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An unpublished lecture by Heinrich Hertz: “On the energy balance
of the Earth”
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This paper presents a recently discovered and newly translated manuscript of a lecture by Heinrich
Rudolf Hertz, long famous for his 1888 discovery of long-wavelength electromagnetic waves. Hertz
delivered this address on 20 April 1885 as his inaugural lecture to the faculty at the Technische
Hochschule in Karlsruhe (now the Universitat Karlsruhe), where he was to make his most important
contributions to physics. Although written over 110 years ago, this historical document records both
Hertz’s insightful view of the Earth’s energy situation at that time and his remarkably good
order-of-magnitude estimates of the energy sources then known to be available to the Earth.
© 1997 American Association of Physics Teachers.

INTRODUCTION written manuscript of his 20 April 1885 inaugural lecture at
Karlsruhe to his father in Hamburg on 7 May 1885. Some
years later his father presumably gave it to Heinrich’s
brother, Rudolf, who in turn bequeathed it to his daughter,

A brief history of the manuscript translated below may
serve as a useful introduction to this lecture by Heinrich
Rudolf Hertz (1857-1894). Hertz mailed the 50-page, hand-

36 Am. J. Phys. 65 (1), January 1997 © 1997 American Association of Physics Teachers 36

The greater portion of the Earth’s surface is indeed covered with water, which evaporates
under the influence of the incident solar radiation.

Every vear, we may assume that on the average a water layver a meter high over the entire
Earth is converted into water-vapor.

This amount of energy serves as the heat source for a gigantic steam engine.
Heinrich Hertz, 1885
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Example 1:

Observed and simulated full-depth ocean heat-content

Global Ocean Warming: | changes for 1970-2005

Lijing Cheng', Kevin E. Trenberth”, Matthew D. Palmer-, Jiang Zhu', and John P. Abraham®

'International Center for Climate and Environment Sciences, Institute of Atmospheric Physics,
Chinese Academy of Sciences, 100029, Beijing, China

National Center for Atmospheric Research, Boulder, CO, USA

*Met Office Hadley Centre, FitzRoy Road. Exeter, EX1 3PB. UK

4School of Engineering, University of St. Thomas, St. Paul, MN, USA
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Figure 2. Observational ocean heat content from 1970 to 2010. The 0—700m OHC is shown in per G IObal SU rface Area

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 P / A = 054 W m'2
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 Nifio) began.
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Example 2:

Impact of a 30 % reduction in Atlantic meridional overturning

AMOC Reduction: | quring2009-2010

H. L. Bryden', B. A. King?, G. D. McCarthy”, and E. L. McDonagh’

"National Oceanography Centre Southampton, University of Southampton, Empress Dock, Southampton, UK
National Oceanography Centre, Southampton, Empress Dock, Southampton, UK

Anomalous Heat Content (0-1000m, 25°N - 45°N, 60°W - 20°W)
(a) T T T T \ T A T T

I\
16 i \ “\ 1

_ — v ~ Heat Flux Anomaly 2009 - 2010:

P=12x10%1J3/1.2yr=317TW

per Ocean Surface Area:

Heat Content Anomaly (x102" J)

P/A,=0.88 W m?

|
| :
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2004 2005 2006 2007 2008 2009 2010 ‘20*\1 per GIObal Surface Area:

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 —_ -2
1000m depth. Heat content anomaly is then integrated over 60 to 20°W and over P / A - O 63 W m
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 14.5x10% J.
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H. Hertz: ,,1 m Water = Heat Source of the Gigantic Steam Engine*

P/A=1mx1000 kg m3x2500000Jkgt/1yr=79 W m-=2

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

per Ocean Surface Area: |P/A, =112 W m?

Thermodynamic driving force for evaporation: E =1 A l;—v;f ~ —7rIn (RH)

Climatological average: 112 W m= = -r In (80%)
Hypothetical change of RH by 1%: 118 W m= = -r In (79%)

Heat flux of 1%rh per Ocean Surface Area: | AP /A, =6 W m™

Heat flux of 1%rh per Global Surface Area: |AP/A=4W m™=

Changing global ocean surface RH by < 1% may turn the ocean cooling !
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Conclusion from the examples:

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.

This appears to be obvious, but ...
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... for the latent heat of evaporation,
a typical standard textbook situation is like this:

Atmosphere-0cean Dynamics
A4.4 latent Heats
. ~i
Ad nOﬁ E . K?igi The latent heat of vaporization L, is given by (34.6). ic.,
L,(1) = 2.5008 x 106 — 2.3 x 10% Jkg ' (A4.9)

where ¢ is the temperature (in degrees Celsius). The latent heat of sublimation L, is
given by
L) = 2.839 x 10° — 3.6(/ + 3¢ Tkt (A4.10)

A4.5 Lapse Rates
The dry adiabatic lapse rate is given to within 0.3% by
T =gic,. (Ad.11)
The saturation adiabatic lapse rate (for liquid water) is given approximately by
I,=64— 012t +25x 107%¢
+[-24 + 1073t — 5*] = pipe) Kkm™', (A4.12)

where p, = 1000 mb and ¢ is the temperature (in °C). The maximum error in the range
|t] < 40and 500 < p < 1000 is0.2 K km~ '. Accurate values of I are given in Table
79 of the Smithsonian Meterological Tables, whereas Table 80 gives values for the
ice stage.

- Range of validity?

- Uncertainty?

- Consistency with other properties?

- Dependence on pressure or salinity?
- Author's personal preference?

INTERNATIONAL GEOPHYSICS SERIES < VOLUME 30

EGU Fridtjof Nansen Medal Lecture, Vienna, 9 April 2018




Empirical Thermodynamic Potential: J. Willard Gibbs 1873

TRANSACTIONS

CONNECTICUT ACADEMY

ARTS AND SCIENCES.

