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In this supplement, tables with groups of thermodynamic properties are summarized,
corresponding to the particular section number of the main text, as given in the table caption.
The names of available library routines for the property are set in a distinct font type.

The implemented potential functions are reported in Table 1 of the paper.

Table S1: Conversion functions between molar and mass fractions of humid air, section 2.4.
Here, M = 0.02896546 kg mol ™ is the currently best value of the molar mass of dry air, and
My =0.018015268 kg mol™" is the molar mass of pure water. In the original dry-air
formulation of Lemmon et al. (2000) and in the SIA version 1.0, the older value of M =
28.958 6 g mol™" was used.

Quantity .
Library function Formula SIUnit | Egq.
Molar mass of humid air _ 1 kg
: : M,, = — | (S1.1)
air_molar_mass_si (1 — A)/MW +AIM, mol
Mass fraction of dry air | 4 _ Xa kg (S1.2)
air_massfraction_air_si 1-(1-x,)J0-M /M,) | kg '
Mass fraction of vapour 1A= 1-x, kg (S1.3)
air_massfraction_vap_si 1-x,(1-M, /M) kg '
Mole fraction of air v = AM /M) mol (S1.4)
air_molfraction_air_si A -A(-My M) mol '
Mole fraction of vapour | {_  _ 1-A mol (S1.5)
air_molfraction_vap_si A 1-Al-My /ML) | mol ’




Table S2: Properties derived from the Helmholtz function fF(T', p) of fluid water, section

3.1.
Quantity Formula SIUnit| Eq
Library function )
2
Specific isobaric heat capacity . =T (le;) P fE J (S2.1)
i P F F T :
flu_cp_si 2f, +pf,, kgK
Specific isochoric heat capacity _ o 4F J
flu_cv_si =T fn kgK (52.2)
Specific enthalpy h=fF_TfF 4 ofF J
flu_enthalpy_si f fr+py kg (52.3)
Specific entropy __F J
flu_entropy_si n==Ir kgK (52:4)
Thermal expansion coefficient o= f Tl,j) 1 (S2.5)
. : — .
flu_expansion_si 2f, +0f, K
Specific Gibbs energy F F J
. . = + T .
flu_gibbs_energy_si §=1"+pPJ, kg (52.6)
Specific internal energy _ fF i F J
flu_internal_energy_si u=f =Ti kg (52.7)
Isentropic compressibility K = fr P’ 1 (S2.8)
. s 2 - .
flu_kappa_s_si LRy +or)-plf ) | Pa
Isothermal compressibility c = 1 1
: = — S2.9
flu_kappa_t_si Tpf ) pa | 829
Adiabatic lapse rate = fip! P K (S2.10)
flu_lapserate_si plrEY - fErF+orE) | Pa '
Absolute pressure 2 ,F
) P = .
flu_pressure_si P, Pa (52.11)
F
Sound speed C=\/p2 f;rprp _F(pr) +2@th ? (S2.12)

flu_soundspeed_si

Jrr




Table S3. Properties derived from the Gibbs function g”“ (T, P) of ice, section 3.2.

Quantity .
Library function Formula SIUnit | Egq.
Chemical potential _ m J
ice_chempot_si H=38 kg (53.1)
Specific isobaric heat capacity —_T ol J
ice_cp_si “ & kgK (53.2)
Density _ L kg
ice_density_si P gp m? (83.3)
Specific enthalpy Cm o pom J
ice_enthalpy_si h=g"~Tg; kg (53.4)
Specific entropy __ h J
ice_entropy_si =8 kgK (83.5)
. . . Th
1
Thermal expansion coefflclent o= g_ﬁ 1 (S3.6)
ice_expansion_si g K
Specific Helmholtz energy _ m_pom J
ice_helmholtz_energy_si f=8"~Pg kg (53.7)
Specific internal energy _ h_ g Th_p T J
ice_internal_energy_si u=g ~Tgr—Pgp kg (53.8)
Isentropic compressibility =3 &>~ 811 & pp i (S3.9)
ice_kappa_s_si ' e Pa '
g ey Th 1
Isoth.ermal compress1.b111ty K, =— g% B (S3.10)
ice_kappa_t_si g, Pa
. . Th
Adiabatic lapse rate r—_8mw K (S3.11)
ice_lapserate_si an Pa
. .. Th
P
Isoc_horlc pressure .coefflc_lent B=— g_ITrI: Pa (S3.12)
ice_p_coefficient_si Zpp K
Specific volume R m_3
ice_specific_volume_si V=Er kg (53.13)




Table S4. Properties derived from the saline part g*(S Y P) of the Gibbs function of

seawater, section 3.3.

