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The Earth: A Dynamical System



The evolution of the Earth has been very dynamic with different 

climatic modes, glacial and interglacial periods. Humanity has 

known a mild climate for 10,000 years.



An Earth System Perspective



The Earth System

• The Earth System is a single, planetary-level complex 

system composed the biosphere (defined as the sum 

of all biota living at any one time and their 

interactions), including interactions and feedbacks with 

the geosphere (defined as the atmosphere, the 

hydrosphere, the cryosphere and the upper part of the 

lithosphere) (Steffen, 2016)



The Earth System

• Earth is approximately 4.54 billion old, and the 

biosphere 3.7-4.1 billion years old

• Astronomical forces (changes in solar irradiance linked 

for example to orbital changes of the Earth) and 

geophysical forces (volcanic activity, weathering and 

tectonic movements) have been the dominant external 

drivers of the Earth System.



Equation of the Earth System 

at the highest level of abstraction

If E represents the state of the Earth system, its evolution is 

given by (Schellnhuber, 2001)

𝑑𝐸

𝑑𝑡
= 𝑓 𝐴, 𝐺, 𝐼

where

• A is the Astronomical forcing

• G is the geophysical forcing

• I account for internal dynamics of the Earth system (positive and 

negative feedbacks



The Earth System

• During the quaternary, the evolution of the earth 

system has been dominated by cyclic variations in the 

earth’s orbit with changes in solar irradiance, and 

irregular events such as volcanic eruptions.

• A clear signal of the response of the Earth System has 

been provided by the long term oscillations between 

glacial and interglacial periods.



Understanding the Earth as a Complex Nonlinear System

• The Lorenz attractors: the story of 
predictability.

• The Vostock Ice core (Oeschger, 
Lorius)

• The Dansgaard/Oeschger cycles

• The CLAW hypothesis (R. Charlson, M. 
Andreae, et al.)

• The realization of the importance of the 
carbon cycle (B. Bolin, R. Revelle)

R. Revelle

Ed Lorenz

Evolution du CO2 et de la temperature depuis 800 000 ans basée 
sur l’analyse de l’air emprisonné dans les glaces de l’Antarctique

C
o

n
ce

n
tr

at
io

n
 d

e 
C

O
2

  (
p

p
m

v)

V
ariatio

n
d

e
te

m
p

eratu
re  

(d
egrés

C
e

lsiu
s)

Nombre d’années dans le passé



Earth System Regulation

• Support of life by biogeochemical cycles and related 
feedbacks

• Mechanisms responsible for Earth system regulation 
(nutrient regulation, oxygen regulation, carbon regulation, 
climate regulation).

• Possible shift shift of certain bio-geophysical feedback loops 
from negative (dampening) to positive (self-reinforcing) 
operations in response to human activities.



Earth System Regulation: The Gaia 
hypothesis by James Lovelock

The hypothesis states that living 
organisms  interact with their  
inorganic surroundings on Earth 
to form a synergetic and self-
regulating complex system that 
helps maintain and perpetuate 
the conditions for life on the 
planet. 



Earth System Revolutions

• Evolution of the Earth as a system in which life has shaped the 
planet and changes in planetary environment has shaped life.

• At a few times in Earth history, the Earth system was radically 
transformed.

• Issues: Origin of the Earth, emergence of life, origin of 
recycling by the biosphere, origin of photosynthesis, the great 
oxidation event 2.4 billion years ago, climate disturbances 
(e.g., snowball Earth), glacial-interglacial transitions, etc. 



The Snowball Earth Hypothesis

• The Snowball Earth hypothesis proposes that, during one or 
more of Earth's icehouse climates (2220 Ma, circa 710 Ma and 
circa 640 Ma ago), the planet's surface became entirely or nearly 
entirely frozen. 

• Snowball Earths arose from a “runaway” effect involving an ice-
albedo feedback: As incoming sunlight was reduced by ice 
albedo, ice expanded from the poles to the equator.

