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Plan for Today

•
•
•
•
•

Hydrologic cycling
Geochemical cycling and life
Human activity
Planetary system
Summary and Feedback
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Hydrologic Cycling

•
•

What do you know about hydrologic cycling?

•

What do you know about thermodynamics and hydrologic
cycling?

What do you know about energy conversions and hydrologic
cycling?
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Hydrologic Cycling

•

Thermodynamic equilibrium and disequilibrium, relationship to
saturation

•
•
•
•

Maintenance of disequilibrium
Limits to hydrologic cycling
Hydrologic cycling and global warming
Consequences of hydrologic cycling
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Saturation as Equilibrium
Thermodynamic equilibrium between open water and a gas is saturated air
relates to thermal energy (temperature) and uncompensated heat (vapor
pressure)
State A:
Unsaturated Air
(Disequilibrium)

State B:
Unsaturated Air
(Disequilibrium)

State C:
Saturation
(Equilibrium)

State D:
Supersaturation
(Disequilibrium)
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Saturation as Equilibrium
•

Thermodynamic equilibrium is formulated with respect to the so-called
chemical potential µ
(defined as µ = ∂G/∂M, with G being the Gibbs free energy)

•

Saturation corresponds to the minimum in Gibbs free energy, so that
chemical potentials of both phases remain unchanged, dµl = dµv
dµl =

•

Sm,l dT + Vm,l desat =

Sm,v dT + Vm,v desat = dµv

Clausius-Clapeyron equation (using ideal gas law for vapor volume):
desat
Lesat
=
=s
2
dT
Rv T

•

Often, empirical relationships are used for saturation vapor pressure
(oldest = Magnus formula):

esat = 611 · e
Thermodynamics of Earth System Processes - Slide 7

19.83 5417/T

T: Temperature in Kelvin
esat: partial pressure in Pa

Kleidon 03/2018

Saturation as Equilibrium
Warm air can hold more moisture because saturation vapor
pressure increases with about 6.5%/K
Global mean
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Maintaining Disequilibrium
Disequilibrium is generated by precipitation
(removal of liquid water from the atmosphere)
Generation of
Disequilibrium:
Condensation
and subsequent
precipitation
dehumidifies the
atmosphere,
generating
disequilibrium
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Motion

Dissipation of
Disequilibrium:
Evaporation aims to
saturate air and
thereby dissipate the
disequilibrium
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entropy production of the whole hydrolo
The remaining 2/3 consequently would re
processes within the atmosphere, e.g. the
tion of kinetic energy of falling raindrops
et al. 2000). A disproportionate contrib
Entropy production by evaporation
depends
on
the entropy
production
rate comes from t
sinceofthe
evaporation flux and relativesurface
humidity
airaverage per unit area ov
(9.8 mW/m2/K) is more than twice of the r
value over land (4.2 mW/m 2/K). This is
a large extent
due toof
themoist
presence
of des
Chemical
potential
air:
2
(mW/m /K)
land where ET is limited
✓ by water
◆ availab
reducing the average value
e (Figure 1).
µ = Rproduction
Entropy
v T ln varies greatly amon
esatin the polar re
from values of near zero
rates as high as 16 mW/m2/K and more in
Entropy
latitude production
regions overby
theevaporation:
oceans. The pe
of EPet are clearly not
by patte
µs onlyµdriven
a
alone,etbut
reflect
variations
in relative
=E·
T
as well. On land, the geographic
pattern
Simulated distribution of entropy production by
follow the patterns of evapotranspiration
surface evaporation in a climate model
Figure 1. Annual mean
values of evapotranspiration (top),
not quite as pronounced. This is more ea
(Kleidon 2008)
relative humidity of the atmospheric boundary layer (middle)
in Figure 2, which shows a scatter plot o
and entropy production associated with evapotranspiration
means of these variables for each land gr
(bottom) for the present-day “Control” simulation
While entropy production is positively c

Maintaining Disequilibrium
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Limits to Hydrologic Cycling
The limit to hydrologic cycling is set by limit to moist convection,
which dehumidifies and transports water vapor
Radiative cooling

Tt
Convective
mass flux Jm

Heat
engine

3: Condensational
heating of air

Tb
4: Sinking of
unsaturated air

2: Uplift and
adiabatic cooling

5: Precipitation of
condensed water

1: Evaporation into
unsaturated air

Irreversible
and
Dehumidifier

Ts
Water surface
Radiative heating
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Global Warming
s Rs
Eopt =
+s 2
1
1 @E ds
1 @E
E=
Ts +
Rs
E
E @s dTs
E @Rs

Evaporation rate:
Relative sensitivity:
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Today
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Climate
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≈ 1 % K-1

greenhouseinduced
warming:
2.2 % K-1

solar-induced
warming:
3.2 % K-1

model sensitivity from
Tilmes et al. (2013) JGR

−10
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≈ 2.2 % K-1

3
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Kleidon and Renner (2013) ESD
Kleidon, Kravitz, Renner (2015) GRL
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Global Warming
Analogy: increasing the temperature of a pot on a stove
Heating
by lid
(“greenhouse”)

Heating by
plate
(“solar”)

Same heat flux
through pot, but
reduced cooling rate

Greater heat flux
through pot, with
same cooling rate

Response of water
cycle reflects
temperature increase

Stronger response of
water cycle reflects
temperature increase
and solar heating
increase
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Global Warming
Due to different rates of increase, precipitation events are likely to become less
frequent, but more intense with global warming. And more powerful.

