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0 +0.003 3.978 8.5 –0.456 2.128 17 –0.912   0.250 
0.5 –0.026 3.868 9 –0.483 2.019 17.5 –0.939   0.139 
1 –0.054 3.758 9.5 –0.509 1.909 18 –0.966   0.027 
1.5 –0.081 3.649 10 –0.536 1.800 18.5 –0.994 –0.085 
2 –0.108 3.541 10.5 –0.563 1.690 19 –1.021 –0.196 
2.5 –0.135 3.432 11 –0.590 1.580 19.5 –1.048 –0.308 
3 –0.162 3.324 11.5 –0.616 1.470 20 –1.075 –0.420 
3.5 –0.189 3.215 12 –0.643 1.360 20.5 –1.102 –0.532 
4 –0.216 3.107 12.5 –0.670 1.249 21 –1.130 –0.644 
4.5 –0.243 2.999 13 –0.697 1.139 21.5 –1.157 –0.756 
5 –0.269 2.890 13.5 –0.724 1.028 22 –1.184 –0.868 
5.5 –0.296 2.782 14 –0.750 0.917 22.5 –1.212 –0.980 
6 –0.323 2.673 14.5 –0.777 0.807 23 –1.239 –1.092 
6.5 –0.349 2.564 15 –0.804 0.696 23.5 –1.267 –1.204 
7 –0.376 2.456 15.5 –0.831 0.584 24 –1.294 (–1.316) 
7.5 –0.403 2.347 16 –0.858 0.473 24.5 –1.322 (–1.428) 
8 –0.429 2.238 16.5 –0.885 0.362 25 –1.349 (–1.540) 
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AS
PS

AS PS

PS

AS

www.TEOS-10.org.

AS

RS AS

RS AS
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*S F

0h

0
pc

A( constant)S
0
pc

.

( )A
ˆ , .S=

( )P, ,S t p
PS

PS

PS AS

PS

PS
( )P, ,S t p

AS

AS

AS

*S

  

www.TEOS-
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A.1 ITS-90 temperature

,t
C K 273.15,t T° =

,W
( )R t

0.R 0R ( )0 C ,R ° 0R ( )0.01 C .R °

W .T 90t

90t

W T T W

90t
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90t

90t

90t

90t

d d d ,u T P v= + dT
, T

A, .p T S p
c T=
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90t

68.t

90t 68t

W

W 90t

90 68.t t

( )90 68t t

T

( )90 68t t

( ) ( )90 68 68/K = -0.00025 / K - 273.15T T T

( )90 68 68/ .d T T dT 68t 90,t

68t

( ) ( )90 68/ C = / C 1.00024.t t° °
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68t

90t

T

T
T T90

68t

90t 68t

( ) ( )68 90/ C = 1.00024 / C .t t° °
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A.2 Sea pressure, gauge pressure and Absolute Pressure
p P

0 101 325Pa;P

0 .p P P

gaugep

p
gaugep

p
P

0 101 325Pa.P
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A.3 Reference Composition and the Reference-Composition Salinity Scale

RS

1g kg 1mg kg

Li+ 1mg kg Rb+ 1mg kg
2N 1mg kg 2O 1mg kg

2N

2CO 1mg kg OH 1mg kg

pH 2CO

4Si(OH) 3NO 3
4PO

1mg kg 1mg kg 1mg kg

1mg kg

t P

1g kg .

1m R1S
2m R2,S

R12S

1 R1 2 R2
R12

1 2

m S m S
S

m m
+=
+

1m 2,m
( ) ( )1 R1 2 R21 1 0m S m S+ >

R2 0S = 2m
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2m R12S

-1
R1 2 1[1 ( / )] 35.16504  g kgS m m= + ×

t

15.R

1g kg .
S

Cl 1(g kg )

2<SP <42

R PS PS u S 1
PS (35.165 04 35) gkgu

PS RS
135.165 04 gkg

10.007 g kg±
1g kg

0.165 04
0.002±

( )‰S ( )‰Cl

( ) ( )K ‰ 0.03 1.805 ‰ .S Cl= +
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KS Cl ‰

( ) ( )‰ 1.80655 ‰S Cl=

PSu 1
PS (35.165 04 35) gkgu

RS
1g kg S

PSu

A.4 Absolute Salinity

RS

AS P.S

PS

1(g kg )

PS

AS 1g kg AS

AS 1g kg PS

PS

P ,S R.S

RS
P.S
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RS

PS

AS

AS 1g kg AS AS

PS
1g kg A,S AS

R ,S
A.S S‰

SR = uPS S‰, PSu
Cl

P 1.806 55S Cl=

R Cl ,S u Cl= Cl PS1.806 55 .u u=

4Si(OH) 2CO

g
( )A, ,g S t p PS

R.S
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dens
AS 1g kg

soln
AS 1g kg add

AS 1g kg *S 1g kg

PS

*S

*S 1g kg

AS
( )A, ,g S t p dens

A AS S

RS
±

PSu

PSu

PSu

PSu
1g kg

PSu

PSu
RS

RS

1mol kg

1g kg 1g kg
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1g kg

2H O

2H O

25 Ct = °
2H O

soln
AS

add
AS RS

25 Ct = ° p =

*S

*S

*S

*S

AS soln
AS add

AS

*S

*S

*S
S

*S

*S

soln
AS add

AS

dens
AS dens

AS

25 Ct = °
p

AS dens
A AS S

dens
A AS S soln

AS add
AS

dens
A AS S

RS dens
AS soln

AS add
AS *S
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linear  relationships,  (obtained  by  combining  equations  (55)  –  (57)  and  (62)  of  Pawlowicz  et  al.  
(2011))    

R A0.35S S Sδ∗ − ≈ − ,   (A.4.1)  

dens
A R A1.0S S Sδ− ≡ ,   (A.4.2)  

soln
A R A1.75S S Sδ− ≈ ,   (A.4.3)  

   add
A R A0.78S S Sδ− ≈ .   (A.4.4)  

Eqn.   (A.4.2)   is   simply   the   definition   of   the   Absolute   Salinity   Anomaly,  
dens dens

A R A RS S S Sδ δ≡ ≡ − .     Note   that   here   and   in  many   TEOS-­‐‑10   publications,   the   simpler  
notation   ASδ    is  used  for   dens dens

R A RS S Sδ ≡ − ,  a  salinity  difference  that  can  now  be  estimated  
from  a  global  atlas  (McDougall  et  al.  (2012)).      

In   the  context  of  ocean  modelling,   it   is  more  convenient   to  cast   these  salinity  differences  
with  respect  to  the  Preformed  Salinity   S∗   as  follows  (using  the  above  equations)    

R A0.35S S Sδ∗− ≈ ,   (A.4.5)  

dens
A A1.35S S Sδ∗− ≈ ,   (A.4.6)  

     soln
A * A2.1S S Sδ− ≈ ,   (A.4.7)  

   add
A A1.13S S Sδ∗− ≈ .   (A.4.8)  

For   SSW,   all   five   salinity   variables   RS ,   dens
A AS S≡ ,   soln

AS ,   add
AS    and   *S    are   equal.      The  

relationships  (A.4.1),  (A.4.2),  (A.4.5)  and  (A.4.6)  are  illustrated  on  the  number  line  of  salinity  
in  Figure  A.4.1.    It  should  be  noted  that  the  simple  relationships  of  Eqns.  (A.4.1)  –  (A.4.8)  are  
derived   from   simple   linear   fits   to   model   calculations   that   show   more   complex   variations.    
However,  the  variation  about  these  relationships  is  not  larger  than  the  typical  uncertainty  of  
ocean  measurements.    Eqn.  (A.4.6)  provides  a  way  by  which  the  effects  of  anomalous  seawater  
composition  may  be  addressed  in  ocean  models  (see  appendix  A.20).      
  

  

  
  
Figure  A.4.1.    Number  line  of  salinity,  illustrating  the  differences  between    
                                                  Preformed  Salinity   *S ,  Reference  Salinity   RS ,  and  Absolute    
                                                  Salinity   AS   for  seawater  whose  composition  differs  from  that    
                                                  of  Standard  Seawater.          

  
If  measurements  are  available  of  the  Total  Alkalinity,  Dissolved  Inorganic  Carbon,  and  the  

nitrate  and  silicate  concentrations,  but  not  of  density  anomalies,  then  alternative  formulae  are  
available   for   the   salinity   differences   that   appear   on   the   left-­‐‑hand   sides   of   Eqns.   (A.4.1)   –  
(A.4.8).     Pawlowicz   et   al.   (2011)  have  used  a   chemical  model  of   conductivity   and  density   to  
estimate   how   the   many   salinity   differences   introduced   above   depend   on   the   measured  
properties  of  seawater.     The  following  equations  correspond  to  Eqns.  (A.4.1)  –  (A.4.4)  above,  
and  come  from  equations  (51)  –  (54)  and  (59)  of  Pawlowicz  et  al.  (2011).    These  equations  are  
written  in  terms  of  the  values  of  the  nitrate  and  silicate  concentrations  in  the  seawater  sample  
(measured   in   1mol kg− ),   the   difference   between   the   Total   Alkalinity   (TA )   and   Dissolved  
Inorganic  Carbon  (DIC )  of  the  sample  and  the  corresponding  values  of  our  best  estimates  of  
TA    and   DIC    in   Standard   Seawater,   TAΔ    and   DICΔ ,   both   measured   in   1mol kg− .      For  
Standard   Seawater   our   best   estimates   of   TA   and   DIC   are   P0.0023 ( 35)S    1mol kg−    and  
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P0.00208 ( 35)S 1mol kg

( ) ( )1 1
* R 3 4/ (gkg ) 18.1 TA 7.1 DIC 43.0NO 0.1 Si(OH) (mol kg )S S = +

( ) ( )dens 1 1
A R 3 4/ (g kg ) 55.6 TA 4.7 DIC+38.9 NO 50.7 Si(OH) (mol kg )S S = + +

( ) ( )soln 1 1
A R 3 4/ (g kg ) 7.2 TA 47.0 DIC+36.5NO 96.0 Si(OH) (mol kg )S S = + +

( ) ( )add 1 1
A R 3 4/ (g kg ) 25.9 TA 4.9 DIC+16.1NO 60.2 Si(OH) (mol kg )S S = + +

4 310 kg m

dens
A RS S

R

*S

( ) ( )1 1
R * 3 4/ (gkg ) 18.1 TA 7.1 DIC 43.0NO 0.1 Si(OH) (mol kg )S S = + +

( ) ( )dens 1 1
A * 3 4/ (g kg ) 73.7 TA 11.8 DIC+81.9 NO 50.6 Si(OH) (mol kg )S S = + +

( ) ( )soln 1 1
A * 3 4/ (gkg ) 25.3 TA 54.1 DIC+79.5NO 95.9 Si(OH) (mol kg )S S = + +

( ) ( )add 1 1
A * 3 4/ (gkg ) 44.0 TA 12.0 DIC+59.1NO 60.1 Si(OH) (mol kg )S S = + +
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A.5 Spatial variations in seawater composition
dens
A R A RS S S S

dens
A R A RS S S S

RS
meas dens

A AS S
( )meas dens

A , 25 C, 0dbarS= ° dens
A RS S

A RS S

1(g kg )

AS

( )1 1 1
A A R 4/ (gkg ) ( ) / (gkg ) 98.24 Si(OH) / (mol kg )S S S= =

1g kg
AS

AS

( )1 1
A 4/ (g kg ) 74.884 Si(OH) / (mol kg )S =

1g kg

30°

[ ]( )( )1 1
A 4/ (g kg ) 74.884 1 0.3622 / 30 1 Si(OH) / (mol kg )S = + °+

[ ]( )( )1 1
A 4/ (g kg ) 74.884 1 0.3861 / 30 1 Si(OH) / (mol kg )S = + °+

[ ]( )( )1 1
A 4/ (g kg ) 74.884 1 1.0028 / 30 1 Si(OH) / (mol kg )S = + °+

A A RS S S=
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R SA
atlas SR

atlas

R
4 4°× °

R

SA

A RS R S= R SA
atlas SR

atlas

RS

AS AS SA
atlas

AS

RS

A *,S S RS

A R AS S S= +

* R 1 AS S r S=

( )A * 1 A1S S r S= + +

( )A R 1S S R= +

( )* R 11S S r R=

( )
( ) ( )A * *

1

1
1

1

R
S S S F

r R

+
= = + [ ]