Quantity .
Library function Formula SIUnit | Eq.
nL =In(1-8,)-5, +
Activity coefficient /4 | (S4.1)
sal_act_coeff_si 1 27: (.P) S, + i (1-5. )]s
g1(T) i=3 s 2 e
Activity potential (=S )41 g 7 Pl
sal_act_potential si | © (1-5.) g,(1) ;g‘( PS b 642
.. S_g oS
ACthIt}./ Of Water. aw — eXp g AgS 1 (843)
sal_activity w_si R, T
Saline excess j
. . WS _ S S il
chemical potential M =8"—5,8; (S4.4)
sal_chempot _h20_si g
Relative chemical J
potential H=gg k_ (54.5)
sal_chempot_rel_si g
Chemical coefficient a2 s J
sal_chem_coeff_si Dy =5.8ss kg (54.6)
Dilution coefficient o s J
sal_dilution_si D=5.8ss kg (54.7)
Mixing enthalpy Al =1 (S, +w,S,,T, P) J (S4.8)
sal_mixenthalpy_si —wh*(S,,T,P)—w,h*(S,.T,P) kg '
Mixing entropy An=-g;(wmS, +w,S,,T, P) J (54.9)
sal_mixentropy_si +w,g3(S,, T, P)+w,g3(S,,T,P) kgK
Mixing volume Av =g, (WS, +w,S,,T, P) m’ (4.10)
sal_mixvolume_si —w,g3(8,.T,P)—w,85(S,.T,P) kg
Osmotic coefficient ¢:_(gs ~ 5,85 )(1—SA) 1 (S4.11)
sal_osm_coeff_si S, RT '
Specific enthalpy S _ 7S j
of sea salt h =% = | s412)
sal_saltenthalpy_si A &
Specific entropy g j
of sea salt N = —S—T oK (S4.13)
sal_saltentropy_si A £
Specific volume g5 m’
of sea salt Vg = S_P — | (S4.14)
sal_saltvolume_si A kg




Table S5. Properties of humid air derived from the Helmholtz function f*¥(A,T,p), Eq.

(2.7), section 3.4. Subscripts on f AV indicate partial derivatives with respect to the natural
independent variables A, T or p. Note that the adiabatic lapse rate is given with respect to
pressure rather than altitude and refers to subsaturated humid air, often referred to as “dry-
adiabatic” in the meteorological literature. The so-called “moist-adiabatic” lapse rate is given
in section 5.8.

Quantity

Library function Formula SIUnit | Eq.
2
Specific isobaric heat capacity o =T (frlzv) P FAV J (S5.1)
air_f cp_si F 2 prV + ,@fp/;V m kgK ‘
Specific isochoric heat capacity _ T AV J
air_f cv_si =T frr kgK (85.2)
Specific enthalpy ho= FAY AV AV J
. . = -T o ‘
air_f_enthalpy_si f fr + 1y kg (85.3)
Specific entropy AV J
air_f_entropy_si m="Jr kgK (55.4)
Thermal expansion coefficient o= i T/;V 1 (S5.5)
i i ; - AV AV s :
air_f_expansion_si 21,7+ pf K
Specific Gibbs energy AV AV J
. . . = —+ _ .
air_f_gibbs_energy_si 8=/ Pls kg (85.6)
Specific internal energy L LAV AV J
air_f_internal_energy_si u=f Tty kg (85.7)
Isentropic compressibility X = fr 1p 1 (S5.8)
air_{_kappa_s_si ey )-pli ) | Pa |
Isothermal compressibility K = 1 1
air_f kappa_t_si " piay N+ of p’;") Pa (55.9)
Adiabatic lapse rate = fip 1P K (S5.10)
. . 2 — .
air_f_lapserate_si o fT/;V) — (2 e pfp/;V) Pa
Absolute pressure 2 LAV
. . P = .
air_f pressure_si P Pa (S5.11)
2
Sound speed o S plzv - (f T[;V) AV m
air_f soundspeed_si €= \/ P I +20f, S (S5.12)




Table S6: Partial derivatives of the Gibbs function of liquid water, g% (T, P), section 4.1,
expressed as partial derivatives of the Helmholtz function, £ (T, p). Subscripts indicate

partial derivatives with respect to the respective variables. Here, p is the density of liquid
pure water at given 7 and P. The library function vap_g_si for vapour is defined equivalently

with respect to £ taken at the vapour density p.

Expression in . .
W Equivalent in .
gV (r,P) P Unit Eq.
. . fE(T, p)
Library function
P P fy Pa (S6.1)
w
8 JAR Tk [ (862)
lig g si
w
&r - m’kg” | (S6.3
lig g si P & ( )
gw F 1 -1
T Jkg™ K~ S6.4
liq g si Ir g ( )
gw 1 3 1 1
P - m’kg™ Pa™ | (S6.5
liq_g_si /03(2pr +ﬁ;) £ (56.5)
% F
Ere Tip m’kg' K™ | (S6.6
lig_g_si p‘2ff+,qf;j & (56.6)
w F Y
8rr fF ,O(pr) Jke ' K22
] ] — g K (86.7)
liq_g_si " iprF + 0, )




Table S7a: Thermodynamic properties derived from the Gibbs function (4.4) of seawater,
g™V (S,.T,P), section 4.2, and its temperature, pressure and salinity derivatives. The
superscript SW on g is suppressed for simplicity.

Quantity .
Library function Formula SIUnit | Egq.
Density o kg
sea_density_si P=8r o | 87D
Specific entropy _ J
sea_entropy_si 1="8r kgK (57.2)
Specific enthalpy J
. h=g¢—T - '
sea_enthalpy_si §-1é8r kg (57.3)
Specific internal energy _ B J
sea_internal_energy_si u=g-Tgr-Pg, kg (57.4)
J
Specific Helmholtz energy f=g—-Pg, k_g (§87.5)
Specific isobaric heat capacity J
) =-T — ,
sea_cp_si “r & kgK (57.6)
J
Specific isochoric heat capacity | ¢, = T(giP — 8 &pp )/ 8pp kg_K (87.7)
Isothermal compressibility _ 1
sea_kappa_t_si Kr==8pe/8p Pa (57.8)
Isentropic compressibilit 1
son kapps 8.5 | =8 gmenlergn) | oo | (579
Sound speed m
sea_soundspeed_si ¢ =88 N\ein ~ 8rr81m) I
Adiabatic lapse rate K
. r=-— il ,
sea_lapserate_si &/ 811 pa | S71D
Chemical potential of water w_ g
sea_chempot_h20_si H7=8=5,8s kg (§7.12)
J
Chemical potential of sea salt =g+ (1 =S, )g s E (§87.13)
Barodiffusion ratio kp=Pgg/8ss 1 (S7.14)




Table S7b: Thermodynamic properties derived from the Gibbs function (4.4) of seawater,
gSW (S Y P) , section 4.2, and its temperature, pressure and salinity derivatives. The

superscript SW on g is suppressed for simplicity. Thermal and haline contraction coefficients
with respect to potential temperature and potential enthalpy are given here in terms of the
Gibbs potential for completeness. A full discussion of these quantities is given in section 4.3.

