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1.2 Carbon Reservoirs in the Earth System

1.2.1 Pre-1850 Pools and Fluxes

The preindustrial period, defined conventionally as pre-1850, represents an exten-
ded period (*10 kyr) where atmospheric CO2 concentration was relatively stable
compared to today. Variations in CO2 were less than 20 ppm once the Earth had
finally emerged from the Last Glacial Maximum (LGM) around *20 kya. In the
preindustrial period, the atmosphere contained approximately 590 Petagrams
(Pg = 1 × 1015 g) C, mainly as CO2, while terrestrial vegetation and soils to 3 m
depth contained 450–650 Pg C and 3500 Pg C, respectively, in a diverse array of
organic forms (Fig. 1.3) (Ciais et al. 2013; IPCC 2013; Jobbágy and Jackson 2000;
Hugelius et al. 2014; Schuur et al. 2015). The ocean contained a much larger pool
of C, about 38,000 Pg as dissolved inorganic carbon (DIC), but only a small
fraction of this (900 Pg C) was contained in the surface ocean (*100 m depth) that
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Fig. 1.3 Major C reservoirs in the Earth system shown in Pg C (black numbers) and as fraction of
the total C represented here (red numbers). Number shown here represents the midpoints of ranges
published in Fig. 6.1 of IPCC (2013) with the exception of the soil organic matter pool that
harmonizes new numbers for permafrost with global soil organic C inventories (Schuur et al. 2015)
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Todays lecture

• Earth System Models
• Sea ice
• Carbon, Radiocarbon
• Tracers in the Sea
• Vegetation & Ecosystem models
• Daisy World

• Practicals: Daisy World, veg dynamics, stochastic dynamics
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rafts and eventually solidify

Sea ice
thin sheets of smooth nilas in calm water disks of pancake ice in choppy water

Over time, large sheets of ice collide, 
forming thick pressure ridges

Last week



Arctic sea ice



Energy balance with sea ice

How Climate Model Complexity Influences Sea Ice Stability
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CO2
P. Köhler et al.: 156 kyr smoothed history of CO2, CH4, and N2O 367

Figure 1. CO2 spline covering all data: 2016 CE–156 307 BP. Error bars around the ice core data points are ±2� . WDC data have
been adjusted to reduce offsets; see text for details. In (a) the right axis contains the resulting radiative forcing 1R[CO2] = 5.35 ·
ln(CO2/(278ppm)) W m�2 calculated after Myhre et al. (1998). (b) Total uncertainty of the spline based on three individual error sources;
see text for details. (c) Temporal resolution (1t) of the CO2 data points underlying the spline on a log scale. Additionally, the prescribed
time-dependent cutoff period Pc is plotted, including its variation by ±50 %, which has been used to determine �1.

www.earth-syst-sci-data.net/9/363/2017/ Earth Syst. Sci. Data, 9, 363–387, 2017

Time scale?



Carbon reservoirs
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C reservoirs + perturbation
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Fig. 1.4 Major additions and subtractions to the C reservoirs over the past 150 years as a direct or
indirect result of human activity (red numbers). Units are Pg C
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Fig. 1.5 Atmospheric observations of CO2 shown in blue for the past 50 years. The red line
depicts the concentration of CO2 that would result if all of known additions from fossil fuel
burning remained in the atmosphere. The black line represents fossil fuel emissions scaled by 0.55,
suggesting that about 45 % of these emissions have moved from the atmosphere into other Earth
system reservoirs. Data adapted from Keeling et al. (2014)
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Figure 1. CO2 spline covering all data: 2016 CE–156 307 BP. Error bars around the ice core data points are ±2� . WDC data have
been adjusted to reduce offsets; see text for details. In (a) the right axis contains the resulting radiative forcing 1R[CO2] = 5.35 ·
ln(CO2/(278ppm)) W m�2 calculated after Myhre et al. (1998). (b) Total uncertainty of the spline based on three individual error sources;
see text for details. (c) Temporal resolution (1t) of the CO2 data points underlying the spline on a log scale. Additionally, the prescribed
time-dependent cutoff period Pc is plotted, including its variation by ±50 %, which has been used to determine �1.
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tracer: C-14

reservoirs. Surface ocean DIC and the land biosphere have ratios somewhat closer to
those of the atmosphere. While there is some depletion of 14C atoms by radioactive
decay, this is balanced by faster rates of replenishment of new 14C atoms from the
atmosphere as compared to rates of replenishment for the deep ocean. Processes that
move 14C atoms through the ocean are covered in more detail in Chap. 5, while
Chap. 6 examines C cycling in terrestrial systems.

