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The carbon cycle is coupled with the
natural variations of climate
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During the anthropocene, the carbon cycle is driven
by fossil fuel emissions, and improved by sinlg
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The Human Perturbation of the CO, Budget (2000-
2009)
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http://www.globalcarbonproject.org/carbonbudget/index.htm

Fossil Fuel & Cement CO, Emissions
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Fossil fuel emissions is an increasing forcing of the carbon cycle

S, 5
L il

@®



Change in CO, Emissions from Coal (2008 to 2010)
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CO, Emissions from FF and LUC (1960-2010)
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CO, Emissions from Land Use Change
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Land use emissions is a stable or decreasing forcing
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Human Perturbation of the Global Carbon Budget

Remarkable linearity of sinks response to emissions forcing
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Land sinks are sensitive to climate, at least on interannual time scale



Is there a decline in the efficiency of CO, Natural Sinks

Airborne Fraction :

Fraction of all anthropogenic emissions that stay in the atmosphere
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Not necessarily a decrease in sink processes (because different time
constants of recent emission change and removal processes by sinks)
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Ocean hypothesis to explain the decreasing sink efficiency

Part of the decline is attributed to up
to 30% decrease in the efficiency of
the Southern Ocean sink over the
last 20 years.

This sink removes annually 0.3£0.2
Pg of anthropogenic carbon.

The decline is attributed to the
strengthening of the winds around
Antarctica which enhances
ventilation of natural carbon-rich
deep waters.

The strengthening of the winds is
attributed to global warming and the
ozone hole
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Efficiency of natural sinks

Land Fraction  °°
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Suggests constant land sink efficiency globally
Needs to be looked at for each region using, e.g. inversions
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Despite near-constant airborne fraction, the
land sink increased in abruptly the late 1990’s

Ocean models sink suggest
recent decline in efficiency

Net land sink almost - T
constant (0.27 Pg C y-1) '
between 1960 and 1988
abruptly increased around
1988 by +0.88 (0.77 to 1.04)
Pg Cy-1

rgE0 197 1960 1950 2000 2010
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Large and Consistent Global Forest Carbon Sink
Increasing in the North, decreasing in Tropics
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What are the implications of these trends for the future ?
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Stock vs. sequestration: partitioning between
vegetation and soil
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Global carbon stocks in ecosystems
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Climate factors affecting soil C balance (simplified)

Temperature Water
P balance deposmon
Tempe-
J /\ rature

Not tractable with analytical, simple theory
0 (#)Need spatially-explicit models-to-tackle the problem




Coupled carbon-climate simulation design

Radiative forcing

Land surface parameters

Climate

Carbon Cycle Model Climate Model

Precursors : Cox et al. 2000 ; Dufresne et al. 2001
CAMIP = 11 models (IPCC AR4) with CO2, climate
CMIP5 = (IPCC AR5) with CO2, climate, [nitrogen], land use

18
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Simulated Atmospheric CO,
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The magnitude of the problem
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Simulated Land fluxes
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Changes in NPP and residence time (stock/NPP)

10 | | | | | 1-:.
2 0.0- =
| B:
S o- -8 - ]
o - L 8
O c —2.0 1 L
~ —10. - - 8
o O i i
g - -8
5 o
€ —20. - - O —-4.0 - =
) | =
g 30 E i i
5 ' i L E’: B0 = =
=
—40. I I I I _tcu i I | i
0.0 2.0 4.0 O 0.0 2.0 4.0
Surface Temperature Change (K) Surface Temperature Change (K)

22
First Winter School PKU-LSCE on Earth System Science

Feb 13-17 2012




(a) Change in Vegetation Carbon (kg C m™) (0.385)
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The response of NPP to climate
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Where are the changes in NPP ?

Boreal regions

Temperate regions
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Take home

First order linear dynamics of coupled carbon-climate
system are expected to change in the future

Major non linearities in current models C4MIP
-Ocean chemistry

-Terrestrial responses of GPP, Respiration (to CO2
and climate)

All models suggest that climate feedbacks will reduce
sinks in the future

-Ocean stratification

-Tropical drying reducing GPP

-Longer northern growing seasons increase GPP

-Soil changes dominate over biomass changes

L P
I 3}5 I
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Climate-Carbon Cycle Feedback

| ACO., = EMI-AF,-AF (1)
Qarbon Cycle Response: 2 0 :
ChmateSSyslem A;I;\C — o, A COZ unc 4 ATin d (2)
Climate A I:L = BL ACOZ - yL AT (4)
Induced Cimate->Carbon
Emissions Cycle Feedbacks |«
Qimte G (3) and (4) in (1), then (1) in (2) giVES:

AT =1/(1-g) AT,

g, the gain of the feedback, defined by:
g=a(yo+ 7 )/(1+ By +B)

Positive feedback of carbon on climate change if g <1
fis the feedback factor

f=1/(1-g)

T 27
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Terminology

g = (Yo +v, )/ (1+ Bo + B

g is the gain of the climate-carbon cycle feedback

f=1/(1-g)
fis the feedback factor

ais the warming per unit of CO2 ( similar to the
climate sensitivity) (AT/AC,)

B./o is the land/ocean cumulated carbon flux per
unit of CO2 (AF ,o/AC,)

Y10 is the land/ocean cumulated carbon flux per
unit of warming (AF_/AT)
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Gain for C4AMIP models

TaBLE 3. Carbon cycle gain, g, along with component sensitivities of climate to CO, («), land and ocean carbon storage to CO,
(B., Bo), and land and ocean carbon storage to climate (vy,, vy,,). Calculations are done for year 2100.

a BL Bo YL Yo
Models (K ppm ™) (GtC ppm™) (GtC ppm™) (GtCK™) (GtCK™) Gain
HadCM3LC 0.0066 1.3 0.8 —177 —24 0.31
IPSL-CM2C 0.0065 1.6 1.6 —08 —-30 0.15
IPSL-CM4-LOOP 0.0072 1.3 1.1 —20 —-16 0.06
CSM-1 0.0038 1.1 0.9 —23 —17 0.04
MPI 0.0082 1.4 1.1 —65 —22 0.20
LILNL 0.0068 2.8 0.9 —70 —14 0.10
FRCGC 0.0059 1.2 1.2 —112 —46 0.21
UMD 0.0056 0.2 1.5 —40 —67 0.14
UVic-2.7 0.0063 1.2 1.1 —908 —43 0.20
CLIMBER 0.0053 1.1 0.9 —-57 —22 0.10
BERN-CC 0.0046 1.6 1.3 —105 -39 0.13
Models avg 0.0061 1.35 1.13 —79 —-30 0.15
Large differences
Need to evaluate models results

First Winter School PKU-LSCE on Earth System Science
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Alpha, beta and gamma for C4MIP and CMIP5
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Nitrogen dynamics
Reduces beta, Increases gamma
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Looking at glacial-interglacial changes in CO, and
climate :Does this help future projections?

The smorgasbord of
marine biogeochemical forcings
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Decreasing level of scientific understanding

Not really because the state of the carbon-climate system is very differen
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Looking at the Little Ice Age
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Last Millennium and LIA

Vol 463|28 January 2010|doi:10.1038/nature08769 nature
a e o e L J Temperature recon.
Ensemble reconstruction constraints on the global [ Calibration period
carbon cycle sensitivity to climate e ssssee Temperature smoothing
David C. Frankl’j:‘]an Esper’®, Christoph C. Raible®*, UIf Biintgen', Valerie Trouet', Benjamin Stocker™* - . L] Ice core
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Interannual variability of CO,

CO, Annual Growth Rate
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Terrestrial B and y zoo

Dpe

BNEP= Bstore

Bepe ' CANOPY
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yNEP= YStore
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Can y\pp be measured ?

Ecological data
Spatial NPP-T regression
Lluyssaert et al. database
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Missing processes in coupled models

Lorraine, France, August 2003

Extreme events

First Winter School PKU-LSCE on Earth System Science
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NPP responds to seasonal water availability

FON |-

50N

30N

70N

50N

30N

A number of major droughts in mid-latitudes have contributed to the weakening
of the growth rate of terrestrial carbon sinks in these regions.

GPP decreases more than ecosystem respiration in the short term
NDVI Anomaly 1982-2004

Summer 1982-1991 [Normalized Difference Vegetation Index]
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Angert et al. 2005, PNAS; Buermann et al. 2007, PNAS; Ciais et al. 2005, Nature
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Missing representations of biosphere in global
models: extreme events and lag-effects

Decreased growth

Lag effects of heatwave 2003 ? |
One year later in 2004 ...
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Missing (or poor) representations of biosphere
in global models: fire

First Winter School PKU-LSCE on Earth System Science
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Interactions between management and climate

‘Climate’ L o o e e e - -
(Temperature, |
Precipitation, CO,, Ny.,) | Disturbance

(Natural)
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Dark green : primary forest
Light green : secondary forest
Orange : forest converted to agriculture

First Winter School PKU-LSCE on Earth System Science
Feb 13-17 2012
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Representations of biosphere
in global models: tropical forest dyeback

— Holdridge Life Zones & potential vegetation: Mean T, Precip, and E/P control
vegetation cover: warmer-drier leads to strong degradation in the tropics.

