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THE GLOBAL C CYCLE AND ITS SOIL COMPONENT 

 

 

•  The C cycle: a complex cycle composed of different pools. 

•  These pools interact via different fluxes. 
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SOILS: MAJOR ACTORS OF THE C CYCLE 

• 	  Temperature	  
and	  
humidity(Reichst
ein	  et	  al.,	  2003)	  
• 	  Amount	  and	  
chemical	  
composiCon	  of	  
the	  Fresh	  
Organic	  MaHer	  
(FOM)	  (Guenet	  
et	  al.,	  2010)	  

FOM	  
inputs(labile	  
&	  small	  N	  
content)	  

SOM	  
mineralizaCon(stable	  
&	  high	  N	  content)	  

CO2	  

Photosynthesis	  
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SOILS AND GLOBAL CHANGES 

FOM	  
inputs(labile	  
&	  small	  N	  
content)	  

SOM	  
mineralizaCon(stable	  
&	  high	  N	  content)	  

CO2	  

Photosynthesis	  Anthropogenic	  
emissions	  



ORCHIDEE—training 24 Nov. 2016

FOM	  
inputs(labile	  
&	  small	  N	  
content)	  

SOM	  
mineralizaCon(stable	  
&	  high	  N	  content)	  

CO2	  

Photosynthesis	  Anthropogenic	  
emissions	  

Temperature	  and	  climate	  

SOILS AND GLOBAL CHANGES 



ORCHIDEE—training 24 Nov. 2016

THE SOIL C IN ORCHIDEE 

•  Soil representation mainly 
based on CENTURY (Parton et 
al., 1987). 

€ 

∂SOC
∂t

= I − k × SOC ×θ × τ
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THE SOIL C IN ORCHIDEE 

•  Split between stomate_litter.f90 and stomate_soilcarbon.f90 
•  Run at ½ hourly time-step whereas stomate runs at daily time-
step. 
•  Moisture and temperature function calculated in 
stomate_litter.f90 

 

€ 

τ =Q10
(T −Topt ) 10

θ =Max(0.25,Min(1,M )
M=-1.1*SM2+2.4*SM-0.29
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THE SOIL C IN ORCHIDEE 

•  Input from plants 

through bm_to_litter 

and turnover 

•  Split between above 

and below ground 

•  Split into two pools: 

metabolic/structural 

depending on lignin and 

N content of the litter. 
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THE SOIL C IN ORCHIDEE 

•  Inputs from litter 

decomposition in 

soilcarbon_input  

•  Distributed into the 

active and slow pools 

control by the lignin 

content. 
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THE SOIL C IN ORCHIDEE 

•  Decomposition 

following 1st order 

kinetics. 

•  A fraction of C 

decomposed is respired 

the 1-resp is distributed 

in the other pools. 
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HOW GOOD ARE EARTH SYSTEM MODELS TO 
REPRESENT SOIL C STOCK  1724 K. E. O. Todd-Brown et al.: Soil carbon drivers and benchmarks in Earth system models

Fig. 2. Global soil carbon (top), net primary production (middle), and soil carbon turnover times (bottom) for observations and ESMs.
Turnover times were calculated as HWSD carbon divided by MODIS NPP for the observations, and simulated global soil carbon divided by
simulated global NPP for the ESMs. The gray hashed area on the top panel represents the 95% confidence interval for global soil carbon
in the HWSD based on a qualitative uncertainty analysis (see text). The hashed area on the middle panel represents ±2 standard deviations
around the mean global NPP estimate from Ito (2011) based on empirical models. The hashed area on the bottom panel indicates the range
of turnover times for global soil carbon found in the literature (Amundson, 2001; Raich and Schlesinger, 1992). For soil carbon and NPP,
each global estimate is separated into individual biome components according to the legend shown in the top panel.