1 desat
= 6.5%/K
esat dT
Atmospheric
moisture
Wa

Precipitation
P

Evaporation
E

Precipitation
phase

Evaporation
phase

Soil
moisture
Ws

1 dE
= 2.2%/K
E dT

Power by
moist convection:

Gm = LP ·

Ts

Tr
Tr

Kleidon and Renner (work in progress)
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Consequences of Hydrologic Cycling
Connecting hydrologic cycling to other energy forms
Radiative cooling
Moist atmosphere

Solar and
terrestrial
radiation

Convective
mass
exchange

Absorption
(water vapor,
droplets)

Kinetic energy
generation
~ 7 W m-2

Reflection
(clouds, ice)
Latent
heat

Irreversible
evaporation
~ 2 W m-2

Potential energy
of raindrops
~ 2 W m-2

Conversion
< 1%

Conversion
~ 1%

Atmospheric
electric and
chemical energy

Kinetic energy in
continental
runoff

Water surface
Radiative heating
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Thermodynamics of Climate
• Low conversion efficiency from
solar forcing to motion

Solar forcing:
342 W m-2
or 1.75 x 1017 W
Reflection
≈ 30%
Heating
differences
≈ 40%

Max. power
efficiency
≈ 1-2%

Surface
absorption
≈ 70%

• Consistency with observations
suggest operation at limit
• Motion drives turbulent mass
exchange, ocean dynamics,
continental runoff

Max. power
efficiency
≈ 4%

Power:
≈ 1-2 W m-2

Power:
≈ 7 W m-2

Large-scale motion

Convective motion
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Motion
< 5 x 1015 W
< 10 W m-2
Hydrosphere
< 1 x 1015 W
< 2 W m-2
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Geochemical Cycling
What do you know about

•
•
•

Geochemical cycles?
Energy conversions and geochemical cycles?
Thermodynamics and geochemical cycles?
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Chemical Equilibrium
A + B ⟶ AB + ∆Hr
∆Gr = ∆Hr - T∆Sr

Net reaction:
Change in Gibbs free energy:
State A:
Chemical
disequilibrium

State B:
Chemical
equilibrium

State C:
Chemical
disequilibrium

water

water

water

A + B → AB

A + B ⇌ AB

A + B ← AB

Forward reaction >
backward reaction

Forward reaction =
backward reaction

Forward reaction <
backward reaction

Forward reaction rate: Jm,f = kf [A][B]
Speed of reaction:

v = Jm,f - Jm,r
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Backward reaction rate: Jm,r = kr [A][B]
Equilibrium:

Keq

[A][B]
kr
=
=
=e
[AB]
kf

Gr
RT
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Generating Disequilibrium
Le Châtelier’s principle (as in Kondepudi & Prigogine):
“Any system in chemical equilibrium undergoes, as a result of a variation in one of the factors governing the
equation, a compensating change in a direction such that, had this change occurred alone, it would have
produced a variation of the factors considered in the opposite direction”

a. External change in concentrations

b. External change in temperature
More products

More products
Equilibrium

Equilibrium

External change:
+ΔT
Colder

Warmer
External change:
+[A], +[B]; -[AB]

Colder

Warmer
Response:
ΔKeq

Response:
ΔA, Δξ

More reactants
Thermodynamics of Earth System Processes - Slide 19

More reactants
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Chemical Disequilibrium
•

Chemical potential (µ = ∂G/∂m) depends on pressure, temperature, and the
concentration of the substance:

µ(p, T, c) = µ0 (p, T ) + RT ln(c)

•

Affinity describes the sum of the chemical potentials of reactants (+) and products (-):

A = µA + µB

•

µAB

Extent of the reaction ξ describes how much mass of the compounds is changed

d⇠ =

dNA =

dNB = dNAB

•

Reaction velocity directly relates to the change in extent of the reaction:

•

Dissipation of Gibbs free energy is given by:

1 d⇠
v=
V dt
d⇠
D =A·
=V ·A·v
dt
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Generating Disequilibrium
Motion generates disequilibrium and chemical free energy
Release of
energy, ΔHr
Cold surface
at temperature Ts

[A]i, [B]i, [AB]i

[A]s, [B]s, [AB]s

Chemical
equilibrium
favors products

Exothermic
reaction
A + B → AB + ∆Hr
Transport

Transport
Endothermic
reaction
AB + ∆Hr → A + B
Hot interior
at temperature Ti

[A]s, [B]s, [AB]s

[A]i, [B]i, [AB]i

Chemical
equilibrium
favors reactants

Uptake of
energy, ΔHr
Thermodynamics of Earth System Processes - Slide 21
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Generating Disequilibrium
Example: Hydrothermal vents at seafloor

Images: wikipedia.org
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Photochemistry
Solar radiation can also be used to break chemical bonds
(or excite electrons) to do chemistry (typically a few eV)
visible light
Energy per
photon

0.8

10
Blackbody
emission
spectrum
(T = 5760K)

8

0.6

6

0.4

4

0.2

2

0

0
1000

100

500
Wavelength (nm)
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Photon energy (eV)

Spectral radiance (norm.)