Data courtesy gf D. Skole
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Missing representations of biosphere
in global models: frozen carbon

h™

Permafrost | 0-30 cm | 0-100 cm
zones
Continuous 110.38 298.75
Discontinuous 25.5 67.44
Sporadic 26.36 63.13
Isolated 29.05 67.10
Patches
Total 191.29 496.42
Soil or deposit type | C stocks
Soils 0—-300 cm 1024
'Soif Organic Carbon Content ' “:"- w d Cl_mlim!ou.-.{'Jll‘:jn-wﬂ‘}h} Yedoma Sedlments 407
| B ~ gmaann | | Deltaic deposits 241
- > 30 kg/m 558 Treeline Isolated Patches (< 10%) Tota| 1672

FirstTarnoeabet al in preparation Earth System Science
% Feb 13-17 2012



Take Home
missing processes in models

e Land use forcing effects not considered
not in CMIP4, partially in CMIP5

e Not in current models
- Nitrogen (Phosphorus) limitations on sinks
- Disturbance regimes
- Permafrost, peat decomposition
- Species composition and traits
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Aerosols — carbon interactions
Aerosols have a regional climate effect

‘Sulfates W U Organic aerosols
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Aerosols change the carbon-climate feedbacks
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Unexpectedly, including sulfate aerosols further increases CO, by 2100,
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Regionally distinct impact of
sulfate aerosols cooling on land sinks

Effect of aerosols:

Change in land temperature
due to anthropogenic aerosols ("C)

e Tropics : sinks increase
= NPP increase

2000-2045

=3
l

North : sinks decrease
NPP decreases
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|
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Change in Net Primary Productivity
due to anthropogenic aerosols (PaC yr
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Globe
net decrease in C sink relative
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Change in cumulative land carbon exchange
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Fossil fuel CO2

Volcanoes

Solar constant

Albedo from
Land use

Land and ocean

carbon sinks

Land ice
albedo

Orbital

@)

Feedbacks and climate sensitivity definition

In absence of feedback 2xCO2 ->1° C warming

Forcings AF Feedbacks . Fumlngs AF Feedbacks 7.

A }‘
PN \ /Yy PN \ &
Climate ~
Sensitivity Climate
a AT Sensitivity <o

AT

- 1*:5

LRSS
ral

RILLIE| I | SAUNIED | sapelan | sea) | sheq I

Heat Uptake AQ
Heat Uptake AQ

b)

I

Charney sensitivity Long term climate sensitivity
3° Cper2xCO2 6° Cper 2xCO2

Only fast feedbacks (water vapour, Only fast feedbacks (water vapour,
clouds, sea-ice) clouds, sea-ice)
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Positive and Negative feedbacks

Positive feedbacks

Respiration sensitivity to temperature

GPP saturation and nutrient limitations
Permafrost C decomposition

Increased boreal fires

Increased extreme events (drought, storms)
Tropical forest dyeback

e Negative feedbacks

CO2 fertilization

Trees Northward expansion
N-deposition ; Increased N fixation
Increased radiation ?

Coal and oil resource limitation ; economic crisis

First Winter School PKU-LSCE on Earth System Science
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Coal reserves used by successive IPCC reports
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Stabilization wedges: Solving the climate problem
for the next 50 years with current technologies -
S. Pacala & R. Socolow (Science, 2004)
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With a carbon-climate feedback of +200ppm, how many more wedges
do you need to stabilize climate ?
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(e

Conclusions

The land carbon-climate feedback magnitude is as large as the
(economic) differences among emission scenario : 30 — 200
ppm in C4AMIP modles

Larger positive feedback is plausible (permafrost, disturbance)

More intensive emission scenarios will be creating higher
feedbacks, making mitigation even harder

Another good reason for acting sooner, to pay less tribute to
manage the natural carbon cycle in the future

Need to design adaptative management strategies to make
ecosystem C stocks less vulnerable to climate change, in
particular the soils
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