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Fossil fuel & cement CO, emissions
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CO, emissions by fossil fuel type
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Impact of economic crises on C emissions

Fossil fuel CO, emissions (PgC/y)
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Le Quéré et al. 2007, Science

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 0.310.2 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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Contribution of forests

More than 70% of the northern C sink is in forest
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Unmanaged forests appear to be significant C sinks
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Stock vs. sequestration: partitioning between vegetation and soill
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Soil carbon stock is large & vulnerable
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Simulated atmospheric CO,
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Always Positive Feedback

Large uncertainties
Friedlingstein et al., 2006
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Simulated land fluxes
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Globally a negative response
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The land response
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Decompo- Primary
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Missing (or poor) representations in global models




ILMATIETEEN LAITOS
METEOROLOGISKA INSTITUTET
FINNISH METEOROLOGICAL INSTITUTE

* Tempting conclusion : Degassing under warming conditions
* Timescale ? Processes ?

Soil or deposit type | C stocks

(PgC)
Soils 0—300 cm 1024
Yedoma sediments 407 Top meter soil carbon density (IGBP-DIS)
Deltaic deposits 241

Total 1672 Tarmocai et al., 2009
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Permafrost carbon on glacial-interglacial time scales

Marine carbonate

/ "3C change (data)

Global terrestrial ] b'TE r'r"::tri;ﬂlC
carbon stock - iosphere
LGM ) . change (data) .
E ; ; l Marine and terrestrial
First estimate of each biome area (model) TN
180° 120°W 60°W o° 60°E 120°E 1|o® - .

90°N

60° N P

Large LGM inert terrestrial
carbon pool inferred from
measured air oxygen
isotopes and carbon-cycle
modelling: Permafrost?

30°N

Time period Carbon stocks (Pg C)
Land Ocean Atmosphere
Sum of: landactive 4+  Landinert
PRE 39704325 23104125+ 16004300  36830+170 59342
LGM 36404400 13404500 4+ 23004300 373504400 39942
[GMminusPRE =330 -1030 + 700 520 -194

Ciais et al., 2011
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Future CO, balance : Northern land areas = Large sink because of vegetation growth
C*MIP Boreal (60°-90°N) CQO, emissions
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Many permafrost-related processes not or poorly represented

* Soil freezing

* Impact of soil freezing on hydrology

* Thermokarst

* Peat accumulation

* Snow-vegetation interactions

* Cryoturbation

* Thermal insulation by organic surface layer

In the following:

Cold region and permafrost-related processes in the ORCHIDEE
land-surface model, effect on C reservoir dynamics
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ORCHIDEE

Basic version (Krinner et al., GBC, 2005)

* Land surface component of the IPSL-CMS5 coupled climate model
* |PSL-CM5: Part of current CMIPS — IPCC climate projection exercise

* Land-surface component of an AOGCM, but also stand-alone land-
surface model

* Dynamic vegetation model (LPJ)
* Carbon cycle, including soil carbon (CENTURY)
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Soil hydrology and freezing

Multi-level hydrology with freezing :

thermal & hydrological effects
(Gouttevin et al., The Cryosphere,
submitted)

Thermal effect of soil freeze and
thaw at 20 cm depth
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Carbon cycle without and with soil freezing/permafrost

Active layer vs. permafrost : Part of the carbon essentially locked away
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Cryoturbation

Treated by a simple diffusion scheme without advection (Koven et al., 2009)

Dy for z < zyr
HC:'_DGZC:' D= Dg(l — (ﬂ)) for zypr <z < kzyr
e &~ Teur

0 for z > kzyir

ANy
f/[/[/l . //
Heterotrophic NPP Actil\;ely
Respiration cycling Active
soil Layer
Soil Carbon carbon Y
(active, slow, .
passive) Permafrost Table
Permafrost
carbon
Y




ILMATIETEEN LAITOS
METEOROLOGISKA INSTITUTET e .
FINNISH METEOROLOGICAL INSTITUTE

SY KE

50 50 [ .
S £ wf
Carbon content in Z 50 5 a0l i
top m decreases, I S wol j
buried below £ | s |
2 10k 2 10
2 3
00 20I00 40I00 EOIOG BUIOO 10000 00 EOIOO 40I00 EOIGO BOIOG 1000
Year Year
(a) Control (¢) Cryoturb.
0.0E . o.ot............... .
0.5 3 05 F 3
R 4 1o FM. =
E st i E st 3
L E ] = E
g 20p 1 @ 2°F E
© 2s5f 1 T oast E
3.0F ; 3.0 -
- S I RN B R R Y- J S R S R B
0 20 40 60 80 100 0 20 40 60 80 100
soil C (kg/m°) soil C (kg/m°)
(e) Control (g) Cryoturb.