The potential Gibbs energy ¢”is defined as g = g(s 20, R) where 6 is absolute potential
temperature in kelvins and P; is the associated absolute reference pressure in pascals.

Quantity .
Library function Formula SIUnit | Egqg.
Thermal expansion coefficient 1
: : =g,/ — .
sea_g_expansion_t_si =8l 8r K (S7.15)
Thermal expansion coefficient of = 88 o 1 (S7.16)
w.r.t. potential temperature 2p8r K ’
. - K
Thermal expansion coefficient o =__ 8 kg (S7.17)
w.r.t. potential enthalpy 88 0 J
Haline contraction coefficient _
sea_g_contraction_t_si B==8s/r ! (57.18)
Haline contraction coefficient ,Be _ 8 (g st — 8 ge )_ 8sr81r 1 (S7.19)
w.r.t. potential temperature 2r8r )
Haline contraction coefficient '3@) _8mw (g st 8 g / 9)— Esp8rr 1 (S7.20)
w.r.t. potential enthalpy 28 ’




Table S8: Partial derivatives of the enthalpy potential function 4*" (§ /2 P) of seawater, Eq.

(4.5), section 4.3, expressed as partial derivatives of the Gibbs function g*% (S Y P) of

seawater, Eq. (4.4). Subscripts indicate partial derivatives with respect to the respective
variables. The superscripts SW on g and 4 are omitted for simplicity.

Expression in . .
Sw Equivalent in .
Y (S,.n.P) sw SIUnit | Eq.
. . g (SA ’ T’ P)
Library function
J
n — &7 —kg K (S8.1)
h T J— S8.2
sea_h_si g 8T kg (58.2)
h J
— S8.3
sea_h _si 8 kg (58.3)
h
n T K | (S8.4)
sea_h_si
hp m’
, — S8.5
sea_h_si &r kg ( )
h - g5 J
s 8ss81r — 8st o (S8.6)
sea_h _si 8 kg
h
Sno =4 K (S8.7)
sea_h_si 8r1r
hgp . 8sp8rr — 8sr81p ﬁ (S8.8)
sea_h_si f kg
h 1 2
m -— keK° 1 (s8.9)
sea_h_si 81 J
h K
v ~Ew =1 (s8.10)
sea_h_si 8rr Pa
2 3
hPP . gTTgPP gTP m (88.11)
sea_h_si g kg Pa
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Table S9: Thermodynamic properties derived from the enthalpy 25" (S /2 P) of seawater,

Eq. (4.5), section 4.3, and its entropy, pressure and salinity derivatives. The superscripts SW
on A is suppressed for simplicity. Entropy is available from in-situ temperature using Eq.
(S8.1).

Quantity .
Library function Formula SIUnit | Egqg.
1 k
Density p=— £ | (s9.1)
hp m
Temperature _ T=h, K (S9.2)
sea_temperature_si
J
Relative chemical potential M= hg k_g (59.3)
o J
Specific Gibbs energy g=h-nh, ke (S9.4)
o J
Specific internal energy u=h-Ph, k_g (59.5)
J
Specific Helmholtz energy | f =h—nh, —Ph, ke (S9.6)
Specific isobaric h i ¢ ! ! (S9.7)
pecific isobaric heat capacity P=7 — .
h,, kgK
. ST — hPP 1
Isentropic compressibility Ky =—"7— — (59.8)
h, Pa
Sound speed =l =] (899
P - hPP S ’
K
Adiabatic lapse rate I'=h, Pa (S9.10)
a
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Table S10: Thermodynamic properties derived from the enthalpy 7#°% (S /2 P) of seawater,
Eq. (4.5), section 4.3, and its entropy, pressure and salinity derivatives. The superscripts SW
on A is suppressed for simplicity. Note that potential temperature is given here as absolute
potential temperature in the basic SI unit, K, rather than °C. Entropy is available from in-situ
temperature or potential temperature, 77(S T, P) = 77(S A0, P ) , using Eq. (§7.2) which
appears in the library as sea_entropy_si (Sa, T, P) or sea_entropy_si (Sa, 0, P,). Entropy
can also be determined from in-situ enthalpy or potential enthalpy,

ﬂsw (SA ,h,P) = ﬂsw (SA ,hg,Pr ), using Eq. (4.35) which appears in the library as
sea_eta_entropy_si (Sa, i, P) or sea_eta_entropy_si (Sa, hg, P,). The parameter 77 refers
to entropy as the property (S7.2) derived from the Gibbs potential g°" of seawater.