observed in the NCSCD. HadGEM2, BCC-CSM1.1, INM-
CM4, MPI-ESM, and CanESM2 also simulated soil carbon
totals below the preliminary CI95 for the NCSCD. In con-
trast, GFDL-ESM2G and MIROC-ESM overestimated high
latitude soil carbon stocks by 45–60%. Only IPSL-CM5 and
GISS-E2 soil carbon fell within the CI95 for the NCSCD.
Variation in global soil carbon stocks simulated by ESMs

could be driven by variation in modeled NPP, and we found
that global terrestrial NPP varied by a factor of 2.6 across the
models (Fig. 2). CCSM4, BCC-CSM1.1, CanESM2, INM-

CM4, GISS-E2, and MIROC-ESM all predicted global NPP
values within 2 standard deviations of the Ito (2011) estimate
of 54 PgC yr�1, ranging from 46 to 73 PgC yr�1, whereas
the remaining 5 models fell outside this range. NPP from
MODIS was similar to Ito (2011) at 52 PgC yr�1. At high
northern latitudes, NPP estimates from the ESMs were more
variable (1.7 to 10.1 PgC yr�1), compared to a MODIS esti-
mate of 4.7 PgC yr�1 (Fig. S6 in Supplement).
Turnover times for global soil carbon from the ESMs var-

ied by a factor of 3.6, between 10.8 and 39.3 yr, using global

Biogeosciences, 10, 1717–1736, 2013 www.biogeosciences.net/10/1717/2013/

Todd-Brown et al. (2013) 
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HOW GOOD ARE EARTH SYSTEM MODELS TO 
REPRESENT SOIL C STOCK  

Todd-Brown et al. (2013) 
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1724 K. E. O. Todd-Brown et al.: Soil carbon drivers and benchmarks in Earth system models

Fig. 2. Global soil carbon (top), net primary production (middle), and soil carbon turnover times (bottom) for observations and ESMs.
Turnover times were calculated as HWSD carbon divided by MODIS NPP for the observations, and simulated global soil carbon divided by
simulated global NPP for the ESMs. The gray hashed area on the top panel represents the 95% confidence interval for global soil carbon
in the HWSD based on a qualitative uncertainty analysis (see text). The hashed area on the middle panel represents ±2 standard deviations
around the mean global NPP estimate from Ito (2011) based on empirical models. The hashed area on the bottom panel indicates the range
of turnover times for global soil carbon found in the literature (Amundson, 2001; Raich and Schlesinger, 1992). For soil carbon and NPP,
each global estimate is separated into individual biome components according to the legend shown in the top panel.

observed in the NCSCD. HadGEM2, BCC-CSM1.1, INM-
CM4, MPI-ESM, and CanESM2 also simulated soil carbon
totals below the preliminary CI95 for the NCSCD. In con-
trast, GFDL-ESM2G and MIROC-ESM overestimated high
latitude soil carbon stocks by 45–60%. Only IPSL-CM5 and
GISS-E2 soil carbon fell within the CI95 for the NCSCD.
Variation in global soil carbon stocks simulated by ESMs

could be driven by variation in modeled NPP, and we found
that global terrestrial NPP varied by a factor of 2.6 across the
models (Fig. 2). CCSM4, BCC-CSM1.1, CanESM2, INM-

CM4, GISS-E2, and MIROC-ESM all predicted global NPP
values within 2 standard deviations of the Ito (2011) estimate
of 54 PgC yr�1, ranging from 46 to 73 PgC yr�1, whereas
the remaining 5 models fell outside this range. NPP from
MODIS was similar to Ito (2011) at 52 PgC yr�1. At high
northern latitudes, NPP estimates from the ESMs were more
variable (1.7 to 10.1 PgC yr�1), compared to a MODIS esti-
mate of 4.7 PgC yr�1 (Fig. S6 in Supplement).
Turnover times for global soil carbon from the ESMs var-

ied by a factor of 3.6, between 10.8 and 39.3 yr, using global

Biogeosciences, 10, 1717–1736, 2013 www.biogeosciences.net/10/1717/2013/
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Biology 

SEVERAL IMPORTANT MECHANISMS ARE STILL 
MISSING 

Chemistry 

Physics 

http://cropandsoil.oregonstate.edu Thevenot et al., 2010 

http://www.abdn.ac.uk 
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SEVERAL IMPORTANT MECHANISMS ARE STILL 
MISSING 

Physics 

http://www.abdn.ac.uk 

•  Soils are not homogenous 

•  Composed by aggregates of SOM 

•  Organisation of aggregates leads to 
a pore network. 

