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Heinrich Hertz, 1885
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Example 1:

Global Ocean Warming:

Figure 2. Observational ocean heat content from 1970 to 2010. The 0–700m OHC is shown in 

red (flexible-grid method), pink (CZ14 method), and yellow (ORAS4). Five adjusted OHCs 

presented in Durack et al. (2014) are shown as dots, which are the OHC changes per 35 years. 

The 700–2000m OHC is sourced from NODC in green, and abyssal (2000 m–bottom) OHC is 

from Purkey and Johnson (2010) and shown in black (the warming rate within 1970–1991 is 

scaled to 3 times the linear trend in Purkey and Johnson, 2010). Full-depth OHC time series are 

also presented in blue (flexible-grid method), dark purple (CZ14 method), and light blue (ORAS4). 

All of the time series are referred to a baseline OHC within the 3-year period: 1969–1971. The 

vertical colored bars are 2-year intervals, starting when the event (volcano or El Niño) began.

Heating Rate Estimate: 

P = 30 x 1022 J / 35 yr = 272 TW

per Ocean Surface Area:

P / AW = 0.75 W m-2

per Global Surface Area:

P / A = 0.54 W m-2
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Figure 4. Anomalous heat content (a) north and (b) south of 25°N. Heat content 

anomaly is defined as the deviation in temperature from Hydrobase seasonal 

climatology multiplied by density and specific heat and integrated vertically from 0 to 

1000m depth. Heat content anomaly is then integrated over 60 to 20°W and over

latitude bands 25 to 45°N (north) and 10 to 25°N (south). The red curves represent 30-

day average heat content and the black curves are 12-month running mean values. 

The blue bar represents a change in heat content of 14.5×1021 J.

Example 2:

AMOC Reduction:

Heat Flux Anomaly 2009 - 2010: 

P = 12 x 1021 J / 1.2 yr = 317 TW

per Ocean Surface Area:

P / AW = 0.88 W m-2

per Global Surface Area:

P / A = 0.63 W m-2
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H. Hertz: „1 m Water = Heat Source of the Gigantic Steam Engine“

P / A = 1 m x 1000 kg m-3 x 2 500 000 J kg-1 / 1 yr = 79 W m-2

per Global Surface Area: P / A = 79 W m-2

per Ocean Surface Area: P / AW = 112 W m-2

Thermodynamic driving force for evaporation:

Climatological average:

118 W m-2 = -r ln (79%)Hypothetical change of RH by 1%:

112 W m-2 = -r ln (80%)

Heat flux of 1%rh per Ocean Surface Area: ΔP / AW = 6 W m-2

Heat flux of 1%rh per Global Surface Area: ΔP / A = 4 W m-2

Changing global ocean surface RH by < 1% may turn the ocean cooling !
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Global climate change is extremely sensitive to

thermodynamic processes at the ocean-atmosphere interface. 

For proper balances of climatic energy and entropy fluxes 

in models and observation, 

a highly accurate, consistent and comprehensive 

thermodynamic standard framework is requisite 

in geophysics and climate research.

Conclusion from the examples:

This appears to be obvious, but …
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… for the latent heat of evaporation, 

a typical standard textbook situation is like this:

- Range of validity?

- Uncertainty?

- Consistency with other properties?

- Dependence on pressure or salinity?

- Author‘s personal preference?
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Gibbs, J. W. (1873): A Method of Graphical Representation of the Thermodynamic Properties of Substances by Means 

of Surfaces. Transactions of the Connecticut Academy of Arts and Science, 2, 382-404

Empirical Thermodynamic Potential: J. Willard Gibbs 1873
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Statistical Thermodynamic Potential: Ludwig Boltzmann 1877

Boltzmann Monument at the

Wiener Zentralfriedhof

Boltzmann, L. (1877): Über die Beziehung zwischen dem zweiten Hauptsatz der mechanischen Wärmetheorie und der 

Wahrscheinlichkeitsrechnung resp. den Sätzen über das Wärmegleichgewicht. Sitzungsberichte der Akademie der 

Wissenschaften zu Wien 76, 373-435

Boltzmann‘s entropy formula:

S = k ln W(E, V)