Quantity .
Library function Formula SIUnit | Eq.
i J
Potential enthalpy . B J (S10.1)
sea_potenthalpy_si kg
Potential temperature 0= 7(79 K (S10.2)
sea_pottemp_si
Potential density 0 _ 1 kg
sea_potdensity_si P hy m? (510.3)
Thermal expansion COfolCl.ent ol = e 1 (S10.4)
sea_h_expansion_t_si hyh,, K
Thermal expansion coefficient h, |
w.r.t. potential temperature o’ = B 29 — (S§10.5)
sea_h_expansion_theta_si P K
Thermal expansion coefficient h, ke
w.r.t. potential enthalpy a' = h—r;ﬁ — (S10.6)
sea_h_expansion _h_si P J
Isothermal haline contraction _ gyl —hsphy,
. ) b= 1 (S10.7)
sea_h_contraction_t_si hph,,
Haline contraction coefficient W h —h K
w.r.t. potential temperature Bl =" "2 10 S 1 (S10.8)
Sea_h_contraction_theta_si P
Haline contraction coefficient Wh —ho i
. ) S "'npP SP™"n
w.r.t. potential enthalpy B = e 1 (510.9)
sea_h_contraction_h_si ]
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Table S11: Partial derivatives of the Gibbs function of humid air, g*V(A,T, P), section 4.4,

expressed as partial derivatives of the Helmholtz function, f*¥(A,T,p). Subscripts indicate
partial derivatives with respect to the respective variables. Computed iteratively from Eq.
(4.38), p is the density of humid air at given values of A, T and P.

Expression in . .
AV Equivalent in .
g™ (AT.P) AV SI Unit Eq.
. . (AT, p)
Library function
2 £ AV
P P fp Pa (S11.1)
AV
& I oy Tke' | (S11.2)
air g_si
gAV AV 1
A Jkg™ S11.3
air_g_si 4 g ( )
gAV 1 3 1
P - m’kg” S11.4
air g_si P g ( )
AV
s AV Jkg' K™ | (S11.5)
air g_si
AV AV )2
8aa AV p(pr ) -
. : S - Tkg (S11.6)
air_g_si s+ )
AV AV p AV
Sar - %” Lor 1 | Jkg?' K | (S11.7)
air_g_si (pr +0f )
gAv fA/?DV 3 1
Lear m’kg” S11.8
air_g_si Py +a) S
gAv 1 3 -1 1
PP - m’kg™ Pa” S11.9
air_g_si pf o) ) g ( )
gAV AV
P Tp 31, —1 -1
m’kg™ K S11.10
AV AV P
b fﬁv—(%) Jkg' K2 | (S11.11)
air_g_si 2f, +0
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Table S12: Thermodynamic properties derived from the Gibbs function g*¥(A,T,P) of
humid air, Eq. (4.37), section 4.4, and its temperature, pressure and air-fraction derivatives.
The superscript AV on g is suppressed for simplicity. The molar mass of humid air My is
given by Eq. (2.8). R = 8.314472 I mol™' K is the molar gas constant.

L Fomia [ stun |

air_g]z?jrclasrilts};ty_si p=1/gy % (S12.1)

- J
speie vy k| 122

. J
ait g onthalpy, & h=g-Ter s
Partial enthalpy of vapour W=g-Tg,—Ag,+ATg,, kig (S12.4)
ai?fgiiifrﬁ;lr::rliz:n?ggsi u=g-Tgr—Fs, kig (512.5)
Specific Helmholtz energy f=g—Pg, kig (S12.6)
Specific ;s:;igr_lcé Fljli:;tl capacity ¢, =-Ta kgLK (S12.7)
Specificsochorlo hal cpacity | ¢ _r(gs g1, )18, | g | S128)
T o orpansion 5 x| 6129
ok s k=8 /2 o 12,10
BemoPiC eompre o | k= leh s sen) | oo | 1210
air g compresaibityfagior si| D =Ma I Rt
air_gf(s)gﬁiggepeeded_si ¢=go\ 8 Neip — &rr8m) ? (S12.13)
st e, | K Jsn
Chemical potential of vapour u¥=g-Ag, kig (S12.15)
Chemical Coefficient D, =Ag,, kig (S12.16)
S | pmeale, | 1o
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Table S13: Partial derivatives of the enthalpy potential function 4*"(A,7,P) of humid air, Eq.

(4.40), section 4.5, expressed as partial derivatives of the Gibbs function g*¥(A,T,P) of

humid air, Eq. (4.37). Subscripts indicate partial derivatives with respect to the respective
variables. The superscripts AV on g and 4 are omitted for simplicity.

Expression in . .
AV Equivalent in .
h (A,U,P) AV SI Unit Eq.
. . g™ (A,T,P)
Library function
J
n —gr kg—K (S13.1)
h T J— S13.2
air_h_si §To8r ke | BP2
h, ]

— S13.3
air_h_si & kg | OF
,h” _ T K | (S13.4)
air_h_si

h, m’
— S13.5
air_h_si &P kg ( )
2
- J
.hAA ] a8 ~ 8ar - (S13.6)
air_h_si &7 kg
h
A moar K | (813.7)
air_h_si 8rr
.hAP . 8ar8rr — 8ar8rr ﬁ (S13.8)
air_h_si 8rr kg
h 1 2
e -— keK” | (s13.9)
air_h_si 81t J
h
T — X s13.10
air_h_si 81r Pa
.2 3
e S8 Z8w | | (g13.11)
air_h_si 8 kg Pa
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Table S14: Thermodynamic properties derived from the enthalpy 4" (A,7,P) of humid air,
Eq. (4.40), section 4.5, and its derivatives with respect to dry-air mass fraction, entropy and
pressure. The superscripts AV on & and g are suppressed for simplicity. If the temperature
(S14.2) is evaluated at a pressure different from that used for the computation of the entropy,
T is regarded as “potential temperature”, @, referenced to this pressure. The adiabatic lapse
rate is given with respect to pressure rather than altitude and refers to subsaturated humid air,
often referred to as “dry-adiabatic” in the meteorological literature.