( )
1

1

1

1

r R
F

r R

+
=

1r R

10.087 g kg

river
A R AS R S S= +

( ) river
A R A1S S R S= + +

river
AS

river_mouth
AS

R 0S =

SA
river = SA

river_mouth 1 SR SR
atlas( )
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( )1
A R A R SO0.087g kg 1S S S S S= = ×

SOS

* AS S= 1 1r = F = 0

dens
A AS S

RS

RS

AS

1000p >
AS RS
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RS PS
1000m

1000 dbarp >
RS

PS

AS PS
p www.TEOS-10.org.

www.TEOS-10.org
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A.6 Gibbs function of seawater

( )A, ,g S t p
( )W ,g t p ( )S

A, ,g S t p

( ) ( ) ( )W S
A A, , , , , .g S t p g t p g S t p= +

( )W ,g t p

( )W ,g t p

40 C°
( ) 1

02.65 0.0743 MPa Cp P+ + × ° 40 < 10 dbarp <

( )W ,g t p

1m s
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A.7 The fundamental thermodynamic relation

( )0 Ad d d dh v P T t S= + +

( )0d du p P v+ +
( )0p P P+ = h

u 1v = ( )0T t T+ =

d dt
d dt t= + u u

( ) A
0

d 1 d d d .
d d d d
h P S

T t
t t t t

= + +

A.8 The “conservative” and “isobaric conservative” properties

C

( ) ( ) Cd .
dt

C
C C

t
+ = =u F

CF

( ), , 0 .
x y z

t + =u

1C = C =F 0
u

u
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  SS SA

  SS SA

( )A A
ˆ ˆ1S S

0.5u= + +u uE
0h

R ,S A,S ,
,h ,u , , ,

0.5h= + +u uB

RS
RS

*S

*S

*S

0.5u= + +u uE *S

*S E
B

h

,
,u , , ,

. h

h
h

0h
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, 0h

*S
E

*S AS

10.025 g kg
30.020 kg m

RS AS

*S

0.1 C± °
1.4 C°

SF
SF

AS
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A.9 The “potential” property

, 0,h

,t ,h ,u
,v , , E

.B
B

E

E *S
E
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*S

,

*S

*S

Variable  “potential”? “conservative”? “isobaric conservative”?  function of ( )A, ,S t p ?

*S x
AS x 1 x 1

R P,S S x 1 x 1 x
t x x x

x x
x x

h x x 2

0, h 3 3

u x x x
B x x 4 x
E x 4 4 x
,v x x x

x x
x x x

v x x x 5

n x x x x
RS A.S

( )0 ,c p

( )A, ,S t p
*S

( )A, ,S t p
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*S

v
n

A.10 Proof that ( )A,S=  and ( )A,S=

p =

dp h
t

h
 
h = h SA, , p( )  

= SA, , p( ),

 
h SA, ,0( ) d + hSA

SA, ,0( ) dSA = T0 +( )d + SA, ,0( ) dSA ,

AS
, ( )A,S=

( )A, .S=

0p =

 
cp

0 d = T0 +( )d + SA, ,0( ) dSA .

( )A,S=
AS .

A.11 Various isobaric derivatives of specific enthalpy

,
.t

( )A, ,h h S t p=
t

( ) ( ) ( )A A 0 A, , , , , ,TT p
h S S t p T t S t p= +

( ) ( ) ( )
A A 0 A, , , , , ,p TS p

h T c S t p T t S t p= = +

( ) ( ) ( )
A A 0 A, , , , , .TS T

h P v S t p T t v S t p= +

t
 
h = h SA, , p( ),

 
h d + hSA

dSA = T0 + t( )d + dSA
 

h P
SA ,

= v ,

 
h

SA , p
= T0 + t( )

 
h SA , p

= .
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t h = h SA, , p( ),

 
h d + hSA

dSA = T0 + t( )d + dSA
 

h P
SA ,

= v .

 h

 
h

SA , p
=

SA
h

SA , p
=

SA
T0 + t( ),

0p =
r 0p =

 
h

SA , p=0
= cp SA, ,0( ) =

SA
T0 +( ).

 h

 
h

SA , p
= cp SA, ,0( ) T0 + t( )

T0 +( ) = T0 + t( )gTT SA, ,0( ).

 
hSA

 
h = h SA, SA,( ), p( )

 
hSA , p

= hSA , p
+ h

SA , p SA
.

Tg=

A A
,S S Tg= T

ASg= AS

T 0.p =

 
hSA

 

hSA , p
= SA,t, p( ) T0 + t( ) T SA, ,0( )
= gSA

SA,t, p( ) T0 + t( )gTSA
SA, ,0( ).

p

r 0.p =

t ( )A
ˆ , , ,h h S p=

( )A A 0 A
ˆ ˆd d d dSh h S T t S+ = + +

A,
ˆ .

S
h P v=

ĥ

( ) ( )
A AA

0 0,,
ˆ .

S p SS p
h T t T t= + = +

0p =

( )
AA

0
0, 0

ˆ ,p SS p
h c T

=
= = +

ĥ

( )
( )A

0 0

, 0

ˆ .p
S p

T t
h c

T

+
=

+

A
ˆ
Sh h

 
h = h SA, SA,( ), p( )
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( ) ( )A AA 0,
ˆ , , .S S

p
h S t p T t= + +
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A.12 Differential relationships between , ,  and AS
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A.14 Advective and diffusive “heat” fluxes
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A.15 Derivation of the expressions for , ,  and 

.

A, .
S p

T

( ) [ ]( )A A A r r, , , , , , ,S t p S S t p p p=

( )
( )

( )
( )

( )
( )

( )
( )A

A0A A

A r A r 0 A r,

, ,, , , ,
.

, , , , , ,
pT TT

T TT pS p

c S t pTS t p g S t p

T S p g S p T t c S p

+
= = =

+

( )
( )

( )
( )

A A A

1
A A r

A A, , ,

, , , ,1 1 .
, , , ,

TP TT

P TTS p S p S p

g S t p g S pv v
v v T T g S t p g S t p

= = =

A, .
S p

t

( ) [ ]( )A A Aˆ, , , , ,S t p S S t p=

( ) ( ) ( ) ( )
( )

( )
A A

A0A
A 0 0 0

0,

, ,, ,
, , ,pTT

T
S p p pS

c S t pTg S t p
S t p T

T T tc c

+
= = + =

+

A
.

S

( )
( ) ( ) ( )

A A A

1 0
A

A 0 A, , ,

, ,1 1 .
, , , ,

pTP

P TTS p S p S p

cg S t pv v
v v T T g S t p T g S t p

= = =
+

A , .
T p

S

( ) [ ]( )A A A r r, , , , , , ,S t p S S t p p p=

( ) ( )

( )
( ) ( ) ( )

( ) ( ) ( )

A AA

A A

A A r
A ,

0
A r A

A r

A A r A r

, , , ,

, , , ,
, ,

, , , , , , ,

S SS
T p

T T
p

S T S T TT

S t p S p
S

T
S p S t p

c S p

g S t p g S p g S p

=

+
=

=

rp

r 0.p =
 
= SA, SA,t, p, pr , p( )

A A A, , ,

1 1 ,
p T p T p

S S S
= = +

( )
( )

( ) ( ) ( )
( ) ( )

A AA A A A rA

A A A

, , , , , ,, ,
.

, , , , , ,
TP S T S TS P

P P TT

g gg S t p S t p S pg S t p

g S t p g S t p g S t p
= +



96 TEOS-10 Manual: Calculation and use of the thermodynamic properties of seawater

IOC Manuals and Guides No. 56 

A , .
T p

S

( ) [ ]( )A A Aˆ, , , , ,S t p S S t p=

( )

( ) ( ) ( )
( ) ( ) ( )

A AA

A A

A
A ,

0
A 0 A

0
A 0 A

ˆ, ,

, ,0 , ,

, ,0 , , .

S SS
T p

T p

S S T p

S t p
S

S T S t p c

g S T g S t p c

=

= +

= +

[ ]( )A Aˆ , , , ,S S t p p=

A A A, , ,

1 1 ,
p T p T p

S S S
= = +

( )
( )

( ) ( ) ( ) ( )
( ) ( )

A AA A A A 0A

A A A

, , , , , ,0, ,
.

, , , , , ,
TP S T SS P

P P TT

g gg S t p S t p S Tg S t p

g S t p g S t p g S t p

+
= +

A.16 Non-conservative production of entropy
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A.17 Non-conservative production of potential temperature
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ĥ
ˆ

z ŜAz
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A.20 The representation of salinity in numerical ocean models
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AŜ
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A.21 The material derivatives of *,S A,S RS  and  in a turbulent ocean
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Ŝ*

z
= z n z
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ŜA

z
z

+
0
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ŜA

t
n

+ v̂ nŜA + e
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Ĉ *Ŝ ˆ

C

0.1 C± °
1.4 C°

0.2 C°
30.04 kg m

A RS S 10.025 g kg

v̂



TEOS-10 Manual: Calculation and use of the thermodynamic properties of seawater  

IOC Manuals and Guides No. 56 

115

v

d ˆ

dt
= ˆ

t z
+ v̂ z

ˆ + w* ˆ
z = z n z

1K n
ˆ( ) + D ˆ

z F bound( )
z
,

*w  e

 
w* = zt n

+ v̂ nz + e .

A.22 The material derivatives of density and of locally-referenced
         potential density; the dianeutral velocity  e

( )Aˆ , ,S p=

1 A
ˆ ˆˆd d d dˆ ,

d d d d
S P

t t t t
= +

ˆ

dP dt
ˆ ,l

ˆ l

1 1 A
ˆ ˆˆ ˆd d d d dˆ ˆ .

d d d d d

l P S
t t t t t

= =

ˆ l

A
ˆ ˆ

n nS = 0 A
ˆ ˆ 0

tt n n
S = ˆ l

 e boundF

   

e ˆ
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ˆ
n

ˆ + Tb n
ˆ

nP( )
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+ v̂ zĈ+ w* Ĉ
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ŜA

t
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z
+ Ŝ SA
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A.25 The vertical velocity through a general surface
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A.26 The material derivative of potential density
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z

pr( ) D ˆ
z( )

z
+ pr( )ŜS SA ,
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A.29 The material derivative of Neutral Density
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A.30 Computationally efficient 48-term expression for the density of seawater
        in terms of 
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Appendix  C:  
Publications  describing  the  TEOS-­‐‑10  thermodynamic  

descriptions  of  seawater,  ice  and  moist  air    
  
Primary  standard  documents      
Harvey,  A.  H.  and  P.  H.  Huang,  2007:  First-­‐‑Principles  Calculation  of  the  Air–Water  Second  Virial  

Coefficient.    Int.  J.  Thermophys.,  28,  556–565.      
Hyland,   R.  W.   and  A.  Wexler,   1983:   Formulations   for   the   thermodynamic   properties   of   dry   air  

from  173.15  to  473.15  K,  and  of  saturated  moist  air  from  173.15  to  372.15  K,  at  pressures  up  to  
5Mpa.    ASHRAE  Transact.  89,  520–535.      

IAPWS,   2008a:   Release   on   the   IAPWS   Formulation   2008   for   the   Thermodynamic   Properties   of  
Seawater.   The   International   Association   for   the   Properties   of   Water   and   Steam.   Berlin,  
Germany,  September  2008,  available  from  http://www.iapws.org.  This  Release  is  referred  to  in  
the  text  as  IAPWS-­‐‑08.      

