Carbon cycle and global vulnerability

Wolfgang Lucht Potsdam Institute for Climate Impact Research



Our guides will be 3 innovators in biogeochemistry (of course there are more!)

Vladimir |. Vernadski Charles D. Keeling |. Colin Prentice
1863 — 1945 1928 — 2005 *1952
Biogeochemistry Greenhouse Gas Biosphere Modelling
Increase

(And let there be no mistake: a lot of people were/are behind these guys.
But they did have some pretty good ideas.)



Guiding Spirit for this section:
Charles D. Keeling
1928 — 2005

- 1- Atmospheric Greenhouse Gas Increases
and Global Climate Change
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Atmospheric
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1975 1980 1985 1990 1995 2000 Increase of atmospheric CO2
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Fossil fuel emissions
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Yearly increase of atmospheric CO, concentration
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How will
it continue?
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Global Carbon Balance of the 1990ies (GtC/yr)
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The Carbon Cycle:
a complex system
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Where is the Carbon? Sizes of Pools

Rocks and Sediments
100.000.000 GtC

Vegetation
550 GtC
s Atmosphere
750 GtC
Soils
@ 1.500 GtC
' Fossil Fuels
5.000 GtC
Oceans
40.000 GtC

Size of exchange
fluxes between
these pools?




Variations of atmospheric
CO, concentration in Earth history

380

360 - lce cores (Vostok) Petit et al. Observed increase
—_ Fischer et al. “Keeling curve” ‘
g_ 340
% 320 - Ice Ages Preindustrial maximum
% 300 - +
£ 280 %94 = i ARy vl
Q —
5 260 —— Mauna Loa
o, 240 - Law Dome
8 290 — Adelie Land

200 — Siple

® South Pole
180 | | | | | | | | | | | | |
400 300 200 100 0o 1000 1200 1400 1600 1800

Age (kyr BP)

Current CO, levels are without example

in the last 20 000 000 years

IPCC WG |, Ch. 3, 2001

Year

Until ca. 1850: 280 ppmv
Today: 370 ppmv
Future: 550 ... 800 ... 1000 ppmv?

2000



(read aad anydins sauuoy
o suoI) suoIssIUE SO
L
m (AN} [}
_ 1111 _ 111 1 _

2000

1800
Year

1600

(ao1 o suuoysad __Fog Bu)
uopeIUeIUoD ayeydng

(z-wipp) Buioio] ennelpey

UCIEIUSoUO0D Jllsydsowyy

L3 o L
L = w2 oot Mmoo Q T, - =2 =
— — =) o P T o T o T o TR e R =] 3 o [
_ | T T T+ T 71 jﬁ_ — T
L 11 . i
- - -1 ;ﬂ 0 -
17g up
L [ ]
D "
© 4k 1L " e
- — |
x w rl .
o é | 5o
L -
© 2 i) 1t . 4
n Av n [ ]
o - a [ ] 4
0 Mv < .
ra A 4+ X . -
© - ) O R
(&) © C = 2 :
| | | | m | T T R Ly Ll A _n_ L
P T e T s T s T o R = N = = = o o
B S HE &4 A R A= = & b o
(wdd) oo (gdd) *uo {qdd) ofp

1400 1600 1800 2000

1200

Y ear



The Greenhouse effect

Some solar radiation is Eﬂl'l'_lﬁ of the infrared
reflected by the aimosphere radiation passes through

the altmosphere and Is
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Climate Change —
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How will it continue? | Sasnaros
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How will the Biosphere react?
Will it continue to be sink of carbon?
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Guiding Spirit for this section:
|. Colin Prentice
*1952

- 2 - Understanding the Terrestrial Carbon Cycle
through Global Vegetation/Soil Modelling



Interacting Scales in Biogeochemistry
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Historical Decendence of Some Ecosystem/Biosphere Models

Biogeography Biogeochemistry Forest dynamics
Holdridge, CENTURY, G'DAY, JABOWA, FORET,
Woodward (1987), TEM, ... LINKAGES, SORTIE,
MAPSS, \ FORSKA
BIOME (Prentice et al 1992) (Leemans & Prentice 1989)
Biosphere ‘\,
BIOME-BGC, |
PGEN, DEMETER .~ FORSKA2
BIOME3
(Haxeltine & Prentice 1996)
tree species
biogeography

STASH

(Prentice, Sykes, Cramer 1993)
Sykes et al (1996)

Dynamic global (DGVMs)
IBIS, HYBRID, SDGVM, TRIFFID, MC1

LPJ-DGVM
(Sitch et al. 2000, 2003, GCB 9:161-185)

|

General ecosystem model
-  GUESS
(Smith et al 2001, GEB 10:621-637)
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L LPJ } Dynamic Global Vegetation Model LPJ-DGVM (sitch et al., 2003)

Climate, Soil, CO,

-lg = 10 plant fulnonal types
E .é = competition, mortality, establishment
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Biomass