Quantity .
Library function Formula SI Unit Eq.
1 k
Density p=— =2 | (s14.1)
h, m
_ Temperature . T=h, K (S14.2)
air_temperature_si
J
Relative chemical potential H=h, k_g (§14.3)
o J
Specific Gibbs energy g=h-nh, ke (S14.4)
o J
Specific internal energy u=h-Ph, k_g (S14.5)
J
Specific Helmholtz energy | f =h—1nh, —Ph, k_g (S14.6)
Specific isobaric h i c ! ! (S14.7)
pecific isobaric heat capacity P=7 — .
h,, kgK
. q ey — hPP 1
Isentropic compressibility Ki=——""— — (S14.8)
hp Pa
Sound speed c= i m (§14.9)
P v hipp S '
K
Adiabatic lapse rate I'=h, Pa (S14.10)
a
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Table S15: Properties of the saturation equilibrium, section 5.1, computed from the variables
T, P, p¥ and p", the iteratively determined solution of Egs. (5.2) - (5.4)

Quantity .
Library function Formula SI Unit Eq.
Boiling temperature
lig_vap_boilingtemperature_si T K (S15.1)
lig_vap_temperature_si
Chemical potential Flp W J
, , T, +— — :
lig_vap_chempot_si f ( p ) p" kg (515.2)
Liquid density W kg
lig_vap_density_liq_si P m’ (S15.3)
Vapour density v kg
liq_vap_density vap_si P m’ (S154)
Evaporation enthalpy . W) e v J
lig_vap_enthalpy evap_si Tt (T’p ) Tf; (T,P ) kg (5155
Liquid enthalpy Fir o™ )+ P _TrE(r. oV I
liq_vap_enthalpy_liq_si rHr.p") o 7 (r.p") kg (515.6)
Vapour enthalpy F(1 oV )4 L _TeR(T. oY J
liq_vap_enthalpy vap_si f ( P ) pY T ( P ) kg S15.7)
Evaporation entropy F W) F v J
lig_vap_entropy_evap_si Ir (T”O ) T (T,p ) kgK (S15.8)
Liquid entropy _F w I
lig_vap_entropy_liq_si Fr.pY) kgK (5159
Vapour entropy _F v J
liq_vap_entropy_vap_si fr (T”O ) kgK (515.10)
Vapour pressure
lig_vap_vapourpressure_si
q_— P_Vapourp o P Pa | (S15.11)
lig_vap_pressure_liq_si
lig_vap_pressure_vap_si
. 1 1 3
. Evaporation volume _ I m- (S15.12)
lig_vap_volume_evap_si P p kg
1 3
Liquid volume W = (S15.13)
P kg
1 m’
Vapour volume — — | (S15.14)
P kg
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Table S16: Properties of the melting equilibrium, section 5.2, computed from the variables 7,
Pand p", the iteratively determined solution of Egs. (5.6), (5.7).

Quantity .
Library function Formula SI Unit Eq.
Melting temperature
ice_lig_meltingtemperature_si T K (S16.1)
ice_lig_temperature_si
Chemical potential I J
ice_lig_chempot_si (.P) kg (5162)
Liquid density W kg
ice_liq_density_lig_si P m’ (516.3)
Ice density 1 kg
ice_liq_density ice_si g(r, P) m? (516.4)
Melting enthalpy Ih _ yF w J
ice_lig_enthalpy_melt_si Tey (T.P)-Tf} (T.p") kg (516.5)
Liquid enthalpy Flr oW+ P _TFE(r oV J
ice_liq enthalpy. liq si |’ (r.0") v (r.") kg | S16O
Ice enthalpy Th o Th J
ice_lig_enthalpy ice_si g"(T.P)=Tg](T.P) kg (S16.7)
Melting entropy Th _F w I
ice_lig_entropy_melt_si g7 (T.P)=f (T"O ) kgK (516.8)
Liquid entropy s w J
ice_liq_entropy_lig_si fr (T"O ) kgK (516.9)
Ice entropy Cm J
ice_lig_entropy_ice_si g1 (T.P) kgK (516.10)
Melting pressure
ice_ligq_meltingpressure_si P Pa | (Sl16.11)
ice_lig_pressure_liq_si
Melting volume 1 Ih m’
- . ——gm(T,P m .
ice_lig_volume_melt_si oV 8 (T.P) ke (516.12)
1 3
Liquid volume W = (S16.13)
P kg
m3
Ice volume (T, P) P (S16.14)
g




18

Table S17: Properties of the sublimation equilibrium, section 5.3, computed from the
variables T, P and p" , the iteratively determined solution of Egs. (5.9), (5.10).

