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Table S1: Conversion functions between molar anssrfractions of humid air, section 2.4.
Here,Ma = 0.02896546 kg mol is the currently best value of the molar massrgfair, and
Mw = 0.018015268 kg mdlis the molar mass of pure water. In the dry-aimfalation of the
library, the older value dflx = 28.958 6 g mat is implemented for consistency with the
formulation of Lemmon et al. (2000).

Quantity :

Library function Formula Sl Unit Eq.
Molar mass of humid air _ 1 kg (SL.1)
air_molar_mass_si Ao @-A)/M, +A/M, | mol '

Mass fraction of dry air | Xa kg
air_massfraction_air_si 1-(1-x,)a-M, /M,) kg (51.2)
Mass fraction of vapour| ;_ - 1-X, kg (S1.3)
air_massfraction_vap_si 1-x, (1— M,/M W) kg '
Mole fraction of air . = AM,, /M,) mol (S1.4)
air_molfraction_air_si A 1-Al-My, M) mol '
Mole fraction of vapour | q_, - 1-A mol (SL5)
air_molfraction_vap_si A 1-A1-M, /M,) | mol '




Table S2: Properties derived from the Helmholtzfiom f (T, p)

of fluid water, section

3.1
Quantity .
Library function Formula Sl Unitf Eg.
2
Specific isobaric heat capacity c = (fT;) P £F J (S2.1)
. P T .
flu_cp_si 2f; + o, kgK
Specific isochoric heat capacity T ¢F
flu_cv_si 6 =Tl kgK (52.2)
Specific enthalpy _F_TF. £F J
flu_enthalpy_si h=t-Th+d, kg (S2.3)
Specific entropy _eF J
flu_entropy_si n=-t kgK (S2.4)
Thermal expansion coefficient a= fT':) 1 (S2.5)
flu_expansion_si 2f T+ pf | K '
Specific Gibbs energy _¢F F J
flu_gibbs_energy_si g=f"+pf, kg (S2.6)
Spgcific internal energy U= fF-T(F J (S2.7)
flu_internal_energy_si T kg
Isentropic compressibility | , - frlp° 1 (S2.8)
. s 2 .
flu_kappa_s_si (2t + o )= plt) Pz
Isothermal compressibility K. = 1 1
) = S2.9
flu_kappa_t_si T preff ) P: (S2.9)
Adiabatic lapse rate r= f./ o K (52.10)
. 5 .
flu_lapserate_si p(fT';) ~ -2 fF4 pfp';) Pz
Absolute pressure — A2fF .
flu pressure_si P=pt, Pe | (S2.11)
Sound speed P £ 55 —(fT;)2 . m
flu_soundspeed_si ¢= \/'0 e +20f, < (S2.12)




Table S3. Properties derived from the Gibbs fumcgd (T, P) of ice, section 3.2.

Quantity .
Library function Formula Sl Unitf Eq.
Chemical potential _ J
ice_chempot_si H=9 kg (S3.1)
Specific isobaric heat capacity — _T b J
ice_cp_si € =T 0On kgK (S3.2)
Density _ 1 kg
ice_density_si P , 3 (S3.3)
Specific enthalpy _ h T J
ice_enthalpy_si h=g"-Tg kg (S3.4)
Specific entropy _ J
ice_entropy_si 7==0r kgK (S3.5)
Thermal expansion coefficient " 1
ne expansion € a=3r = | (s3.6)
~_expansion_si O K
Specific Helmholtz energy — h_ J
ice_helmholtz_energy_si F=9"-Pg kg (S3.7)
Specific internal energy e _pah |9
ice_internal_energy_si U=g"-Tdr —Por kg (S3.8)
Isentropic compressibility | , _ gngr - orgm 1 (53.9)
ice_kappa_s_si s grgn Pz '
Isothermal compressibility __ G 1
ice_kappa_t_si K gn Pz (S3.10)
Adiabatic lapse rate Fo_Or K (S3.11)
ice_lapserate_si ol Pe '
Isochoric pressure coefficient B= _g_}*; Pa (S3.12)
ice_p_coefficient_si gm K '
. 3
Specific volume v=g" m (S3.13)

ice_specific_volume_si

=~
(]




Table S4. Properties derived from the saline pd(8,,T, P) of the Gibbs function of

seawater, section 3.3.

Quantity :
Library function Formula Sl Unit Eq.
Iny=In(1-S,)-S, +
Activity coefficient 1 i 1 (S4.1)
sal_act_coeff_si > g(T, P){SA +—(1-S, )}S,L’ a1 '
a,(T) 5 2
Activity potential “infi—s )+ 1L . T p)g/2
sal_act_potential_si ¢=n(-s,) 9,(T) ,Z;‘ (T P)S, 1 (S4.2)
Activity of water oy 9775008
sal_activity w_si B = X R, T 1 (S4.3)
Saline excess J
chemical potential u"=9°-S,02 — | (S4.4)
sal_chempot_h2o0_si 9
Relative chemical J
potential U=0s a (S4.5)
sal_chempot_rel_si 9
Chemical coefficient a2, J
sal_chem_coeff_si Ds = Sa0ss kg (S4.6)
Dilution coefficient _ s J
sal_dilution_si D =S\9s kg (S4.7)
Mixing enthalpy Ah=h%(wS +w,S,,T,P) J (54.8)
sal_mixenthalpy_si -wh%(S,T,P)-w,h(S,,T,P) kg '
Mixing entropy An=-g7 (WS +w,S,,T,P) J (54.9)
sal_mixentropy_si +w,03(S, T, P)+w,g3(S,,T,P) kgK '
Mixing volume Av =gz (WS +w,S,,T,P) m’ (54.10)
sal_mixvolume_si -w,05(S,T,P)-w,g5(S,, T, P) kg '
Osmotic coefficient _ (gs -S, g§)(1— S.)
! @= 1 | (S4.11)
sal_osm_coeff_si S,RT
Specific enthalpy S _TaS J
of sea salt hy = % a (S4.12)
sal_saltenthalpy si A 9
Specific entropy g
of sea salt Ns= —S—T KoK (S4.13)
sal_saltentropy_si A 9
Specific volume g m®
of sea salt Vg = S—P o (S4.14)
sal saltvolume _si A 9