YOL NI VR AR 1.

NEW HAVEN:
PUBLISHED BY THE ACADEMY
PRINTED BY TUTTLE, MOREHOUSE & TAYLOR.
1870,

X1V, A Meraop oF GEOMETRICAL REPRESENTATION OF THE
THERMODYNAMIC PROPERIIES OF SUBSTANCES BY MEANS OF SUug-
FACES. By J. Wirrarp Gisss.

Tox leading thermodynamic properties of a fluid are determined
by the relations which exist between the volume, pressure, tempera-
ture, energy, and entropy of a given massg .of the fluid in a state of
thermodynamie equilibrium. The same is true of a solid in regard to
those properties which it exhibits in processes in which the pres-

sure is the same in every direction about any point of the solid,

But all the relations existing between these five quantities for any
substance (three independent relations) may be deduced from the

single relation existing for that substance between the volume, energy,

and entropy. This may be done by means of the general equation,

de =1t dn— p dv, (1)*
. de )
that is, p=- (aTv):; ) (2)
= (Z), (®)

where v, p, ¢, & and » denote severally the volume, pressure, absolute
temperature, energy, and entropy of the body considered. The sub-
seript letter after the differential coefficient indicates the quantity
which is supposed constant in the differentiation.

of Surfaces. Transactions of the Connecticut Academy of Arts and Science, 2, 382-404
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Statistical Thermodynamic Potential: Ludwig Boltzmann 1877

Boltzmann's entropy formula:
S=kinW(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

Boltzmann Monument at the
Wiener Zentralfriedhof

Boltzmann, L. (1877): Uber die Beziehung zwischen dem zweiten Hauptsatz der mechanischen Warmetheorie und der
@, Wahrscheinlichkeitsrechnung resp. den Satzen Uber das Warmegleichgewicht. Sitzungsberichte der Akademie der
Wissenschaften zu Wien 76, 373-435
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Thermodynamic Potentials

Gibbs/Boltzmann:

1st Law:

1st Law:

Gibbs function:

1st Law:

Enthalpy:

1st Law:

Helmholtz function:

E=ESV) or  e=<i=e(n,0)

de = Tdn +%dp, T =—,

f(T,p) =e—n 2—; Legendre Transform

df = —ndl +Ldp, n=-L,  p=p

ar’

gT,p)=f+p g—; Legendre Transform

ag -1 _

dg=-ndT +p~'dp, n=—-75  p

h(n,p) =g — T;‘_g Legendre Transform

— -1 or
dh=Tdn+p~'dp, T=7,

_0h -1 _

_ 20e

29f

ap

ag

ap

dh

ap

L

humid air, 2-phase fluids

seawater, ice, 1-phase

adiabatic processes, mixing

Geophysics: potential temperature, potential density, potential enthalpy...
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Thermodynamic Potentials in TEOS-10

Multi-Phase
Composites

Single-Phase
Mixtures

Single
Components

Analytically / Numerically Derived Thermodynamic Potentials

Ice Cloud

Sea Ice

Sea Air

Liquid Cloud

A

Seawater

Humid Air

z

]

/
/

A 7
N/

A\

/

/
7
/
/
4
4
L

A\

Ice Ih
IAPWS R10-06 (2009)

Dissolved Sea Salt
IAPWS R13-08 (2008)

Fluid Water
IAPWS R6-95 (2016)

Dry Air
IAPWS G8-10 (2010)

Fundamental Thermodynamic Potentials, Empirical Coefficients

Empirical TD potentials compactly represent a wealth of experiments

Axiomatic properties: consistency, completeness, independence

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

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

Feistel, R. (2012): TEOS-10: A New International Oceanographic Standard for Seawater, Ice, Fluid Water, and Humid Air,
Int. J. Thermophys. 33, 1335-1351
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Helmholtz Function of Fluid Water

Analytically / Numerically Derived Thermodynamic Potentials
rMuIti-Ph.ase Ice Cloud Sea Ice | | Sea Air | | Liquid Cloud
fpT) o o t(s
T =¢(5,7)=¢°(5,7)+ 4" (5.7), (4)
Single-Phase |
Mixtures / \ 8 o
(¢] N 0 (o] (V] 0 =V; T
: ¢ =Ino+n; +nyr+nyInc+ E nInjl—e 77" |, ®))
S A
Single Ice Th Dissolved Sea Salt Fluid Water Dry Air 7 5 1 54 5 6
Components IAPWS R10-06 (2009) IAPWS R13-08 (2008) IAPWS R6-95 (2016) IAPWS G8-10 (2010) . 2 2
= nici Y notich e LN o e Gl a] Al N Al s (6)
Fundamental Thermodynamic PotentialgfEmpirical Coefficients 7 13 7 1 w
V4 i=1 i=8 i=52 i=55
3
107 E
e +05%
; F /58] 0029 +0.1%
WWW.Iapws.ordg IAPWS R6-95(2016) - sl T =4
N | H |
10°E R 0.1
" — . E +0.1%
The International Association for the Properties of Water and Steam c a ’
Ocean C = £0.25 %
Dresden, Germany \_ +001% |
September 2016 10" B +0.1%
= (Apip)
Revised Release on the IAPWS Formulation 1995 for the Thermodynamic = C
Properties of Ordinary Water Substance for General and Scientific Use % o
L -
©2016 International Association for the Properties of Water and Steam 'E‘ 10 § 5 éa
Publication in whole or in part is allowed in all countries provided that attribution is given to the © C :o &
g A ) y e 2 ) -
International Association for the Properties of Water and Steam é C £ Vap C' u r
L]
Please cite as: International Association for the Properties of Water and Steam, IAPWS R6-95(2016), E 1(:[I . = |
Revised Release on the IAPWS Formulation 1995 for the Thermodynamic Properties of Ordinary é
Fater . ) ientific Use (2 c |
Water Substance for General and Scientific Use (2016) C — £0.03 % £0.05% +0.1%
This revised release replaces the corresponding revised releases of 2014 and 2009 (which replaced the 2 i I
original release of 1996). and contains 19 pages, including this cover page. 10 O |
This Release has been authorized by the International Association for the Properties of Water Atl I I OS p h .
and Steam (IAPWS) at its meeting in Dresden. Germany, 11-16 September, 2016. The members of
TAPWS are: Britain and Ireland, Canada, the Czech Republic, Germany, Japan, New Zealand, Russia, ]0'3
Scandinavia (Denmark, Finland, Norway, Sweden). and the United States, and associate members \ .
Argentina and Brazil, Australia, Egypt, France, Greece, and Switzerland. The President at the time of Subjimation curve
adoption of this document was Prof. Hans-Joachim Kretzschmar of Germany. 1 I ! 1 1 1 I L
Summary 235 300 %9 400 500 600 800 1000 1273
The formulation provided in this release is recommended for general and scientific use: further T T/K
details about the formulation can be found in an article “The IAPWS Formulation 1995 for the emperature
Thermodynamic Properties of Ordinary Water Substance for General and Scientific Use” by W. . L ) . . . X
Wagner and A. PruB [1]. This formulation provides the most accurate representation of the Fig. 1. Uﬂcerlamml!s in der_lslty. Aplp, estimated for :Eq. ('4). In the enlarged c_rlllca! region (triangle),
thermodynamic properties of the fluid phases of water substance over a wide range of conditions the uncertainty is given as percentage uncerlainty in pressure. AP"P-_Th”' region 1s ‘h‘nrdered by
available at the time this release was prepared. the two isochores 527 kg m=3 and 144 kg m—3 anel by the 30 MPa isobar. The positions of the
lines separating the uncertainty regions are approximale.
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Gibbs Function of Ice |h

