponding to
Table 11. The numerical functions evaluated here at given poitd’( o™V are defined in Egs. (B1) and (C1). The humid-air density is

pszV=pA+pV=mAV/V=(mA+mV)/V.

Quantity Value Value Value Unit

A +0.892 224 944 +0.977 600 624 +0.825 531 379 kg kgt

T +200 4300 +400 K

p=p 1+0.16344511% 1074 +0.114587678<10  +0.793198 75% 10  kgnr3

oA = A~V +0.145 829 806< 1074  +0.112 020 986¢< 10 +0.654 810 464 10  kgnt3

A —0.740 216 453« 10°  —0.916 320 468< 10°  +0.895 773 44 10° Jkg?

(afA /aT) A —0.304 846 375¢ 10  —0.108501 91% 10°  40.193317 180« 10> Jkg 1K1
P

@fA 19 p™)r +0.393 770 146< 1010 +0.768 690 856« 10°  +0.175 643 300« 10° I nP kg2

(32 A /8T2> . —0.35776260% 10  -0.239376632< 10  —0.181852945 10 JkglK~2

P

A2 FA 13T dpP +0.196 885 083« 108 +0.256 804 931x 103  +0.442979471x 10? JInPkg2K™1

[027A 10 (0™)2]7 —0.270020351x 105 —0.686 404948 10°  —0.267 826 171x 10* JInP kg3

oV =(1-4)p~  +0.176 153061« 10> +0.256 669 248 10-1 +0.138388293 10  kgni3

Fv —0.202 254 350¢< 10°  —0.143 157503« 10°  —0.285137 783« 10° Jkg!

(asV/or) ~0.123787 544 10°  —0.851598230% 10*  —0.705288 118 10 Jkg 1K1
P

@rY 19 pVyr +0.523995 66% 1011 +0.538 480918 10’  +0.129 645 224« 10° I P kg2

(aZfV /aTZ) ,  —0.694877 601k 10 —0.480 816 998« 10 ~0.41171054% 10 JkglK—2

32fY 13T ap +0.262 001 883« 10°  +0.181 489 601« 10°  +0.36178453% 10° JnPkg 2Kl

[02£Y 13 (pV)2)y —0.297 466 666< 1017  —0.210 185 225¢ 10°  —0.965 542 132 10° JnP kg3

Table 13. Numerical check values for the cross-virial paff?¥, and the cross-virial coefficient8aw, Caaw, Caww, of the Helmholtz
function A and its derivatives, Eq. (D14), for saturated airAS3% with respect to ice at 200 K, and with respect to liquid water at 300
and 400K, corresponding to Table 11. The numerical functions evaluated here at given poifitso ) are defined in Egs. (D15-D18).

The humid-air density ip = p~ = pA +pV =m™ )V = (mA +mV) /V.