The distribution of 14C atoms in the Earth system before 1850 was initially
assumed to have been relatively constant through past time (Arnold and Libby
1949). Constant production, however, turned out not to be the case as changes in
solar radiation had influenced the production of 14C atoms in the stratosphere that
then influenced the abundance of 14C atoms in other Earth system reservoirs
(Stuiver and Quay 1980; Stuiver and Braziunas 1989; Laj et al. 2002). The
assumption of constant 14C production is introduced in the historical overview
presented in Chap. 2 and examined in much greater detail in Chap. 7. After 1850,
changes in the distribution of 14C atoms are linked to human activities and parallel
the changes that occurred to the global C cycle described previously. Between the
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Fig. 1.9 The range of 14C isotope ratios (black numbers) among different reservoirs of the Earth
system, expressed relative to the atmospheric 14C content defined in the preindustrial as 1.0,
specifically based on wood from 1890. The percent of total 14C atoms in the Earth system (red
numbers) is a combination of the total C pool size and the 14C age of the pool

12 E.A.G. Schuur et al.
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Ocean circulation models
tracers in the sea



Ocean circulation models
tracers in the sea

a perfect time tracer: C-14



2D Staggered grids: Arakawa

unstaggered grid

Advection of tracers

Rotated C
Arakawa, A.; Lamb, V.R. (1977) 
doi:10.1016/B978-0-12-460817-
7.50009-4. ISBN 9780124608177.

https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1016%2FB978-0-12-460817-7.50009-4
https://en.wikipedia.org/wiki/ISBN_(identifier)
https://en.wikipedia.org/wiki/Special:BookSources/9780124608177


Radiocarbon tracer
ESM  simulations of C-14

FESOM2 enhanced with F14C
Butzin et al. in prep.

FESOM2 is part of the fully 
coupled AWI Climate Model

but ~100x slower than LSG

C years

High-precision measurements



The Carbon Cycle

• Carbon is the key element for living things. 
• Carbon in the atmosphere and dissolved in the 

oceans as part of the inorganic CO2

• CO2 is recycled into more complex organic 
substances through photosynthesis.



• Photosynthesis – process by which green plants 
make their own food from water, carbon dioxide, 
and light energy, producing sugar (stored energy) 
and oxygen (a by-product).

• The general equation for photosynthesis is:

6CO2 + 6H20  à C6H12O6 + 6O2
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Vegetation & Ecosystem



Human Impact

1. Deforestation – cutting down forests has 
reduced the amount of plants available for 
photosynthesis, which means that less CO2
can be removed from the atmosphere.

2. Burning (combustion) of fossil fuels –
gasoline, coal, and natural gas contain carbon 
and when burned, they release CO2 into the 
Earth’s lower atmosphere. There is concern 
that the increase in CO2 will lead to global 
warming.
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Population is growing slowly

The larger the 
population gets, the 

faster the population 
grows.

Population Growth (ideal conditions) 

o Population will increase rapidly 
in size

o The larger a population gets, the 
faster it increases
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Population rate increases

Population rate decreases

The larger the population 
gets, the less resources 

there are. The population 
cannot increase anymore.



Limiting Factors

• The environment provides factors that prevent 
populations from attaining their biotic 
potential. Any resource that is in short supply 
is a limiting factor such as food, water, 
territory, and the presence of pollutants.



Carrying
capacity

Drawing a line through the 
middle of the fluctuations 
(changes) represents the 

carrying capacity for that 
species.

Once the carrying capacity has been reached, 
the population size will increase and decrease 

around that limit.





Dynamical vegetation models

• regional climate conditions and atmospheric CO2 

• vegetation composition and cover in terms of major species or
plant functional types (PFTs), biomass and soil organic
matter carbon pools, leaf area index (LAI), net primary
production (NPP), net ecosystem carbon balance, carbon
emissions from wildfires, 

Furthermore: managed land, methane emissions, and permafrost.

http://www.globalcarbonatlas.org/en/content/land-models
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Typical output of a vegetation model
Das Bild kann nicht angezeigt werden.