Analytically / Numerically Derived Thermodynamic Potentials

Multi-Phase

Ice Cloud Sea Ice | | Sea Air | | Liquid Cloud

Single-Phase

| Seawater ~|‘ | Humid Air |

Mixtures
Vi
e
7
/
Single Ice Th Dissolved Sea Salt Fluid Water Dry Air
Components IAPWS R10-06 (2009) IAPWS R13-08 (2008) IAPWS R6-95 (2016) IAPWS G8-10 (2010)

Nﬂdamemal Thermodynamic Potentials, Empirical Coefficients

N

. IAPWS R10-06(2009)
WWW.1apPpWs.0rg

The International Association for the Properties of Water and Steam

Doorwerth, The Netherlands
September 2009

Revised Release on the Equation of State 2006 for H,0 Ice |h

© 2009 International Association for the Properties of Water and Steam
Publication in whole or in part is allowed in all countries provided that attribution is given to
the International Association for the Properties of Water and Steam

President:

Dr. Daniel G. Friend
Thermophysical Properties Division
National Institute of Standards and Technology
325 Broadway
Boulder, CO 80305, USA

Executive Secretary:

Dr. R. B. Dooley
Structural Integrity Associates, Inc.
2616 Chelsea Drive
Charlotte, NC 28209, USA
email: bdooley@structint.com

This revised release replaces the corresponding release of 2006 and contains 12 pages, including this
cover page.

This release has been authorized by the International Association for the Properties of Water
and Steam (IAPWS) at its meeting in Doorwerth, The Netherlands, 6-11 September, 2009, for
issue by its Secretariat. The members of IAPWS are: Britain and Ireland, Canada, the Czech
Republic, Denmark, France, Germany, Greece, Japan, Russia, the United States of America,
and associate members Argentina and Brazil, Italy, and Switzerland.

g(T,p)=go(p)—soTrz'+Tt Re Zrk ([k —z')ln(tk —r)+(rk +f)ln(tk +T)—2tk In#; -

2

k=1

2

Tk

(1)

Pressure p
.
1
1
1
1
1
|
:
!

~100 MPa

-1 MPa

10 kPa

~100 Pa
-1 Pa
=10 mPa
~100 pPa

1 uPa

I
150 200 250 300
Temperature 7/ K

10 nPa

Fig.1 Relative combined standard uncertainty of ice density. u.(p)/p. Table 5. estimated
for different regions of the 7-p space. No experimental high-pressure data are available at low
temperatures. This figure also 1llustrates the range of validity of the equation of state, Eq. (1).
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Example for 2-Phase Equilibrium:

Ice Ih + Liquid Water

Equal chemical potentials: gWV(T, p) = g'"(T, p)

~100 MPa

No uncertainty estimate possible  ICE Ih
+ 4

__________________________ i -1 MPa

_rpo
- 10 kPa

10 mPa

100 pPa

Jlce point* : 273.152 519(2) K

Pressure p

T

]

]

]

]

]

|
—————+—————)——————:—————i——————!—— -—

|

]

]

]

|
_____J._____l______:_____]______l__ —_—

___________________________ -1 pPa

10 nPa (ITS-90 Temperature Scale)

0 50 10

150
Temperature7'/ K

Fig.1 Relative combined standard uncertainty of ice density. u.(,0)/p. Table 5, estimated
for different regions of the T-p space. No experimental high-pressure data are available at low
temperatures. This figure also illustrates the range of validity of the equation of state, Eq. (1).
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Example for 2-Phase Equilibrium:

Ice In + Water Vapour

Equal chemical potentials: g¥(T, p) = g"(T, p)

a) Sublimation Pressure Deviations and Uncertainty

: 10 b) Sublimation Pressure Deviations and Uncertainty
\ = 0.5
B g
Q’ M Wil W ’ 8 S ! w® 0.4
L WSP94 K g M e 4 . W .
c 6 o S S — S S S SN S S S B— 03
= B K Mle ' ~ e, D
S Wi g ST : N 1 T
& K "M 4 = |8 z T~ S0 g :
3 N u ol g w | z
> " Wy ] ) z g, (Eoa
B B - w —

a Water I SN & e ! 1P L 1 DU S 3 0.0
o ) 3w =) M w —  — =7 :
> A Wiyt ¥ 70 @ _ —— et
@ Vapour — M W M L B ce S e T NI NER N N .01
8 KK\K L] W Wiy M Iy _2 s B - i 4 :j o
Q Phase m g . g gt g \‘.”U’ISPEA (160910 ! N =02
® - % M Mo BN 1 - e
.2 B B h M W -4 TJ B B M /‘ ! : -0'3
s K My wh, I~ - %
& g M -6 ............. M W A 0.4

= E w = -8 I — i f f f f ] f -0.5

? 58 8B kg ) 170 180 190 200 210 220 230 240 250 260 270

8 g K = -10 Temperature 7'/ K

0 50 100 150 200 250

Temperature T/ K

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

Analytically / Numerically Derived Thermodynamic Potentials g(S7 T1 p) - gw (T7 p) + gs (S’ T’ p) . (3)

Sea Ice ] | Sea Air ] [ tiquidcloud

Multi-Phase

C Ice Cloud

The H,O part 1s computed from the IAPWS Formulation 1995 for the Thermodynamic
Properties of Ordinary Water Substance for General and Scientific Use, IAPWS-95 [3].
Reduced by g* = 1 J kg ', the saline part is the dimensionless polynomial-like function given

by Eq. (4)

5 6 7
2 gS(S,T,p)/g*=ZZ gljkgzhlf-i_zgijkfl o7t 4)

Dry Air e
IAPWS G8-10 (2010) k=0 j=0

Single-Phase
Mixtures

7 X

Dissolved Sea Salt
IAPWS R@-OS (2008)

Single Ice Th
Components IAPWS R10-06 (2009)

Fluid Water
IAPWS R6-95 (2016)

T, R e e e s with the reduced temperaturer = (T -T, 0)/ 7*, the reduced pressure 7= ( 2D, )/ p*, and the

\ square root of the reduced salinity, £ =+/S/S* . The reduced quantities 7, 7 and £ vary from 0

to 1 i the oceanographic standard range. The constants 7y, po. 7%, p* and S* are given in
Table 1.

WWW.Iapws.org IAPWS R13-08

The International Association for the Properties of Water and Steam /
lg(pIpo) | 1QuIiD WATER

Berlin, Germany ‘\ e

September 2008 "

Release on the IAPWS Formulation 2008 for the
Thermodynamic Properties of Seawater

© 2008 International Association for the Properties of Water and Steam
Publication in whole or in part is allowed in all countries provided that attribution is given to
the International Association for the Properties of Water and Steam

' \
L
=

President:
J. R. Cooper
School of Engineering and Materials Science
Queen Mary.. Ux}i\‘crsily of London \.30(\ L
Mile End Road e
London E1 4NS, England SOV

2
[= 3
<

N
\‘

%
\
\
!
S

Executive Secretary:
Dr. R. B. Dooley
Structural Integrity Associates, Inc.
2904 South Sheridan Way, Suite 303
Oakville, Ontario, L6J 77, Canada
email: bdooley(@structint.com VAPOR

This release contains 19 pages, including this cover page.

This release has been authorized by the International Association for the Properties of Water \ ~ .
and Steam (IAPWS) at its meeting in Berlin, Germany, 7-12 September, 2008, for issue by its N 7 h

Secretariat. The members of IAPWS are: Argentina and Brazil, Britain and Ireland, Canada, S / (kg kg'l)
the Czech Republic, Denmark. France, Germany, Greece, Italy, Japan, Russia, the United

States of America, and associate member Switzerland.
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Summary of Seawater Data Used for TEOS-10

Table 7

Summary of data used for the regression in this paper

Source Quantity Sa(gkg™") t (°C) Points r.m.s. required r.m.s. result Unit Seawater
Millero et al. (1973a) con 1-40 5-35 48 0.5 0.57 Jkg 'K! ss
Millero and Pierrot (2005) Cp 1-35 10-40 41 1.0 13 Jkg 'K! ns
Bromley et al. (1967) Cp 11-117 2-80 221 4 35 Jkg 'K! IS
Robinson (1954) p*eP 18-40 205 13 0.02 0.002 % SS
Bromley et al. (1974) thoil 6-70 60-80 32 1 13 mK DS
Doherty and Kester (1974) tr 4-40 —2to0 32 3 2.0 Jkg™! AS
Feistel and Marion (2007) tr 5-110 -7to0 22 10 15 Jkg! MS
Bromley (1968) Ah 0-108 25 33 1 0.75 Jkg! IS
Millero et al. (1973b) Ah 1-42 0-30 120 10 33 Jkg! SS
Connors (1970) Ah 10-61 2-25 19 10 72 Jkg! ns
Limiting law (6.7) gt 35 —51to0 95 21 1 0.09 Jkg™! RS
Total 0-117 —7 to 95 602

All data are at atmospheric pressure. Seawater: AS: Sargasso Sea (Atlantic), DS: San Diego (Pacific), JS: La Jolla (Pacific), MS: model seawater, RS: reference
seawater, 55: standard (Atlantic) seawater, ns: not specified.