Distribution of
Vegetation Types
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Validating net ecosystem C exchange (GUESS)
Comparison to ecosystem C flux measurements from EUROFLUX
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Validatierung der CO,-Reaktion der Nettoprimarproduktion im Modell GUESS
Vergleich Modell vs. Duke Forest FACE (Thomas Hickler)
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Processes are important!
Example 1:

Siberian Biomass, Fire, Runoff, NEP:
Influence of Permafrost and

Vegetation Density

Beer et al., submitted
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NPP in gC/m“/a
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Biomass Increase 80ies+90ies:
74 TgC/yr from LPJ

76 TgC/yr from Inventories
(satellites: 284 TgClyr)

NEP from LPJ:
0.13 Gt/yr (80ies+90ies)

- 7% of Eurasian C emissions
Conclusions:
1) Where is the biosphere sink?

2) Biosphere sinks are not a
Kyoto solution!

Beer et al., submitted
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Processes are important! —
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Figure 1. Atmospheric CO, concentration (ppm) from Mauna Loa (Keeling et al., 1995)
and its rate of increase (ppm/year) for the 1968-2001 duration. The average
rate of increase of atmospheric CO, concentration from 1968-2001 is ~1.43
ppm/year. The rate of CO, increase in the atmosphere dropped to ~0.72 ppm/
year for two years following the Mt. Pinatubo eruption.

1990 1991 1992

,Processes are important”
— Example 2:

Effects of the Pinatubo
Eruption, June 1991

Lucht et al., Science, 2002
Erbrecht and Lucht, in prep.
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Processes are important:

Very large heterogeneity
* in space

*in time

* in balance of processes



Temperature Increase
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Precipitation Change 2100 vs. 2000, 5 Climate Models (30yr av.)
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Schaphoff et al., Clim. Change, in press
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Changes in Land Carbon Storage (Vegetation, Litter and Soils)
2100 vs. 2000, 5 Climate Models (30yr av.)
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Change in the terrestrial carbon exchange flux (1S92a)

about neutral C sink C source
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Anthropogeric production of

atmospheric COs
through burming
of fossil fuels:

Anthropogenic increase of atmospheric CO - through agriculture and grazing:

Cutting and burning of forests:
oxidation of standing

anlc carbon

Tilling of forest soils:
oxidation of soil
organic carbon

Plowing of natural grasslands:
oxidation of soil organic carbon

CH,O + O, --> CO, + H,O

Over-grazing of natural grasslands:
dimunition of soil organic carbon

LBEF 2200

Source: Bruce Railsback, U. Georgia



Ceometric

Large-scale clearings
for modern sector activities

Diffuse

Smallholder, traditional
subsistence agriculture

Corridor

Roadside colonization
by spontancous migrants

Patchy

High population density arcas
with residual forest patches

Fishbone

Planned resettlement
schemes

Island

Periurban area

Source: Mertens and Lambin (1997), Spatial modelling of deforestation, p. 149.



Some Processes relevant to Land Use
1

e How many people are there?

* How many of them are vegetarians?

e How much biomass is being used?

 Which agricultural technology is being used?

* How extensive is global trade?

 How rich are the different regions of the globe?



LPJ LPJ expanded to include mechanistic agriculture

Climate and
CO, change

multiple
cropping

grazing

irrigation

fractional land fully mechanistic harvesting, computed sowing
use shares “crop functional types” residues & harvesting dates
V
mosaics of natural
and agricultural lands
Wbl W
mechanistic vegetation S Wy Wy Y Wy
and soil processes ”H H\»
O U
0O O
O O /

Land use

change




Global Map of Irrigated Areas (1995) P.Déll
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LPJ

Examples for validation of LPJ agriculture

Wheat yield (tDM/ha) [1990-1995]

_____ .‘B-QL ¢+-11
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+ FAO

Belgi-Lux O TN S—
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Germany |_comp sopmmpinhenine s

Argentina -

Australia -
South-africa

India -

Test of LPJ-simulated
crop yields 1990-95
vs FAO statistics

Test of LPJ-simulated seasonal C fluxes vs. eddy flux measurements
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A. Bondeau et al.,
in prep.



LPJ

Carbon stocks

Studies of 20" Century Land Use Effects

& water fluxes
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Very different estimates on the areas deforest-
ated in the tropics at the end of the 20t century
Tropical forest areas 1990 (103 km?):

Fearnside (2000) 18620
Malhi & Grace (2000) 15099
Achard et al. (2002) 11500
FAO (2003) 20261
HYDE data base (1997) 14790




Example: Biomass
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Example: Runoff
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LPJ

Cumulative change in net carbon storage

GiC
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Fig. 1 Carbon sources and sinks over the last two centuries

(PgC).

The Expansion of Land Use
Is an Effect of the First Order
on the Carbon Cycle!