IAPWS,   2009a:   Revised  Release   on   the   Equation   of   State   2006   for  H2O   Ice   Ih.   The   International  
Association  for  the  Properties  of  Water  and  Steam.  Doorwerth,  The  Netherlands,  September  
2009,   available   from   http://www.iapws.org.  This   revised   Release   is   referred   to   in   the   text   as  
IAPWS-­‐‑06.      

IAPWS,   2009b:   Revised   Release   on   the   IAPWS   Formulation   1995   for   the   Thermodynamic  
Properties   of   Ordinary   Water   Substance   for   General   and   Scientific   Use.   The   International  
Association  for  the  Properties  of  Water  and  Steam.  Doorwerth,  The  Netherlands,  September  
2009,   available   from   http://www.iapws.org.  This   revised   Release   is   referred   to   in   the   text   as  
IAPWS-­‐‑95.      

IAPWS,   2009c:   Supplementary   Release   on   a   Computationally   Efficient   Thermodynamic  
Formulation   for  Liquid  Water   for  Oceanographic  Use.  The   International  Association   for   the  
Properties  of  Water  and  Steam.  Doorwerth,  The  Netherlands,  September  2009,  available  from  
http://www.iapws.org.  This  Release  is  referred  to  as  IAPWS-­‐‑09.      

IAPWS,  2010:  Guideline  on  an  Equation  of  State  for  Humid  Air  in  Contact  with  Seawater  and  Ice,  
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The  International  Association  for  the  Properties  of  Water  and  Steam.  Niagara  Falls,  Canada,  
July   2010,   available   from   http://www.iapws.org.  This   Guideline   is   referred   to   in   the   text   as  
IAPWS-­‐‑10.        

Lemmon,   E.   W.,   R.   T.   Jacobsen,   S.   G.   Penoncello   and   D.   G.   Friend,   2000:   Thermodynamic  
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Papers  describing  computer  software      
Feistel,  R.,  D.  G.  Wright,  D.  R.  Jackett,  K.  Miyagawa,  J.  H.  Reissmann,  W.  Wagner,  U.  Overhoff,  C.  

Guder,  A.   Feistel   and  G.  M.  Marion,   2010b:  Numerical   implementation   and   oceanographic  
application  of  the  thermodynamic  potentials  of  liquid  water,  water  vapour,  ice,  seawater  and  
humid  air   -­‐‑  Part   1:  Background  and  equations.     Ocean  Science,  6,   633-­‐‑677.     http://www.ocean-
sci.net/6/633/2010/os-6-633-2010.pdf and   http://www.ocean-sci.net/6/633/2010/os-6-633-2010-
supplement.pdf    

McDougall   T.   J.   and   P.  M.   Barker,   2011:   Getting   started  with   TEOS-­‐‑10   and   the   Gibbs   Seawater  
(GSW)   Oceanographic   Toolbox,   28pp.,   SCOR/IAPSO   WG127,   ISBN   978-­‐‑0-­‐‑646-­‐‑55621-­‐‑5,  
available  from  www.TEOS-10.org    

McDougall  T.  J.,  P.  M.  Barker  and  R.  Feistel,  2013:    A  computationally  efficient  48-­‐‑term  expression  
for   the  density  of  seawater   in   terms  of  Conservative  Temperature,  and  related  properties  of  
seawater.      to  be  submitted  to  J.  Atm.  Ocean.  Technol.,  xx,  yyy-­‐‑zzz.     The  computer  software  is  
available  from  www.TEOS-10.org   

McDougall,   T.   J.,   D.   R.   Jackett,   F.   J.   Millero,   R.   Pawlowicz   and   P.   M.   Barker,   2012:   A   global  
algorithm   for   estimating   Absolute   Salinity.     Ocean   Science,   8,   1123-­‐‑1134.   http://www.ocean-
sci.net/8/1123/2012/os-8-1123-2012.pdf  The   computer   software   is   available   from www.TEOS-
10.org   

Wright,  D.  G.,  R.  Feistel,  J.  H.  Reissmann,  K.  Miyagawa,  D.  R.  Jackett,  W.  Wagner,  U.  Overhoff,  C.  
Guder,   A.   Feistel   and   G.   M.   Marion,   2010:   Numerical   implementation   and   oceanographic  
application  of  the  thermodynamic  potentials  of  liquid  water,  water  vapour,  ice,  seawater  and  
humid   air   -­‐‑   Part   2:   The   library   routines.      Ocean   Science,   6,   695-­‐‑718.      http://www.ocean-
sci.net/6/695/2010/os-6-695-2010.pdf and   http://www.ocean-sci.net/6/695/2010/os-6-695-2010-
supplement.pdf    

  
TEOS-­‐‑10  web  site      

SCOR/IAPSO  Working   Group   127   has   created   the   web   site   www.TEOS-10.org which   serves  
many  of   the  TEOS-­‐‑10  papers,   this  TEOS-­‐‑10  manual  as  well  as   the  SIA  (Seawater   Ice  Air)  and  
GSW   (Gibbs   SeaWater)   libraries   of   oceanographic   computer   software.      Each   function   in   the  
GSW   MATLAB   Oceanographic   Toolbox   contains   a   help   file   which   describes   the   derivation,  
attributes  and  use  of  each  function.      
In  addition,  the  www.TEOS-10.org web  site  has  two  documents  entitled    
• “Getting   started   with   TEOS-­‐‑10   and   the   Gibbs   Seawater   (GSW)   Oceanographic  

Toolbox”  (McDougall  and  Barker,  2011)  and    
• “What   every   oceanographer   needs   to   know   about   TEOS-­‐‑10   (The   TEOS-­‐‑10   Primer)”    

    (Pawlowicz,  2010b).      
Together   these  documents   serve  as   a   succinct   introduction   to   the  use  of  TEOS-­‐‑10   in  physical  
oceanography.      

  
  
  
Note  that  several  of  the  papers  listed  in  this  appendix  have  appeared  in  Ocean  Science  in  the  special  
issue  “Thermophysical  Properties  of  Seawater”,  see  http://www.ocean-sci.net/special_issue14.html          
  
  
  
  
Note   that   when   referring   to   the   use   of   TEOS-­‐‑10,   it   is   the   present   document   that   should   be  
referenced   as   IOC   et   al.   (2010)   [IOC,   SCOR   and   IAPSO,   2010:   The   international   thermodynamic  
equation   of   seawater   –   2010:   Calculation   and   use   of   thermodynamic   properties.      Intergovernmental  
Oceanographic  Commission,  Manuals  and  Guides  No.  56,  UNESCO  (English),  196  pp.].      
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X Z W
M

Solute j Zj Mj
g mol–1

Xj
10–7

Xj ×× Zj
10–7 Wj

Na+ +1 22.989 769 28(2) 4188071 4188071 0.3065958

Mg2+ +2 24.305 0(6) 471678 943356 0.0365055
Ca2+ +2 40.078(4) 91823 183646 0.0117186
K+ +1 39.098 3(1) 91159 91159 0.0113495
Sr2+ +2 87.62(1) 810 1620 0.0002260

   
Cl– –1 35.453(2) 4874839 –4874839 0.5503396

SO4
2– –2 96.062 6(50) 252152 –504304 0.0771319

HCO3
– –1 61.016 84(96) 15340 –15340 0.0029805

Br– –1 79.904(1) 7520 –7520 0.0019134

CO3
2– –2 60.008 9(10) 2134 –4268 0.0004078

B(OH)4
– –1 78.840 4(70) 900 –900 0.0002259

F– –1 18.998 403 2(5) 610 –610 0.0000369

OH– –1 17.007 33(7) 71 –71 0.0000038
   

B(OH)3 0 61.833 0(70) 2807 0 0.0005527
CO2 0 44.009 5(9) 86 0 0.0000121

   
Sum 10 000 000 0   1.0 
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KCl

Symbol Value Uncertainty Unit Comment 

SM 31.403 8218 0.001 g mol–1

S j j
j

M X M=

2Z 1.245 2898 a - 2 2
j j

j

Z X Z=

AN 6.022 141 79 × 1023 3 × 1016 1mol

SN 1.917 6461 × 1022 6 × 1017 g–1

S A S/N N M=

PSu 1.004 715… a g kg–1

PSu 35.165 04 g kg–1 / 35 

SSO 35.165 04 a g kg–1
35 PSu

TSO
273.15 K

TSO = T0

tSO
0 °C

tSO = TSO – T0

PSO 101 325 Pa
PSO = P0

SOp 0 Pa
SOp  = PSO – P0

hSO 0 J kg–1

hSO = ut

SO 0 J kg–1 K–1

SO = t

Su 40.188 617… a g kg–1
40 PSu

tu 40 °C
pu 108 Pa
gu 1 J kg–1

a

.

Symbol Value Uncertainty Unit Comment 
0
pc 3991.867 957 119 63 exact J kg–1 K–1 See Eqn. (3.3.3) 
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2N

Gas Mole 
fraction 

Mass 
fraction

Molar mass 
g mol–1

N2 0.780 847 9 0.755 184 73   28.013 4(3) 
O2 0.209 390 0 0.231 318 60   31.998 8(4) 
Ar 0.009 332 0 0.012 870 36   39.948 (1) 
CO2 0.000 400 0 0.000 607 75   44.009 5(9) 
Ne 0.000 018 2 0.000 012 68   20.179 7(6) 
He 0.000 005 2 0.000 000 72     4.002 602(2) 
CH4 0.000 001 5 0.000 000 83   16.042 46(81) 
Kr 0.000 001 1 0.000 003 18   83.798 (2) 
H2 0.000 000 5 0.000 000 03     2.015 88(10) 
N2O 0.000 000 3 0.000 000 46   44.012 8(4) 
CO 0.000 000 2 0.000 000 19   28.010 1(9) 
Xe 0.000 000 1 0.000 000 45 131.293 (6) 
   
Air 1.000 000 0 0.999 999 98  28.965 46(33) 

5 17.292 1150 10 sx=

4 12 sin 1.458 423 00 10 sin sf x= =

g
p z

( )( )
( )( )
( )( )

2 3 2 6 2 7

3 2 5 4 7

3 2 5 4 7

(m s ) 9.780 327 1 5.3024 10 sin 5.8 10 sin 2 1 2.26 10 (m)

9.780 327 1 5.2792 10 sin 2.32 10 sin 1 2.26 10 (m)

9.780 327 1 5.2792 10 sin 2.32 10 sin 1 2.22 10 (dbar) .

g x x x z

x x x z

x x x p

= +

= + +

+ + +

g z p
z g

45 N° 0p = 29.8062 m s ,g =
g 29.7976 m s ,g =

29.7963 m sg =
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E.1 Calculation of Practical Salinity in terms of K15

PS

15K
68t p

P
KCl

KCl KCl

15K PS

15K PS 15K

( )
5

2
P 15

0

i
i

i

S a K
=

=
( )
( )

P 68
15

68

, 15 C,0
,

35, 15 C,0
C S t

K
C t

= °
=

= °

ia ia

ib

P2 42.S< <

i ia ib ic id ie

0 0.0080 0.0005 6.766097 x 10-1   
1 - 0.1692 - 0.0056 2.00564 x 10-2 3.426 x 10-2 2.070 x 10-5

2 25.3851 - 0.0066 1.104259 x 10-4 4.464 x 10-4 - 6.370 x10-10

3 14.0941 - 0.0375 - 6.9698 x 10-7 4.215 x 10-1 3.989 x10-15

4 - 7.0261 0.0636 1.0031 x 10-9 - 3.107 x 10-3

5 2.7081 - 0.0144    

E.2 Calculation of Practical Salinity at oceanographic temperature and pressure

2 C 35 Ct° °
0 10 000dbar.p

R

( )
( )

( )
( )

( )
( )

( )
( )

P 68 P 68 P 68 68

68 P 68 68 68

, , , , , ,0 35, ,0
35, 15 C,0 , ,0 35, ,0 35, 15 C,0
C S t p C S t p C S t C t

R
C t C S t C t C t

= =
= ° = °

,p tR R tr

( )
( )

P 68
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.