Table 8

Summary of PVT data which were used for the determination of the former 2003 Gibbs function polynomial coefficients by regression

Source Quantity Sa (gkg™") t(°C) p (Mpa) Ue LL.M.S. Unit Seawater
Millero et al. (1976) P 0.5-40 0-40 0 4 4.1 ppm SS
Poisson et al. (1980) P 5-42 0-30 0 4 4.0 ppm SS
Poisson and Gadhoumi (1993) P 34-50 15-30 0 10 11.3 ppm SS
Chen and Millero (1976) P 5-40 0-40 0-100 10 11.0 ppm SS
Bradshaw and Schleicher (1970) P 30-40 -2 to 30 1-100 4 26 ppm SS
Caldwell (1978) o 10-30 —6to1 0.7-33 0.6 0.73 ppmK~! 0s
Del Grosso (1974) c 29-43 0-35 0-2 5 1.7 cms™! SS
Del Grosso (1974) c 29-43 0-30 0.1-5 5 1.2 cms~! SS
Del Grosso (1974) c 33-37 0-5 0-100 5 35 cms™! SS
Total 05-43 —6 to 40 0-100

U is the estimated standard uncertainty of the particular data set, r.m.s. was the accuracy of the fit. Seawater: OS: Oregon (Pacific), SS: Standard (Atlantic).

& 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 |, 55, 1639-1671
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Seawater + Ice: Antarctic Sea Ice Data

SW

G ?
Equilibrium ice — seawater: | g™ =gV -5, ;”SA

Freezing Point of Seawater Brines

274

-273

272

271

-270

-269

-268

Temperature 7 /K

267

=266

265

i i i ; i i i i i 264
0 10 20 30 40 530 o0 70 80 90 100 110 120
Salinity Sy (gkg™)

F: Michael Fischer, Diploma Thesis, University of Leipzig 2009
G: Markus Gleitz et al., Marine Chemistry 51 (1995) 81-91
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Helmholtz Function of Humid Air

FNAT, p) = (1= AT %)+ AF AT p*) + 75 (A.T. ). (1

Analytically / Numerically Derived Thermodynamic Potentials

Multi-Phase

p Sea Ice | | Sea Air | | Liquid Cloud

Ice Cloud

fIAPWS—QS (T, pv ) ’ )

rtp)

Single-Phase | R L T i
ixtures A Al id res
it X f (T,p )—M—[a (r.0)+a (r,é')]. 3)
i A
4 5
singl Ice Ih Dissolved Sea Sal Fluid W Dry Ai i i
cI::‘:nnents IAPWS RC;)-OG (2009) IAPI\:j;) ;iz-oza(zg(;s) IAPWSu IRs-s?(ezrms) IAPWS GZ»ltl)r(zow) [#4 id (Z' R (5‘) =lnd+ Z n ]0 r! 4 +n 2 T = + nf) Int+ }’]g 111[1 — CXp(— I’JIO 1T )] 4
Fundamental Thermodynamic Potentials, Empirical Coefficiej =l ( )
7 +71] ln[l - exp(— Hlozf)]+ n, 1n[2 /3+ exp(nfjr)]
/ 10 ) . 19 . ) ;
a®(r.0)=) ns*ch + > nch exp(— oF ) ®)
k=1 k=11
WWW.IapPWSs.0rg IAPWS G8-10
fmix (A T )= 2A(1 — A)PRT BAW (T)—i— i A (AAW (T)+ (1 - A) CAWW(T) (8)
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Seawater + Humid Air:

Latent Heat of Evaporation

Latent Heat of Water and Seawater

2550

2250

100

t/°C

Temperature

@, Feistel, R. et al. (2010): Thermodynamic properties of sea air. Ocean Sci. 6, 91-141, www.ocean-sci.net/6/91/2010/
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Computation of Seawater Properties from the Gibbs Function

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

Liblgll';ut?ltlil:gtion Formula SI Unit Eq.

seaf)cfgr::i)t’yisi P=gr ,ll\lg‘ (S7.1)
- . J

<o entropy. & =g e | 572
caa enthalpy & h=g-Ter |67
ety | et | gy |
Specific Helmholtz energy f=g—Pg, I\LQ (87.5)
Specific l;%k;igp:fsit capacity ¢, —Tg, k;K (S7.6)
Specific isochoric heat capacity | ¢, = T(gip — 8 &pp ]/ Spp kiK (S7.7)
e | )| w9
R e
et | s | g o
Chemical potential of sea salt w=g+(1-58,)gs kj_g (S7.13)
Barodiffusion ratio kp=Pgg/8s I (S7.14)

Feistel, R. et al. (2010): Numerical implementation and oceanographic application of the thermodynamic potentials of

x@« liquid water, water vapour, ice, seawater and humid air — Part 1: Background and equations. Ocean Science 6, 633-677,
WWW.0ocean-sci.net/6/633/2010/
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TEOS-10 Open Source Code Libraries

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

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.0cean-sci.net/6/633/2010/

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.0cean-sci.net/6/695/2010/

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-10.0rg

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
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TEOS-10 (S15) Sea_3b

b (S16) Air_3b

Uses
constants_0, sal_2
sea_3a (conv

SIA Library modules —

SIA Library functions \\

(Fortran & VB source codes:)/

sea h si
sea_h_contraction_h_si

33,
, maths_0,

\-

Table S16 (Air_3b): Thermodynamic properties of humid air in terms of the mass fraction of dry
air in humid air in kg kg™, the absolute temperature in K and the pressure in Pa. The quantiti
here are all conveniently expressed in terms of the Gibbs potential function (S16.9). (Sea#art I,
section 4.4.)

(516) Air_3b Module
Function call Comments
(S16.1)
g™V is the Gibbs

air_g_chempot_vap_si(a, t, p) function for moist air

= Mk -1 oAV J
a_ 4 : (kgke™) % — (S13.2) and subseripts
t=T7T/K oA kg 2 !

— P /Pa indicate partial
P ' differentiation.
air_g_compressibilityfactor_si: compressibility factor for moist air (S16.2)
air_g_compressibilityfactor_si P
(a, t, p) L PR T Rav is the specific
a=4/(kgkg) 1 molar gas constant for
t=T/K moist air.

