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2Steffen et al. (2020); based on NASA (1986)

feedbacks30. Although this hypothesis 
generated scientific debate and criticism31,32, 
it also generated a new way of thinking 
about the Earth: the major influence of  
the biota on the global environment and the 
importance of the interconnectedness and 
feedbacks that link major components of  
the Earth System33–35.

The scientific developments up to 1980 
— from Vernadsky’s pioneering research, 
through large- scale field campaigns and the 
emerging environmental awareness of  
the 1970s, to Lovelock’s Gaia — led to a new 
understanding of the Earth, challenging 
a purely geophysical conception of 
the planet and transforming our view of the 
environment and nature16,36. The stage was 
now set for the introduction of a new science 
— a more formal and well- organized ESS.

Founding a new science (1980s). Triggered 
by the growing recognition of global 
changes such as human- driven ozone 
depletion and climatic change, a series 
of workshop and conference reports 
in the 1980s called for a new ‘science of 
the Earth’37,38. The calls were based on the 
acknowledgement that if a new science was 
to be founded, it would need to be based on 
the newly emerging recognition of Earth as 
an integrated entity: the Earth System.

At NASA, the new scientific endeavour 
was named ‘Earth System science’. The 
NASA Earth System Science Committee 
was established in 1983 (REF.39) and aimed 
at supporting the Earth Observing System 
(EOS) satellites and associated research 

that helped drive the evolving definition 
of ESS via observations, modelling and 
process studies. The NASA- led research 
initiatives also developed new visual 
representations of the Earth System, most 
famously the NASA Bretherton Committee 
diagram4 (FIG. 2). The Bretherton diagram 
(as it is often referred to) was the first 
systems–dynamics representation of the 
Earth System to couple the physical climate 
system and biogeochemical cycles through a 
complicated array of forcings and feedbacks. 
Humans constituted a single box of their 
own connected to the rest of the Earth 
System through three forcings (carbon 
dioxide, pollutant emissions and land- use 
change) and their corresponding impacts40. 
The Bretherton diagram epitomized the 
rapidly growing field of ESS through its 
visualization of the interacting physical, 
chemical and biological processes that 
connect components of the Earth System 
and through the recognition that human 
activities were a significant driving force  
for change in the system.

Reports, workshops and conferences 
all agreed that ESS, given the very nature 
of its object, should be interdisciplinary 
and international: interdisciplinary given 
that interactions between processes do 
not respect disciplinary barriers and 
international because global phenomena 
are studied. Whilst interactions within 
individual components of the Earth had 
already been studied, the emphasis of ESS 
was in understanding the multi- component 
interactions between physical, chemical 

and biological processes. This created a 
significant challenge in bringing different 
disciplines together to study the Earth 
System as a whole.

The challenge of international 
commitment and disciplinary integration 
was addressed in 1986 by the International 
Council for Science (ICSU) with the 
formation of the International Geosphere- 
Biosphere Programme (IGBP)5,41–43, 
which joined the World Climate Research 
Programme (WCRP), formed in 1980 to 
study the physical- climate component of 
the Earth System. The IGBP was originally 
structured around a number of core projects 
on biogeochemical aspects of the Earth 
System: ocean carbon cycle, terrestrial 
ecosystems, atmospheric chemistry, the 
hydrological cycle and others. Two projects 
of particular importance were Past Global 
Changes (PAGES) and Global Analysis, 
Integration, and Modelling (GAIM),  
given their locus of strong disciplinary 
integration. In addition, the IGBP developed 
a dedicated project on data and information 
systems (DIS), especially remotely sensed 
data, to support the research.

This convergence of disciplines 
accelerated the evolution of ESS, evident 
as a transition from isolated process 
studies to interactions between these 
processes, and increasingly global- level 
observations, analyses and modelling44. 
ESS thus facilitated the transformation 
from interdisciplinary research (where 
multiple disciplines work together to tackle 
common problems) to transdisciplinary 
research (where disciplinary boundaries 
fade as researchers work together to address 
a common problem). ESS consequently 
has a diverse epistemological framework, 
adopting fundamental building blocks and 
methodologies from diverse disciplines to 
tackle highly complex questions.