1.0

Examples:
O2: 5.2 eV
H2: 2.9 eV
H+: 13.6 eV

Photon energy = h c/λ
h = 6.63 x 10-34 J s
c = 3 x 108 m/s
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Photochemistry
The Chapman reactions describe ozone formation
and destruction in the stratosphere
1. Absorption of shortwave radiation (185 to 220nm):
O2 + hν

O+O

2. Oxygen quickly reacts to form ozone:
O + O2 + M

O3 + M

M = O2 or N2

3. Absorption of shortwave radiation (205 to 320 nm):
O3 + hν

O2 + O

O + O3

O2 + O2

4. Depletion of ozone:

-

involves about 0.04 W m-2 or 20 TW (Cicerone 1987)
about 1% generates OH (from reaction with water or methane), important for
atmospheric chemistry
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Geochemical Energy Generation
Different mechanisms that generate chemical energy
Solar
radiation

Heat engine
Photochemical power
from photodissociation

Osmotic power from
desalination of H2O

O3: 2x1013 W

global: 2.8x1013 W

OH:

land:

2x1011 W

d G X
Gi
=
dt
i

X
j

Biogeochemical power from
electronic absorption

O2, CH2O:
Biotic
activity

CH4:

NOx:

6x108 W

1.6x1011 W

Chemical disequilibrium
Photosynthesis

Lightning-based power from
heating during discharge

2.2x1014 W
6.7x1011 W

Dj

Geochemistry
< 0.5 W m-2
≈ 2.5x1014 W
Geochemical power from
hydration, oxidation,
degassing (H2, others)
<< 4.7x1013 W

Interior
heat loss

Kleidon (2016)
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Biospheric Activity
Thermodynamics, Organisms, and the Biosphere
Living cell

Photosynthesizers

Biosphere

Mass with
high entropy

Mass with
low entropy

Organism

Mass with
high entropy

Heat flux
Pressure change

Living cell

Flux of
low entropy radiation

Mass with
low entropy

Heat flux
Pressure change

Solar radiation

CO2
H 2O
N
P
S
…

Producers
O2

Consumers

Dead
biomass

Heat flux

“Life consumes low
entropy food to produce
high entropy waste”
(Schrödinger 1944)

“Photosynthesizers use
low entropy light to
consume high entropy
waste”
Biosphere
≈ 0.4 W m-2
2.2x1014 W
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Biospheric Activity
Photosynthesis generates chemical energy out of solar radiation
Chlorophyll absorbs
red and blue light

Photon energy is used to split water
and generate protons

4 x 680 nm

Source: wikipedia.org
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4 x 700 nm

Photon energy = h c/λ
h = 6.63 x 10-34 J s
c = 3 x 108 m/s
Kleidon 03/2018

Annu. Rev. Plant Biol. 2010.61:235-261. Downloaded from www.annualreviews.o
by WIB6417 - Max-Planck-Gesellschaft on 01/06/14. For personal use only.
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It is assumed here that in noncyclic electron

but it nevertheless results in a large increase
in yield. This review examines the prospects
for genetically achieving a similar result, i.e.,
without increasing [CO2 ]. Table 1 shows an εc
of 0.032 calculated on the basis of photosynthetically active radiation, which would amount
to an efficiency of conversion of full-spectrum
solar radiation into biomass of approximately
1.5%.

Biospheric Activity

Grain yield (t ha–1 )

Grain yield (GJ ha–1 )

Annu. Rev. Plant Biol. 2010.61:235-261. Downloaded from www.annualreviews.org
by WIB6417 - Max-Planck-Gesellschaft on 01/06/14. For personal use only.
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Figure 1 The effect of life on the Earth’s atmosphere. a, Atmospheric
93

Kleidon 03/2018

Methane Disequilibrium and Life
Relatively little power (0.67 TW) is needed to maintain methane
disequilibrium in the Earth’s atmosphere
320 320Hypothetical

reaction: A ⇋ B

E. Simoncini
et al.: Atmospheric
disequilibrium
E. Simoncini
etdisequilibrium
al.: Atmospheric
disequilibrium
Relationship
between
and
power

(a)

speed of kinetics
kf,kinetics
kr
(a)
speed of
kf, kr
low high

high

low

high
intermediate
high
intermediate
disequilibrium disequilibrium

mass flux JA

low

intermediate
low
intermediate
disequilibrium disequilibrium

(b)

disequilibrium

disequilibrium

low
disequilibrium

disequilibrium

speed of kinetics kf, kr
low
power

low

mass flux JA

high

low

(b) low

mass flux JA

high

high

mass flux JA

low

highest
power

speed high
of kinetics kf, kr
low

high

power

lowest
power

lowest
low power
high
power
highest

high

Fig. 1. A diagrammatic representation of our simple, illustrative
high
model. A single “box” contains a mixture of two ideal gases, A and
power
power
Fig. 1. A diagrammatic representation of our simple, illustrative
B, at standard conditions. A “driving process” uses a source of work
Fig.
2. Tables summarising some of the qualitative results illusmodel.
A
single
“box”
contains
a
mixture
of
two
ideal
gases,
A
and
Simoncini ettoal.
(2013)
convert B into A at a rate JA = JB , while a spontaneous chemitrated by our conceptual model. The labels JA , kf and kr refer to
B,
at
standard
conditions.
A
“driving
process”
uses
a
source
of
work
2. model,
Tables discussed
summarising
of The
the qualitative
results03/2018
illuscal reaction
converts
A Processes
into B at a net
rate 30
kf pA kr pB . In steady
Thermodynamics
of Earth
System
- Slide
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text. (a)
amount ofKleidon

Human Activity
What do you know about

•
•
•

Human activity?
Energy conversions and human activity?
Thermodynamics and human activity?
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Life needs Energy!