Ry :R|:1_;:I + AAi|
p =P /Pa M M
air_g_contraction_si: contraction coefficient of humid air (S16.3)

air_g_contraction_si(a, t, p)

a=4/(kgkg™) G- g kg see comments for
r=T/K s kg (S16.1)
p=P/Pa

/

Bl

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

3b
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Uses
constants_0, convert_0,




Gibbs SeaWater (GSW) Oceanographic Toolbox of TEOS-10

water column properties, based on the 48-term expression for density, 2(5,.0.p)

gsw_Nsquared
gsw_Turner_Rsubrho
gsw_IPV_vs_fMsquarsd_ratio

buoyancy (Brunt-Vaisila) frequency squared (N2)

Turmer angle & Rsubrho

ratio of the vertical gradient of potential density (with refersnce
prassure, p_ref), to the vertical gradient of locally-refersnced
potential density

neutral properties, based on the 48-term expression for density, 5(S,.0.p)

gsw_isopycnal_skope_ratio
gsw_isopyenal_vs_ntp_CT_ratio

gsw_ntp_pt ve_CT_ratic

ratio of the slopes of isopycnals on the SA-CT diagram for p & p_ref

ratio of the gradient of CT in a potential density surfacs to that in the
neutral tangent plans

ratio of gradients of pt & CT in a neutral tangent plane

geostrophic streamfunctions, based on the 48-term expression for density, 5(5,.0.p)

gsw_geo_stri_dyn_height
gsw_geo_strf_dyn_height_pc
gsw_geo_stri_isopycnal
gsw_geo_stri_isopycnal_po

gsw_geo_sti_Cunningham
gsw_geo_strf_Montgomery
gsw_geo_stri_steric_height

geostrophic velocity
gsw_geostrophic_velocity

derivatives of entropy, CT and pt

gew_CT_first_derivatives
gsw_CT_second_derivatives
gsw_entropy_first_dsrivatives
gsw_antropy_second_derivatives
gsw_pt_first_derivatives
gsw_pt_second_derivatives

dynamic height ancmaly

dynamic haight anomaly for piscewise constant profiles

approximats isopyenal geostrophic streamfunction

approximats isopycnal geostrophic streamfunction for piscawise
constant profiles

Cunningham geostrephic streamfunction

Maontgomery geostrophic streamfunction

dynamic height anomaly divided by 9.7063 m 5™

gsostrophic velocity

first derivatives of Conssrvative Tempsrature
second derivatives of Conservative Temperaturg
first derivatives of entropy

second derivativas of entropy

first derivatives of potential temperaturs

second defivatives of potential temperaturs

seawater properties at freezing temperatures

gsw_CT_freszing
gsw_CT_freszing_paly
gsw_1_freszing
gsw_t_freszing_poly
gsw_brineSA_CT
gsw_bringSA_CT_paoly

gsw_brineSA_t
gsw_brineSA_t paoly

gsw_pressure_freezing_CT
gsw_CT_freszing_first_derivatives

gsw_t_freszing_first_derivatives
gsw_latentheat_meling

Conzervative Temperature freezing temperature of ssawatsr

Conssrvative Temperature freezing temperaturs of ssawatsr (polymaonial)

in-gity freszing temperaturs of ssawatsr

in-situ freazing temperaturs of ssawater (polymaonial)

Absolute Salinity of seawater at the freezing temperature (for given CT)

Absoluts Salinity of ssawatsr at the freezing temperaturs (for given CT)
(polymonial)

Absolute Salinity of ssawatsr at the freezing temperature (for given 1)

Abzoluts Salinity of ssawatsr at the freezing temperature (for given 1)
(polymonial)

pressure of seawater at the freezing temperature (for given CT)

first derivatives of Conssrvative Tempserature freszing temperaturs of
seawatsr

first derivatives of in-situ freezing temperature of seawatsr

latent heat of mehing of ice into seawatsr (isobaric melting enthalpy)
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gew_mslting_ice_SA_CT_ratic

gesw_melting_ice_squilibrium_SA_CT_ratio

gsw_melting_ice_into_seawater
gew_ice_fraction_to_freeze_seawater
gsw_frazil_ratios

thermodynamic interaction between

gsw_melting_seaice_SA_CT_ratio

gew_melting_seaics_equilibrium_SA_CT_ratc

gew_mslting_ssaics_into_ssawatar

gsw_seaice fraction_to freeze_seawater

thermodynamic properties of ice lh

gsw_rho_ice
gew_alpha_wri_t_ice

gesw_specvol_ice
gsw_prassure_cosafficiant_ice
gesw_sound_speed ice
gew_kappa_ica
gsw_kappa_const_f_ice
gsw_internal_snergy_ice
gew_snthalpy_ice
gsw_sniropy_ice
gsw_cp_ice
gsw_chem_potential_watsr_ice
gew_Hslmhaolhiz_snsmy_ice
gsw_adiabatic_lapse_rate_ice
gew_pt0_from_t_ice
gsw_pt_from_t_ice
gew_t_from_pt0_ice

gsw_pot_snthalpy_from_pt_ice
gsw_pt_from_pot_snthalpy_ice
gsw_pot_snthalpy_from_pt_ice_poly
gsw_pt_from_pot_enthalpy_ice_poly

thermodynamic interaction between ice lh and seawater

SA 1o CT ratio when ics mslts in sesawater

SA 1o CT ratio when ice mels into seawater, near squilibrium
ZA and CT when ice melts in ssawater

ics mass fraction 10 freszs seawatar

ratios of SA, CT and P changes during frazil ice formation

sea ice and seawater

SA to CT ratio when sea ice melts in seawatsr

SA 1o CT ratio when sea ice melts into seawater, near equilibrium
SA and CT whan sea ice melts in seawater

sea ioe mass fraction to freeze seawatsr

in-situ density of ice

thermal sxpansion coefiicient of ice with respect 1o in-situ
temperaturs

specific volume of ice

prassure cosfiicient of ice

sound speed of ice (compression waves)

isentropic comprassibility of ice

isothermal comprassibility of ice

intsrnal ensrgy of ice

enthalpy of ice

sntropy of ice

isobaric heat capacity of ics

chemical potential of water in ice

Helmholtz energy of ice

adiabatic lapss rate of ice

potential temperature of ice with reference pressure of O diar

potential temperature of ice

in-situ temperaturs from potential tempsrature of ice with
p_ref of O dbar

potential enthalpy from potential temperature of ice

potential temperature from potsntial snthalpy of ice

potential enthalpy from potential temperature of ice (polymonial)

potential temperature from potential enthalpy of ice (polymonial)

