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The Earth: A Dynamical System



5 '*O (per mil)

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.
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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

E:f(ArGiI)

where
* As the Astronomical forcing
* G iIs the geophysical forcing

| 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.



Evolution du CO, et de la temperature depuis 800 000 ans basée
sur I'analyse de I'air emprisonné dans les glaces de I’Antarctique
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Earth System Regulation

e 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
JENRLES




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 CO, in the
atmosphere, which lead to greenhouse warming and paved the
way for life as we know it.



What is Snowball Earth?

Most extreme climate event in Earth history.
Characteristics:

° Occurred at least twice between 750-635 Ma.
* Global (or almost global) ice coverage.

* More than 1 km thick sea-glacier.

 Mean global temperature: -44°C.

"} cvele in ocean stops: 0
) o LyLiG ocean Siops, Ly
Lowered reflectivity causes o0 St A . F %

Late Proterozoic Low-Latitude Global Glaciation: the

growing volcanic Snowball Earth
polar caps OUtgaSSIng JOSEPH L. KIRSCHIVINK (l 992)




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.
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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

v (A,G,I,H)
dt_f )y Y 4y

where

« As the Astronomical forcing
* G is the geophysical forcing
« | account for internal dynamics of the Earth system (positive and negative feedbacks







Global Population Transitions
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Factors of Growth: The Last 200 Years

1800 2000  Factor

Population (billion) 1 6 X6

GDP PPP 0.5 36 ~X70
(trillion 1990 $)

Primary Energy (EJ) 12 ~X35

CO, Emissions (GtC) 0.3 . ~x20

Nakicenovic



%_u_w_g

iy

i i __,_maw




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




According to WHO, each year, 8

millions people in the world die
prematurely due to the
consequences of air pollution.



€he New Hork Eimes

OPINION
DAVID WALLACE-WELLS

Air Pollution Kills 10 Million People
a Year. Why Do We Accept That as

Normal?

July 8, 2022
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Nature’s Dangerous Decline

Nature is decllnlng gIobaIIy at rates unprecedented
In human hlstory

. ———

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



Nature’s Dangerous Decline

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.

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



The Great Acceleration



The
Great
Acceleration

The Human Enterprise

Population
Economic Growth
Freshwater use
Energy use
Urbanization
Globalization
Transport
Communication

Socio-economic trends
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Earth system trends
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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
INn urban areas, 25% in seismic zones, 2% In coastal
regions less than 1 m above sea level. sea level.



Large unequalities in the world
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Evolution of Income Equality

Share of Total Income going to the Top 1%, 1900-2010 — by Max Roser

The evolution of inequality in English The evolution of inequality in continental Europe
speaking countries followed a U-shape and Japan followed a L-shape

English-speaking Europe and Japan
countries
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Health and Social Problems are Worse in More Unequal Countries
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Beyond GDP: Genuine Progress Indicator

Global GPl/capita & GDP/capita

Kubiszewski et al. 2013



The Anthropocene



The Biosphere

In , Austrian
geologist Eduard Suess
(1831-1914) introduces
the concept of the
biosphere, which was
popularized in oY,
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

Le Roy
Around . 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 Teilhard de
VIadimir lvanovic Vernadskij (1863-1945), Chardin
Introduced the concept of the noosphere, a stage
of evolutionary development dominated by
consciousness, the mind and interpersonal
relationships.

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

= ram
dt 7’
where the human forcing H can be represented as
H=f(PCT)

if P Is population, C is consumption and T technological development
(energy system, knowledge development and political economy).




Thename Holocene (* Becent Whole™ Hor
the post-glacial geologial epoch of the
past ten to twelve thowsand years seems
to have been proposed for the first time
by Sir Charles Lyell in 1833, and adopted
b'. the Intern ational € .L'ulumcal Congress
in Bologna in 18 During the
Holocene mankind s adi n"i.ﬁtﬁ gradually
grew into a significant Euﬂmncal -
phd.iumcal foree, as I.'L‘Cﬂle‘l'l:l.‘td early on
by a number of scientists. Thus, GFP
Marsh already in 1864 published a book
with the ttle “Man and Nature”, more
recently reprinted as “The Earth as Modi-
fied by Human Action” (2). Stoppand in
1873 rated mankind's acivities as a "new
telluric force which in power and univer-
sality may be compared to the greater
forces of earth” [quoted from Clark (3]
Stoppani already spoke of the
anthropozoic era. Mankind has now in-
habited or visited almost all places on
Earth; he has even set foot on the moomn.
The great Russian geologist
VL "n.Lmau:Iﬁln.v (4) in 1926 I.'L‘CHIETI:L..Ld the
increasing power of miankind s part of
the buwperL with the following excerpt
“.. the direcion in which the processes
of evoution must proceed, namely to-
wards increasing consciousness and
thought, and forms having greater and
greaterinfluence on their ‘11.II.'I.'1.'ILI:I.'H:|JI||E'*1
He, the French Jesuit P. Teilhard de
Chardin and E. Le Royin 1'4.!-1 coined the
term “noGsphere”, the world of thought,
o mark the growing role played by man-
kind s brainpower and technological tal-
ents in shaping its own future and enwi-