Dissipation

Energy demand relates to metabolism of organisms, following a general
scaling law depending on body mass (prop. to m3/4)

General relationship for the
“Basal Metabolic Rate”
(BMR)

Higher energy demand
by endothermic organisms

Body weight
Kleiber (1932) Hilgardia
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Smil (2008)
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Scaling Laws
Scaling laws extend down to scale of cells…
Allometric scaling laws 1577
5

Shrew
Elephant

0

log(metabolic power)

Mammals

–5

–10

Average
mammalian cell,
in culture

In vitro

–15

RC
CcO

Mitochondrion
(mammalian myocyte)

In resting cell

–20
–20

–15

–10

–5

0

5

10

log(mass)
Fig.·2. Extension of Kleiber’s 3/4-power law for the metabolic rate of mammals to over 27 orders of magnitude from individuals (blue circles)
to uncoupled
mammalian
cells, mitochondria and terminal oxidase molecules, CcO of the respiratory complex, RC (red circles). Also shown
West and Brown (2005)
J.
Exp.
Biol.
are data for unicellular organisms (green circles). In the region below the smallest mammal (the shrew), scaling is predicted to extrapolate
linearly to an isolated cell in vitro, as shown by the dotted line. The 3/4-power re-emerges at the cellular and intracellular levels. Figure taken
Thermodynamics of Earthfrom
System
- Slide
33
West etProcesses
al. (2002b) with
permission.
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ovative individuals, and
assumption upon which modern cities and
nomic growth, wealth
economies are based. Sustaining that growth
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— be made at a continuously accelerating rate.
urces or ideas4. On averThe time
between
thescale
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humans, with n 5 3 (21), N ' 15 and This formula is a generalization of Eq. 4 quite similar to Eq. 8. The fractal bronchial
N ' 22 (assuming Nc ' 2 3 1010), where- and is dominated by the first term, which tree terminates in NA } M3/4 alveoli. The
as with n 5 2, N ' 24 and N ' 34. These represents the contribution of the large network is space-filling, and the alveoli play
values mean that in humans Poiseuille tubes (aorta and arteries). Thus, Vb } the role of the service volume accounting
flow begins to compete with the pulse nN11/3k } n4/3N, which, because it must for most of the total volume of the lung,
wave after just a few branchings, dominat- scale as M, leads, as before, to a 5 3/4. As which scales as M. Thus, the volume of an
ing after about seven. In a 3-g shrew, size decreases, the second term, represent- alveolus VA } M1/4, its radius rA } M1/12,
Poiseuille flow begins to dominate shortly ing the cubic branching of small vessels, and its surface area AA } rA2 } M1/6, so the
REPORTS
beyond the aorta.
becomes increasingly important. This be- total surface area of the lung AL 5 NAAA }
The derivation of scaling laws based on bk havior predicts small deviations from M11/12. This explains the paradox (22) that
of
scaling (a * 3/4), observed AA scales with an exponent closer to 1 than
derived from Eqs. 7Fig.
and1.8 Diagrammatic
(Fig. 2) leads to examples
the quarter-power
segments
of biological
in the smallest mammals (2). An expres- the 3/4 seemingly needed to supply oxygen.
same results as before.
For simplicity,
assume distribuanalogous to Eq. 9 can be derived for The rate of oxygen diffusion across an alvethat the crossovertion
is sharp;
using(A)
a mammalian
gradual sion
networks:
cirthe
total
transition does notculatory
change the
resulting
scaland respiratory systems impedance of the system Z. It is olus, which must be independent of M, is
dominated by the small vessels (arterioles proportional to DpO2AA/rA. Thus, DpO2 }
ing laws. So, for kcomposed
. k, defineofbk branching
[ b. 5 tubes;
21/2
and capillaries) and, as before, gives Dp M21/12, which must be compensated for by a
n21/3 and, for k ,(B)
k, bplant
[
b
5
n
.
This
k
,
vessel-bundle
vascular
and u0 } M0.
predicts that areasystem
preservation
only persists
similar scaling of the oxygen affinity of hecomposed
of diverging
In order to understand allometric scal- moglobin. Available data support these prein the pulsatile region from the aorta
vessel elements; (C) topological
through the large arteries, at most until k ' ing, it is necessary to formulate an integrat- dictions (Table 1).
representation
of such
ed model for the entire system. The present
k. First consider the
Our model provides a theoretical, mechradius of the aorta
r0: itsnetworks,
where
k
specifies
the
order
of
the
model
should
be
viewed
as
an
idealized
anistic
basis for understanding the central
scaling behavior is now given by r0 5
k 2N k
1/3N11/6k
1/2N
Nthe aorta
level,
beginning
with
21/6
rcb. b, 5 rcn
5 rcn
, zeroth-order approximation: it accounts for role of body size in all aspects of biology.
(k 3/8
5 and,
0) and
capil- of the features of distribution net- Considering the many functionally interwhich gives r0 } M
forending
humans,with
r0/rcthe many
4
lary (k
5 Ndata
); and
parameters
of and can
works
be used of
as apapers
point of deparconnected parts
of the
organism
that must
' 10 , in agreement
with
(2)(D)
. Using
Series
by Geoffrey
West,
Brian
Enquist,
ture for more detailed analyses and models. obey the constraints, it is not surprising that
Eq. 3 we obtain,
for thetube
ratio
of fluid
a typical
at the
kth level.
(1997
because it Brown
is quantitative,
the -)the diversity of living and fossil organisms is
velocity in the aorta to that in the capil- In addition,James
2
N/3
lary, u0 / uc 5 Nc(rc/r0) 5 n u0 / uc ' coefficients, Y0 of Eq. 1, can also, in prin- based on the elaboration of a few successful
250, independent of M, again in agree- ciple, be derived. It accurately predicts the designs. Given the need to redesign the
ment with data. Because g reflects the known scaling relations of the mammalian entire system whenever body size changes,

Scaling Laws

Scaling laws can be derived by
fractal vascular distribution
networks that minimise frictional
dissipation.