Table S5. Properties of humid air derived fromtamholtz functionf Y (AT, o), Eq.

(2.7), section 3.4. Subscripts B indicate partial derivatives with respect to tlaeunal
independent variables T or p. Note that the adiabatic lapse rate is given vagpect to
pressure rather than altitude and refers to sutzdatihumid air, often referred to as “dry-
adiabatic” in the meteorological literature. Thecadled “moist-adiabatic” lapse rate is given

in section 5.8.

Quantity .
Library function Formula Sl Unitf  Eg.
2
Specific isobaric heat capacity . _t (fT/;V) P _en J (5.1)
: i o — {5 :
air_f cp_si 2f :V + of /j;\’ kgK
Specific isochoric heat capacity T AV J
air_f _cv_si 6 =-Tte kgK (S5.2)
Specific enthalpy _eAV _T AV AV J
air_f_enthalpy_si h=1"-Th"+ A, kg (55:3)
Specific entropy — _fAV J
air_f_entropy_si n=-t kgK (S5.4)
Thermal expansion coefficient q= fry 1 (S5.5)
air_f_expansion_si 21 + pf Y K
Specific Gibbs energy _ AV AV J
air_f gibbs_energy_si g=1"+pf, kg (S5.6)
Specific internal energy Uz fAY T AV J (S5.7)
air_f_internal_energy_si T kg '
Isentropic compressibility | , — i 1p° 1 (S5.8)
air_f_kappa_s_si N (2 2V + ok )— p( o )2 Pz '
Isothermal compressibility K = 1 \ 1
. ) = S5.9
air_f kappa_t_si T praf Y i ) Pz (S5.9)
Adiabatic lapse rate = frp /P K (S5.10)
air_f_lapserate_si p(fT/;V f - tav(af o /;;V) Pz '
Absolute pressure _ 25AV .
air f pressure si P=pt, Pe | (S5.11)
Sound speed I PR ee —(fTAV )2 o | m
air_f soundspeed_si c= \/ P ppf v —+2p, S (55.12)




Table S6: Partial derivatives of the Gibbs functidtiquid water,g", section 4.1, expressed
as partial derivatives of the Helmholtz functidif, Subscripts indicate partial derivatives
with respect to the respective variables. Hprés the density of liquid pure water at given
andP. The library functiorvap_g_si for vapour is defined equivalently with respect fo
taken at the vapour densjy

Exp\Ar/essmn n Equivalent in )
g"(T,P) £7(T. ) Unit Eq.
Library function ’
P p*f; Pa (S6.1
g" fF+of F Jkg? | (S6.2)
lig_g_si g J '
glv -1 31, -1
. . o mkg (S6.3)
lig g si
gW
o £F JkgK™? | (S6.4)
gW 1 3|, -1 1
PP - m°kg~™ Pa~ | (S6.5
iogs | flfrAy) | MO PE 509
I fr mikg K™ | (S6.6)
lig_g_si ,0‘21:)F + o )
w f.F ?
B 1 pF( ) | JkgrK? | (S6.7)
lig_g_si 2f, + o,




Table S7a: Thermodynamic properties derived froenGibbs function (4.4) of seawater,
gSW(SA,T, P), section 4.2, and its temperature, pressure dimdtgaerivatives. The
superscript SW og is suppressed for simplicity.

Librgrli/afrlljtilt():/tion Formula Sl Unit Eq.
seaBjt:‘ennSsi%/_si P=0z % (S7.1)
Specttosnopy e e | 672
s ot |
ey | weotepe | e
Specific Helmholtz energy f=9-Pg, kig (§7.5)
Specific iss,é):jléis_r;ieat capacity ¢, =-Tg, kgiK (S7.6)
Specific isochoric heat capacity ¢, = T(gTZP -0 gpp)/ Opp kgiK (57.7)
Isotr;eer;rl?(;(;:)rgftr_essisibiIity K= Qoo | G0 ;E (S7.8)
sentople ComPressiil | = (oh -9 0. Mlaron) | o | (579
sea_Ss?)ﬂrrllfjsSr?ee:g_si €= gp\/gﬁ /(g%’ } gﬁgpp) ? (57.10)
g | rewien | & [eran
Chomcapoetiao | rg-se. | o |7
Chemical potential of sea salt ~ #°=g+({1-S,)gs k_Jg (S7.13)
Barodiffusion ratio kKo =P0s/0s 1 (S7.14)




Table S7b: Thermodynamic properties derived froen@ibbs function (4.4) of seawater,
gSW(SA,T, P), section 4.2, and its temperature, pressure dimdtgaerivatives. The

superscript SW og is suppressed for simplicity. Thermal and halioetcaction coefficients
with respect to potential temperature and poteetithalpy are given here in terms of the
Gibbs potential for completeness. A full discussibthese quantities is given in section 4.3.