Quantity Value Value Value Unit

A +0.892 224 944 +0.977 600 624 +0.825 531 379 kg kot

T +200 +300 +400 K

p=pN +0.16344511% 104 +0.114 587 678< 10 +0.793 198 75% 10 kgnr3

Fmix —0.786 211 83% 103  —0.711 673 566« 10 —0.161 985 034« 10° Jkg?
@f™¥/9A)7., +0.64137758% 1072 +0.311 768 501x 10 +0.830 802 876¢< 103 Jkg!
@f™X/9T) 0 , +0.456 427 011x 107°  4+0.44124536% 1001 4+0.178 961 265« 10 Jkglk—1
@f™/3) 4.1 —0.481 026 562 107 —0.623 171 268« 10 —0.223 365 432 107 J e kg2
(0%f™*/9A%)r ,  +0.16351839% 1071  +0.534 139 178 10° +0.135 815 610« 104 Jkg?
(02f™X/9AdT),  —0.372355251 10~  —0.195 026 098« 10 —0.916 586 082 10 Jkglk—1
(02f™X/9 Adp)y  +0.392 414 346¢ 10° +0.274 152 64% 10° +0.125 823 778« 10° I kg2
(0%f™>/aT2)4 , —0.37886603% 10/  —0.148782305¢ 1073  —0.536 718536« 1072  Jkg 1 K~2
(32fMX/aTdp)4  +0.279 261 664 +0.390 100 462« 10°1  1+0.249 618 216 J kg2 K1
(02f™X [9p2) 4 7 —0.192 118 914« 107 —0.366 162 70% 10°1  —0.482 803 925 J fkg—3
Baw —0.784874278< 1074  —0.29567274% 104  —0.100804 610< 104 m3 mol?
dBaw /dT +0.848 076 624« 106 4+0.280097 360« 106  4+0.135021228<10°® m3mol~1K~1
d2 By /dT2 —0.122 622 146< 10°7  —0.242599 241x 108  —0.83990172% 1079 m3mol~1 K2
Caaw +0.105493 575« 1078 +0.801977 741x 102  +0.672018172 102  mS® mol~2
dCaaw /dT —0.152535000< 10711 _0.196 103 45% 10711  _0.812416 406« 10712 mB mol~2K~1
d2Capw /dT2 —0.113436 375 10712 10.170 055 638 10713  10.683 147 461x 10714 mB mol~2K—2
Canw —0.349872 634 10>  —0.115552 784« 1006  —0.200 806 021x 10~/  m® mol—2
dCaww /dT +0.188 025052 1076  4+0.261363278< 1078  +0.274535403 1072 m®mol~2K~1
d2Caww /dT2 —0.124 996 856< 10~/  —0.75133458% 1010 —0.491763910< 10711 m®mol~2 K2
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Table J1. Formula symbols used in the paper.
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Symbol

Quantity

Unit

A
Asat

A sat
sat
AR
Aso
aw

mass fraction of dry air in humid air

mass fraction of dry air in saturated humid air
mass fraction of dry air in the humid-air part of wet air
mass fraction of dry air in the humid-air part of ice air
standard-ocean air fractiohgo = 0.996 293 104 kg kgt
activity of water

molar second virial coefficient air-water

molar third virial coefficient air-air-water

molar third virial coefficient air-water-water

sound speed

specific isobaric heat capacity of Argon

specific isobaric heat capacity of humd air

specific isobaric heat capacity of wet air

specific isobaric heat capacity of sea air

specific isobaric heat capacity of sea-ice air
chemical air coefficient of humid air, Eq. (6.8)
chemical air-salt coefficient of sea air, Eq. (6.12)
chemical sea-salt coefficient of seawater, Eq. (6.9)
Helmholtz energy of dry air

Helmholtz energy of humid air

specific Helmholtz energy

specific Helmholtz energy of dry air

molar Helmholtz energy of dry air

specific Helmholtz energy of humid air

fugacity of humid air

specific Helmholtz energy of fluid water

specific Helmholtz energy of water vapour

fugacity of vapour in humid air

reference fugacity of vapour in humid air

fugacity of vapour in sea air

saturation fugacity of vapour in humid air

specific Gibbs energy

specific Gibbs energy of humid air

specific Gibbs energy of ideal-gas humid air
specific Gibbs energy of ice Ih

saline part of the specific Gibbs energy of seawater
specific Gibbs energy of sea air

specific enthalpy

specific enthalpy of humid air

partial specific enthalpy of water vapour in humid air
specific enthalpy of wet air

specific enthalpy of ice Ih

specific enthalpy of sea air

specific enthalpy of sea-ice air

specific enthalpy of seawater

partial specific enthalpy of water in seawater
isobaric specific latent heat of ice air

isobaric specific latent heat of sea air

isobaric specific latent heat of wet air

isobaric specific latent heat of sea ice

isobaric specific latent heat of sea-ice air

molar mass of dry ait/” = 0.028 965 46 kg mol!
molar mass of dry air used in Lemmon et al. (2000),
MAL =0.028 9586 kg motl

molar mass of humid air

molar mass of sea salyS=0.031 404 kg mot?