Quantity .
Library function Formula SI Unit Eq.
Sublimation temperature
ice_vap_sublimationtemp_si T K (S17.1)
ice_vap_temperature_si
Chemical potential I J
ice_vap_chempot_si (7.P) kg (517.2)
Vapour density v kg
ice_vap_density_vap_si P m? (517.3)
Ice density 1 kg
ice_vap_density _ice_si g(r,P) m’ (S17.4)
Sublimation enthalpy In F v J
ice_vap_enthalpy_subl_si Tep(T.P)-Tf (T. p") kg (817.5)
Vapour enthalpy F(1 oV )4 L _TeR(r. oY J
ice_vap_enthalpy vap_si 7rr.p") pY 77 (r.pY) kg (517.6)
Ice enthalpy Th o dh J
ice_vap_enthalpy ice_si g"(T.P)=Tg](T.P) kg (517.7)
Sublimation entropy Ih s v J
ice_vap_entropy_subl_si g (T.P)=f; (T"O ) kgK (S17.8)
Vapour entropy _F v J
ice_vap_entropy_vap_si fr (T’ P ) kgK (517.9)
Ice entropy Cm J
ice_vap_entropy_ice_si 87 (.P) kgK (517.10)
Sublimation pressure
ice_vap_sublimationpressure_si P Pa (S17.11)
ice_vap_pressure_vap_Si
Sublimation volume 1 Ih m’
. . v T’ P o .
ice_vap_volume_subl_si p’ 87 (T P) ke (817.12)
1 m’
Vapour volume — — (§17.13)
P kg
3
Ice volume g(r,P) rl?_ (S17.14)
g
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Table S18: Single-phase properties of the seawater-ice equilibrium, section 5.4, and sea-ice
properties, superscript SI, computed from the variables Sa, 7, P and pw , the iteratively
determined solution of Egs. (5.12), (5.13).

Quantity .
Library function Formula SI Unit Eq.
Freezing temperature
_ , , T K | (S18.1)
sea_ice_freezingtemperature_si
Brine salinity ke
sea_ice_brinesalinity_si Sa e (S18.2)
sea_ice salinity si g
J
Chemical potential g"(T,P) e (S18.3)
Brine density 1 kg (S18.4)
sea_ice_density sea_si g (S, T,P)+1/pY m> '
Ice density 1 kg
sea_ice_density ice_si g (T,P) m3 (S18.5)
Brine enthalpy aran P _TFE(r. oV I
sea_ice_enthalpy sea_si / ( P ) oV Ji ( P ) kg (518.6)
Ice enthalpy Ih o h J
sea_ice_enthalpy ice si g"(T.P)=-Tgy (T.P) kg (518.7)
Brine entropy L w)_ s J
sea_ice_entropy_sea_si Ir (T,p ) &7 (SA’T’P) kgK (518.8)
Ice entropy o m J
sea_ice_entropy_ice_si 87 (T.P) kgK (518.9)
Melting pressure
, , , P Pa | (S18.10)
sea_ice_meltingpressure_si
. 1 S m’
Brine volume —W+gp(SA,T,P) — | (S18.11)
P kg
Th m’
Ice volume gn(T,P) k_g (S18.12)
1
Expansion coefficient of seaice | @ =g (Sy.T.P)/ g3 (S,.T,P) < |©18.13)
K
Adiabatic lapse rate of sea ice *=—g (SSl ,T,P)/ g (SSl ,T,P) Pa (S18.14)
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Table S19: Properties of the seawater evaporation equilibrium, section 5.5, computed from the
variables Sa, T, P, p" and p", the iteratively determined solutions of Egs. (5.27) - (5.29).

Quantity .
Library function Formula SI Unit Eq.
Boiling temperature
sea_vap_boilingtemperature_si T K (S19.1)
sea_vap_temperature_si
Brine salinity
sea_vap_brinesalinity_si Sa (S19.2)
sea_vap_salinity_si
Brine density 1 kg
sea_vap_density _sea_si g (T, P) m? (519.3)
Vapour density v kg
sea_vap_density vap_si P m’ (S19.4)
Brine enthalpy Th _ o Th J
sea_vap_enthalpy_sea_si g"(T.P)=Tg](T.P) kg (S19.5)
Vapour enthalpy Fr oV ) L _rer(r. oV J
sea_vap_enthalpy vap_si f ( P ) p’ Tr ( P ) kg (519.6)
Brine entropy _ i
sea_vap_entropy_sea_si g1 (T.P) kek | S197
Vapour entropy _F v I
sea_vap_entropy_vap_si Fr.pY) kgK (S19.8)
Vapour pressure
sea_vap_vapourpressure_si P Pa (519.9)
sea_vap_pressure_si
1 m?
Vapour volume F k_ (519.10)
g
m3
Brine volume g (T, P) . (S19.11)
g
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Table S20: Derivatives of the Gibbs function g% (wA ,T,P), Eq. (5.58), section 5.8, of wet air
expressed in terms of the Gibbs functions g*" (A, T, P), Eq. (4.37), of humid air,

and gV (T, P), Eq. (4.2), of liquid water. The latency operator Aaw is specified in Egs. (5.61) -
(5.62). The chemical coefficient D, is defined in Eq. (S12.16). The function A(7, P) is the

solution of Eq. (5.48).