Table 1. Values of allometric exponents for variables of the mammalian
cardiovascular and respiratory systems predicted by the model compared

with empirical observations. Observed values of exponents are taken from (2,
3); ND denotes that no data are available.

serving, that is, the sum of the cross-secCardiovascular
Respiratory
(4) tional areas of the daughter
branches equals
Exponent
that of the parent, so pr2k 5 npr2k 11.Exponent
Thus,
Variable
Variable
21/2
5 b, independent
of k.
where the last expression reflects the fractal bk [ rk11/rk 5 n
Predicted
Observed
Predicted
Observed
nature of the system. As shown below, one When the area-preserving branching rela21/2
radius
r5
3/8 5 with
0.375 the
0.36
Tracheal radius
3/8 5 0.375
0.39
0
tion,
b
n
, is combined
can also prove from the energy minimiza- Aorta
Aorta
pressure
Dp
0
5
0.00
0.032
Interpleural
pressure
0
5
0.00
0.004
0
space-filling
result
for g, Eq. 50 5yields
tion principle that Vb } M. Because ngb2 , Aorta
blood velocity
u0
0.00 a 5
0.07
Air velocity in trachea
0 5 0.00
0.02
3/4
Vb M . Many other 1scaling
5 1.00 laws
1.00
Lung volume
1 5 1.00
1.05
3/4, volume
so B }
1 and N .. 1, a good approximation to Eq. Blood
Circulation time
1/4 5 0.25
0.25
Volume flow to lung
3/4 5 0.75
0.80
2
2 2N
follow. distance
For example,
for the1/4aorta,
4 is Vb 5 V0/(1 2 ngb ) 5 Vc(gb ) / Circulation
l
5 0.25r0 5
ND
Volume of alveolus VA
1/4 5 0.25
ND
1/2
2N
b2Nrcstroke
5 Nvolume
Nc1/3lc,
(1 2 ngb2). From our assumption that cap- Cardiac
1rc5 51.00
1.03
Tidal volume
1 5 1.00
1.041
c rc and l0 5 g
1/4
Cardiac
frequency
5
20.25
Respiratory frequency
21/4 5 20.25
20.26
yielding
r0 Ė }v M3/8 and l021/4
} 5
M20.25
. This
illaries are invariant units, it therefore fol- Cardiac
output
3/4
0.75
0.74
Power
dissipated
3/4
5
0.75
0.78
derivation
of theNca 5 3/4 law 3/4
is essentially
a
lows that (gb2)2N } M. Using this relation Number
of capillaries
5 0.75
ND
Number of alveoli NA
3/4 5 0.75
ND
Service
volume
radius
1/12
5
0.083
ND
Radius
of
alveolus
r
1/12
5
0.083
0.13
geometric one, strictly applying only to sysin Eq. 3 then gives
A
Womersley number a
1/4 5 0.25
0.25
Area of alveolus AA
1/6 5 0.083
ND
tems ofthat
exhibit area-preserving
branchln n
Density
capillaries
21/12 5 20.083
20.095
Area of lung AL
11/12 5 0.92
0.95
a52
(5) Oing.
This
property
has the21/12
further
conseof blood
P50
5 20.083
20.089
O2 diffusing capacity
1 5 1.00
0.99
2 affinity
ln~gb2!
Total
resistance
Z
23/4
5
20.75
20.76
Total
resistance
23/4
5
20.75
20.70
quence, which follows from Eq.
2, that the
Metabolic rate B
3/4 5 0.75
0.75
O2 consumption rate
3/4 5 0.75
0.76
To make further progress requires knowl- fluid velocity must remain constant
edge of g and b. We shall show how the throughout the network and be indepen125
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Theory can explain
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scaling laws in
biology

Review

Metabolic Activity of Humans
TRENDS in Cognitive Sciences

Vol.9 No.5 May 2005

High share of brains in the Basal
brains growMetabolic
rapidly?
Rate (BMR)

Humans have a comparatively
high relative brain mass

Endocranial/brain volume (cm3)

years of human evolution, an enormous increase in
ccurred, from a volume of 450 cm3 found in
H. neanderthalensis
1500
to about 1350 cm3 in modern Homo sapiens and
H. sapiens
1300
neanderthalensis, which is mostly the result of a
c growth of the cortex (Fig. I). Experts agree that heart
Hominids
heart
1100
h, independent of its evolutionary ‘driving forces’,
H. erectus
elatively simple genetic mechanisms [65,66]. In the
900
neurons are produced at two stages and modes ofliver
liver
700
progenitor cells are
formed in a narrow zone
around
brain
H. habilis A. robustus Australopithecines
entricle. By
symmetric cell division, this ventricular
brain
A. boisei
Gorilla
500
nentially. This is followed by asymmetric cell
A.africanus
Orang
one precursor cell gives rise to another precursor
Chimpanzee
Great apes
300
Bonobo
which then migrates from the ventricle to distant
Roth & Dicke (2005)
100
the cortical plate. According to the ‘radial-unit
0
100
150
200
50
(2008)
kic Smil
[67,68],
neurons originating from the same
Body weight (kg)
m a cortical column, in which later-born neurons
TRENDS in Cognitive Sciences
es on top of earlier-born ones. Evidently, the
f symmetric cell production is most important for
Probably
made
bysizeenergy
Figure I. The relationship
between
bodypossible
size and brain
or endocranial volum
Brain
mass
about
2%
of
body
mass,
but
e cortex, because each cycle doubles the number of
(extinct species)
in great
triangles: bonobo,
orang-utan,
chimpanze
savings
inapes
the(blue
digestive
organs,
through
20%
sharecolumns.
in BMRThe
d with this theabout
number
of cortical
gorilla), australopithecines (red squares: Australopithecus africanus, A robustu
higher
food
quality
A. boisei) and hominids (green
circles:
Homo
habilis, H. erectus, H. sapien
tric cell divisions, by contrast, controls the number
H. neanderthalensis) (data from [13]). Whereas in the great apes and the extin
umn and with this the thickness of the cortex in a
australopithecines, brain/endocranial volume has increased only slightly wit
s Thermodynamics
could explain,
whySystem
thereProcesses
is a roughly
1000-fold
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REVIEW