kg k¢
kgig
kg kg
kg kg

kg kg™t

3mol~?
fmol—2
§ymol—2

m
JKgk 1
Jhg1
JHgk 1
Jka 1

Tke 1

Jkg
kg

J
Jkd
JKg
J not
IRy

Pa
Jkg

Pa
Pa
Pa
Pa
J K
JKY
Jkg
Jkg
Jkg

J kot
Jkd
Jhkg

J kg
J kY
Jky
J iy

Jkg
JKy

Jig

Jkg

Jkg
kg mol~1

kgntol

kg mot
kgmol~1
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Table J1. Continued.

Symbol Quantity Unit
MW molar mass of watetyW = 0.018 015 268 kg moi® kg mol~1
mh mass of dry air kg
m'h mass of ice Ih kg
A mass of humid air kg
mS mass of sea salt kg
mSA mass of sea air kg
mSA mass of sea-ice air kg
mSW mass of seawater kg
msw molality of seawater mol kgt
mW mass of liquid water kg
mY mass of water vapour kg
P absolute pressure Pa
P2 partial pressure of the component “a” Pa
Ppp dewpoint pressure Pa
P; freezing point pressure Pa
Py, Pso  standard ocean surface pressuigr= 101 325 Pa Pa
pv partial pressure of vapour Pa
q specific humidity kg kgl
R molar gas constang=8.314 472 Jmotl K1 Jmolr1k—1
Rt molar gas constant used in Lemmon et al. (2000), Jthig—?1
R-=8.31451 Jmot1 K1
Ra specific gas constant of dry aRa=287.0478 Jkgt K=1  Jmorlk-1
R% specific gas constant of dry air used in Lemmon et al. Jrhel—1
(2000), Rk = RH/MAL
Rav specific gas “constant” of humid air Jmdik—1
RH relative humidity

RHccT relative humidity, CCT definition
RHwmo  relative humidity, WMO definition

Rw specific gas constant of watetyy=461.52364 J kgl K1 Jmor1k-1

RY specific gas constant of water used in IAPWS-95, Jrhet 1
RYY=46151805J kg! K1

r humidity ratio, mixing ratio kg kgl

Sa absolute salinity: mass fraction of sea salt in seawater kd kg

Sp practical salinity

Sso standard-ocean absolute salinity, kgig
$50=0.03516504 kg kg

s specific entropy Jkgt k1

sV specific entropy of humid air Jkg K1

sAW specific entropy of wet air Jkgt k-1

sSIA specific entropy of sea-ice air JRK1

sSA specific entropy of sea air Jrg K1

sSW specific entropy of seawater JrhK1

T absolute temperature K

Top dewpoint temperature K

T; freezing point temperature K

To, Tso  standard ocean temperatufg=273.15 K K

Ty virtual temperature K

1% volume e

v specific volume mkg~1

A specific volume of humid air fhkg—1

VAW specific volume of wet air mkg—1

ySA specific volume of sea air frkg~1

pSIA specific volume of sea-ice air Fkg1

vSW specific volume of seawater kg1

Ocean Sci., 6, 91141, 2010 WwWw.ocean-sci.net/6/91/2010/
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Table J1. Continued.