The potential Gibbs energy is defined agy’ = g(SA 0, P,) wheref is absolute potential
temperature in kelvins arf®} is the associated absolute reference pressuisoals.

Quantity .
Library function Formula Sl Unit| Eq.
Thermal expansion coefficient _ 1
sea_g_expansion_t_si a=0r !0 K (S7.15)
. .. g
Thermal expansion coefficient q? = 99 1 (S7.16)
w.r.t. potential temperature 950 K
Thermal expansion coefficient g =-_ 9 kg (S7.17)
w.r.t. potential enthalpy 0,0 @ J
Haline contraction coefficient _
sea_g_contraction t_si £=-9/9 1 (S7.18)
Haline contraction coefficient .o _ 9 (gsr - ggg)_ 99
: B = 1 (S7.19)
w.r.t. potential temperature Up0rr
. . . . — H/g -
Haline contraction coefficient B° = 9 (gsr 9s ) 99 1 (S7.20)
w.r.t. potential enthalpy 9007t




Table S8: Partial derivatives of the enthalpy po&functionh®" of seawater, Eq. (4.5),

section 4.3, expressed as partial derivativesef3ibobs functiony®" of seawater, Eq. (4.4).
Subscripts indicate partial derivatives with reggedhe respective variables. The
superscripts SW og andh are omitted for simplicity.

Expression in Equi .
sw quivalentin ,
hs¥(s,,n,P) sw Slunit| Eq.
. /| g*(s,.T.P)
Library function
J
n —0r KaK (S8.1)
h T 3 S8.2
sea_h_si g-1tar kg (58.2)
hg J
— S8.3
sea_h_si ds kg (58.3)
v _ T K (S8.4)
sea h_si
h, m®
— S8.5
sea_h_si g kg ( )
2
- J
sea_h _si Orr kg
h
s -9 K | (S8.7)
sea_h_si Orr
hsp . 99 ~ Y5t Y 13 (S8.8)
sea_h_si Orr kg
h 1 2
o -= kgK” 1 (s8.9)
sea_h_si Orr J
e _ - e Kf (S8.10)
sea_h_si Orr Pe
N2 3
hpp . g'l'l' gPP gTP m (8811)
sea_h_si Orr kgPa
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Table S9: Thermodynamic properties derived fromeuhlldﬂalpthW(SA 1, P) of seawater,

Eq. (4.5), section 4.3, and its entropy, pressacesalinity derivatives. The superscripts SW
onh is suppressed for simplicity. Entropy is availaotam in-situ temperature using Eq.
(S8.1).

Quantity

Library function Formula Sl Unit| Eq.

: _1 kg

Density h o (S9.1)

Temperature T=h K (S9.2)

sea_temperature_si

J

Relative chemical potential H=hg k_g (S9.3)
J

Specific Gibbs energy g=h-nh, e (S9.4)
J

Specific internal energy u=h-"Ph, k_g (S9.5)
J

Specific Helmholtz energy | f =h-nh, —Ph, P (S9.6)

Specific isobaric h [ C'L . S9.7

pecific isobaric heat capacity P h, kgK (S9.7)
. T - _ hpp 1

Isentropic compressibility Ks = o P (S9.8)
P C

Sound speed c= e m (S9.9)

VT Pep S '
Adiabatic lapse rate M=he If (S9.10)
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Table S10: Thermodynamic properties derived froenghthalpyh®" (S, ,77,P) of seawater,
Eq. (4.5), section 4.3, and its entropy, pressacesalinity derivatives. The superscripts SW
onhis suppressed for simplicity. Note that potertgahperature is given here as absolute
potential temperature in the basic Sl unit, K, eatthan °C. Entropy is available from in-situ
temperature or potential temperatuqéSA,T, P)=/7(SA,6?, R), using Eqg. (S7.2) which
appears in the library aga_entropy_si (Sa, T, P) orsea_entropy_si (Sa, 6, P;). Entropy
can also be determined from in-situ enthalpy oepbal enthalpy,

7°"(s,,h,P)=n%"(s,,h’ P ), using Eq. (4.35) which appears in the library as
sea_eta_entropy_si (S, h, P) orsea_eta_entropy_si (S, h’, P,). The parametey refers
to entropy as the property (S7.2) derived from@litebs potentiaf®" of seawater.

Quantity .
Library function Formula Sl Unit| Eq.
Potential enthalpy 9 J
sea_potenthalpy_si h kg (S10.1)
Potential temperature o=’ K (S10.2)
sea_pottemp_si
Potential density o_ 1 kg
_ : p == — S10.3
sea_potdensity_si he m?3 ( )
Thermal expansion coefficient v _ e 1 (S10.4)
sea_h_expansion_t_si h.h,, K
Thermal expansion coefficient h, 1
w.r.t. potential temperature a’ = h ';]9 — (510.5)
sea h expansion theta si Pl K
Thermal expansion coefficient h, kg
w.r.t. potential enthalpy a"=—"- | (S10.6)
: . h.h J
sea _h expansion h si P
i i hy,h o —hgh
Isothermal haline contraction 5 _ Usy"he ~ Tty 1 (510.7)
sea_h_contraction_t_si h.h,,
Haline contraction coefficient O — 6
. I hsnhsz hSPh'M
w.r.t. potential temperature| B° = h e 1 (510.8)
Sea h contraction theta_si P
Haline contraction coefficient op  — 6
. [C] hS h/7P hSPhq
w.r.t. potential enthalpy B :T 1 (510.9)
sea_h_contraction h_si Pl
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Table S11: Partial derivatives of the Gibbs functid humid airg™’, section 4.4, expressed
as partial derivatives of the Helmholtz functidif)¥. Subscripts indicate partial derivatives
with respect to the respective variables. Compitgdtively from Eq. (4.38)p is the density
of humid air at given values & T andP.