35, 15 C,0 p t t
C S t p

R R R r
C t

= =
= °

tr 68t
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t i
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68 15 C,t = ° tR 15K PS

68 15 Ct = ° PS

tR 0.0162,k =
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2 268
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0 068

/ C 15
.

1 / C 15
i i
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R PS PS u S R.S
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68t 68 901.00024t t=

E.3 Calculation of conductivity ratio R for a given Practical Salinity
R

tR tr

tR tr
R .R
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E.4 Evaluating Practical Salinity using ITS-90 temperatures

15K KCl.
PS 15 90K

15K 15 90K

( )
( )

P 90
15 90

90

, 15 C,0
.

35, 15 C,0
C S t

K
C t

= °
=

= °

15 90 15K K
P2 42.S< <

P 15 41S K <
15 90K 15K

KCl

90 15 C,t = °

15K
90 14.996 C.t = °

tR

,p tR R tr

68 901.00024t t=

E.5 Towards SI-traceability of the measurement procedure for Practical Salinity 
and Absolute Salinity



TEOS-10 Manual: Calculation and use of the thermodynamic properties of seawater  

IOC Manuals and Guides No. 56 

143

15K

15K



TEOS-10 Manual: Calculation and use of the thermodynamic properties of seawater

IOC Manuals and Guides No. 56 

144

15K



TEOS-10 Manual: Calculation and use of the thermodynamic properties of seawater  

IOC Manuals and Guides No. 56 

145

( ) ( ) ( )flu V,id res
W, , ,f T f T R T= + , (F.1) 

( )V,id ,f T WR
( )res ,

W
WR R M=

WM
( )V,id , ,f T

( ) ( ) ( )V,id 0 ex
W, , .f T R T= +  (F.2) 

( )ex

( )0 ,

( ) ( )08
0 0 0 0 0

1 2 3
4

, ln ln ln 1 i
i

i

n n n n e
=

= + + + + . (F.3) 

c/= c /T T=
3

c 322 kgm= c 647.096 K.T =

1 8.320 446 483 749 693n = 2 6.683 210 527 593 226.n =

T
K ( )ex 0.=

( )ex

( ) ( )
2

ex
2 2 3

1 3 9 9ln
2 2 2 2

E= × + + + , 50 K T  130 K,  (F.4) 

ET K E c E/T T= ,= ( )ex
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46 10× P W .c R

( )

( ) ( )( )

7 51
res

1 8
54 56

2 2

52 55

exp

exp

i i i i i

i i i

d t d t c
i i

i i

d t b
i i i i i i

i i

n n

n n

= =

= =

= +

+ +
 (F.5) 

ia
iB

22 1+= iiA
1

11 += ( ) ( )( )2 2exp 1 1 .i iC D=

1n 2n

i 0
in 0

i

 1  –8.32044648374969   
 2    6.68321052759323   
 3    3.00632   
 4    0.012436   1.28728967  
 5    0.97315   3.53734222  
 6    1.2795   7.74073708  
 7    0.96956   9.24437796  
 8    0.24873   27.5075105  

i ci di ti ni

 1  0  1  –0.5   0.012533547935523  
 2  0  1  0.875   7.8957634722828  
 3  0  1  1 –8.7803203303561  
 4  0  2  0.5   0.31802509345418  
 5  0  2  0.75 –0.26145533859358  
 6  0  3  0.375 –7.8199751687981× 10–3

 7  0  4  1   8.8089493102134× 10–3

 8  1  1  4 –0.66856572307965  
 9  1  1  6   0.20433810950965  

 10  1  1  12 –6.6212605039687× 10–5

 11  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   3.9343422603254× 10–7

 16  1  5  9 –7.5941377088144× 10–6

 17  1  7  3   5.6250979351888× 10–4

 18  1  9  4 –1.5608652257135× 10–5

 19  1  10  11   1.1537996422951× 10–9

 20  1  11  4   3.6582165144204× 10–7

 21  1  13  13 –1.3251180074668× 10–12
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 22  1  15  1 –6.2639586912454× 10–10

 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   4.9969146990806× 10–3

 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  
 34  2  7  10   0.014180634400617  
 35  2  9  1   8.3326504880713× 10–3

 36  2  9  2 –0.029052336009585  
 37  2  9  3   0.038615085574206  
 38  2  9  4 –0.020393486513704  
 39  2  9  8 –1.6554050063734× 10–3

 40  2  10  6   1.9955571979541× 10–3

 41  2  10  9   1.5870308324157× 10–4

 42  2  12  8 –1.638856834253× 10–5

 43  3  3  16   0.043613615723811  
 44  3  4  22   0.034994005463765  
 45  3  4  23 –0.076788197844621  
 46  3  5  23   0.022446277332006  
 47  4  14  10 –6.2689710414685× 10–5

 48  6  3  50 –5.5711118565645× 10–10

 49  6  6  44 –0.19905718354408  
 50  6  6  46   0.31777497330738  
 51  6  6  50 –0.11841182425981  

i di ti ni i i i i

 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  

i ai bi Bi ni Ci Di Ai i

 55   3.5   0.85   0.2  –0.14874640856724   28   700   0.32   0.3  
 56   3.5   0.95   0.2    0.31806110878444   32   800   0.32   0.3  
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( )W ,g t p

ut t y= × up p z= ×
7 6

u
0 0

( , )W j k
jk

j k

g t p g g y z
= =

=

uy t t=
/ uz p p= u u,t p ug

8 410 Pa 10 dbarup = =
jkg 00g 10g

,
,u

( )t t, 0,T p = ( )t t, 0.u T p =

00g 10g

j k gjk j k gjk

0 0   0.101 342 743 139 674 × 103 3 2   0.499 360 390 819 152 × 103

0 1   0.100 015 695 367 145 × 106 3 3 –0.239 545 330 654 412 × 103

0 2 –0.254 457 654 203 630 × 104 3 4   0.488 012 518 593 872 × 102

0 3   0.284 517 778 446 287 × 103 3 5 –0.166 307 106 208 905 × 10 
0 4 –0.333 146 754 253 611 × 102 4 0 –0.148 185 936 433 658 × 103

0 5   0.420 263 108 803 084 × 10 4 1   0.397 968 445 406 972 × 103

0 6 –0.546 428 511 471 039 4 2 –0.301 815 380 621 876 × 103

1 0   0.590 578 347 909 402 × 10 4 3   0.152 196 371 733 841 × 103

1 1 –0.270 983 805 184 062 × 103 4 4 –0.263 748 377 232 802 × 102

1 2   0.776 153 611 613 101 × 103 5 0   0.580 259 125 842 571 × 102

1 3 –0.196 512 550 881 220 × 103 5 1 –0.194 618 310 617 595 × 103

1 4   0.289 796 526 294 175 × 102 5 2   0.120 520 654 902 025 × 103

1 5 –0.213 290 083 518 327 × 10 5 3 –0.552 723 052 340 152 × 102

2 0 –0.123 577 859 330 390 × 105 5 4   0.648 190 668 077 221 × 10 
2 1   0.145 503 645 404 680 × 104 6 0 –0.189 843 846 514 172 × 102

2 2 –0.756 558 385 769 359 × 103 6 1   0.635 113 936 641 785 × 102

2 3   0.273 479 662 323 528 × 103 6 2 –0.222 897 317 140 459 × 102

2 4 –0.555 604 063 817 218 × 102 6 3   0.817 060 541 818 112 × 10 
2 5   0.434 420 671 917 197 × 10 7 0   0.305 081 646 487 967 × 10 
3 0   0.736 741 204 151 612 × 103 7 1 –0.963 108 119 393 062 × 10 
3 1 –0.672 507 783 145 070 × 103    
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ijkg ( )S
A, ,g S t p

A u ²S S x= ×
ut t y= × up p z= ×

S 2
A u 1

, 1
( , , ) ln i j k

jk ijk
j k i

g S t p g g x x g x y z
>

= +

u u, ,uS t p ug
8 410 Pa 10 dbarup = = k

i 200g
210g

i j k gijk i j k gijk i j k gijk

 1   0   0  5812.81456626732   2   5   0  –21.6603240875311   3   2   2  –54.1917262517112  

 1   1   0   851.226734946706   4   5   0   2.49697009569508   2   3   2  –204.889641964903  
 2   0   0   1416.27648484197   2   6   0   2.13016970847183   2   4   2   74.7261411387560  
 3   0   0  –2432.14662381794   2   0   1  –3310.49154044839   2   0   3  –96.5324320107458  

 4   0   0   2025.80115603697   3   0   1   199.459603073901   3   0   3   68.0444942726459  
 5   0   0  –1091.66841042967   4   0   1  –54.7919133532887   4   0   3  –30.1755111971161  

 6   0   0   374.601237877840   5   0   1   36.0284195611086   2   1   3   124.687671116248  
 7   0   0  –48.5891069025409   2   1   1   729.116529735046   3   1   3  –29.4830643494290  
 2   1   0   168.072408311545   3   1   1  –175.292041186547   2   2   3  –178.314556207638  

 3   1   0  –493.407510141682   4   1   1  –22.6683558512829   3   2   3   25.6398487389914  
 4   1   0   543.835333000098   2   2   1  –860.764303783977   2   3   3   113.561697840594  

 5   1   0  –196.028306689776  3   2   1   383.058066002476   2   4   3  –36.4872919001588  
 6   1   0   36.7571622995805   2   3   1   694.244814133268   2   0   4   15.8408172766824  

 2   2   0   880.031352997204   3   3   1  –460.319931801257   3   0   4  –3.41251932441282  
 3   2   0  –43.0664675978042   2   4   1  –297.728741987187   2   1   4  –31.6569643860730  
 4   2   0  –68.5572509204491   3   4   1   234.565187611355   2   2   4   44.2040358308000  

 2   3   0  –225.267649263401   2   0   2   384.794152978599   2   3   4  –11.1282734326413  
 3   3   0  –10.0227370861875   3   0   2  –52.2940909281335   2   0   5  –2.62480156590992  

 4   3   0   49.3667694856254   4   0   2  –4.08193978912261   2   1   5   7.04658803315449  
 2   4   0   91.4260447751259   2   1   2  –343.956902961561   2   2   5  –7.92001547211682  
 3   4   0   0.875600661808945   3   1   2   83.1923927801819      

 4   4   0  –17.1397577419788   2   2   2   337.409530269367      
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( )Ih , .g t p

p 0p P P=

( ) ( ) ( ) ( ) ( )

( )

( )

22
Ih

0 0 t t
1

4

0 0
t0

2

2 2
t0

, Re ln ln 2 ln

,

k k k k k k k
kk

k

k
k

k

k
k

g t p g s T T r t t t t t t
t

p
g p g

P

p
r p r

P

=

=

=

= + + + +

=

=

( )0 tT t T= + tT tP
p dbar tP

t 0.0611657 dbarP = 00g 04g 0s 1t 1r

2t 20r 22r

Quantity Symbol Value Unit 

Experimental triple-point pressure   tP 611.657 Pa 

Numerical triple-point pressure num
tP 611.654 771 007 894 Pa 

Normal pressure 0P 101325 Pa 
Triple-point temperature tT 273.16 K 
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Coefficient Real part Imaginary part Unit 

g00 – 0.632 020 233 335 886 × 106  J kg
–1

g01  0.655 022 213 658 955  J kg
–1

g02 – 0.189 369 929 326 131 × 10-7  J kg
–1

g03  0.339 746 123 271 053 × 10-14  J kg
–1

g04 – 0.556 464 869 058 991 × 10-21  J kg
–1

s0 (absolute)  0.189 13 × 103  J kg
–1

 K
–1

s0 (IAPWS-95) – 0.332 733 756 492 168 × 104  J kg
–1

 K
–1

t1  0.368 017 112 855 051 × 10-1  0.510 878 114 959 572 ×10-1

r1  0.447 050 716 285 388 × 102  0.656 876 847 463 481 × 102 J kg
–1

 K
–1

t2  0.337 315 741 065 416  0.335 449 415 919 309 

r20 – 0.725 974 574 329 220 × 102 – 0.781 008 427 112 870 × 102 J kg
–1

 K
–1

r21 – 0.557 107 698 030 123 × 10-4  0.464 578 634 580 806 × 10-4 J kg
–1

 K
–1

r22  0.234 801 409 215 913 × 10-10 – 0.285 651 142 904 972 × 10-10 J kg
–1

 K
–1

num
tP

( )ln z
( )Im ln z< +

0s

0s

00g
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,A T
,

( ) ( ) ( ) ( ) ( )AV V V A A mix, , 1 , , , ,f A T A f T Af T f A T= + + .