Symbol  Quantity Unit
wh mass fraction of air in sea/wet air kg kg
wh mass fraction of humid air in sea/wet air kg Ky
wih mass fraction of ice in ice/sea-ice air kg iy
wS mass fraction of sea salt in sea air kgig
wSW mass fraction of seawater in sea air kg kg
wW mass fraction of liquid water in wet air kg k¢
Xq mole fraction of a component “a” mol ot
XQV mole fraction of vapour in humid air mol mot
xVV’S‘at saturation mole fraction of vapour in humid air ~ mol mél
Zpay compressibility factor of humid air

z any thermodynamic property

oW thermal expansion coefficient of wet air +#

el isobaric drying rate of ice air Kl

6£' isothermal drying rate of ice air P
8£W isobaric drying rate of wet air Kl
8§W adiabatic drying rate of wet air P
SEW isothermal drying rate of wet air P
ag'A isobaric melting rate Kl
ag'A isothermal melting rate Pd

1) relative fugacity

eSA relative fugacity of sea air

¢SW osmotic coefficient of seawater

r adiabatic lapse rate K P&
rAv adiabatic lapse rate of humid air K Ph
rev virtual adiabatic lapse rate of humid air KPa
FgA adiabatic lapse rate of sea air KPa
KV isentropic compressibility of humid air P
e isothermal compressibility of humid air PA
K]'&W isothermal compressibility of wet air Pa
KEA isothermal compressibility of sea air Ph
K§W isothermal compressibility of seawater Fa
Apl ice-air phase-transition latency operator

Aps air-sea phase-transition latency operator

Apw wet-air phase-transition latency operator

Ag) sea-ice phase-transition latency operator

Awi water-ice phase-transition latency operator

AV absolute activity of vapour

uh chemical potential of air in humid air Jkd
plh chemical potential of ice Ih Jkgt
wY chemical potential of vapour in humid air JKY
pV+d  chemical potential of ideal-gas vapour J¥g
wW chemical potential of liquid water J kg

0 density kgnr3
oA density of dry air kg 3
Fad density of humid air kg m3
pmol molar density mol m3
pSA density of sea air kg m3
oV density of water vapour kg P
oW density of liquid water kg m3
el potential temperature of humid air K

oL equivalent potential temperature of humid air K
AW potential temperature of wet air K

X adiabatic humidification rate "
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Table J2. Abbreviations used in the paper.
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Abbreviation

Comment

AMOR-92
CCT

CIPM

CIPM-2007

EOS-80

IAPSO

IAPWS

IAPWS-95

ICL
ICT
IFL

IML
I0C

IPTS-68

ITS-90

IUPAC

PSS-78
RS
uTC
SCOR

SLP

SP

SSS

SST
TEOS-10

VB
WG127

WMO

Atlantic Measurement of Ocean Radiation 1992
Consultative Committee for Thermometry
http://www.bipm.org/en/committees/cc/cct/

International Committee for Weights and Measures
http://www.bipm.org/en/committees/cipm/

CIPM equation of state of moist air, Picard et al. (2008)

International Equation of State of Seawater 1980

http://lunesdoc.unesco.org/images/0005/000598/059832EB.pdf

International Association for the Physical Sciences of the Ocean

http://iapso.sweweb.net

The International Association for the Properties of Water and Steam

http://lwww.iapws.org

Revised Release on the IAPWS Formulation 1995 for the Thermodynamic
Properties of Ordinary Water Substance for General and Scientific Use

http://www.iapws.org/relguide/IAPWS95-Rev.pdf

isentropic condensation level

isentropic condensation temperature

isentropic freezing level

isentropic melting level

Intergovernmental Oceanographic Commission
http://ioc-unesco.org

International Practical Temperature Scale of 1968
Goldberg and Weir (1992)

International Temperature Scale of 1990
http://www.bipm.org/en/publications/its-90.html

International Union of Pure and Applied Chemistry
http://www.iupac.org

Practical Salinity Scale 1978, Unesco (1981)
radiosonde
Universal Coordinated Time

Scientific Committee on Oceanic Research
http://www.scor-int.org

sea-level pressure

saturation point

sea-surface salinity

sea-surface temperature

International Thermodynamic Equation of Seawater
http://www.teos-10.0rg

Visual Basic

SCOR/IAPSO Working Group 127 on
Thermodynamics and Equation of State of Seawater
http://www.scor-int.org/Workingsroups/wg127.htm

World Meteorological Organization
http://www.wmo.ch
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