Biosphere => Food Supply

impacts, both on direct health outcomes (e.g.,
heat mortality, injury, fatalities) and on ecologically mediated diseases. For example, Hurricane Mitch, which hit Central America in
1998, exhibited these combined effects: 9,600
people perished, widespread water- and vectorborne diseases ensued, and one million people
were left homeless (49). Areas with extensive
deforestation and settlements on degraded hillsides or floodplains suffered the greatest morbidity and mortality (50).

climate and air quality, and mediate infectious
diseases. This assertion is supported across a
broad range of environmental conditions worldwide, although some (e.g., alpine and marine
areas) were not considered here. Nevertheless, the conclusion is clear: Modern landuse practices, while increasing the short-term
supplies of material goods, may undermine
many ecosystem services in the long run, even
on regional and global scales.
Confronting the global environmental challenges of land use will require assessing and
Confronting the Effects of Land Use
managing inherent trade-offs between meeting
immediate human needs and maintaining the
Current trends in land use allow humans to
capacity of ecosystems to provide goods and
appropriate an ever-larger fraction of the bioservices in the future (Fig. 3) (2, 16). Assesssphere’s goods and services while simultaments of trade-offs must recognize that land
neously diminishing the capacity of global
use provides crucial social and economic benecosystems to sustain food production, mainefits, even while leading to possible longtain freshwater and forest resources, regulate
term declines in human welfare
through altered ecosystem functioning (2).
Sustainable land-use policies
must also assess and enhance the
Tropical Forest
resilience of different land-use
Temperate Forest
practices. Managed ecosystems,
Natural
Boreal Forest
and the services they provide, are
Vegetation
Savanna
often vulnerable to diseases, cliGrassland/Shrubland
matic extremes, invasive species,
Tundra
toxic releases, and the like (51–53).
Semi-Desert/Desert/Ice
Increasing the resilience of managed landscapes requires practices
that are more robust to disturbance and can recover from unanticipated ‘‘surprises.’’
There is an increasing need
for decision-making and policy
0 - 10%
actions across multiple geograph10 - 20%
ic scales and multiple ecological
20 - 30%
dimensions. The very nature of the
30 - 40%
Croplands
issue requires it: Land use occurs
40 - 50%
in local places, with real-world so50 - 60%
<–200
cial and economic benefits,
while
60 - 70%
potentially
causing
ecological
deg70 - 80%
radation across local, regional, and
80 - 90%
global scales. Society faces the
90 - 100%
challenge of developing strategies
that reduce the negative environmental impacts of land use across
multiple services and scales while
maintaining social and economic
0 - 10%
benefits.
10 - 20%
What strategies can ameliorate
20 - 30%
the detrimental effects of land use?
30 - 40%
Pastures
Examples of land-management
and
40 - 50%
strategies with environmental, soRangelands
50 - 60%
cial, and economic benefits include
60 - 70%
increasing agricultural production
70 - 80%
per unit land area, per unit fertilizer
80 - 90%
input, and per unit water consumed
90 - 100%
(19, 21, 54, 55); maintaining and
increasing soil organic matter in
Fig. 2. Worldwide extent of human land-use and land-cover change. These maps illustrate the geographic distribution of ‘‘potential vegetation’’ (top), vegetation that would most likely exist in the absence of human land croplands, which is a key to wateruse, and the extent of agricultural land cover (including croplands and pastures) (middle and bottom) across the holding capacity, nutrient availability, and carbon sequestration
world during the 1990s. [Adapted from (17) and (18)]

and/or its vectors in Africa, Asia, and Latin
America, even after accounting for the effects
of changing population density (44, 45).
Disturbing wildlife habitat is also of particular concern, because È75% of human diseases have links to wildlife or domestic
animals (44). Land use has been associated
with the emergence of bat-borne Nipah virus
in Malaysia (46), cryptosporidiosis in Europe
and North America, and a range of foodborne
illnesses globally (47). In addition, road building is linked to increased bushmeat hunting,
which may have played a key role in the
emergence of human immunodeficiency virus
types 1 and 2; simian foamy virus was recently
documented in hunters, confirming this mechanism of cross-species transfer (48).
The combined effects of land use and extreme climatic events can also have serious

Land use (about 40%)

a

372
Haberl
Erb

· ·

Downloaded from www.sciencemag.org on February 26, 2010

Humans use the productivity of the biosphere
through agriculture
(“Human Appropriation of Net Primary Productivity, HANPP”)