( ) ( )V V flu V, , ,f T f T

( )V 1 A=
( )A A, ,f T A ,A=

mixf

Quantity Symbol Value Unit Reference 
Molar gas constant LR 8.314 51 J mol–1 K–1 Lemmon et al. (2000) 
Molar gas constant R 8.314 472 J mol–1 K–1 IAPWS (2005) 
Molar mass of dry air MA 28.958 6 g mol–1 Lemmon et al. (2000) 
Molar mass of dry air MA 28.965 46 g mol–1 IAPWS (2010) 
Molar mass of water MW 18.015 268 g mol–1 IAPWS (2005) 
Celsius zero point T0 273.15 K Preston-Thomas (1990) 

Normal pressure  0P 101 325 Pa ISO(1993) 

( ) ( ) ( )
L

A A id res

A
, , ,R T

f T
M

= + .

AM LR
( )id ,
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( ) ( )
( ) ( )

5
id 0 4 0 1.5 0 0 0

6 7 8 11
1

0 0 0 0
9 12 10 13

, ln ln ln 1 exp

ln 1 exp ln 2 / 3 exp

i
i

i

n n n n n

n n n n

=
= + + + +

+ + +

( )res ,

( ) ( )
10 19

res

1 11
, exp .k k k k ki j i j l

k k
k k

n n
= =

= +

*
A /T T=

*
A 132.6312 KT = A *

A/= * 3
A A10.4477 mol dm M= ×

AM

0
4n 0

5n
A,

A,h 0T 0,P

( )A
0 0, 0,T P =

( )A
0 0, 0.h T P =

mixf

( ) ( ) ( ) ( ) ( ) ( )mix AW AAW AWW

A W A W

1 13, , 2 .
2

A A RT AA
f A T B T C T C T

M M M M
= + +

,R A,M

W,M
( )AW ,B T

3
AW

1
( ) * .id

i
i

B T b c
=

=

( )AAWC T ( )AWWC T

( )
4

AAW

0
* ,i

i
i

C T c a
=

=

( )
3

AWW

0
*exp i

i
i

C T c b
=

= .

ia ib



TEOS-10 Manual: Calculation and use of the thermodynamic properties of seawater

IOC Manuals and Guides No. 56 

154

0
4n 0

5n

i 0
in i 0

in

1   0.605 719 400 000 000 × 10–7 8   0.791 309 509 000 000 

2 –0.210 274 769 000 000 × 10–4 9   0.212 236 768 000 000 

3 –0.158 860 716 000 000 × 10–3 10 –0.197 938 904 000 000 

4   0.974 502 517 439 480 × 10 11   0.253 636 500 000 000 × 102

5   0.100 986 147 428 912 × 102 12   0.169 074 100 000 000 × 102

6 –0.195 363 420 000 000 × 10–3 13   0.873 127 900 000 000 × 102

7   0.249 088 803 200 000 × 10 

k ik jk lk nk

1 1 0 0   0.118 160 747 229 

2 1 0.33 0   0.713 116 392 079 

3 1 1.01 0 –0.161 824 192 067 × 10 

4 2 0 0   0.714 140 178 971 × 10–1

5 3 0 0 –0.865 421 396 646 × 10–1

6 3 0.15 0   0.134 211 176 704 

7 4 0 0   0.112 626 704 218 × 10–1

8 4 0.2 0 –0.420 533 228 842 × 10–1

9 4 0.35 0   0.349 008 431 982 × 10–1

10 6 1.35 0   0.164 957 183 186 × 10–3

11 1 1.6 1 –0.101 365 037 912 

12 3 0.8 1 –0.173 813 690 970 

13 5 0.95 1 –0.472 103 183 731 × 10–1

14 6 1.25 1 –0.122 523 554 253 × 10–1

15 1 3.6 2 –0.146 629 609 713 

16 3 6 2 –0.316 055 879 821 × 10–1

17 11 3.25 2   0.233 594 806 142 × 10–3

18 1 3.5 3   0.148 287 891 978 × 10–1

19 3 15 3 –0.938 782 884 667 × 10–2
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( )AW ,B T ( )AAWC T
( )AWW ,C T 6 3 1* 10 m molb =

6 6 2* 10 m mol ,c = ( )/ 100KT=

i ai bi ci di

0    0.482 737 × 10–3  –0.107 288 76 × 102

1    0.105 678 × 10–2    0.347 802 00 × 102     0.665 687 × 102 –0.237
2  –0.656 394 × 10–2  –0.383 383 00 × 102   –0.238 834 × 103 –1.048
3    0.294 442 × 10–1    0.334 060 00 × 102   –0.176 755 × 103 –3.183
4  –0.319 317 × 10–1    

K T K nPa P MPa
2 AV.P f=

T P

A
vap

VP x P= Vx

0 1A     and ( )sat , .A T P A

( )sat ,A T P

satP
( )liq ,P T

( )subl ,P T
( ) ( ) ( )sat sat sat

W A, / 1 / ,A T P P P P P M M=
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( )A, ,g S t p
t

A ,S p
( )A, ,S p

( )A, ,S p
48 48

num denomP P=

( )A, ,S p

10 C° 130 g kg
dbar
( )A, ,S p 1 20v v

3kg m 21 48v v

A ,S p 11 g kg 1 K 1 dbar

30.00046 kg m 30.004 kg m

A ,

1

S p

=

6 10.069 10 Kx

6 10.73 10 Kx

10.067 m s

10.035 m s

AS
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( )Aˆ , ,S p
t

( )A, ,S t p

48
numP 3kg m 48

denomP

01v   9.998 420 897 506 056 x 102
21v 1.0

02v  2.839 940 833 161 907 x 100
22v  2.775 927 747 785 646 x 10-3

03v 2
 -3.147 759 265 588 511 x 10-2

23v 2
-2.349 607 444 135 925 x 10-5

04v 3
  1.181 805 545 074 306 x 10-3

24v 3
 1.119 513 357 486 743 x 10-6

05v AS -6.698 001 071 123 802 x 100
25v 4

  6.743 689 325 042 773 x 10-10

06v AS -2.986 498 947 203 215 x 10-2
26v AS -7.521 448 093 615 448 x 10-3

07v 2
AS   2.327 859 407 479 162 x 10-4

27v AS -2.764 306 979 894 411 x 10-5

08v ( )1.5
AS -3.988 822 378 968 490 x 10-2

28v 2
AS  1.262 937 315 098 546 x 10-7

09v ( )1.5
AS  5.095 422 573 880 500 x 10-4

29v 3
AS   9.527 875 081 696 435 x 10-10

10v ( )1.5 2
AS -1.426 984 671 633 621 x 10-5

30v 4
AS  -1.811 147 201 949 891 x 10-11

11v ( )1.5 3
AS  1.645 039 373 682 922 x 10-7

31v ( )1.5
AS -3.303 308 871 386 421 x 10-5

12v p -2.233 269 627 352 527 x 10-2
32v ( )1.5

AS  3.801 564 588 876 298 x 10-7

13v p -3.436 090 079 851 880 x 10-4
33v ( )1.5 2

AS -7.672 876 869 259 043 x 10-9

14v 2p  3.726 050 720 345 733 x 10-6
34v ( )1.5 3

AS  -4.634 182 341 116 144 x 10-11

15v ApS -1.806 789 763 745 328 x 10-4
35v ( )1.5 4

AS   2.681 097 235 569 143 x 10-12

16v Ap S  6.876 837 219 536 232 x 10-7
36v 2

AS  5.419 326 551 148 740 x 10-6

17v 2p -3.087 032 500 374 211 x 10-7
37v p -2.742 185 394 906 099 x 10-5

18v 2p -1.988 366 587 925 593 x 10-8
38v p -3.212 746 477 974 189 x 10-7

19v 2 2p  -1.061 519 070 296 458 x 10-11
39v 2p  3.191 413 910 561 627 x 10-9

20v 2
Ap S    1.550 932 729 220 080 x 10-10

40v 3p  -1.931 012 931 541 776 x 10-12

41v ApS -1.105 097 577 149 576 x 10-7

42v Ap S   6.211 426 728 363 857 x 10-10

43v 2p -1.119 011 592 875 110 x 10-10

44v 2p -1.941 660 213 148 725 x 10-11

45v 2 2p -1.864 826 425 365 600 x 10-14

46v 2
Ap S   1.119 522 344 879 478 x 10-14

47v 3p -1.200 507 748 551 599 x 10-15

48v 3p   6.057 902 487 546 866 x 10-17

Coefficients of the polynomials ( )48
num A , ,P S p  and ( )48

denom A , ,P S p  that
define the 48-term rational-function Eqn. (K.1) for density.
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L.1 Recommended nomenclature
1kg kg

K P

AS 1g kg , C°

Quantity Symbol Units Comments 

Chlorinity Cl g kg–1 Chlorinity is defined as the following mass 
fraction; it is 0.328 523 4 times the ratio of the 
mass of pure silver required to precipitate all 
dissolved chloride, bromide and iodide in seawater 
to the mass of seawater.   

Standard Ocean 
Reference Salinity  

SOS g kg–1 35.165 04 g kg–1 being exactly PS35 u ,
corresponding to the standard ocean Practical 
Salinity of 35.

freezing temperatures f,ft ºC in situ and conservative values, each as a function 
of AS  and p.

absolute pressure P Pa When absolute pressure is used it should always be 
in Pa, not in Mpa nor in dbar.   

sea pressure.  Sea pressure 
is the pressure argument 
to all the 
GSW Toolbox functions.   

p dbar Equal to 0P P and usually expressed in dbar not 
Pa.   
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gauge pressure.  Gauge 
pressure (also called 
applied pressure) is 
sometimes reported from 
ship-born instruments.

gaugep dbar Equal to the absolute pressure P minus the local 
atmospheric pressure at the time of the instrument 
calibration, and expressed in dbar not Pa.  Sea 
pressure p is preferred over gauge pressure gauge ,p
as p is the argument to the seawater Gibbs 
function.

reference pressure rp dbar The value of the sea pressure p to which potential 
temperature and/or potential density are 
referenced.

one standard atmosphere 0P Pa exactly 101 325 Pa  (= 10.1325 dbar)
isopycnal slope ratio  r 1 ( ) ( )

( ) ( )r r

p p
r

p p
=

Stability Ratio  R 1 ( ) ( )A A .z zz z
R S S=

isopycnal temperature 
gradient ratio

G 1 1G r R R r= ; nG=

Practical Salinity PS 1 Defined in the range P2 42S< <  by PSS-78 based 
on measured conductivity ratios.

Reference Salinity RS g kg-1 Reference-Composition Salinity (or Reference 
Salinity for short) is the Absolute Salinity of 
seawater samples that have Reference 
Composition.  At PS  = 35, RS  is exactly PS P .u S
while in the range P2 42S< < R PS P .S u S

Absolute Salinity  
(This is the salinity 
argument of all the  
GSW Toolbox functions.)   

dens
A AS S= g kg-1

A R A PS P AS S S u S S= + +
Absolute Salinity is the sum of RS  on the Millero 
et al. (2008a) Reference-Salinity Scale and the 
Absolute Salinity Anomaly.  The full symbol for 

AS  is dens
AS  as it is the type of absolute salinity 

which delivers the best estimate of density when 
used as the salinity argument of the TEOS-10 
Gibbs function.  Another name for dens

A AS S=  is 
“Density Salinity”.   