Expression in

Equivalent in
gAV(A,T,P) quv (AT ,0) Sl Unit Eq.
Library function T
P s Pa (S11.1)
. Y Jkg™ | (S11.2
air g_si p g (S11.2)
gAV
air g s £ Jkg? | (S11.3)
gp’ -1 kg (S11.4)
air_g_si P g .
gAV
air To; si e Jkg™ K™ | (S11.5)
2
QZ\X fAV p(fAA/;’) Jkg-
i i - g (S11.6)
o si | )
AV ﬁ AV f AV
airgg Si fﬁrv a 2f ACP+; AV Jkg_l K_l (8117)
E——— P P
gAV f@/ 3 1
q ( ‘ m°kg~ S11.8
air_g_si P (2 prV + o pévv) J ( )
-gsl\:/ : T3 Avl AV m’kg™ Pa’ | (S11.9)
air_g_si o (2f JA o )
g'ﬁ;/ . fT';\;V R m3kg—1 K—]_ (81110)
all’_g_s| p(z prV +ﬂ¢p,jjv)
2
gﬁly fAV p(fT,/_C\’V) Jk -1, -2
i i N g K (S11.11)
airgsi | " f )
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Table S12: Thermodynamic properties derived froenGlibbs functiong”® (A,T, P) of

humid air, Eq. (4.37), section 4.4, and its tempugea pressure and air-fraction derivatives.
The superscript AV og is suppressed for simplicity. The molar mass ohttbiair May is
given by Eq. (2.8)R = 8.314472 J mot K™ is the molar gas constant.

Quantity

Library function Formula SlUnit Eq.
air_g[_)ggfligiiy_si p=1ge % (S12.1)
ai g enitopy, & 7=-0; oK | (5122
ar g cnthlpy. & h=g-Tg, b | 529
Partial enthalpy of vapour | h" =g-Tg, — Ag, + ATg,, kig (S12.4)
e ey | wsotope | |19
Specific Helmholtz energy f=g-Pg, kig (S12.6)
Specific ;isr(it;irécgfseiat capacity R kgLK (S12.7)
Specific i;i(r)i:g(_)(r:i\?_r:ieat capacity c, :T(gsz . ) / Goo kgiK (S12.8)
TemH S e asgrle | & | 120
Isotzi?irg_all(ggprg)_rte_ss?ibility K= ~Gon | O ;E (S12.10)
seniopc Compress | = (g1, -0, 0. Jl0r0r) | o | (51211
air_gfgtr)nrr?[r)?:isti)gii:i};;fzf:t%rr_si Zav =My PRgF 1 (S12.12)
air_gf:gt?r(\jdz%eei%_si €= gP\/gW / (gTZF’ B gﬂgPP) ? (S12.13)
A g apserate. i "=/ n o |61219
Chemical potential of vapour u'=g-Ag, k_Jg (S12.15)
Chemical Coefficient D, = A’Q,, k_Jg (512.16)
e et | pe-aufe. | 1| eap
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Table S13: Partial derivatives of the enthalpy ptiéé functionh™ of humid air, Eq. (4.40),
section 4.5, expressed as partial derivativesef3ibbs functiony™” of humid air, Eq. (4.37).
Subscripts indicate partial derivatives with resgedhe respective variables. The
superscripts AV og andh are omitted for simplicity.

Expression in . .
Av Equivalent in :
h™ (An,P) Iy SlUnit| Eq.
. _ g™ (AT,P)
Library function
J
n —0r KaK (S13.1)
h J
air_h_si g-Tor kg (513.2)
h, J
— 13.
air_h_si g kg (S13.3)
_ y _ T K (S13.4)
air_h_si
h, m®
— S13.5
air_h_si 9 kg ( )
2
- J
.hAA _ 9O ~ Gar =~ | (s13.6)
air_h_si Ot kg
N - dar K | (S13.7)
air_h_si Orr
. N ' 9ap G ~ 9ar G ﬂs (S13.8)
air_h_si Orr kg
h 1 2
e - koK™ | (s13.9)
air_h_si Orr J
N I “ | (s13.10)
air_h_si Orr Pe
N2 3
] hPP ] gTrgPP gTP m (813.11)
air_h_si Orr kgPa
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Table S14: Thermodynamic properties derived froenghthalpyh™" (A,/7, P) of humid air,

Eqg. (4.40), section 4.5, and its derivatives wahpect to dry-air mass fraction, entropy and
pressure. The superscripts AV loandg are suppressed for simplicity. If the temperature
(S14.2) is evaluated at a pressure different frioah ised for the computation of the entropy,
T is regarded as “potential temperatur@’,referenced to this pressure. The adiabatic lapse
rate is given with respect to pressure rather #itude and refers to subsaturated humid air,
often referred to as “dry-adiabatic” in the metdogical literature.