. : AW A
Derlvatl've of g (W ’T’P) Expression in g*V(A,T,P) and g% (T, P) | Equation
Library function
AW A A
s W—g‘w{l—w—]gw (520.1)
liqg_air_g_si A A
AW W
B il (S20.2)
lig_air_g_si A
AW
s AL e (S20.3)
lig_air_g_si A A
AW A
& V4 1—W—J (S20.4)
liq_air_g_si A
AW
C S 0 (S20.5)
lig_air_g_si
8oy g g (§206)
lig air g si A
g gr —g) (8207
lig_air g si A
AW A A 2 A
. g_TT _ w g?’rv _M + 1_W_ gTV; (S20.8)
liq_air_g_si A D, A
AW A A A A
. g.TP _ w g;;V_FM + 1_W_ g;_’;i (S20.9)
liq_air_g_si A D, A
AW A A 2 A
. g.PP . w g}é}}’ _M + l_w_ g}‘)"; (S20.10)
lig_air_g_si A D, A
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Table S21: Selected properties of wet air computed from the Gibbs function (5.58),

g™V (WA T, P), section 5.8, and its partial derivatives, Table S20. The superscript AW is
suppressed here for simplicity. The latency operator Aaw is specified in Egs. (5.61) - (5.62).
The function A = A*(T, P) is the solution of Eq. (5.48). The lapse rate of wet air is often
regarded as the “moist-adiabatic” lapse rate in the meteorological literature.

Libr%lyarflltlil?c] tion Formula SI Unit Eq.

P : : ]
Spec1f1|ci qli(;ti)ra_rg_lé;ai Sciapac1ty cp=—Tgp kg_K (S21.1)
qu_air_Dge_ndsgzsity_si p=1lg, % (521.2)

. ]
ia_air g entropy_si 1="8r | gk | 61

. J
i ar g enthalpy st | PmeTe | g | o219
i s ooy o si | =AWl | | 6219
e | a=inlss | & | G210
| St | g | G
e e
o Airmassfraction 4 sy py 1| (S21.9)

I|q_a|r_massfractlon'_alr_s|

qu]:glrliclligsfilcsj?‘rgi;g%n_si wh=l-wt/A | (S21.10)
iq_air vapourhiaction si | "' =(1/4=1w* | 1| 211
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Table S22: Partial derivatives of the enthalpy potential function #*" (wA .1, P) of wet air, Eq.

(5.63), section 5.8, expressed as partial derivatives of the Gibbs function g*V (wA ,T,P) of
wet air, Eq. (5.58). Subscripts indicate partial derivatives with respect to the respective
variables. The superscripts AW on g and & are omitted for simplicity. Because of minor
practical relevance, derivatives with respect to w™ are omitted.

Expression in Equivalent in
Y (WA . P) | aw( A SIUnit | Eq.
. V| g™ (wh.T.P)
Library function
J
n - gr kK (S22.1)
h T J— S22.2
liq_air_h_si g~ Ter kg | 5222
h
) 7 ) T K (S22.3)
lig_air_h_si
h, m’
. . . — S22.4
lig_air_h_si & kg ( :
h 1 2
o -— keK™ | (5225
lig_air_h_si 8rr J
h
T B (RS P10
lig_air_h_si 8rr Pa
. }fPP ) gTTgPP B g72"P m3 (822.7)
lig_air_h_si 8rr kg Pa

Table S23: Selected properties of wet air computed from the enthalpy (5.63), v (wA ,77,P),
section 5.8, and its partial derivatives, Table S22. The superscript AW is suppressed here for
simplicity. The lapse rate of wet air is often regarded 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 h, m’ (§23.1)
Temperature
o : T=h :
lig_air_h_temperature_si 7 Ko |(8232)
Specific isobaric heat capacity | . _ T J (S23.3)
lig_air_h_cp_si " h, | keK '
Isentropic compressibility K o=— hpp 1 (S23.4)
lig_air_h_kappa_s_si ' h, Pa '
Adiabatic lapse rate K
O , I'=h — :
lig_air_h_lapserate_si " Pa (523.5)
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Table S24: Derivatives of the Gibbs function g*' (wA,T,P), Eq. (5.73), section 5.9, of ice air
expressed in terms of the Gibbs functions gV (A, T, P), Eq. (4.37), of humid air, and

g™ (T, P), of ice Ih, section 2.2. The latency operator Ay is specified in Egs. (5.76) - (5.77).

The chemical coefficient D, is defined in Eq. (S12.16). The function A(7, P) is the solution of
Eq. (5.70).

. . AW A
Derlvatl've of g (W ’T’P) Expression in ¢*¥(A,T,P) and g" (T, P) | Equation
Library function
Al A A
8 g™ +(1—W—]g“‘ (524.1)
ice_air_g_si A A
Al AV _ _Th
R & & (S24.2)
ice_air_g_si A
Al A A
& A 1—W—jg§h (S24.3)
ice_air_g_si A A
Al A A
e Ty 1—W—]g§3‘ (S24.4)
ice_air_g_si A A
Al
IR 0 (S24.5)
ice_air g_si
g & —8r (S24.6)
ice_air_g_si A
g, 8 —8r (S24.7)
ice_air g_si A
Al A 2 A
gl WA sy Al () $24.8
ice_air_g_si A (gn D, A S (5248
Al A A \% A
. w gﬁPu—Al[”]AAIH +1-2 gl | (524.9)
ice_air_g_si A D, A
Al A 2 A
2o Wl av (AAI [V]) L1 |ym S24.10
ice_air g_si A (gPP D, A 8pp ( .10)
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Table S25: Selected properties of ice air computed from the Gibbs function (5.73),
gAI (WA,T,P), section 5.9, and its partial derivatives, Table S24. The superscript Al is
suppressed here for simplicity. The latency operator Ay is specified in Egs. (5.76) - (5.77).

The function A = A*(T, P) is the solution of Eq. (5.70). The lapse rate of ice air is often
regarded as the “moist-adiabatic” lapse rate in the meteorological literature.