• Explosive underwater volcanos injected high levels of CO2 in the 
atmosphere, which lead to greenhouse warming and paved the 
way for life as we know it.





The Human Forcing



A profound transformation of the Earth system is 

underway.

During the last 50 years, 

• the human population has increased from 2 to 7 billion, 

• The economic activity has increased by a factor of 10, 

• the connectivity of the human enterprise has increased 
considerably (globalization, globalization of the economy, 
flow of information, people, products and diseases).

Intensification and diversification of land use and advances in 
technology have introduced rapid changes in biogeochemical 
cycles, hydrological processes, air and water quality, and 
landscape dynamics.



The population started to grow rapidly

Live Earth Concert, London 2004



NASA

And the global economy expanded



Equation of the Earth System 

at the highest level of abstraction

A entirely new forcing is now driving changes in the earth 

System: H, which represents the human forcing

𝑑𝐸

𝑑𝑡
= 𝑓 𝐴, 𝐺, 𝐼, 𝐻

where

• A is the Astronomical forcing

• G is the geophysical forcing

• I account for internal dynamics of the Earth system (positive and negative feedbacks









By 2100 80% of the world population will live in urban areas



An Urban Planet

Urbanisation:: 1 new city with 1 million inhabitants every10 
days

• If the population increases by 3,2 billion until 2100 et lives in cities 
of  1 million people, we will have to create 3200 cities of 1 million 
people in 80 years. 

Karen Seto 2011 



Air pollution and health become very important 
problems

According to WHO, each year, 8 

millions people in the world die 

prematurely due to the 

consequences of air pollution. 





Human Transformation of

the Biosphere



Access to water will become an acute 

problem in the 21st century



Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, 2019

Nature’s Dangerous Decline

Nature is declining globally at rates unprecedented

In human history

The rate of species extinctions is accelerating



Nature’s Dangerous Decline

Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, 2019

The health of ecosystems on which we and all other species depend is 

deteriorating more rapidly than ever.

We are eroding the very foundations of our economies,  livelihoods, food 

security, health and qualify of life worldwide.

Around 1 million animal and plant species are now threatened with 

extinction, many within decades.

The essential, interconnected web of life on Earth is getting smaller and 

increasingly frayed.



The Great Acceleration



The
Great

Acceleration

The Human Enterprise

• Population
• Economic Growth
• Freshwater use
• Energy use
• Urbanization
• Globalization
• Transport
• Communication

Steffen et al. 2015



• Greenhouse gases
• Ozone depletion
• Climate
• Marine ecosystems
• Coastal zone
• Nitrogen cycle
• Tropical forests
• Land systems
• Biosphere integrity

Global Impact

Steffen et al. 2015

The

Great 

Acceleration



In year 2050…

• The population will reach 9 billion: Per year, we will 
produce 6 billion tons of greenhouse gases and 60 million 
tons of polluting gases in urban centers. 

• We will squander our natural resources: We will use 30% 
of fresh water and we will destroy a significant part of our 
forests 

• We will encounter more risks to our health and we will 
often live in regions at risk: 80% of the population will live 
in urban areas, 25% in seismic zones, 2% in coastal 
regions less than 1 m above sea level. sea level.



Large unequalities in the world



36Quelle: W. Cramer / Chr. Müller, PIK



Evolution of Income Equality

Source: S. van der Leeuw

Europe and JapanEnglish-speaking

countries





Beyond GDP: Genuine Progress Indicator

Kubiszewski et al. 2013



The  Anthropocene



The Biosphere

In 1857, Austrian 
geologist Eduard Suess 
(1831-1914) introduces 
the concept of the 
biosphere, which was 
popularized in 1926 by 
Ukrainian/Russian 
scientist Vladimir I. 
Vernadskij (1863-1945).