Quantity .
Library function Formula SlUnit  Eq.
. _1 kg
Density pP=— —3 (S14.1)
he m
_ Temperature _ T=h K (S14.2)
air_temperature_si
J
Relative chemical potential H“=h, k_g (S14.3)
J
Specific Gibbs energy g=h-nh, e (S14.4)
J
Specific internal energy u=h-Ph, k_g (S14.5)
J
Specific Helmholtz energy | f =h-7h, —Ph, P (S14.6)
Specific isobaric h [ C_L L S14.7
pecific isobaric heat capacity P h, kgK (S14.7)
. - - _ hpp 1
Isentropic compressibility Ks = o Pz (514.8)
P C
Sound speed Cc= e m (S14.9)
V< Nep S .
: . K
Adiabatic lapse rate =he o (S14.10)
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Table S15: Properties of the saturation equilibtisection 5.1, computed from the variables
T,P, p¥ and p", the iteratively determined solution of Egs. (5.25.4)

Quantity .
Library function Formula SlUnit Eq.
Boiling temperature
lig_vap_boilingtemperature_si T K (S15.1)
lig_vap_temperature_si
Chemical potential FFr o) P J
lig_vap_chempot_si ( P ) o% kg (515.2)
Liquid density W kg
lig_vap_density_lig_si P m? (S15.3)
Vapour density v kg
lig_vap_density_vap_si P m? (S15.4)
Evaporation enthalpy E w\_ TeF v J
lig_vap_enthalpy_evap_si Tty (T"O ) Thy (T"O ) kg (S15.5)
Liquid enthalpy P S PRLA P A B
lig_vap_enthalpy_lig_si ( P ) ol T( P ) kg (S15.6)
Vapour enthalpy FF o)+ P _1iFfr o J
lig_vap_enthalpy vap_si ( P ) o)l T( P ) kg (S15.7)
Evaporation entropy . w\_ ¢F v J
lig_vap_entropy_evap_si fr (T,p fr (T”O ) kgK (S15.8)
Liquid entropy CcF W J
lig_vap_entropy_lig_si fr (T"O ) kg K (S15.9)
Vapour entropy CeF v J
lig_vap_entropy_vap_si fr (T"O ) kgK (515.10)
Vapour pressure
lig_vap_vapourpressure_si
q.‘ PYapeHIP o P Pa | (S15.11
lig_vap_pressure_lig_si
lig_vap_pressure_vap_si
Evaporation volume 1 _1 m’ (S15.12)
lig_vap_volume_evap_si o' p" K '
o 1 m’
Liquid volume T — ] (815.13)
yo k
Vapour volume € m’ (S15.14)
p oY kg :
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Table S16: Properties of the melting equilibriuegtson 5.2, computed from the variables
P and p", the iteratively determined solution of Egs. (5(6)7).

Quantity )
Library function Formula ShUniy Eq.
Melting temperature
ice_lig_meltingtemperature_si T K (S16.1)
ice_lig_temperature_si
Chemical potential h J
ice_liq_chempot_si g"(T.P) kg (S16.2)
Liquid density W kg
ice_lig_density_lig_si P & | (516.3)
Ice density 1 kg
ice_lig_density_ice_si g (T,P) i (S16.4)
Melting enthalpy n r w J
ice_lig_enthalpy _melt_si Tor (T, P)-Tf; (T,,o ) kg (S16.5)
Liquid enthalpy FRT oW +i__|_f F(T. W J
ice_lig_enthalpy_lig_si ( P ) o T ( P ) kg (S16.6)
Ice enthalpy n e J
ice_lig_enthalpy_ice_si g"(T,P)-Tgr(T,P) kg (S16.7)
Melting entropy n Cer w J
ice_lig_entropy_melt_si or(1,P)- t7(T, 0") KgK (S16.8)

Liquid entropy F w J
ice_lig_entropy_lig_si tr(r.0") (516.9)

Ice entropy _ ~lh _J
ice_lig_entropy_ice_si G (T’ P) kgK (S16.10)
Melting pressure
ice_lig_meltingpressure_si P Pa (S16.11
ice_lig_pressure_liq_si
Melting volume 1 in m’
—-gr(T.P — _
ice_lig_volume_melt_si o g7 (T.P) kg (S16.12)
Liquid volume 2 M | (516.13)
p" kg '
m3
Ice volume gl (T,P) — | (S16.14)

>
(@]
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Table S17: Properties of the sublimation equilibrjisection 5.3, computed from the
variablesT, P and p" , the iteratively determined solution of Egs. [5(9.10).

Quantity

Library function Formula SIunit Eg.
Sublimation temperature
ice_vap_sublimationtemp_si T K (S17.1)
ice_vap_temperature_si
Chemical potential h J
ice_vap_chempot_si 9 (T’ P) kg (517.2)
Vapour density v kg
ice_vap_density_vap_si P m3 (517.3)
Ice density 1 kg
ice_vap_density_ice_si ol (T,P) m? (S17.4)
Sublimation enthalpy h J— v J
ice_vap_enthalpy_subl_si Tor (T' P) Thy (T"O ) kg (517.5)
Vapour enthalpy FF oV )+ P _TiFfr oV J
ice_vap_enthalpy_vap_si ( P ) o)l T ( P ) kg (517.6)
Ice enthalpy h h J
ice_vap_enthalpy_ice_si 9 (T’ P) Tor (T' P) kg (S17.7)
Sublimation entropy h CcF v J
ice_vap_entropy_subl_si 9r (T’ P) fr (T"O ) kgK (S17.8)
Vapour entropy CeF v J
ice_vap_entropy_vap_si fr (T"O ) kgK (517.9)
Ice entropy _h J
ice_vap_entropy_ice_si G (T’ P) kgK (S17.10)
Sublimation pressure
ice_vap_sublimationpressure_si P Pa (S17.11
ice_vap_pressure_vap_Si
Sublimation volume in m’
—-gh(T,P AL _
ice_vap_volume_subl_si v O (.P) K (517.12)
Vapour volume 1 ﬂs (S17.13)
Y o' kg :
Ih m’
Ice volume gr(T,P) — | (S17.14)