The “Anthropocene”™
by Paul J. Crutzen and Eugene F. Stoermer

panied e.g. by a growth in catfle popu-
lation o 1400 million (6) (about ome cow
per average size family). Urbanisation
has even increased tenfold in the past
entury. In a few generations mankind
is exhansting the fossil fuels that were
generated over several hundred million
years. The release of 30, globally about
160 Tg/year to the at‘rnmp]'u_n_ b\. mal
and oil bumun.r is at least two Hmes
larger than the sum of all natural emis
0T, Oocur ring mainl y as mari ne dime-
1:1'nr —‘ﬂ.lll'ldL tmrn the oceans (7 I l'rm'n

of ﬂ'u. larh:l 5 rlzul ]'Ia.ﬁ ]:'ﬂ:n t ran.ﬁh.tmu:l
by human action; more nitrogen is now
fived synthetically and applied as fert-
limersin agriculture than fived naturally
in all terrestrial ecosystems; the escape
into the atmosphere of MO from fossil
fuel and biomass combustion likewise
15 larger than the natural u11:l1.|t‘1 giving
rise to photochemical omone (“smog”)
formation in extensive regions of the
world; more than half of all accessible
fresh water is used by mankind; human
activity has ingeased the species extine
Hon rate by thousand to ten thousand
fold in the tml:rlcal rain forests (9) and
several climatically important “green-
house”™ gases have ﬁubhtanhalh' i
cn_at.Ldm the atmosphere: 00, by more
than 30% and CH by even miore than
100%. Furthe rrnun_ mankind releases
many toxic substances in the environ-
ment and even some, the
chloroflucrocarbon gases, which are not

toxic at all, but which nevertheless have

groves. Finally, mechanized human pre-
d hun [“Asheries”™) removes more than
25% of the primary production of the
oceans in the upwelling regions and 3

in the temperate continental shelf re-
gions (10). Anthropogeniceffects are also
wiell illustrated by the history of biotic
communities that leave remains in lake
sediments. The effects documented in-
clude modification of the geochemical
cyde inlarge freshwater systems and oc-
cur m systems remote from pomary
sources (11-13).

Considering these and many other
major and still growing impacts of hu-
man activities on earth and atmosphere,
and at all, including global, scales, it
seems to us more than appropriate o
emphasize the central role of mankind
in geology and ecology by proposing to
use the term “anthropocene” for the cur-
rent geological epoch. The impads of
current human activities will continue
over long periods. Acmording to a study
by E‘-Lrﬂ_ram:l Loutre (14), because of the
anﬂ'umpﬂﬂ:n IC eSS 0nsS ul‘ 0., climate

behaviour over the nest 5

To assign a more specific datLtu the
onset of the “anth ropocene” seems
somewhat arbitrary, butwe propose the
latter part of the 15th century, although
we are aware that alternative pmpw.alﬁ
can be made (some may even want to
indude the entire holoene). However,
we choose this date becawse, during the
past two centuries, the global effects of
human activities have become clea rly

Paul Crutzen

IGBP
Newsletter 41:
May 2000



The Anthropocene

* The current geological age, viewed as the period
during which human activity has been the dominant
iInfluence 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.”

¢ — , Administrator


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

dE/dt=f (H)
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Climate Change



: 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.




John Tyndall measure the absorption of
obscure radiation (IR) by CO,and H,0O
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The Greenhouse Effect and the role of CO,

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 CO,
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 CO, and the interest in the CO,
problem vanishes.... For a while.



Steam Engineer Guy calendar finds a relation
between CO, increase and temperature trends




Climate Change

Global Average Temperature Anomaly, 1880-2017
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Future climate projections
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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.
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Global mean sea level will continue to rise during the 21st century (see Figure SPM.9). Under
all RCP scenarios, the rate of sea level rise will very likely exceed that observed during 1971
to 2010 due to increased ocean warming and increased loss of mass from glaciers and ice
sheets. {13.3-13.5}



Ocean Acidification

The oceans absorb 30% of anthropogenic CO,, 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.



Increased atmospheric Increased air
greenhouse gas concentrations j temperature Impact of climate

(incl. CO,) change on the

W Changes ocean

to ramfall

Land thaw

Eﬂangﬁ and ice

to winds/ Saam
storms/waves level rise

Thermal
expansion

run-off

Increased sea

Increased CO, level
temperature

AUcer

uptake uf.l."_.-ﬂ ”mﬁn;ﬁés - Ennchment




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.



(b) Northern Hemisphere September sea ice extent

It is very likely that the Arctic sea ice cover will continue to shrink and thin and that Northern
Hemisphere spring snow cover will decrease during the 21st century as global mean surface
temperature rises. Global glacier volume will further decrease. {12.4, 13.4}
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Planetary Boundaries
and
Tipping Points
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Where on Earth are we going?



Future Trajectories

Temperature rise:
Beyond the envelope of natural variability!

Summerhayes 2015
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Earth System Trajectories
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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.



Emission Reduction Pathways
for Meeting the Paris Target

Figueres et al. 2017



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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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
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