Annu. Rev. Environ. Resourc. 2014.39:363-391. Downlo
Access provided by WIB6417 - Max-Planck-Gesellschaf
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Corresponds to about 8 TW

Foley et al. (2005)
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Biosphere => Food Supply
Conversion losses from photosynthesis to food
From light to grains

From biomass to protein

Photosynthesis

Net primary
productivity
(Biomass)

Yield

Smil (2008)
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Smil (2008)
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Energy Use by Technology
Increase of agricultural yield through
primary energy use and technology
Substantial increase
in yield per hectare
over the last 200 years

Smil (2008)
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Mechanization and industrial
fertilizer result in substantially
greater energy consumption

Substantial gains in efficiency
of the Haber-Bosch process

But still, about 1.4% of primary
energy consumption is used for
ammonia production
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History of Energy
With the development of societies, energy and
Socio-economic metabolism and colonization of nature
resource consumption typically increases 579

320 - 640 W

2000 W

Figure 1. Characteristic metabolic profiles for different social formations.

8000 W

Sources: hunter and gatherers: own estimates based on

Harris (1991), agrarian society: Törbel 1875 (Netting 1981), industrial society: average of Austria, Japan, Germany, The Netherlands, and the USA.

Fischer-Kowalski and Haberl (1998)
Thermodynamics of Earth System Processes - Slide 40

Kleidon 03/2018

History of Energy
August 2015

ESA CENTENNIAL PAPER

305

Ellis (2015)
Ecol. Mon.

FIG
. 3. System
Conceptual
model- Slide
of regime
shifts in human sociocultural niche construction across major types of socioculturalKleidon 03/2018
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History of Energy
Increase in energy consumption resulted in less work
needed in agriculture per hectare
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History of Energy
Technological development yielded higher efficiency in
energy generation (left) and lighting (right)

Smil (2008)
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Historical development to greater
energy consumption and greater
efficiency
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Human Activity
Humans appropriate energy resources from the Earth system
Earth system

Physical
work

Food
acquisition
(quantity vs. quality)

Human metabolic
activity
Brain
activity

Externalized
activity
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Other
forms of
energy

Food acquisition
≈ 8x1012 W
0.016 W m-2
Primary energy
≈ 17x1012 W
0.033 W m-2
≈ 0.05 W m-2
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Future of Energy
Future energy consumption is affected by population,
productivity, energy intensity and energy mix
Example “Kaya-Identity” to formulate CO2 emissions:
Emission (CO2) = CO2/Energy x Energy Use/GDP x GDP/capita x Population

Type of primary energy:
fossil (coal/oil/gas)
vs. renewable/nuclear
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Energy
intensity

Standard-of-living
or productivity
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Limits to Renewable Energy
Thermodynamics constrains potential renewable energy sources
≈ 175000 TW

Incoming solar radiation

Solar power

Absorption 70%
Differential heating 40%

Generation of heating
differences by absorption
Generation of
atmospheric motion

Generation of ocean
waves

Atmosphere

≈ 49000 TW
Surfa
Atmosphere

Conversion (max.)
2%

≈ 1000 TW

E

Atmosphere

Wind power

Conversion (obs.)
6%

≈ 60 TW

Wave power

E
Conversion (obs.)
8%

Generation of
ocean currents
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Ocean

≈ 5 TW

Power from
ocean currents

≈ 18 TW Human demand
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Limits to Renewable Energy
OK
Thermodynamics describes
limits
Figure
3 to renewable energy
Solar radiation
175 000

Gravitation
5

Atmosphere

Atmospheric
motion

1000
Hydrologic
cycling

3
Tides

63

60

Biotic
productivity

Ocean
waves

28
Desalination

12

152

Continental
discharge

Biotic
productivity

Land

Ocean

Convection: 3600

Large-scale: 1000

5
Ocean
currents

Tidal
power

Wave
power

Current OTEC
power

Renewable energy

Osmotic
power

Kleidon (2016) Fig. 11.5

Wind
power

Biofuels,
Biomass

Solar
power

Geothermal
Geothermal heat flux
< 47
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Hydro
power

6

All estimates in 1012 W

Kleidon 03/2018

Limits to Wind Power
Winds in the “free”
atmosphere exert a
force on the lower
atmosphere

High wind speeds
Accelerating force
≈ 2 km
More wind turbines
cause greater force,
slowing down winds.

Wind speed in the
lower atmosphere
result from the
balance of forces.
Surface causes
friction force,
slowing down
winds.

Wind
speed

Wind speed

Friction
force

Thermodynamics of Earth System Processes - Slide 48

Force by
turbines

Power
G

Number of turbines
Maximum power
at ≈ 38%
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Limits to Wind Power
Climate model
full 3-D fluid dynamics

1.0

125

0.8

100
Dissipation
below turbines

0.4
Extracted
power

0.2
0
0.01

power (TW)

0.6

Dissipation
above turbines

Power (TW)

Power (scaled)

Simple model
based on momentum balance

50

1

Extracted
power

25
0

0.1

Dissipation
below turbines

75

10

intensity of extraction

100

≈ Number of turbines

10−4

10−3

10−2

10−1

intensity
ofofcoefficient
extraction
intensity
extraction
extraction

1

≈ Number of turbines

Miller et al. (2011), Gans et al (2012) Earth System Dynamics
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Limits to Wind Power
2%
Gradients
50 000 TW

Generation of winds:
1000 TW
1/2

1/2
Free atmosphere
500 TW
3/4

Boundary layer:
500 TW

Over oceans:
375 TW

1/4
Over land:
125 TW
≈ 38%
Wind power potential:

48 TW

18 TW

Miller et al (2011)
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Solar radiation
174 750 TW

Kleidon et al. (2016)

Radiative
conversion

max. ≈ 73-93%
obs. ≤ 45%

Radiative converter

At the surface
79 100 TW
Thermal
conversion

max. ≈ 1.3 %
obs. ≈ 2 %

Heat engine
max. ≈ 38 %

Solar
renewable energy

Non-solar
renewable energy

land (29.2%)

18 850 TW

Human
demand

land (29.2%)

114 TW

Primary energy: 17 TW

Photochemical
conversion

max. ≈ 12 %
obs. ≤ 3 %

Photosynthesis
obs. < 50 %

Biofuels
(or food production)
humid land
(14.6%)

173 TW

Food: 20-30 TW

Human Activity and Impacts
Thermodynamic interpretation of human impacts
a. Thermodynamic

b. Food acquisition

c. Fossil fuels

d. Solar energy

e. Wind energy

Cause

Disequilibrium
(free energy)

Disequilibrium in
CH2O and O2
(Biomass)

Disequilibrium in
CH2O and O2
(Fossil fuels)

Disequilibrium in
photon composition
(Radiative energy)

Disequilibrium
in winds
(Kinetic energy)

Process

Dissipative
Process

Metabolic
activity

Externalized
activity

Externalized
activity

Externalized
activity

Consequence

Depletion of
disequilibrium

Less biomass,
less vegetation

More atmospheric
CO2

Altered absorption
of solar radiation

Lower
wind speeds

Generation rates
of disequilibrium

Land surface
functioning

Atmospheric
greenhouse effect

Solar radiative
heating

Turbulent
exchange
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Human Activity and Impacts
Thermodynamic options for the future
Present day

Future A

Examples
Increase in
human activity
(∆Ghuman > 0)

Human
appropriation
Ghuman

results in
reduced free
energy generation
(∆Gplanet < 0)

Wind turbines
Rainforest conversion
to cropland

Future B
Free energy
generation
of the planet
Gplanet

Increase in
human activity
(∆Ghuman > 0)
results in
increased free
energy generation
(∆Gplanet > 0)
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Photovoltaics
Desert greening
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Human Activity and Energy Flows
Solar
radiation

175000
F
Solar energy

7700
Abiotic
free energy
generation

Biotic
free energy
generation

123000
Radiative
dissipation

Wind energy,
…

215

Biofuels
Food
8

Abiotic
dissipation

E

Biotic
consumption

Human
consumption

B

C

D

Externalized
consumption

17
A

E
Impacts

Terrestrial
radiation
Radiative
Climate
processes
processes
driven by
driven by
solar
radiation
engines
Thermodynamics of Earth
System
Processesheat
- Slide
54

Fossil fuel
stocks

Biospheric
processes
driven by
photochemistry

Human
activity
driven by
appropriation

Externalized
activity
driven by
technology

all estimates in 1012 W
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Planetary System
Thermodynamic Foundations
(direction, limits, evolution)

Energy
conversions

Habitability
Gaia hypothesis

Dynamics and Evolution
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Planetary evolution
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Thermodynamics and Habitability
a. Chemotrophic habitability
Forcing

Habitability

Interior cooling

b. Phototrophic habitability
Solar radiation

Geochemical
Mass
disequilibrium exchange

Mass
exchange

Energy Resources

Energy Resources

Life
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Biotic
activity

Biotic
activity

Effects

Effects
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Thermodynamics and Life
Solar
radiation
+
–

+
Heat flux
+

Loop A:
maximum
power
feedbacks

+/–

Radiative
heating
+

Generation
+

Loop B:
slow
evolutionary
feedbacks

Biogeochemical
cycling
+

Kinetic
energy
+
+
Dissipation
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Mass
exchange
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Mass exchange

A Planetary Maximum State?

R s; J m
αs

∆T; s

Surface Temperature

Fig. 12.4
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of Earth System Processes - Slide 58
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Reconciling the Gaia Hypothesis
Gaia
hypothesis

Thermodynamics
of Earth

Chemical disequilibrium
as a sign of life

Maintenance of thermodynamic disequilibrium

Conditions optimal
to life

Optimality and limits
in thermodynamics

Biosphere more than
the sum of its parts

Interactions shape
thermodynamic state

Homeostasis by and
for the biosphere

Dominant negative
feedbacks

Images: www.wikipedia.org; NASA
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Beyond Gaia: Thermodynamic Evolution
Emergence
of life

Bacteria &
Archea

Algae

Animals, Plants, Fungi
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4
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Distinguishing Planets by their Work
Type I
purely radiative
no work done

Type II
abiotic work
no biotic work

Type III
mostly abiotic work
small biotic work

Example: Mercury

Example: Venus, Mars

Example: early Earth, Mars?

Type IV
abiotic work
substantial work power

Type V
abiotic and biotic work
substantial technologic work

Example: Earth

Example: Earth 2200?

Frank, Alberti, Kleidon (2017)
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Summary
Thermodynamics sets directions and limits to
Earth system processes, but limits are altered
by interactions

Solar forcing:
342 W m-2

Atmosphere and hydrosphere operate
near their thermodynamic limits

< 10 W m-2

Dominant role of photosynthesis in
generating chemical energy

< 0.5 W m-2

Human activity consumes energy in
the order of other Earth system processes

≈ 0.05 W m-2

“The whole is greater than the sum of its parts”
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Feedback

•
•
•

What did you like about this day?
What did you not like about this day?
What should change?
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