=
(o]
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Table S18: Single-phase properties of the seav@ezquilibrium, section 5.4, and sea-ice
properties, superscript SI, computed from the wesSs, T, P and p", the iteratively
determined solution of Egs. (5.12), (5.13).

Quantity .
Library function Formula Sl Unitf  Eq.
Freezing temperature
_ _ _ T K | (S18.1)
sea_ice_freezingtemperature_si
Brine salinity kg
sea_ice_brinesalinity_si S ka (518.2)
sea_ice salinity si 9
J
Chemical potential g"(T.P) P (S18.3)
Brine density 1 kg
sea_ice_density_sea_si 93(s,,T,P)+1/ p" m? (S18.4)
Ice density 1 kg
sea_ice_density ice_si ol (T,P) m? (S18.5)
Brine enthalpy i o)+ P TiElr v J
sea_ice_enthalpy sea_si ( P ) oV T ( P ) kg (518.6)
Ice enthalpy Ih _Talh J
sea_ice_enthalpy_ice_si 9 (T’ P) Tor (T’ P) kg (S18.7)
Brine entropy _¢F w)_ S J
sea_ice_entropy_sea_Si fr (T"O ) G (SA’T’ P) kgK (S18.8)
Ice entropy o J
sea_ice_entropy_ice_si S (T’ P) kgK (S18.9)
Melting pressure
. . , P Pa (518.10
sea_ice_meltingpressure_si
1 3
Brine volume —W+9§(SA,T,P) m (S18.11)
P kg
m3
Ice volume gl (T,P) e (S18.12)
Expansion coefficient of seaicel a® =g (S, T.P)/g%(S,,.T,P) % (S18.13)
Adiabatic lapse rate of seaice| ' =-g3(S,,,T,P)/ g3 (S,,,T.P) PKE (S18.14)
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Table S19: Properties of the seawater evaporatjaiilgrium, section 5.5, computed from the
variablesSy, T, P, p¥ and p", the iteratively determined solutions of Eqgs. 13.2(5.29).

Quantity .
Library function Formula SlUnit  Eq.
Boiling temperature
sea_vap_boilingtemperature_si T K (S19.1)
sea_vap_temperature_si
Brine salinity
sea_vap_brinesalinity_si S (S19.2)
sea_vap_salinity_si
Brine density 1 kg
sea_vap_density_sea_si g (T,P) m® (S19.3)
Vapour density v kg
sea_vap_density_vap_si P m? (S19.4)
Brine enthalpy Ih oh J
sea_vap_enthalpy_sea_si 9 (T' P) Tor (T’ P) kg (S19.5)
Vapour enthalpy P A LA L J
sea_vap_enthalpy_vap_si ( P ) ol T ( P ) kg (S19.6)
Brine entropy i J
sea_vap_entropy_sea_si o (T.P) kgK (S19.7)
Vapour entropy CF v J
sea_vap_entropy_vap_Si fr (T,p ) kgK (S19.8)
Vapour pressure
sea_vap_vapourpressure_Si P Pa (519.9)
sea_vap_pressure_si
1 3
Vapour volume 7 T— (519.10)
3
Brine volume gl (T,P) M1 (s19.11)

>
(o]
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Table S20: Derivatives of the Gibbs functigtl’ (WA T, P), Eqg. (5.58), section 5.8, of wet air
expressed in terms of the Gibbs functigh(A, T, P), Eq. (4.37), of humid air,

andi(T, P), Eq. (4.2), of liquid water. The latency operataty is specified in Egs. (5.61) -
(5.62). The chemical coefficieda is defined in Eq. (S12.16). The functid(r, P) is the

solution of Eqg. (5.48).

P AW
DenvaLtilt\J/rZ?; ?unc(t\?(/:r;T'P) Expression ing*' (A T,P) and g*(T,P) | Equation
AW A A
A LA (1—W—]gw (S20.1)
lig_air_g_si A
w
LT 9™ -g" (S20.2)
liq_air_g_si A
gr" LAY PO o Y S$20.3
lig_air_g_si A o A (5203
AW WA
e W g+ 1 | gw (S20.4)
lig_air_g_si A A
AW
. g\fVAWA - 0 (520.5)
lig_air g si
AV w
G 9r ~Or (S20.6)
lig_air_g_si A
AW AV _ W
G 90 ~0p (S20.7)
lig_air_g_si A
AW A 2 A
oo W2 gav Al ), (W g | (S20.8)
lig_air_g_si A Da A
AW
g wh g¢|:\)/+/\AW[,7]AAW[V] + 1_£ g | (S20.9)
lig_air_g_si A A A
2
gy W_A AV_(/\AW[V]) + 1_£ w S20.10
i air g_s A Oep D, A Oep (520.10)
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Table S21: Selected properties of wet air compfrad the Gibbs function (5.58),
g™ (va T, P), section 5.8, and its partial derivatives, Tal®€.SThe superscript AW is

suppressed here for simplicity. The latency operatg, is specified in Egs. (5.61) - (5.62).
The functionA = A®(T, P) is the solution of Eq. (5.48). The lapse ratevef air is often
regarded as the “moist-adiabatic” lapse rate imtleéeorological literature.