Absolute Salinity 
Anomaly  

AS g kg-1
A A RS S S= , the difference between Absolute 

Salinity, dens
A A ,S S=  and Reference-Composition 

Salinity.   In terms of the full nomenclature of 
Pawlowicz et al. (2010), Wright et al. (2010b) and 
appendix A.4 herein, the Absolute Salinity 
Anomaly AS  is dens

RS .
“Preformed Absolute  
  Salinity”,

often shortened to 

“Preformed Salinity”  

*S g kg-1 Preformed Absolute Salinity *S  is a salinity 
variable that is designed to be as conservative as 
possible, by removing the estimated 
biogeochemical influences on the seawater 
composition from other forms of salinity (see 
Pawlowicz et al. (2010), Wright et al. (2010b) and 
appendix A.4 herein).

“Solution Absolute 
Salinity”, often shortened 
to “Solution Salinity”

soln
AS g kg-1 The mass fraction of non-H2O constituents in 

seawater after it has been brought to chemical 
equilibrium at t  = 25 C°  and p  = 0 dbar (see 
Pawlowicz et al. (2010), Wright et al. (2010b) and 
appendix A.4 herein).

“Added-Mass Salinity”  add
AS g kg-1 add

A RS S  is the estimated mass fraction of non-
H2O constituents needed as ingredients to be added 
to Standard Seawater which when mixed and 
brought to chemical equilibrium at t  = 25 C°  and 
p  = 0 dbar results in the observed seawater 

composition.
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temperature t ºC  
Absolute Temperature  T K ( ) ( )0/ K / K / C 273.15 / CT T t t+ ° = + °
temperature derivatives   T K When a quantity is differentiated with respect to in

situ temperature, the symbol T is used in order to 
distinguish this variable from time.

Celsius zero point 0T K 0 273.15 KT
potential temperature ºC Defined implicitly by Eqn. (3.1.3) 
Conservative Temperature   ºC Defined in Eqn. (3.3.1) as exactly potential 

enthalpy divided by 0
pc .

the “specific heat”, for use 
with Conservative 
Temperature  

0
pc J kg–1 K–1 0 1 13991.867 957 119 63 J kg K .pc   This 15-digit 

number is defined to be the exact value of 0
pc .

0
pc is the ratio of potential enthalpy 0h  to .

combined standard 
uncertainty

uc Varies 

enthalpy H J
specific enthalpy h J kg–1 ( )0 .h u p P v= + +

Here p and 0P  must be in Pa not dbar.

specific potential enthalpy h0 J kg–1
specific enthalpy referenced to zero sea pressure,

[ ]( )0
A A r r, , , , 0 , 0h h S S t p p p= = =

specific isobaric heat 
capacity pc J kg–1 K–1

A,p S p
c h T=

internal energy U J
specific internal energy u J kg–1

specific isochoric heat 
capacity

vc J kg–1 K–1

A,v S v
c u T=

Gibbs function
(Gibbs energy)  

G J

specific Gibbs function 
(Gibbs energy)  

g J kg–1

specific Helmholtz energy f J kg–1

unit conversion factor for 
salinities

PSu g kg–1 1 1
PS (35.16504 35) gkg 1.004 715... gkgu

The first part of this expression is exact.  This 
conversion factor is an important and invariant 
constant of the 2008 Reference-Salinity Scale 
(Millero et al. (2008a)).   

entropy J K–1

specific entropy J kg–1 K–1 In many other publications the symbol s is used for 
specific entropy.   

density kg m–3

density anomaly t kg m–3 ( )A, ,0S t – 1000 kg m–3

potential density anomaly 
referenced to a sea 
pressure of 2000 dbar

2 kg m–3 [ ]( )A A r r, , , , ,S S t p p p  – 1000 kg m-3 where 

r 2000 dbarp =
potential density anomaly 
referenced to a sea 
pressure of 4000 dbar

4 kg m–3 [ ]( )A A r r, , , , ,S S t p p p  – 1000 kg m-3 where 

r 4000 dbarp =
thermal expansion 
coefficient with respect to 
in situ temperature 

t
K–1

A A
1 1

, ,/ /S p S pv v T T=

thermal expansion 
coefficient with respect to 
potential temperature 

K–1
A A

1 1
, ,/ /S p S pv v =
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thermal expansion 
coefficient with respect to 
Conservative Temperature 

K–1
A A

1 1
, ,/ /S p S pv v =

saline contraction 
coefficient at constant in
situ temperature

t
kg g–1 1 1

A , A ,/ /T p T pv v S S=

Note that the units for t  are consistent with SA

being in g kg-1.

saline contraction 
coefficient at constant 
potential temperature

kg g–1 1 1
A , A ,/ /p pv v S S=

Note that the units for  are consistent with SA

being in g kg-1.

saline contraction 
coefficient at constant 
Conservative Temperature  

kg g–1 1 1
A , A ,/ /p pv v S S= +

Note that the units for  are consistent with SA

being in g kg-1.

isothermal compressibility  t Pa–1

isentropic and isohaline 
compressibility  

Pa–1

chemical potential of 
water in seawater 

W J g–1

chemical potential of sea 
salt in seawater 

S J g–1

relative chemical potential 
of (sea salt and water in) 
seawater

J g–1

( ) S W
A ,t p

g S =

dissipation rate of kinetic 
energy per unit mass 

J kg–1 s–1

 = m2 s–3

adiabatic lapse rate K Pa–1

= t
P SA ,

= t
P SA ,

= t
P SA ,

= v

SA , p

=
T0 +( )

cp
0

v

SA , p

sound speed c m s–1

specific volume v m3 kg–1 1v =
specific volume anomaly m3 kg–1

thermobaric coefficient 
based on bT 1 1K Pa ( )

A
b

,S
T P=

thermobaric coefficient 
based on bT 1 1K Pa ( )

A
b

,S
T P=

cabbeling coefficient 
based on bC 2K

A

2

b A A, , ,
2

S p p p
C S S= +

cabbeling coefficient 
based on bC 2K

A

2

b A A, , ,
2

S p p p
C S S= +

buoyancy frequency N 1s ( ) ( )2
A Az zz zN g S g S= =

neutral helicity nH 3m defined by Eqns. (3.13.1) and (3.13.2)

Neutral Density  n kg m–3 a density variable whose iso-surfaces are designed 
to be approximately neutral, i. e. 

A.S

Neutral-Surface-Potential-
Vorticity 

NSPV 3s 1 n
zNSPV g f= where f is the Coriolis 

parameter.  
dynamic height anomaly 2 2m s 3 1 2 2Pa m kg m s=
Montgomery geostrophic 
streamfunction

M 2 2m s 3 1 2 2Pa m kg m s=
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PISH (Pressure-Integrated 
Steric Height)  

kg s-2 streamfunction for f times the depth-integrated 
relative mass flux, see Eqns. (3.31.1) – (3.31.5).

Coriolis parameter  f 1s 4 11.458 42 10 sin sx , where  is latitude

molality SWm mol kg–1 ( )
A

SW
S A

1
1ii

S
m m

M S
= =  where SM  is the

mole-weighted average atomic weight of the 
elements of sea salt, 

1
S 0.031 403 821 8 kg molM =

ionic strength I mol kg–1

( )

2 21 1
SW2 2

SW

1 A

A

0.622 644 9 
622.644 9 mol kg

31.403 821 8 1

i ii
I m Z m z

m

S
S

= =

=

osmotic coefficient 
 

1 ( ) ( ) ( )
( )

W
A

A
SW 0

0, , , ,
, ,

g t p S t p
S T p

m R T t
=

+
where the molar gas constant,  
R = 8.314 472 J mol–1 K–1.  See also Eqns. (2.14.1) 
and (3.40.9) for an equivalent definition of .
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L.2 Recommended symbols when variables are functions of ,  and 

( )A, ,S t p

 
h = h SA, , p( )

 
h = h SA, , p( ) ( )A

ˆ , ,h h S p=

Table L.2. Recommended symbols when variables are functions of , , and h

quantity function of symbol for this 
functional form 

h

v
( )A, ,S t p ( )A, ,h h S t p=

( )A, ,v v S t p=

( )A, ,S t p=

( )A, ,S t p=

h

v
( )A, ,S p  

h = h SA, , p( )
 
v = v SA, , p( )
 

= SA, , p( )
 

= SA,( )
h

v
( )A, ,S p  

h = h SA, , p( )
 
v = v SA, , p( )
 

= SA, , p( )
 

= SA,( )
h

v
( )A, ,S p ( )A

ˆ , ,h h S p=

( )Aˆ , ,v v S p=

( )Aˆ , ,S p=

( )Aˆ ,S=

v
( )A , ,S h p  

= SA,h, p( )
 
v = v SA,h, p( )
 

= SA,h, p( )
 
= SA,h, p( )
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•

•

•

•

•

•

AS 1kg kg

1kg kg 35.165 04 1g kg
T P

• A A P( , , , )S S S P=
PS

P

• ( )P P A, , , .S S S P=
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•

•

2 ( , )P f T=

2 ( , )P f T=

AS
810
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LLevel 0 routines
Constants_0

Public Parameter Values 
celsius_temperature_si 
check_limits 
cp_chempot_si 
cp_density_si
cp_pressure_si 
cp_temperature_si 
dry_air_dmax
dry_air_dmin
dry_air_tmax
dry_air_tmin
errorreturn
flu_dmax
flu_dmin
flu_tmax 
flu_tmin 
gas_constant_air_si
gas_constant_air_L2000
gas_constant_molar_si
gas_constant_molar_L2000
gas_constant_h2O_si
gas_constant_h2O_iapws95
ice_pmax
ice_pmin
ice_tmax
ice_tmin
isextension2010
isok

Constants_0 (Cont'd)

Parameter Values (cont'd) 
mix_air_dmax
mix_air_dmin  
mix_air_tmax  
mix_air_tmin  
molar_mass_air_si 
molar_mass_air_l2000
molar_mass_h2o_si 
molar_mass_seasalt_si
pi
sal_pmax
sal_pmin  
sal_smax
sal_smin
sal_tmax
sal_tmin 
sealevel_pressure_si 
so_salinity_si
so_temperature_si 
so_pressure_si 
tp_density_ice_iapws95_si
tp_density_liq_iapws95_si
tp_density_vap_iapws95_si
tp_enthalpy_ice_si
tp_enthalpy_vap_si
tp_pressure_exp_si
tp_pressure_iapws95_si
tp_temperature_si

Maths_0

Uses
constants_0

Public Routines 
get_cubicroots
matrix_solve

(S2) Convert_0 

Uses
constants_0

Public Routines
air_massfraction_air_si 
air_massfraction_vap_si
air_molar_mass_si
air_molfraction_air_si 
air_molfraction_vap_si 
asal_from_psal
psal_from_asal

LLevel 1 routines
(S3) Flu_1 (IAPWS95)

Uses
constants_0

Public Routines
chk_iapws95_table6
chk_iapws95_table7
flu_f_si

(S4) Ice_1 (IAPWS06) 

Uses
constants_0

Public Routines
chk_iapws06_table6
ice_g_si

(S5) Sal_1 (IAPWS08) 

Uses
constants_0

Public Routines
sal_g_term_si

(S6) Air_1

Uses
constants_0

Public Routines
air_baw_m3mol
air_caaw_m6mol2
air_caww_m6mol2
dry_f_si
dry_init_clear
dry_init_Lemmon2000
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LLevel 2 routines
(S7) Flu_2 