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 Si in g/kg

Properties of sea salt of
Reference Composition

Solute, i 107 X;
(Definition)
Na* 4188071
Mg 471678
Ca? 91823
K* 91159
S+ 810
Cl- 4874839
SO, 252152
HCO5 15340
Br- 7520
CO*- 2134
B(OH,~ 900
F- 610
OH- 71
B(OH); 2807
CO, 86
Sum 10000000
H;O
Sum

XA,

9.6282786
1.1464134
0.3680082
0.3564162
0.0070972

17.2827667
24222377
0.0935998
0.0600878
0.0128059
0.0070956
0.0011589
0.0001208

0.0173565
0.0003785

314038218

Available online at www.sciencedirect.com

ScienceDirect

DEEP-SEA RESEARCH
Pagrr I

ELSEVIER

Deep-Sea Research 1 55 (2008) 50-72 ——
www.elsevier.com/locate/dsri

The composition of Standard Seawater and the definition
of the Reference-Composition Salinity Scale

Frank J. Millero®*, Rainer Feistel®, Daniel G. Wright®, Trevor J. McDougalld

Wi w; ¥

gkg!

i’j/Aj X; m;
mol g~! mol kg ! mol kg !

Properties of KCl-normalized Reference Seawater

Composition Anomalies

0.3065958 1078145 0556492  0.02420609 04689674  0.4860597 l sé-aov:;:;le[ l
0.0365055 128372 0066260 000272619  0.0528171 0.0547421 sample
0.0117186 041208 0.021270 000053072  0.0102821 0.0106568 o Measure Measure C, then
0.0113495 0.39910  0.020600  0.00052688 0.0102077 0.0105797 w  composition calculate Practical Salinity S
0.0002260 000795 0.000410  0.00000468  0.0000907 |  0.0000940 < anomalies from P85-78, S(C, 1, p)

=
0.5503396 19.35271  0.998904  0.02817545  0.5458696 |  0.5657647 2 l l
0.0771319 271235  0.140000 0.00145738 | 00282352 |  0.0292643 < Caleulate Calculate Reference Salinity
0.0029805 0.10481  0.005410  0.00008866  0.0017177 |  0.0017803 3 salinity Sp=1(35.16504 g kg'/35) §
0.0019134 006728 0.003473  0.00004346 00008421 |  0.0008728 = anomaly, 65
0.0004078 0.01434  0.000740  0.00001233  0.0002390 |  0.0002477 g l l
0.0002259 0.00795  0.000410  0.00000520  0.0001008 |  0.0001045 o
0.0000369 0.00130  0.000067  0.00000353  0.0000683 |  0.0000708 g Caloulate . . Calculate Reforence-

o density — Final density «— Composition Density
0.0000038 0.00014  0.000007  0.00000041 0.0000080 |  0.0000082 anomaly, 5o 0= pg + 80 o(Swt.p)
0.0005527 0.01944  0.001003  0.00001622  0.0003143 |  0.0003258
0.0000121 0.00042  0.000022  0.00000050  0.0000096 |  0.0000100 ¢
1,0000000 1815069  0.05779770  1.1197690 |  1.1605813 P = P(Ss,t,p)= (S, +85,,t,p)

964.83496  49.800646  2.76435771 53.5565138 | 55.5084714 5p
S,=5+
1000.00000  51.615714 546762834 | 56.6690528 B(S..t,p)pa(S, . p)
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Global Salinity Anomalies (|gnored before TEOS-10)

Indian Ocean
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Fig. 1. Salinity anomalies §S, for trans-oceanic hydrographic sections in different oceanic basins. Values are calculated by the numerical
model of Pawlowicz et al., (2011) using archived observations of carbon parameters and nutrients along these sections. Data obtained from
the CLIVAR and Carbon Hydrographic Data Office (cchdo.ucsd.edu).

. Pawlowicz, R., McDougall, T., Feistel, R., Tailleux, R. (2012): An historical perspective on the development of the
V Thermodynamic Equation of Seawater — 2010. Ocean Science 8, 161-174, 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

Metrologia 53 (2016) R12

00 <
traceable to
e .| <= Uncertainty growth risk

| conductivity

shelf life
0010 i
0005 i memm e --—-— @B Required stable uncertainty level
’ to density

0.000L
20 40 60 80 100

years between S, and S, measurements

Figure 1. Uncertainty of the difference of two independent salinity
measurements, Sp; and Sp,, versus the time elapsed between the

measurements. The uncertainty increases for results traceable to the c

conductance ratio of SSW, depending on the assumed shelf life of A| m:

SSW: the solid red line to 2 years (Culkin and Ridout 1998), the dotred . . e ..
blue line to 5 years (Bacon ef al 2007). In contrast. the uncertainties do Den Si ty d ef' nition Of S al N |ty
not increase with time if the results are traceable to the SI. The dash-

dotied line refers to results traceable to density which would provide a +

better bound on uncertainty after about a decade, the dashed line to Sl : ;
conductivity standards, whyich would not provide a useful bound until K eep eStab I IS h ed p raCtI ce

measurements were separated by many decades.

o Pawlowicz, R. et al. (2016): Metrological challenges for measurements of key climatological observables.
V 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 7
. i . . g d:flilﬁﬂ,,ﬁ ]
International Bureau of Weights and Measures, Paris-Sevres “_BIPM

e ®) 2 "?v’

Participants of the IAPWS-BIPM Meeting on 7 February 2012 at the BIPM headquarter, Pavillon de
Breteuil at Sévres near Paris, from left to right: Dan Friend, Karol Daucik, Jeff Cooper, Alain Picard,

Petra Spitzer, Rainer Feistel, Michael Kuehne, Andy Henson, Robert Wielgosz.