uantit _
Librgry fun?:/tion Formula Slunit  Eq.
Specific isobaric heat capacity _ J
liqg_air_g_cp_si Co =—TOr kgK (S21.1)
Density B kg
liq_air_g_density_si p=1/9; = | (s212)
Specific entropy _ J
lig_air_g_entropy_si n="0r KoK (S21.3)
Specific enthalpy o J
liq_air_g_enthalpy_si h=g-Tg, Q| 5219
Evaporation enthalpy AW _ J
lig_air_enthalpy_evap_si L3" =TA 7] kg (S21.5)
Thermal expansion coefficient  _ 1
liq_air_g_expansion_si a=0mr /0 < | (s2L8)
Isothermal compressibility _ 1
lig_air_g_kappa_t_si K==/ Jp P (S21.7)
Adiabatic lapse rate _ K
liq_air_g_lapserate_si M=-0n/gn o | (s218)
Air mass fraction A= AT, P) 1 (S21.9)
lig_air_massfraction_air_si ! -
Liquid mass fraction w
liq_air liquidfraction si | W =i"W/A |1 | (S21.10)
~ Vapour mass fraction W = (1 A= 1w L (S21.11)
lig_air_vapourfraction_si
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Table S22: Partial derivatives of the enthalpy ptigé functionh™ of wet air, Eq. (5.63),
section 5.8, expressed as partial derivativesef3iobs functiory™ of wet air, Eq. (5.58).
Subscripts indicate partial derivatives with resgedhe respective variables. The
superscripts AW og andh are omitted for simplicity. Because of minor pre&krelevance,
derivatives with respect " are omitted.

Expression in Equivalent in
AW .
Library function
J
n —or kg K (S22.1)
h J
lig_air_h_si 9-Tgr kg (S22.2)
o T K |(s223)
lig_air_h_si
he m?
— S22.4
lig_air_h_si 9 kg | 524
1 2
L - koK™ | (s22.5)
lig_air_h_si O J
e i K 1 (s22.6)
lig_air_h_si O Pz
M Gn0e O | M gpy )
lig_air_h_si Orr kgPa

Table S23: Selected properties of wet air compfrad the enthalpy (5.637"" (wA 1, P),
section 5.8, and its partial derivatives, Table.S2# superscript AW is suppressed here for
simplicity. The lapse rate of wet air is often regd as the “moist-adiabatic” lapse rate in the
meteorological literature.

Quantity .
Library function Formula | SIUnit Eq.
Density -1 kg
lig_air_h_density_si P he m? (S23.1)
Temperature T=h
lig_air h temperature_si 7 K (S232)
Specific isobaric heat capacity . - T _ J (523.3)
lig_air_h_cp_si " h, | kgK '
Isentropic compressibility | , _ _ e 1 (523.4)
lig_air_h_kappa_s_si s h, P '
Adiabatic lapse rate _ K
r=h
lig_air_h_lapserate_si " P: (S23.5)
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Table S24: Derivatives of the Gibbs funct'g)?‘u(w’* T, P), Eg. (5.73), section 5.9, of ice air
expressed in terms of the Gibbs functigh$(A, T, P), Eq. (4.37), of humid air, and

g" (T, P), of ice Ih, section 2.ZThe latency operatdka is specified in Egs. (5.76) - (5.77).

The chemical coefficierD, is defined in Eq. (S12.16). The functifiT, P) is the solution of
Eq. (5.70).

- AW
Derivative of g (WATP) Expression ing" (A, T,P) and g" (T, P) | Equation
Library function
g wh ( WA] th
—g™ +1-—|g S24.1
ice_air_g_si A A ( )
Al Ih
T 9 -g" (S24.2)
ice_air_g_si A
Al
g _gT {1 W_j (S24.3)
ice_air_g_si A
Al A
e —gp +(1 W—] (S24.4)
ice_air_g_si A
gAl
ke 0 (S24.5)
ice_air_g_si
g, 9 —or (S24.6)
ice_air_g_si A
s 9~ (S24.7)
ice_air g_si A
2
olas ﬂ AV _(/\AI [’7]) + 1_£ Ih S24.8
ice_air_g_si A% Da AT (5249
Al W N\ AV wh
o g¢;/ A [’7] AI[] +1-—— g | (524.9)
ice_air_g_si DA A
2 A
(o] W_A AV _(/\AI [V]) + 1_W_ th S24.10
ice_air g s A Opp D, A Opp ( .10)
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Table S25: Selected properties of ice air compfrad the Gibbs function (5.73),
g™ (WA T, P), section 5.9, and its partial derivatives, Tali®d.She superscript Al is

suppressed here for simplicity. The latency operatpis specified in Egs. (5.76) - (5.77).
The functionA = A®(T, P) is the solution of Eq. (5.70). The lapse ratécefair is often
regarded as the “moist-adiabatic” lapse rate imtleéeorological literature.