The scientific effervescence of the 1980s 
was linked with the political ambition 
to do something about global change. 
Motivated by the Brundtland report (1987), 
Our Common Future45, and the growing 
interest in sustainable development, many 
actors thought that the IGBP should be 
designed to provide scientific knowledge 
that was more immediately policy relevant, 
generating some initial disagreement46. 
However, a more policy- relevant 
international research effort would have 
to wait until the 1990s. Nevertheless, by 
the end of the 1980s, ESS had emerged as a 
powerful new scientific endeavour, triggered 
by the growing recognition of global change 
and built on the rapid development of 
interdisciplinary research methods.
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Fig. 2 | The NASA Bretherton diagram of the Earth System. The classical, simplified depiction of the 
Earth System and its interactions. The focus is on the interactions between the geosphere and the bio-
sphere, with human forcings represented as an outside force affecting the geosphere–biosphere system. 
Reproduced with permission of National Academies Press from NASA (1986) Earth System Science 
Overview. A program for global change. Prepared by the Earth System Sciences Committee, NASA 
Advisory Council. 48pp. (REF.4), permission conveyed through Copyright Clearance Center, Inc.
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PERSPECT IVES
The “Bretherton Diagram” of Earth System Science

https://www.nature.com/articles/s43017-019-0005-6
https://nap.nationalacademies.org/catalog/19210/earth-system-science-overview-a-program-for-global-change
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➔ Direction for the Earth system

➔ Sets limits for energy conversions

➔ Entropy and the “Second Law”

➔ Climate, hydrology, vegetation

➔ Basis for Earth system science, 
    (renewable energy, sustainability,  

planetary evolution)

➔ Constrains work to run dynamics

➔ Working at the limit

Why do things happen on Earth?
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Setting Limits to Free Energy

Free energy 
(no entropy)

Combustion
temperature

Heating by 
combustion

low thermal entropy

Cooling by 
evaporation
high thermal entropy

Temperature
of “waste heat”

First law: Energy conservation
Jin = Jout + G

G

Jin

Jout
Tout ≈ 100°C

Second law: Entropy increase
Jout

Tout
=

Jin

Tin
+ σ

Tin ≈ 500 - 600°C

G ≤ Jin ⋅
Tin − Tout

Tin



Thermodynamics of the Planet

Terrestrial
radiation

Earth’s
surface

15°C

Emission
of the Sun

≈ 5500 °C

-18°CEmission  
of the Earth

Therma-
lisation

Radiative
transfer

Low radiative
entropy

High radiative
entropy

Entropy
production

Short wavelengths 

Few energetic
photons

Long wavelengths

Many less-energetic
photons

Solar
radiation

Photosynthesis 
➔ Biosphere

Photovoltaics 
➔ Anthroposphere

“Power plant” 
➔ Atmosphere



7

Outline

1. Powering climate  
    How thermodynamics constrains motion and  
     determines temperatures

2. Powering cycling  
     How thermodynamics shapes evaporation and    
     hydrologic cycling

3. Powering life  
     How thermodynamics constrains photosynthesis indirectly    
     and how vegetation can push its limits

4. Powering human societies
     Energy and future sustainability

5. Summary
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G = J ⋅
Ts − Tr
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For simplicity: J = H + LE
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kr
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Maximum power limit:

https://hess.copernicus.org/articles/17/2873/2013/
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Working at the Limit
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Powering Climate

• Disequilibrium: Spatiotemporal separation of absorption 
of solar radiation and emission to space

• Heat engine: Generates convective motion and turbulent 
heat fluxes; depletes disequilibrium

• Working at the limit: Heat fluxes deplete temperature 
difference, resulting in a maximum in power

• Application: Deserts are warmer because of less clouds 
and less efficient heat engine

• Implication: Surface temperatures are directly (and 
indirectly) mostly determined by radiation

Radiative
Heating

(low entropy)

Radiative
Cooling

(high entropy)
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“Equilibrium 
partitioning” of 
turbulent fluxes 
at the surface 


(Schmidt, 1915)
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Partitioning of Surface Heating
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Working at the limit
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• Disequilibrium: Spatiotemporal separation of 
evaporation and condensation

• Generated by dehumidification by precipitation

• Depletion by evaporation

• Requires vertical motion to operate

• Working at the limit: Indirect constraint by equilibrium 
partitioning combined with max. power heat fluxes

• Application: Sensitivity of hydrologic cycle to global 
warming reflects mostly the shift in equilibrium partitioning

• Implication: Rate of hydrologic cycling is set by 
thermodynamics
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Powering Life
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Duysens (1962)
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Hill and Rich (1983), …
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22 Data: CASA-GFED; GLEAM
Kleidon (2021) BBA Bioenergetics
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Figure 2. 
As Figure 1, but for the partitioning into sensible and latent heat flux. Shown are the turbulent 

heat flux (black, observations ( Rnet −G circles) and estimated ( J opt line)), the sensible (light

red, observations ( Hobs square) and estimated ( Hopt line)) and the latent heat flux (blue, 

observations ( L Eobs  triangles) and estimated ( L Eopt line)).  For reference, absorbed solar 

radiation ( Rs ) is shown by the red line. Nighttime values are not shown in the scatterplot.