Daisy World & the Gaia Hypothesis

Sunlight reflects off different color daisies. 
Black daisies absorb most light, turning it into heat.
White daisies reflect most light, and stay cooler. 

https://paleodyn.uni-bremen.de/study/MES/MES_11.html

https://paleodyn.uni-bremen.de/study/MES/MES_11.html


Daisy World & the Gaia Hypothesis

Sunlight reflects off different color daisies. 
Black daisies absorb most light, turning it into heat.
White daisies reflect most light, and stay cooler. 

By the mix of white and black daisies and barren ground, Daisy World 
strives to keep its temperatures in the range that allows daisies to live. 

https://paleodyn.uni-bremen.de/study/MES/MES_11.html
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Daisy World & the Gaia Hypothesis

Sunlight reflects off different color daisies. 
Black daisies absorb most light, turning it into heat.
White daisies reflect most light, and stay cooler. 

By the mix of white and black daisies and barren ground, Daisy World 
strives to keep its temperatures in the range that allows daisies to live. 
When the world is too cool for black daisies to warm it, or too hot for
white daisies to cool it, the planet is barren.

https://paleodyn.uni-bremen.de/study/MES/MES_11.html

https://paleodyn.uni-bremen.de/study/MES/MES_11.html


How the model works



Vegetation Model

Evolution of area fractions of white (aw) and black (ab) daisies

Growth rate is temperature dependent



Vegetation Model

Evolution of area fractions of white (aw) and black (ab) daisies

Growth rate is temperature dependent

Planetary albedo

Gobal temperature

L: luminosity

q=2.06×109 K4 is a heat transfert coefficientClimate Model



Exercise I
1.Run Daisy World with the the Daisies - black and white. Notice for what range

of luminosity the daisies manage to control the planet temperature.
2.Do you think control would be better if you set the low and high albedos (for

black and white) to a wider spread?
3.You will notice that the living area (“total daisies”) doesn’t exceed 70%. The 

deathrate is set to 0.3, which may explain the living percentage being no more

than 0.7. Play with the deathrate parameter. What does the deathrate do to the
daisies’ ability to control their environment’s temperature? To the species mix?

4.What is the influence of the optimal growth temperature? Please vary the
numbers and describe the consequence !

5.Daisyworld Model quizz at http://www.climate.be/textbook/daisyworld.html

• https://paleodyn.uni-bremen.de/study/MES/MES_11.html

http://www.climate.be/textbook/daisyworld.html


The Early Holocene Climatic Optimum (8,000 yr BP)

The climatic pessimum ended in West Africa around 12,500 yr BP. The enormous climatic
changes are well documented in marine pollen profiles off West Africa. At first, the changes
in humidity in West Africa took place in the atmospheric circulation. Secondly, the regional
water cycle accelerated by having a dense vegetation cover and a therefore higher
evapotranspiration rates. The sea-level rose up to only 20 meters below the contemporary
value and the land-water-distribution was comparable to today. Through changes of the
earth?s orbital parameters the northern hemisphere received an increased radiation causing a
forced Hadley-Circulation. More water vapour reached to further northern areas of the
African continent, thus in large parts of the central and eastern Sahara rivers existed sourcing
in the mountainous areas and draining into the Mediterranean Sea. 

 

An extension of moist evergreen rainforest (Anhuf 1994) reaching a latitude of 7-7.30°N in

Exercise II

1) Describe the vegetation dynamics
for the Holocene (8000 years ago)! 
Which evidences?

2) Which feedbacks are acting in the
system ?

3) Is it possible to generate a green
Sahara and Sinai under present
conditions?

4) Is this an option solving political 
conflicts ?

• https://paleodyn.uni-bremen.de/study/MES/MES_11.html

https://paleodyn.uni-bremen.de/gl/Sinai_climate.html


A greener and cooler Sinai can bring more moisture to the Sinai region influencing
the larger weather systems in the Mediterranean realm.

Vegetation Dynamics



https://www.greenthesinai.com/how





The Loess plateau in northern China

Within 20 years, the deserts of the Loess plateau became green valleys and
productive farmland



Exercise III
Random Systems

1.Simulate the velocity evolution of one particle which is determined by the

following stochastic dx/dt = -bx + kW(t)

2.What happens if you change the timestep ?

3.Simulate the ensemble of multiple particles and plot the time evolution of

the v-distribution and compare with the diffusion equation !

4.Test the ergodic theorem: time average is equal ensemble average !

5.Have a look at the more complex 2D diffusion equation program. When are

the two colors are mixed?

https://paleodyn.uni-bremen.de/study/MES/MES_11.html

https://paleodyn.uni-bremen.de/study/MES/MES_11b.html