(Koven et al., GRL, 2009)



ILMATIETEEN LAITOS
METEOROLOGISKA INSTITUTET
FINNISH METEOROLOGICAL INSTITUTE

Strong effect on soil thermal profiles shown before : dampening of the annual
temperature cycle below the surface

TG at 50cm, summer

(Rinke et al., GRL, 2008)
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* Positive feedback: more soil carbon, more insulation
*Even top m not in equilibrium after 10000 years
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Better simulation of top m organic soil carbon after 10000 yrs spinup

total soil carbon in top meter (gC m™) total soil carbon in top meter (gC m™) NCSCD soil carbon in upper 1m (g/m?)

0 10000 20000 30000 40000 50000 0 10000 20000 30000 40000 50000 0 10000 20000 30000 40000 50000

(a) ORCHIDEE (b) ORCHIDEE (¢) NCSCD SOM
control SOM exp. SOM
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Better simulation of active layer thickness

ALT ALT

0 4 8 12 16 2 24 28 0 4 B8 12 16 2 24 28 0 3 6 9121518212427 3

(e) ORCHIDEE (f) ORCHIDEE (g) CALM active layer
control ALT exp. ALT thickness
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“Compost bomb” ? Positive feedback between soil temperature and microbial activity

Condition : Heat in deep soil generated more quickly than heat diffuses vertically, very high
carbon content

CH, release
NPP  CO2release O,uptake m”:;mm Heat uptake
RH & ]
' -
Exudates Decomposition
Active
carbon
o
dmmlﬂm
. S. Zimov in front
= of a Yedoma
section near the
Kolyma river
Frozen
carbon

(Khvorostiyanov et al., Tellus 2008a,b; GRL 2008c)
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Yedoma : 2 GT/yr during 100 yrs in extreme (unrealistic) warming scenario

Possible neglected limitation: nutrient availability
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Projections of the 21st century boreal carbon balance

¢ Different soil freezing/permafrost processes activated

e Topmodel and methane emission model for CH, fluxes from wetlands (seven and kirkby, 1979;
Walter et al., 2001; Ringeval et al., 2010)

*10,000 yrs initialization with 20" century climate
*Yedoma: initialized with estimated present carbon density prior to 10,000 yr spinup

*Suppose SRES A2 scenario warming from IPSL-CM4 CMIP4 run
* Anomaly method used

Mean Temp and Permafrost Extent North of 60°N
15 PRI T | A i meod o R] 6 W08 Fi . B8 G s T b JE B 2 - ey
G 12 4 70 E’.Li
: 9 1% ¢ _-
m A T4 =2 P
= i, ©
1] 67 1 3
% 18 E
> 1408
0 S O UL B L L B T -12 i
1840 1880 1920 1960 2000 2040 2080 2120 =
Year Yedoma Grid cells

(Koven et al., PNAS, 2011)
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Experiments

SY KE

*Base : No permafrost
*Freeze = Base + Frozen soil carbon

. = Freeze + permafrost-specific
processes (cryoturbation, insulation)

+ Microbial heating

Heat =

Permafrost
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Simulated average soil carbon profile
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Experiments :

®Base : No permafrost
®Freeze = Base + Frozen soil carbon

®crmalrost = Freeze + permafrost-specific processes
(cryoturbation, insulation)

®Heat = Permalrost + Microbial heating
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Active Layer Thickness, 2090-2100 (m)

Simulated permafrost changes
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Simulated carbon fluxes
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Fig. 2. Change in carbon fluxes over the model run. (A) Mean fluxes over modeled period. Contemporary budget estimate from McGuire et al. (1)
(B) integrated changes. (C) Integrated changes in carbon balance due to rising CO, concentration alone. (D) Integrated change in carbon balance due to
climate change alone (difference between COz-only and CO,+climate change).
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50 cm depth soil temperature difference
between two simulations performed with
k=0.1 and k=0.4
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Consequence: Less soil carbon in the boreal forest belt

(Gouttevin, Menegoz et al., JGR, submitted)
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