Suess                                       Vernadsky



The realization that human activities affect the 

Earth system

In 1873, the Italian geologist and 

catholic priest Antonio Stoppani

(1824-1891) was among the first to 

propose a geological epoch 

dominated by human activities that 

altered the shape of the land. 

He referred to the ‘anthropozoic era”.



The realization that human 

activities affect the Earth system

In 1864, American philologist George Perkins 

Marsh (1801-1882) publishes a book entitled 

“Man and Nature, or physical geography as 

modified by human actions.

This Republican diplomat is often regarded 

as the first America’s environmentalist who 

recognized the irreversible impact of human 

activities on our planet.



The noosphere
Planetary sphere of reason

Around 1925, two heterodox Catholic thinkers, the 

French mathematician and philosopher Edouard 

Le Roy (1870-1954) and the French philosopher, 

Jesuit Pierre Teilhard de Chardin (1881-1955) 

together with the Russian-Ukrainian geologist 

Vladimir Ivanovič Vernadskij (1863-1945), 

introduced the concept of the noosphere, a stage 

of evolutionary development dominated by 

consciousness, the mind and interpersonal 

relationships.

Le Roy

Teilhard de 

Chardin

Vernadskij



Evolution initiated by humans

• The Industrial revolution has initiated a profound change in our energy 

system.

• The rate of carbon emissions to the atmosphere (~10 Pg/yr) is probably 

the highest in the last ~66 Ma

• The rate of ocean acidification is unparalleled in the last ~300 Ma

• In one century, the Haber-Bosch process has doubled the amount of 

reactive nitrogen in the Earth System

Today, human activities rival the great forces of nature in driving changes 

to the Earth System.



Equation of the Earth System 

at the highest level of abstraction

During the Holocene, the astronomical and geological forcings have 

become considerably smaller than the human forcing, so that the 

’Anthropocene equation’ becomes 

𝑑𝐸

𝑑𝑡
= 𝑓 𝐼, 𝐻

where the human forcing H can be represented as

H = f (P, C, T)
if P is population, C is consumption and T technological development 

(energy system, knowledge development and political economy).



IGBP 

Newsletter 41: 

May 2000

Paul Crutzen



The Anthropocene

• The current geological age, viewed as the period 

during which human activity has been the dominant 

influence on climate and the environment.

• a proposed geological epoch dating from the 

commencement of significant human impact on 

Earth's geology and ecosystems including, but not 

limited to, anthropogenic climate change.



The Anthropocene

“The pressures we exert on the planet have become so 

great that scientists are considering whether the Earth 

has entered an entirely new geological epoch: the 

Anthropocene, or the age of humans. It means that we 

are the first people to live in an age defined by human 

choice, in which the dominant risk to our survival is 

ourselves.” 

• —Achim Steiner, UNDP Administrator

https://en.wikipedia.org/wiki/Achim_Steiner
https://en.wikipedia.org/wiki/UNDP




Climate Change



1788-1824: Discovery of the the Greenhouse Effect

In 1788, Horace Benedict de Saussure at the top of the Mont Blanc discovers 
that the temperature inside a glass bowl is higher than outside. Jean-Baptiste 
Fourier draws a parallel with the atmosphere: Solar light penetrates through 
the glass and is absorbed by the walls of the recipient. The energy is released as 
emission of some obscure heat released that warms the space and is trapped 
inside the glass bowl.  



1859: John Tyndall measure the absorption of 
obscure radiation (IR) by CO2 and H2O



1896: The Greenhouse Effect and the role of CO2

Svante Arrhenius highlights  the impact of 
increasing carbon monoxide on climate:

”If the level of carbonic acid increases 
geometrically, the temperature should 
increase quasi-linearly”. A doubling of CO2

would lead to a 5-6 C warming.

However, experimental measurements 
suggests that most of the greenhouse 
warming is provided by water vapor rather 
than CO2 and the interest in the CO2

problem vanishes…. For a while.