Uses
constants_0, flu_1 

Public Routines
flu_cp_si
flu_cv_si
flu_enthalpy_si
flu_entropy_si
flu_expansion_si
flu_gibbs_energy_si
flu_internal_energy_si
flu_kappa_s_si
flu_kappa_t_si
flu_lapserate_si
flu_pressure_si
flu_soundspeed_si

((S8) Ice_2 

Uses
constants_0, ice_1 

Public Routines
ice_chempot_si
ice_cp_si
ice_density_si
ice_enthalpy_si
ice_entropy_si
ice_expansion_si
ice_helmholtz_energy_si
ice_internal_energy_si
ice_kappa_s_si
ice_kappa_t_si
ice_lapserate_si
ice_p_coefficient_si
ice_specific_volume_si

(S9) Sal_2 

Uses
constants_0, sal_1 

Public Routines
sal_act_coeff_si
sal_act_potential_si
sal_activity_w_si
sal_chem_coeff_si
sal_chempot_h2o_si
sal_chempot_rel_si 
sal_dilution_si
sal_g_si
sal_mixenthalpy_si
sal_mixentropy_si
sal_mixvolume_si  
sal_molality_si 
sal_osm_coeff_si
sal_saltenthalpy_si
sal_saltentropy_si
sal_saltvolume_si

(S10) Air_2 

Uses
constants_0, flu_1, air_1 

Public Routines
air_f_si
air_f_cp_si
air_f_cv_si
air_f_enthalpy_si
air_f_entropy_si 
air_f_expansion_si
air_f_gibbs_energy_si 
air_f_internal_energy_si
air_f_kappa_s_si
air_f_kappa_t_si
air_f_lapserate_si 
air_f_mix_si
air_f_pressure_si
air_f_soundspeed_si
chk_iapws10_table

LLevel 3 routines
(S11) Flu_3a 

Uses
constants_0, convert_0, 
maths_0, flu_1 

Public Routines
get_it_ctrl_density
liq_density_si
liq_g_si
set_it_ctrl_density
vap_density_si
vap_g_si

(S12) Sea_3a 

Uses
constants_0, sal_1, sal_2, 
flu_3a (convert_0, maths_0, 
flu_1)

Public Routines
chk_iapws08_table8a
chk_iapws08_table8b
chk_iapws08_table8c
sea_chempot_h2o_si
sea_chempot_rel_si 
sea_cp_si
sea_density_si
sea_enthalpy_si
sea_entropy_si
sea_g_si 
sea_g_contraction_t_si 
sea_g_expansion_si
sea_gibbs_energy_si
sea_internal_energy_si
sea_kappa_s_si 
sea_kappa_t_si
sea_lapserate_si
sea_osm_coeff_si
sea_soundspeed_si
sea_temp_maxdensity_si

(S13) Air_3a 

Uses
constants_0, convert_0, 
maths_0, air_1, air_2 (flu_1) 

Public Routines
air_density_si
air_g_si
get_it_ctrl_airdensity
set_it_ctrl_airdensity
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(S14) Flu_3b 

Uses
constants_0, flu_2, flu_3a 
(convert_0, maths_0, 
flu_1)

Public Routines
liq_cp_si
liq_cv_si
liq_enthalpy_si
liq_entropy_si
liq_expansion_si
liq_gibbs_energy_si
liq_internal_energy_si
liq_kappa_s_si
liq_kappa_t_si
liq_lapserate_si
liq_soundspeed_si
vap_cp_si
vap_cv_si
vap_enthalpy_si
vap_entropy_si
vap_expansion_si
vap_gibbs_energy_si
vap_internal_energy_si
vap_kappa_s_si
vap_kappa_t_si
vap_lapserate_si
vap_soundspeed_si

(S15) Sea_3b 

Uses
constants_0, sal_2,  flu_3a, 
sea_3a (convert_0, maths_0, 
flu_1, sal_1)

Public Routines
sea_h_si 
sea_h_contraction_h_si 
sea_h_contraction_t_si 
sea_h_contraction_theta_si 
sea_h_expansion_h_si 
sea_h_expansion_t_si  
sea_h_expansion_theta_si 
sea_potdensity_si
sea_potenthalpy_si 
sea_pottemp_si 
sea_temperature_si 
set_it_ctrl_pottemp 

(S16) Air_3b 

Uses
constants_0, convert_0, 
air_1, air_2, air_3a (maths_0, 
flu_1)

Public Routines
air_g_chempot_vap_si
air_g_compressibility
factor_si
air_g_contraction_si
air_g_cp_si
air_g_cv_si
air_g_density_si
air_g_enthalpy_si
air_g_entropy_si
air_g_expansion_si
air_g_gibbs_energy_si
air_g_internal_energy_si 
air_g_kappa_s_si
air_g_kappa_t_si
air_g_lapserate_si
air_g_soundspeed_si
chk_lemmon_etal_2000

(S17) Sea_3c 

Uses
constants_0, sea_3a, sea_3b 
(convert_0, maths_0, flu_1, 
sal_1, sal_2, flu_3a)

Public Routines
sea_eta_contraction_h_si 
sea_eta_contraction_t_si 
sea_eta_contraction_theta_si 
sea_eta_density_si 
sea_eta_entropy_si 
sea_eta_expansion_h_si 
sea_eta_expansion_t_si 
sea_eta_expansion_theta_si 
sea_eta_potdensity_si 
sea_eta_pottemp_si 
sea_eta_temperature_si
set_it_ctrl_entropy_si

(S18) Air_3c 

Uses
constants_0, convert_0, 
air_2, air_3a, air_3b 
(maths_0, air_1, flu_1) 

Public Routines
air_h_si
air_potdensity_si
air_potenthalpy_si 
air_pottemp_si
air_temperature_si
set_it_ctrl_air_pottemp

(S19) Sea_3d 

Uses
constants_0, sal_2, flu_3a 
(convert_0, maths_0, flu_1, 
sal_1)

Public Routines
sea_sa_si
set_it_ctrl_salinity 
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LLevel 4 routines
(S20) Liq_Vap_4 

Uses
constants_0, maths_0, flu_1, 
flu_2, flu_3a (Convert_0) 

Public Routines
chk_iapws95_table8
liq_vap_boilingtemperature_si 
liq_vap_chempot_si
liq_vap_density_liq_si
liq_vap_density_vap_si
liq_vap_enthalpy_evap_si
liq_vap_enthalpy_liq_si
liq_vap_enthalpy_vap_si
liq_vap_entropy_evap_si
liq_vap_entropy_liq_si
liq_vap_entropy_vap_si
liq_vap_pressure_liq_si
liq_vap_pressure_vap_si
liq_vap_temperature_si
liq_vap_vapourpressure_si
liq_vap_volume_evap_si
set_liq_vap_eq_at_p
set_liq_vap_eq_at_t
set_it_ctrl_liq_vap

(S21) Ice_Vap_4 

Uses
constants_0, maths_0, flu_1, 
flu_2, ice_1, ice_2 

Public Routines
ice_vap_chempot_si
ice_vap_density_ice_si
ice_vap_density_vap_si
ice_vap_enthalpy_ice_si
ice_vap_enthalpy_subl_si
ice_vap_enthalpy_vap_si
ice_vap_entropy_ice_si
ice_vap_entropy_subl_si
ice_vap_entropy_vap_si
ice_vap_pressure_vap_si
ice_vap_sublimationpressure_si
ice_vap_sublimationtemp_si
ice_vap_temperature_si
ice_vap_volume_subl_si
set_ice_vap_eq_at_p
set_ice_vap_eq_at_t 
set_it_ctrl_ice_vap

(S22) Sea_Vap_4 

Uses
constants_0, maths_0, flu_1,
sal_1, sal_2, flu_3a, sea_3a, 
flu_3b (convert_0, flu_2)

Public Routines
sea_vap_boilingtemperature_si  
sea_vap_brinefraction_seavap_si 
sea_vap_brinesalinity_si
sea_vap_cp_seavap_si  
sea_vap_density_sea_si 
sea_vap_density_seavap_si 
sea_vap_density_vap_si
sea_vap_enthalpy_evap_si
sea_vap_enthalpy_sea_si  
sea_vap_enthalpy_seavap_si  
sea_vap_enthalpy_vap_si
sea_vap_entropy_sea_si 
sea_vap_entropy_seavap_si
sea_vap_entropy_vap_si
sea_vap_expansion_seavap_si
sea_vap_g_si 
sea_vap_kappa_t_seavap_si 
sea_vap_pressure_si 
sea_vap_salinity_si
sea_vap_temperature_si
sea_vap_vapourpressure_si
sea_vap_volume_evap_si 
set_it_ctrl_sea_vap
set_sea_vap_eq_at_s_p
set_sea_vap_eq_at_s_t 
set_sea_vap_eq_at_t_p

 (S23) Ice_Liq_4 

Uses
constants_0, maths_0, flu_1, 
ice_1, flu_2, ice_2 

Public Routines
ice_liq_chempot_si
ice_liq_density_ice_si
ice_liq_density_liq_si
ice_liq_enthalpy_ice_si
ice_liq_enthalpy_liq_si
ice_liq_enthalpy_melt_si
ice_liq_entropy_ice_si
ice_liq_entropy_liq_si
ice_liq_entropy_melt_si
ice_liq_meltingpressure_si
ice_liq_meltingtemperature_si 
ice_liq_pressure_liq_si
ice_liq_temperature_si
ice_liq_volume_melt_si
set_ice_liq_eq_at_p
set_ice_liq_eq_at_t
set_it_ctrl_ice_liq

(S24) Sea_Liq_4 

Uses
constants_0, flu_1, sal_1, flu_2, 
sal_2, flu_3a (convert_0,
maths_0)

Public Routines
sea_liq_osmoticpressure_si
set_sea_liq_eq_at_s_t_p
set_it_ctrl_sea_liq
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  (S25) Sea_Ice_4 

Uses
constants_0, convert_0, 
maths_0, flu_1, ice_1, sal_1, 
ice_2, sal_2, flu_3a, sea_3a, 
flu_3b (flu_2)

Public Routines
sea_ice_brinefraction_seaice_si 
sea_ice_brinesalinity_si
sea_ice_cp_seaice_si
sea_ice_density_ice_si
sea_ice_density_sea_si
sea_ice_density_seaice_si
sea_ice_dtfdp_si   
sea_ice_dtfds_si   
sea_ice_enthalpy_ice_si  
sea_ice_enthalpy_melt_si
sea_ice_enthalpy_sea_si
sea_ice_enthalpy_seaice_si
sea_ice_entropy_ice_si
sea_ice_entropy_sea_si
sea_ice_entropy_seaice_si  
sea_ice_expansion_seaice_si
sea_ice_freezingtemperature_si
sea_ice_g_si 
sea_ice_kappa_t_seaice_si 
sea_ice_meltingpressure_si 
sea_ice_pressure_si 
sea_ice_salinity_si
sea_ice_temperature_si
sea_ice_volume_melt_si 
set_it_ctrl_sea_ice
set_sea_ice_eq_at_s_p
set_sea_ice_eq_at_s_t 
set_sea_ice_eq_at_t_p

  (S26) Sea_Air_4 

Uses
constants_0, convert_0, 
maths_0, flu_1, sal_1, air_1, 
flu_2, sal_2, air_2, flu_3a, 
sea_3a, air_3a, air_3b, 
liq_vap_4, liq_air_4a 

Public Routines
sea_air_chempot_evap_si 
sea_air_condense_temp_si 
sea_air_density_air_si
sea_air_density_vap_si 
sea_air_enthalpy_evap_si 
sea_air_entropy_air_si 
sea_air_massfraction_air_si 
sea_air_vapourpressure_si 
set_it_ctrl_sea_air
set_sea_air_eq_at_s_a_p
set_sea_air_eq_at_s_t_p
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(S27) Liq_Ice_Air_4 

Uses
constants_0, convert_0,
maths_0, flu_1, ice_1, air_1, 
flu_2, ice_2,  air_2, air_3b, 
ice_liq_4 (air_3a)