W(E, V): Volume of the phase space

belonging to total energy E and volume V

Boltzmann entropy

S(E, V) 

is a thermodynamic potential



EGU Fridtjof Nansen Medal Lecture, Vienna, 9 April 2018  

Thermodynamic Potentials

humid air, 2-phase fluids

seawater, ice, 1-phase

adiabatic processes, mixing

Geophysics: potential temperature, potential density, potential enthalpy…
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www.teos-10.org
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Thermodynamic Potentials in TEOS-10

Feistel, R. (2012): TEOS-10: A New International Oceanographic Standard for Seawater, Ice, Fluid Water, and Humid Air, 

Int. J. Thermophys. 33, 1335–1351

Feistel, R. et al. (2008): Mutually consistent thermodynamic potentials for fluid water, ice and seawater: a new standard 

for oceanography. Ocean Sci. 4, 275-291, www.ocean-sci.net/4/275/2008/

Axiomatic properties: consistency, completeness, independence

Empirical TD potentials compactly represent a wealth of experiments

http://www.ocean-sci.net/4/275/2008/
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Helmholtz Function of Fluid Water

www.iapws.org
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http://www.iapws.org/
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Gibbs Function of Ice Ih

www.iapws.org

http://www.iapws.org/
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Example for 2-Phase Equilibrium:

Ice Ih + Liquid Water

„Ice point“ : 273.152 519(2) K

Equal chemical potentials: gW(T, p) = gIh(T, p)

(ITS-90 Temperature Scale)
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Example for 2-Phase Equilibrium:

Ice Ih + Water Vapour

Equal chemical potentials: gV(T, p) = gIh(T, p)

TEOS-10 sublimation pressure

- is significantly more accurate than direct measurements

- is consistent with all thermodynamic properties of water and ice

- covers the range down to 50 K (at least)
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Gibbs Function of Seawater

www.iapws.org

http://www.iapws.org/
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Feistel, R. (2008): A Gibbs Function for Seawater Thermodynamics for -6 °C to 80 °C and Salinity up to 120 g/kg.

Deep-Sea Research I, 55, 1639-1671

Summary of Seawater Data Used for TEOS-10



EGU Fridtjof Nansen Medal Lecture, Vienna, 9 April 2018  

Seawater + Ice: Antarctic Sea Ice Data

F: Michael Fischer, Diploma Thesis, University of Leipzig 2009

G: Markus Gleitz et al., Marine Chemistry 51 (1995) 81-91

Equilibrium ice – seawater:
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Helmholtz Function of Humid Air

www.iapws.org

http://www.iapws.org/
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Seawater + Humid Air: 

Latent Heat of Evaporation

Feistel, R. et al. (2010): Thermodynamic properties of sea air. Ocean Sci. 6, 91–141, www.ocean-sci.net/6/91/2010/

http://www.ocean-sci.net/6/91/2010/
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Calculating

TEOS-10

Properties
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Computation of Seawater Properties from the Gibbs Function

Feistel, R. et al. (2010): 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, 

www.ocean-sci.net/6/633/2010/

http://www.ocean-sci.net/6/633/2010/
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Seawater-Ice-Air Library SIA (VB6, Fortran)

- Directly exploits implemented IAPWS formulations

- Implements about 500 functions (plus 191 auxiliary)

Gibbs-Seawater Library GSW (Matlab, Fortran, C, PHP)

- Faster correlation equations of SIA data for oceanography

- Oceanographic properties not implemented in SIA

- Implements about 200 functions

Wright, D.G. et al. (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, 

www.ocean-sci.net/6/695/2010/

Feistel, R. et al. (2010): 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, 

www.ocean-sci.net/6/633/2010/

McDougall, Barker, P.M. (2011): Getting started with TEOS-10 and the Gibbs Seawater (GSW) Oceanographic Toolbox, 

28pp., SCOR/IAPSO WG127, ISBN 978-0-646-55621-5, www.teos-10.org

TEOS-10 Open Source Code Libraries

Roquet, F. et al. (2015): Accurate polynomial expressions for the density and specific volume of seawater using the