1938: Steam Engineer Guy calendar finds a relation 
between CO2 increase and temperature trends



Climate Change 

NASA 2018

Global Average Temperature Anomaly, 1880-2017

Baseline is 1951-1980



Future climate projections



Gary StrandG. Strand, NCAR

Old and New

Scenarios



Towards an Earth System Perspective



Earth System Model

Earth System 

Model









The role of the ocean in the climate system



Sea Level Rise

• The sea has risen globally with a speed of 1.7 mm per year 

during the 20th century. (3.6 millimeters per year for 2006–

2015).

• This increase is linked to two phenomena: 

• The expansion of sea water due to the increase in ocean 

temperature 

• The melting of continental ice, glaciers, and polar caps with 

the supply of fresh water to the ocean 

• Sea level rise will reach between 25 and 80 cm in 2100.





Ocean Acidification

• The oceans absorb 30% of anthropogenic CO2, which leads to 

acidification of seawater. 

• The acidity of the oceans has increased by 30% in 250 years, 

and this acidity continues to increase. 

• Acidification threatens species such as oysters and mussels 

and impacts marine food chains.



Impact of climate 
change on the 
ocean



The Arctic: Challenges and Risks

The melting of sea ice induced by climate change opens 

access to natural resources, maritime routes and polar tourism 

areas.

These new opportunities for economic development in the 

Arctic are very attractive with high payoffs (“cold rush”) but with 

very high financial, environmental and social costs.





New maritime routes for 
navigation

In blue : Northwest 
passage

In orange: Northeast 
passage



Planetary Boundaries 

and

Tipping Points



Planetary

Boundaries



Tipping Elements in the Earth System

Huber, Lenton, and Schellnhuber, in Richardson et al. 2011

10 years of C storage

lost in 2005 and 2010

droughts

50 to 250 Gt C lost by 2100

from thawing permafrost



Tipping Cascades

Source: J. Donges 

and R. Winkelmann

in Steffen 

et al. 2018



Where on Earth are we going?



Temperature rise: 
Beyond the envelope of natural variability!

Summerhayes 2015

Human influence

Future Trajectories
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Earth System moves to a new 
state? Severe challenge to
contemporary civilisation. 
Possible collapse?

Summerhayes 2015

Committed

Tipping Points?



Earth System Trajectories

Steffen et al. 2018



Towards Solutions:

Mitigation or Adaptation ?



Towards Solutions (1)
We know that 

• The planet is warming, that warming is accelerating and that warming 
will continue for decades.

• Sea level will rise and probably reach meters.

• Ice will be melting with large consequences

• Weather patterns will change

• Water scarcity and excess will amplify

• Parts of the Earth will become unlivable

Climate change is irreversible. We will not return to pre-industrial 
climate.



Figueres et al. 2017

Emission Reduction Pathways

for Meeting the Paris Target



Towards Solutions (2)

The question is therefore:

How to accelerate the incorporation of climate change knowledge into 
design, engineering and management?

It is probably more realistic to talk about 3 to 5 degrees C warming and 
to hight extreme events.

Two advantages:

• We know what is coming

• We have the technology
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Failure of the Climate Science-Policy System

Source: P. Sackett and W. Steffen



Towards Solutions (3)

• Reducing emissions is not in our nature. (we never did)

• Adapting to changes is in our nature (we always did)

Therefore:

1. We need to reduce the emissions of GHG as much as 

possible and remove carbon from the atmosphere in 

order to limit the warming.

2. We need also to adapt to a warming planet.



Towards Solutions (4)

We need to change 

• Power structure

• Human behavior

We need to develop a culture that is prepared for climate 
changes and its societal impacts.

We need to identify barriers: political, societal and 
cultural barriers stronger than scientific and technological 
uncertainties.



The Way Forward



The ‘Doughnut’: a safe and just space for humanity

Kate Raworth
Oxford University

An Economy for the 21st Century

• Systems thinking: dynamic complexity

• Equity: distributive by design

• Biosphere: regenerative by design
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