Quantity

Library function Formula SIUnitf  Eq.
Specifiié:eijgitr)ilgfchpe;ti capacity| c. =Tg., kgLK (525.1)
ice_airE)gede(ietr):sity_si p=1/ge % (525.2)
iceigi?_cgi_cei?rtcr)?JSZSi =70 kgLK (525.3)
Specific enthalpy h=g-Tg, J (525.4)

ice_air_g_enthalpy_si

Sublimation enthalpy

Al _
ice_air_enthalpy_subl_si Le =TAy [’7]

(S25.5)

Sublimation pressure
ice_air_sublimationpressure_si

Thermal expansion coefficient

g

J

kg

subl AV J

P = (1- x4 P | (525.6)

g

1

K

1

ice_air_g_expansion_si a=09mp/0p (S25.7)
Isothermal compressibility _
ice_air_g_kappa_t_si Kr==Gw Qe 5. | (525.8)
Adiabatic lapse rate _ K
ice_air_g_lapserate_Si M==0mp /0 P (S25.9)
Air mass fraction A= AT, P) 1 (525.10)

ice_air_massfraction_air_si

Solid mass fraction

h —q_
ice_air_solidfraction_si wh=1-w"/A 1 (S25.11)

Vapour mass fraction

Ve S wY = A-wWA | 1 | (S25.12)
ice_air_vapourfraction_si
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Table S26: Partial derivatives of the enthalpy ptiéé functionh™ of ice air, Eq. (5.78),
section 5.9, expressed as partial derivativesef3tbbs functiory™ of ice air, Eq. (5.73).
Subscripts indicate partial derivatives with reggedhe respective variables. The
superscripts Al oig andh are omitted for simplicity. Because of minor preat relevance,
derivatives with respect " are omitted.

Expression in . .
HA (WA P) Equivalent in siunit| Eg
. W17, . g" (WA’T,P) .
Library function
J
n —or kgK (S26.1)
n T 3 S26.2
ice_air_h_si g-tar kg (526.2)
h
_ K _ T K (S26.3)
ice_air h si
h, m®
— S26.4
ice_air_h_si de kg ( )
1 2
T B LS P
ice_air_h_si Orr J
R N RS Y
ice_air_h_si Orr Pe
] h-PP ) g'l'l' gPP B g?P ms (826.7)
ice_air_h_si O kgPa

Table S27: Selected properties of ice air compfrtad the enthalpyh® (wA N, P), Eq.
(5.78), section 5.9, and its partial derivativeable S26. The superscript Al is suppressed
here for simplicity. The lapse rate of ice airasnetimes regarded as the “moist-adiabatic”
lapse rate in the meteorological literature.

Quantity .
Library function Formula | SIUnit Eq.
Density L kg
ice_air_h_density_si P he m? (S27.1)
Temperature T=h
ice_air_h temperature_si 7 K (S27.2)
Specific isobaric heat capacity . - T _ J
ice_air_h_cp_si " h, | kgK (S27.3)
Isentropic compressibility | , _ _Nee 1 (527.4)
ice_air_h_kappa_s_si s h, P '
Adiabatic lapse rate F=nh K (S27.5)
ice_air_h_lapserate_si " P: '
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Table S28: Properties of wet ice air, section 5cbbnputed fronA, T, P, w* andw as a

solution of Egs. (A.59) - (A.64)

Quantity : .
Library function Formula S| Unit| Equation
. . - . k
.AII’. fractl.on Qf humld air A Kg (S28.1)
lig_ice_air_airfraction_si kg
. . . . k
|' A_|r frac_tlon of _Wet ice air WA Kg (S28.2)
ig_ice_air_dryairfraction_si kg
!_lq_wd frgctl_on _of wet ice air W =w 1=V Kg (S28.3)
lig_ice_air_liquidfraction_si A kg
Solid fraction of wet ice air bW kg
lig_ice_air_solidfraction_si W s (1 W)(l A j kg (528.4)
I_Va_pour fractlon of wet ice air W = wAl == Kg (S28.5)
iq_ice_air_vapourfraction_si A kg
Densit K
lig_ice_air de);\sity Si 'oz(WA/A)'OAV Hwiptewtpl F% (528.6)
_ Specific enthalpy. | p_ (ya ) Al 4w wiht | | (528.7)
lig_ice_air_enthalpy_si kg
Specific entro J
liq icg air entroppyy Si = (WA /A)OAV +whn" e wint kg K (528.8)
_ Pressure P Pa | (S28.9)
lig_ice_air_pressure_si
Isentropic freezing level Patw=1 Pa | (S28.10
lig_ice_air ifl si
Isentropic melting level P atw =0 Pa | (S28.11
liq_ice air iml_si
Temperature T K (S28.12)

liq_ice air temperature_si
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Table S29: Properties of sea air, section 5.11 peted fromSy, A, T, P, p*¥ andp™ as a
solution of Egs. (5.88) - (5.92)

Quantity . .
Library function Formula SI Unit| Equation
. - . - k
Air fractlon of hgmld qlr . A= A°°”d(SA,T, P) Kg (S29.1)
sea_air_massfraction_air_si kg
Condensation temperature T K (S29.2)
sea_air_condense temp_si
Density of humid air AV kg
sea_air_density_air_si P m? (529.3)
Vapour density V (1 A AV kg
sea_air_density vap_si p’=[-A)p m? (529.4)
Latent Heat SA _ AV _ ARAV 1 SW sw| J
sea_air_enthalpy_evap_si Lem =h = AN -+ Sahe kg (529.5)
Specific entropy of humid air AV _ AV J
sea_air_entropy_air_si =0 kg K (529.6)