EGU Fridtjof Nansen Medal Lecture, Vienna, 9 April 2018



16th International Conference on the Properties of Water and Steam

London, Greenwich, UK, September 2013

Ic P IAPWS-BIPM Workshops on
- Seawater salinity (R. Pawlowicz)
W s - Seawater pH (P. Spitzer)
] A4 - Relative Humidity (O. Hellmuth)
LONDON 2013

T A 72 2
1 A0ECT Ly WERLEE(Ix frute CHRORONRL &N
! |
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Joint IAPWS-BIPM Activities are coordinated by JCS

(Successor of SCOR/IAPSO WG 127)

Joint Committee on the Properties of Seawater (JCS)

The Joint Committee on the Properties of Seawater is a permanent
IAPWS/SCOR/IAPSO joint committee which is responsible for maintaining and
improving the recent seawater standard (TEOS-10), and for developing the
cooperation with the BIPM and the WMO. In particular, the development of
new definitions and measurement procedures for seawater salinity, seawater
pH and relative humidity of air, traceable to the SI and thus ensuring
measurement comparability over climatological time scales of decades or

centuries, are being pursued by this joint committee.

Ocean Sci., 8, 161-174, 2012 A ]
www.ocean-sci.net/8/161/2012 5 Ocean Science
doi:10.5194/0s-8-161-2012 -

© Author(s) 2012. CC Attribution 3.0 License.

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

Preface

An historical perspective on the development of the Thermodynamic
Equation of Seawater — 2010

R. Pawlowicz', T. McDougall®, R. Feistel*, and R. Tailleux*
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I0P Publishing | Bureau International des Poids et Mesures Metrolagia
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Review

Metrological challenges for measurements
of key climatological observables: oceanic
salinity and pH, and atmospheric humidity.
Part 1: overview
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Seawater pH

Marine Chemistry 126 (2011) 89-96

Contents lists available at ScienceDirect

Marine Chemistry

journal homepage: www.elsevier.com/locate/marchem

pH of seawater

G.M. Marion **, FJ. Millero b ML.F. Camdes €, P. Spitzerd, R. Feistel ¢, C.-T.A. Chen '

8A - Proper seawater pH: Activity of H+ ion
- Single-ion activity is not measurable
8.0
L .. . .
5 - lon-activity equation not available for
3 = Pigwgh seawater
e 75 —— pH-FC
= Plicinnes ™ - Inconsistent practical proxies
~=— pHF-FC
——PHgyygFC
0 5 10 15 20 25 30 35 40 45
Salinity (S a) A| m:
Fig. 2. Model-calculated pH values for seawater (molal concentrations, m) based on the P|tzer equatlon for |nd|cator dye
FREZCHEM model (FC) compared to the Miami model (M). T=25 °C, fCO, = 3.33E-
4 atm.
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Relative Humidity, RH

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

Metrologia 53 (2016) R40 Review
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‘Standard’ relative humidity at 0.1 MPa, %rh ‘Standard’ relative humidity at 1 MPa, %rh

(a) (b)

Figure 4. Differences between the standard definition y, and four non-standard definitions at 40 °C (hollow symbols) and 80 °C (filled
symbols) for pressures p = 0.1 MPa (a) and p = 1 MPa (b). Three non-standard definitions are of the form y. where the humidity quantity
7 is the mixing ratio, r (squares), the specific humidity, g (triangles), and the fugacity, f;; (diamonds). The fourth non-standard definition is

yiupac (circles). For each value of y (T p), x and x*" are calculated and substituted into equation (20), which is rearranged to give each of
the differences, y, — ..

Preferred option:
Relative fugacity defined by IAPWS equation

o J W Lovell-Smith et al. (2016): Metrological challenges for measurements of key climatological observables.
V Part 4: atmospheric relative humidity. Metrologia 53, R40—-R59, doi:10.1088/0026-1394/53/1/R40
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De-facto standard RH definition of WMO, ASHRAE, etc:

ITI
v, Tp)= 2 = PXT.P) Relative Humidity
x* " p,(x*,T,p)

Substitute X, p,, by their ,real-gas equivalents®:

wf(x,T,P)= - fV(X'T'p) Relative Fugacity

a fv (Xsat)-’-’p)

Define activity reference state [, by the saturation state:

a(xsat’T) p): 1 / Saturation State

y ¢
RTIny,(x,T,p)=RTInay" (x,7,p)= " (x,T,p)~ 1,(T,p)

,oteam Engine” Climate

\ Available from TEOS-10

oo R. Feistel & J. W. Lovell-Smith (2017): Defining relative humidity in terms of water activity.
V Part 1: definition. Metrologia 54, 566-576, https://doi.org/10.1088/1681-7575/aa7083
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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

- Sl-Definition of Seawater Salinity

- Sl-Definition of Relative Humidity / Fugacity

- Sl-Definition of Seawater pH

IAPWS/JCS will meet in Prague www.icpws2018.com ol

\ &4 http://www.teos-10.0rg/JCS.htm
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Ocean Sci. Discuss., https://doi.org/10.5194/0s-2018-19 i
Manuseript under review for journal Ocean Sci. Ocean Science
Discussion started: 7 March 2018 Discussions
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