While our approach captures the overall differences in surface energy balance partitioning 

between forest and cropland sites, it has some limitations. First, we are not yet able to infer 

changes in surface and air temperatures from our approach. To accomplish this, one would need 

to explicitly link the heat storage variations in the lower atmosphere to boundary layer dynamics 

and to air temperature variations.  This, however, would require additional work. Second, our 

approach does not apply to the stable night-time conditions when the absence of surface heating 

does not generate buoyancy and convection. Currently, our approach does not consider 

atmospheric stability explicitly, which could in principle be inferred from surface and air 

temperatures. Addressing these aspects would certainly improve model predictions and have the 

potential to infer more variables and aspects of land-atmosphere dynamics from first principles. 

Yet, the high explained variance of our simple expression for the turbulent heat flux (Eq. 1) and 

its partitioning (Eqs. 2 and 3) suggests that these capture the basic physical factors shaping 

turbulent land-atmosphere exchange and can provide some insights into the dominant changes 

associated with tropical deforestation.

Changes in surface energy balance partitioning associated with tropical deforestation have been 

evaluated thoroughly over the years based on both observations and different modeling 

approaches  (e.g., reviews by D’Almeida et al., 2007; Lawrence & Vandecar, 2015). We advance 

this understanding of land surface processes by showing that the magnitude of turbulent heat 

fluxes of the two sites are shaped primarily by the absorption of solar radiation and the 

thermodynamic limit. Our formulation (Eq. 1) can explain turbulent fluxes at both sites and 

seasons, regardless of the highly contrasting land cover of the two sites. The changes in 

longwave optical thickness during the dry and wet season have a comparatively minor effect on 
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Enhancement by rooting zone storage
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• Disequilibrium: Carbohydrates and oxygen

• Generated by photosynthesis

• Dissipated by metabolic activities of producers and 
consumers

• “Photon” Engine: Photosynthesis uses sunlight 
directly to perform work of splitting water and 
separate charges

• Working at the limit: Indirect bottleneck on gas 
exchange, linked to evaporation

• Pushing the limit: Root systems maximize ability to 
maintain gas exchange during dry episodes

• Implication: Biotic activity predictable by gas 
exchange constraint (radiation, precipitation)

Powering Life

CH2O, O2 H2O, CO2

Solar
Radiation
(low entropy)

Dissipative
Heating

(high entropy)

CH2O, O2 H2O, CO2



27

Free
energy

Solar
radiation

Terrestrial
radiation

Dissipation
by natural 
processes

Generation
of free energy

1000 TW
2400 TW

220 TW

Detrimental:
Depleting

Disequilibrium

Human
societies

Food 8 TW Dissipation by 
human societies

Appropriation
of free energy

Primary 18 TW

Powering Human Societies

Working at
their limits



28

Free
energy

Solar
radiation

Terrestrial
radiation

Dissipation
by natural 
processes

Generation
of free energy

1000 TW
2400 TW

220 TW

Human
societies

Food 8 TW
Primary 18 TW

Dissipation by 
human societies

Appropriation
of free energy

Detrimental:
Depleting

Disequilibrium
Wind energy

Powering Human Societies



29Kleidon (2019) PhysIUZ

Atmospheric
heat engine

≈ 175000 TW

≈ 65 TW

≈ 5 TW

 ≈ 49000 TW

≈ 1000 TW

M

M

Ocean

Atmosphere

Atmosphere

Surfac

Radiation

Thermal energy

Kinetic energy

Wave energy

Kinetic energy

Thermalisation
Differential heating

Follow the Energy

Ocean energy
input

Solar power

Wave power

Ocean power

Wind power

Human energy demand ≈ 18 TWGeothermal  ≪ 50 TW
Tidal    ≈ 5 TW

https://onlinelibrary.wiley.com/doi/full/10.1002/piuz.201901540


Human
societies

Food 8 TW Dissipation by 
human societies

Appropriation
of free energy

30

Free
energy

Solar
radiation

Terrestrial
radiation

Dissipation
by natural 
processes

Generation
of free energy

1000 TW
2400 TW

220 TW

Photovoltaics
(on unproductive areas)

Generation
of free energy

“Empowering”:
Enhancing

Disequilibrium

Generation of
more resources

Powering Human Societies



31

Working at the limit 
How thermodynamics shapes the Earth system

• Entropy sets fundamental directions and limits  
(beyond heat, includes interactions) 

• Constrains the work needed to sustain dissipative dynamics 
(climate, life, human societies)

• Climate, hydrologic cycling, and biotic productivity at their limits  
(“maximum power”, directly or indirectly)

• “Simplicity” in complex Earth system and global change

• Detrimental vs. beneficial effects of human activity

• Evolutionary direction for Earth’s past and future?
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