House et al., Tellus, 2003



LPJ Human Appropriation of Global Net Primary Production

Harvested NPP/
Potential NPP

LPJ (only crops + grazing) '

-

S

Consumed NPP/
Potential NPP

HANPP
Units: % of NFP

4 @ 200-40.000
100-200
' 80-100

_Imhoff et al., Nature, 2004

A. Bondeau et al., in prep.
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Global primary energy consumption
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Guiding Spirit for this section:
Vladimir |. Vernadski
1863 — 1945

- 3 - Biogeochemistry, the Earth as a System
and the human quest to understand it



Vernadsky, in his 1926 book ,,The Biosphere®,
was an early pioneer of many things still discussed today

,l1here is no substantial chemical equilibrium on the crust
[of Earth] in which the influence of life is not evident, and in
which chemistry does not display life's work.” (sec. 21)

Emergence of biogeochemistry as a discipline.

,Life is not an external or accidental phenomenon of the
Earth’s crust. It is closely bound to the structure of the crust,
forms part of its mechanism, and fulfills functions of prime
importance to the existence of this mechanism.” (sec. 21)
Gaia hypothesis, since 1960ies

,Civilized humanity has intorduced changes into the structure of the
film [of life] on land [...] These changes are a new phenomenon in
geological history, and have chemical effects yet to be determined.
One of the principal changes is the systematic destruction during
human history of forest [...]." (sec. 150)

The ,Anthropocene®, since 1990ies



The Earth as a System: Co-Evolution

Since the oceans began to exist
and extraterrestrial disturbences
decreased in frequency

life has evolved closely interlinked
with its environment.

Gaia hypothesis: Earth as a
biochemically and biophysically
self-regulating and self-sustaining
,Super-organism®:

,Organisms and their abiotic environment
evolve as a single coupled system, from which
self-sustaining autoregulation emerges that
maintains climate and the chemical composition

of the environment in a state that of habitability."
(J. Lovelock, 1972)

Environment

0-

Crygen peak

Lenton et al., 2004
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|s a planetary biosphere the exception or the rule?
Is the persistence of the Earth’s biosphere an exception or the rule?




Enter: Humans
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Can we understand this system?
Can we understand the influence of human interventions?
Can we consciously manage the system?

Insccasailla

damaina

Paradigms for
Sustainable
Development

vans) ® Optimization
 Stabilization

* Pessimization

« Equitization

« Stabilization

-
N

dN/dt = f(N) dN/dt = f(N,A) dN/dt=f(N,A,S) ,Global Subject(s)“



Perceiving the
Earth as a System

Scientific and technological
advances permit for the
first time to gain a

Jholistic’ view of our planet.

,..it will enable us to look

back on our planet to perceive
one single, complex,
dissipative, dynamic entity,far
from thermodynamic equilibrium
— the'Earth system’

»2nd Copernican Revolution*
(Schellnhuber, 1999)



The new ,,Macroscopes®:

1. ,Bird’s-eye’ principle
(Remote sensing)

2. ,Digital-mimicry‘ principle
(Intermediate complexity modelling)

balance

het
NEMCS

3. ,Lilliput’ principle
(Bio-spheres, field

. . . £ Q nzfmmm@nw =
manipulation studies) | ‘5"7. Rlse
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hunter and agrarian society industrial society
gatherer society

enerqy input in GJ/capita . year
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others

Sources:

hunter andgatherera o edimates based on Harris (1991), aorarian sodety:

Térbel 1575 (Metting 1951, industrial sodety averade of Ausda, Japan,

Germany, the Maherlands, and the US2,

One possible goal is
certain and is
biogeochemical:

Constraining Societal
Metabolism

Can we, for the first time,
achieve a transition to
smaller material intensity
as we move forward?

 Dematerialization
 Decarbonization

Under limited resources:
* Adapt to nature

« Adapt nature to us

» Separate from nature



Fatal Perturbations

< ™

Elements of
the Earth System

Astronomical Formation/Perturbation

& Geologic Chemical Transformation

o

Atmospheric N Physical
& Soil Chemical World - Oceanic Heat
Composition Balance

in the Anthropocene

Elimination

Runaway /\ (V Of Humans
Effects
Global
I Biomass ] Coevolution Formation of
Extinction Functional
/ Biogeochemical Diversity
Evolution of Life \ /\
Collaps | Material Flows
Biological  Evolution of Planning
/ / World ~ & Biogeochemical
. Regional - Shaping Ability
Vlrtygl Metabolic Evolution of Earth
Realities Feedback Cycles Language System Process
(GeoGraphy) Understanding
/ r and Intentional Mismanagement
Biogeochemical Collaps
Social Perceptions < Mental — Interlinkages of Control
and Reflections World Societal Instruments
(GeoMind) (GeoScope)
Positivistic
\/ Economlc / \_,» Trap
Structuring
of Matter Flows 7
(GeoActlon)
Extreme
Poverty

Lucht and Pachauri, 2004



What we need is:
A comprehensive view of the
planet and of human existence.

Thanks to Dieter Gerten, Sibyll Schaphoff, Alberte Bondeau,
Stephen Sitch, Wolfgang Cramer, Birgit Schroder, Christoph Muller,
Christian Beer, Tim Erbrecht, Werner von Bloh