Public Routines
liq_ice_air_airfraction_si
liq_ice_air_density_si
liq_ice_air_dryairfraction_si
liq_ice_air_enthalpy_si
liq_ice_air_entropy_si
liq_ice_air_ifl_si
liq_ice_air_iml_si
liq_ice_air_liquidfraction_si
liq_ice_air_pressure_si
liq_ice_air_solidfraction_si
liq_ice_air_temperature_si
liq_ice_air_vapourfraction_si
set_liq_ice_air_eq_at_a
set_liq_ice_air_eq_at_p
set_liq_ice_air_eq_at_t
set_liq_ice_air_eq_at 
_wa_eta_wt
set_liq_ice_air_eq_at 
_wa_wl_wi
set_it_ctrl_liq_ice_air

 (S28) Sea_Ice_Vap_4 

Uses
constants_0, maths_0, flu_1, 
ice_1, sal_1, sal_2 

Public Routines
sea_ice_vap_density_vap_si
sea_ice_vap_pressure_si 
sea_ice_vap_salinity_si
sea_ice_vap_temperature_si
set_it_ctrl_sea_ice_vap
set_sea_ice_vap_eq_at_p  
set_sea_ice_vap_eq_at_s
set_sea_ice_vap_eq_at_t 

(S29) Liq_Air_4a 

Uses
constants_0, convert_0, 
maths_0, flu_1, air_1, flu_2, 
air_2, flu_3a, air_3a, air_3b, 
liq_vap_4

Public Routines
liq_air_a_from_rh_cct_si
liq_air_a_from_rh_wmo_si
liq_air_condensationpressure_si
liq_air_density_air_si
liq_air_density_liq_si
liq_air_density_vap_si
liq_air_dewpoint_si
liq_air_enthalpy_evap_si
liq_air_entropy_air_si
liq_air_icl_si
liq_air_ict_si
liq_air_massfraction_air_si
liq_air_pressure_si
liq_air_rh_cct_from_a_si
liq_air_rh_wmo_from_a_si
liq_air_temperature_si
set_it_ctrl_liq_air
set_liq_air_eq_at_a_eta
set_liq_air_eq_at_a_p
set_liq_air_eq_at_a_t
set_liq_air_eq_at_t_p

(S30) Ice_Air_4a 

Uses
constants_0, convert_0, 
maths_0, air_1, ice_1, ice_2, 
air_2, air_3a, air_3b, ice_vap_4 
(flu_1, flu_2)

Public Routines
ice_air_a_from_rh_cct_si
ice_air_a_from_rh_wmo_si
ice_air_condensationpressure_si
ice_air_density_air_si
ice_air_density_ice_si
ice_air_density_vap_si
ice_air_enthalpy_subl_si
ice_air_frostpoint_si
ice_air_icl_si
ice_air_ict_si
ice_air_massfraction_air_si
ice_air_pressure_si
ice_air_rh_cct_from_a_si
ice_air_rh_wmo_from_a_si  
ice_air_sublimationpressure_si
ice_air_temperature_si
set_ice_air_eq_at_a_eta
set_ice_air_eq_at_a_p
set_ice_air_eq_at_a_t
set_ice_air_eq_at_t_p
set_it_ctrl_ice_air
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(S31) Liq_Air_4b

Uses
constants_0, flu_3a, air_3a, 
liq_air_4a (convert_0, maths_0, 
flu_1, air_1, flu_2, air_2, air_3b, 
liq_vap_4)

Public Routines
liq_air_g_si
liq_air_g_cp_si
liq_air_g_density_si
liq_air_g_enthalpy_si
liq_air_g_entropy_si
liq_air_g_expansion_si
liq_air_g_kappa_t_si
liq_air_g_lapserate_si
liq_air_liquidfraction_si
liq_air_vapourfraction_si

(S32) Ice_Air_4b 

Uses
constants_0, convert_0, ice_1, 
air_3a, ice_air_4a (maths_0,
flu_1, air_1, flu_2, ice_2, air_2,
air_3b, ice_vap_4)

Public Routines
ice_air_g_si
ice_air_g_cp_si
ice_air_g_density_si
ice_air_g_enthalpy_si
ice_air_g_entropy_si 
ice_air_g_expansion_si
ice_air_g_kappa_t_si
ice_air_g_lapserate_si
ice_air_solidfraction_si
ice_air_vapourfraction_si

(S33) Liq_Air_4c 

Uses
constants_0, air_3a, ice_liq_4, 
liq_air_4a, liq_air_4b 
(convert_0, maths_0, flu_1, 
ice_1, air_1, flu_2, ice_2 air_2, 
flu_3a, air_3b, liq_vap_4)

Public Routines
liq_air_h_si
liq_air_h_cp_si
liq_air_h_density_si
liq_air_h_kappa_s_si
liq_air_h_lapserate_si
liq_air_h_temperature_si
liq_air_potdensity_si
liq_air_potenthalpy_si
liq_air_pottemp_si
set_it_ctrl_liq_air_pottemp

(S34) Ice_Air_4c 

Uses
constants_0, convert_0, 
ice_liq_4, ice_air_4b (maths_0,
flu_1, ice_1, air_1, flu_2, ice_2, 
air_2, air_3a, air_3b, ice_air_4a, 
ice_vap_4)

Public Routines
ice_air_h_si
ice_air_h_cp_si
ice_air_h_density_si
ice_air_h_kappa_s_si
ice_air_h_lapserate_si
ice_air_h_temperature_si
ice_air_potdensity_si
ice_air_potenthalpy_si
ice_air_pottemp_si
set_it_ctrl_ice_air_pottemp 
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LLevel 5 routines
(S35) Flu_IF97_5 

Uses
constants_0

Public Routines
chk_iapws97_table
fit_liq_density_if97_si
fit_liq_g_if97_si
fit_vap_density_if97_si
fit_vap_g_if97_si

(S36) Ice_Flu_5 

Uses
constants_0

Public Routines
fit_ice_liq_pressure_si
fit_ice_liq_temperature_si
fit_ice_vap_pressure_si

(S37) Sea_5a 

Uses
constants_0, sea_3a, 
sea_3b, sea_3c (convert_0,
maths_0, flu_1, sal_1, sal_2, 
flu_3a)

Public Routines
sea_alpha_ct_si 
sea_alpha_pt0_si 
sea_alpha_t_si
sea_beta_ct_si 
sea_beta_pt0_si 
sea_beta_t_si 
sea_cabb_ct_si 
sea_cabb_pt0_si  
sea_ctmp_from_ptmp0_si
sea_ptmp0_from_ctmp_si 
sea_thrmb_ct_si
sea_thrmb_pt0_si 

(S38) Air_5 

Uses
constants_0,
air_3b, liq_air_4a 
(convert_0,
maths_0, flu_1, 
flu_2, flu_3a, air_1, 
air_2, air_3a, 
liq_vap_4)

Public Routines
air_lapserate_moist
_c100m

(S39) Liq_F03_5 

Uses
constants_0

Public Routines
chk_iapws09_table6
fit_liq_cp_f03_si
fit_liq_density_f03_si
fit_liq_expansion_f03_si
fit_liq_g_f03_si
fit_liq_kappa_t_f03_si
fit_liq_soundspeed_f03_si

(S40) OS2008_5 

Uses
flu_1, flu_2, 
flu_3a, ice_1, liq_vap_4, 
sal_1, sal_2 (constants_0, 
convert_0, maths_0) 

Public Routines
chk_os2008_table

(S41) GSW_Library_5 

Uses
constants_0, maths_0, 
liq_f03_5, flu_1, flu_3a, 
sal_1, sal_2, sea_3a, 
sea_3b, sea_5a (convert_0)

Public Routines
gsw_alpha_ct
gsw_alpha_pt0
gsw_alpha_t
gsw_asal_from_psal
gsw_beta_ct
gsw_beta_pt0
gsw_beta_t
gsw_cabb_ct
gsw_cabb_pt0
gsw_cp
gsw_ctmp_from_ptmp0
gsw_dens
gsw_enthalpy
gsw_entropy
gsw_g
gsw_kappa
gsw_kappa_t
gsw_pden
gsw_psal_from_asal
gsw_ptmp
gsw_ptmp0_from_ctmp
gsw_specvol
gsw_svel
gsw_thrmb_ct
gsw_thrmb_pt0

(S42) Convert_5 

Uses
constants_0,
convert_0

Public Routines
cnv_pressure
cnv_salinity
cnv_temperature
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( )A1 S AS

AS 1g kg SOS
1g kg 1kg kg t

p

http://www.cmar.csiro.au/datacentre/ext_docs/seawater.htm.

www.TEOS-10.org.
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Table O.1.  Summary of data used in the regression to determine the coefficients of the Feistel 
(2003) Gibbs potential.

Quantity Source ( )1
A g kgS t /°C P/MPa 

#
Points

Required
r.m.s. 

Resulting 
r.m.s. 

Verifying 
r.m.s. 

 MGW76c 0.5-40 0-40 0 122 4 ppm 4.1 ppm 4.2 ppm 

 PBB80 5-42 0-30 0 345 4 ppm 4.0 ppm 4.2 ppm 

 PG93 34-50 15-30 0 81 10 ppm 12.0i ppm 11.9 ppm 

cp BDSW70 10-50 0-40 0 25 2 J/(kg K) 1.45ii J/(kg K)  1.43 J/(kg K) 

cp MPD73 1-40 5-35 0 48 0.5 J/(kg K) 0.52 J/(kg K) 0.45 J/(kg K) 
t  C78 10-30 -6-1 0.7-33 31 0.6x10-6 K-1 0.73x10-6 K-1 0.74x10-6 K-1

c D74(I-III) 29-43 0-35 0-2 92 5 cm/s 1.7 cm/s 1.6 cm/s 

c D74(IVa-d) 29-43 0-30 0.1-5 32 5 cm/s 1.2 cm/s 1.2 cm/s 

c D74(V-VI) 33-37 0-5 0-100 128 5 cm/s 3.5 cm/s 3.5 cm/s 

v CM76 5-40 0-40 0-100 558 10 ppm 11.0 ppm 11.2 ppm 

vS BS70 30-40 -2-30 1-100 221 4 ppm 2.6 ppm 2.6 ppm 

ft  DK74 4-40 -2-0 0 32 2 J/kg 1.8 J/kg 1.9 J/kg 

h B68 0-33 25 0 24 4 J 2.4 J 2.4 J 

h MHH73 1-41 0-30 0 95 0.4 J/kg 0.5 J/kg 0.5 J/kg 

i
ii

Table O.2.  Summary of extra datasets used in the regression to determine the coefficients of 
the Feistel (2008) Gibbs potential.

Quantity Source ( )1
A g kgS t /°C P/MPa Points

Resulting 
r.m.s. 

Verifying 
r.m.s. 

cp BDCW67 11-117 2-80 0 221 3.46 J/(kg K) 3.46 J/(kg K) 
S
pc MPD73 1-40 5-35 0 48 0.57 J/(kg K) 0.57 J/(kg K) 

cp MP05 1-35 10-40 0 41 1.30 J/(kg K) 1.30 J/(kg K) 

h B68 0-97 25 0 33 0.75 J/kg 0.75 J/kg 

h C70 35-36 2-25 0 19 7.2 J/kg 7.1 J/kg 

h MHH73 1-35 0-30 0 120 3.3 J/kg 3.3 J/kg 

ft  DK74 4-40 -0.2-(-2.2) 0 32 1.6 mK 1.6 mK 

ft  FM07 5-109 -0.3-(-6.9) 0 22 1.2 mK 1.0 mK 

pvap R54 18-40 25 0 13 2.8 J/kg 2.8 J/kg 

boilt BSRSR74 6-70 60-80 0 32 9.1 J/kg 9.3 J/kg 

gLL F08 35 -5-95 0 21 0.091 J/kg 0.092 J/kg 
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