Quantity .
Library function Formula SI Unit Eq.
Specific isobaric heat capacity _ J
ice_air_g_cp_si ¢r ="T8m kgK (825.1)
Density kg
- , . . =1 28 .
ice_air_g_density_si p=1g, m? (525.2)
Specific entropy _ J
ice_air_g_entropy_si 1="8r kgK (525.3)
Specific enthalpy J
. ) . h=g-T — )
ice_air_g_enthalpy_si § 18 kg (5254)
Sublimation enthalpy Al J
ice_air_enthalpy_subl_si Ly =TA ] kg (525.5)
Sublimation pressure sl _ (j AV J
ice_air_sublimationpressure_si P = (1 Y4 )P kg (525.6)
Thermal expansion coefficient _ 1
ice_air_g_expansion_si a=8 /8y K (525.7)
Isothermal compressibility _ 1
ice_air_g_kappa_t_si Kr==8m! 8y Pa (525.8)
Adiabatic lapse rate _ K
ice_air_g_lapserate_si U==8mw/8m Pa (525.9)
_ _A1r mass frac.tlon o A = AT, P) 1 (S25.10)
ice_air_massfraction_air_si
Solid mass fraction o A
ice_air_solidfraction_si wh=1-w"/A ! (525.11)
_ Va_pour mass fract_lon _ W =1/ A= 1w | (S25.12)
ice_air_vapourfraction_si
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Table S26: Partial derivatives of the enthalpy potential function 4™ (wA .1, P) of ice air, Eq.

(5.78), section 5.9, expressed as partial derivatives of the Gibbs function g™ (wA ,T, P) of ice
air, Eq. (5.73). Subscripts indicate partial derivatives with respect to the respective variables.
The superscripts Al on g and & are omitted for simplicity. Because of minor practical
relevance, derivatives with respect to w’ are omitted.

Expression in Equivalent in
(w7 P) | af oA SIUnit| Eq.
. )| g (wh T P)
Library function
J
h T L S526.2
ice_air_h_si §-t8r kg (526.2)
h
o T K |(526.3)
ice_air_h_si
h, m’
. . . — S26.4
ice_air_h_si &r kg ( )
h 1 2
o - keK™ | (s26.5)
ice_air_h_si 81r J
h
o ~ S X (s26.6)
ice_air_h_si 8rr Pa
_ h_PP . 8rr8rr — g;P m’ (S26.7)
ice_air_h_si 8rr kg Pa

Table S27: Selected properties of ice air computed from the enthalpy, 4™ (wA .1, P), Eq.
(5.78), section 5.9, and its partial derivatives, Table S26. The superscript Al is suppressed
here for simplicity. The lapse rate of ice air is sometimes regarded as the “moist-adiabatic”
lapse rate in the meteorological literature.

Quantity .
Library function Formula | SIUnit| Eq.
Density _ 1 kg
ice_air_h_density_si P h, m’ (527.1)
Temperature T=h K (S27.2)
ice_air_h_temperature_si 7 '
Specific isobaric heat capacity c. = T L (S27.3)
ice_air_h_cp_si " h, | keK '
Isentropic compressibility o =— hpp 1 (S27.4)
ice_air_h_kappa_s_si * h, Pa '
Adiabatic lapse rate TC=h K (S27.5)
ice_air_h_lapserate_si " Pa '
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Table S28: Properties of wet ice air, section 5.10, computed from A, 7, P, w™and w as a

solution of Egs. (A60) - (A65)

Libr(z%:ya?ltllrtZtion Formula SI Unit | Equation
Air fraction of humid air A kg (S28.1)
liq_ice_air_airfraction_si kg )
Air fraction of wet ice air A kg
lig_ice_air_dryairfraction_si W kg (528.2)
Liquid fraction of wet ice air wY = 1_W_A kg (S28.3)
lig_ice_air_liquidfraction_si kg ’
Solid fraction of wet ice air I wh kg
S : ! . . =l-w)l-—— —
lig_ice_air_solidfraction_si W ( W)( j kg (528.4)
Vapour fraction of wet ice air WY = A 1 _1 kg (S28.5)
lig_ice_air_vapourfraction_si A kg '
Densit kg
lig_ice_air deynsity si P= (WA /A)'OAV Wittt m (528.6)
. e J
i .Spec1f.1c enthalpy _ = (WA /A)hAV SV RY £y o (S28.7)
iq_ice_air_enthalpy_si kg
Specific entropy (oA AV W W T, Th J
lig_ice_air_entropy_si = (W /A)ﬂ Fwea e we kg K (528.8)
Pressure p Pa (S28.9)
lig ice air_pressure_si )
Isentropic freezing level
iq Ii’ce ir iﬂgsi Patw=1 Pa | (S28.10)
Isentropic melting level
i ige it imgl < Patw=0 Pa | (S28.11)
Temperature T K (S28.12)

lig ice air temperature_si
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Table S29: Properties of sea air, section 5.11, computed from Sa, A, T, P, p" and pAV as a
solution of Eqgs. (5.88) - (5.92)

Quantity . .
Library function Formula SI Unit | Equation
. . . . k
Air .fract10n of hu.mld air A= Acom ( S,.T, P) kg (S29.1)
sea_air_massfraction_air_si kg
Con(.iensatlon 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_ AV kg
sea_air_density_vap_si p=(=A)p m3 (529.4)
Latent Heat SA AV AV 3 SW SwW J
. .| Ly =h" —AR —hT + S, h — .
sea_air_enthalpy evap_si P A ATS kg (529.5)
Specific entropy of humid air AV _ AV J
sea_air_entropy_air_si =8 kg K (529.6)