TEOS-10 standard. Ocean Modelling 90, 29–43

http://www.ocean-sci.net/6/695/2010/
http://www.ocean-sci.net/6/633/2010/
http://www.teos-10.org/
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TEOS-10

SIA Library modules

SIA Library functions

(Fortran & VB source codes)



EGU Fridtjof Nansen Medal Lecture, Vienna, 9 April 2018  

http://www.teos-

10.org/pubs/gsw/html/gsw_contents.html

http://www.teos-10.org/pubs/gsw/html/gsw_contents.html
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Beyond

TEOS-10 
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IAPSO Standard Seawater: Salinity SR in g/kg Composition Anomalies



EGU Fridtjof Nansen Medal Lecture, Vienna, 9 April 2018  

Global Salinity Anomalies (ignored before TEOS-10)

tolerable limit

Pawlowicz, R., McDougall, T., Feistel, R., Tailleux, R. (2012): An historical perspective on the development of the 

Thermodynamic Equation of Seawater – 2010. Ocean Science 8, 161–174, www.ocean-sci.net/8/161/2012/

http://www.ocean-sci.net/8/161/2012/
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Metrological Traceability of Seawater Salinity

- Salinity measurements are currently not traceable to the SI

Required stable uncertainty level

Uncertainty growth risk

Aim:

Density definition of salinity

+

Keep established practice

Pawlowicz, R. et al. (2016): Metrological challenges for measurements of key climatological observables. 

Part 2: Oceanic salinity. Metrologia 53, R12–R25, doi:10.1088/0026-1394/53/1/R12
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IAPWS-BIPM meeting, 7 February 2012, Pavillon de Breteuil 

International Bureau of Weights and Measures, Paris-Sèvres
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16th International Conference on the Properties of Water and Steam

London, Greenwich, UK, September 2013

IAPWS-BIPM Workshops on 

- Seawater salinity (R. Pawlowicz)

- Seawater pH (P. Spitzer)

- Relative Humidity (O. Hellmuth)
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http://www.teos-10.org/JCS.htm

Joint IAPWS-BIPM Activities are coordinated by JCS 

(Successor of SCOR/IAPSO WG 127)

http://www.teos-10.org/JCS.htm


EGU Fridtjof Nansen Medal Lecture, Vienna, 9 April 2018  



EGU Fridtjof Nansen Medal Lecture, Vienna, 9 April 2018  

Seawater pH

- Proper seawater pH: Activity of H+ ion

- Single-ion activity is not measurable

- Ion-activity equation not available for

seawater

- Inconsistent practical proxies

Aim:

Pitzer equation for indicator dye
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Relative Humidity, RH

- There are many RH definitions, but no SI definition yet

Preferred option:

Relative fugacity defined by IAPWS equation

J W Lovell-Smith et al. (2016): Metrological challenges for measurements of key climatological observables. 

Part 4: atmospheric relative humidity. Metrologia 53, R40–R59, doi:10.1088/0026-1394/53/1/R40
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Relative Humidity

De-facto standard RH definition of WMO, ASHRAE, etc:

Substitute x, pV by their „real-gas equivalents“:

Define activity reference state µ0 by the saturation state:

Available from TEOS-10

Saturation State

Relative Fugacity

R. Feistel & J. W. Lovell-Smith (2017): Defining relative humidity in terms of water activity. 

Part 1: definition. Metrologia 54, 566–576, https://doi.org/10.1088/1681-7575/aa7083

„Steam Engine“ Climate
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Rich Pawlowicz
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Daniela Stoica

France

http://www.teos-10.org/about_JCS.htm

http://www.teos-10.org/about_JCS.htm
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Outlook:

The standing

SCOR/IAPSO/IAPWS Joint Committee on Properties of Seawater:

- Founded in 2012 in Boulder Co., USA

- Established in 2013 in Greenwich, UK

- Cooperation with BIPM and WMO

- SI-Definition of Seawater Salinity

- SI-Definition of Relative Humidity / Fugacity

- SI-Definition of Seawater pH

http://www.teos-10.org/JCS.htm

IAPWS/JCS will meet in Prague www.icpws2018.com
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Thank you

Antarctic Peninsula, December 2002