Gases diffusitivity (O2, CO2, CH4, N2O, …) 

Water availability 
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WATER AVAILABILITY 

€ 

∂SOC
∂t

= I − k × SOC ×θ × τ

θ is a rate modifier (0<θ<1) 

Falloon et al., 2011 Soil moisture content (frac. saturation) 
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WATER AVAILABILITY 

Falloon et al., 2011 
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SEVERAL IMPORTANT MECHANISMS ARE STILL 
MISSING 

•  SOM is a continuous spectrum of 
quality of organic matter.  

•  Enzymatic reactions drive by 
temperature. 

•  Discretized by non-measurable 
pools 

•  Same temperature effect for all the 
pools  

Chemistry 

Thevenot et al., 2010 
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TEMPERATURE EFFECT 

•  Several ways to represent τ 

•  ESM generally used Arrhenius equation:  

•  or Van’t Hoff laws   

€ 

∂SOC
∂t

= I − k × SOC ×θ × τ τ is a rate modifier (0<τ<1) 

€ 

τ = A × e
−Ea

RT

€ 

τ =Q10
(T −Topt ) 10
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TEMPERATURE EFFECT 

Jones et al., 2003 

Low Q10 

High Q10 
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SEVERAL IMPORTANT MECHANISMS ARE STILL 
MISSING 

•  CO2 emissions are due to 
biological activity. 

•  Soil biology almost not represented 
in ESMs. 

Effect of ecosystem engineers (Earthworms, 
ants, …) 

Effect of microbial activity 

Biology 

http://cropandsoil.oregonstate.edu 
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MICROBIAL ACTIVITY 

 
•  CENTURY assumes that 
microbial biomass stay 
constant over the time. 
 
•  Mineralization controlled  
by soil C and not by  
microbial C 

€ 

∂SOC
∂t

= I − k × SOC ×θ × τ
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MICROBIAL ACTIVITY 
 
•  Microbial biomass, community structure and functioning is 
sensitive to climate change, land use change, etc. 

Carney et al., 2007 
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MEAN RESIDENCE TIME 
 
•  Based on 14C data, ESM MRT are overestimated by ~40% 

He et al., 2016 ESM (CESM), P = 0.03]. Therefore, we compared
ESM-derived D14C to observations derived from
soil profiles to a 1-m depth. The carbon and 14C
patterns of the soil profiles we used were similar
to those reported in a recent synthesis paper
(21), and we used some of the same profiles in
our analysis.
Comparing ESM outputs with 14C observations

requires a model analysis approach becausemost

ESMs do not yet explicitly simulate D14C in soils,
and noESMs had reported turnover times for soil
carbon pools. Therefore, we used a reduced com-
plexity (RC) model to approximate soil carbon
dynamics in each ESM. This approach allowed
us to estimate the turnover times and D14C as-
sociated with the carbon pools in different ESMs
(table S3). Where possible, we used a three-pool
RC model (with fast, slow, and passive pools) to

simulate carbon and 14C dynamics. A multipool
structure is essential because radiocarbon obser-
vations show that soil carbon fluxes (NPP inputs
and heterotrophic respiration) exchange mainly
with short-lived pools, whereas carbon stocks are
dominated by long-lived pools (12, 18, 22, 23). The
three-pool RC model had five parameters repre-
senting turnover timesof fast, slow, andpassivepools
(tfast, tslow, and tpassive) and transfer coefficients

SCIENCE sciencemag.org 23 SEPTEMBER 2016 • VOL 353 ISSUE 6306 1421

Table 2. Summary of sensitivity experiments.

Experiment
% change in
SOC after 14C
constraint*

14C-imposed sink
reduction (%)*

Correction factor
for turnover time*

Correction factor
for transfer
coefficient*

Biome-specific
inversions

17 ± 11 43 ± 24 – –
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Match SOC with
HWSD at sites†

18 ± 12 31 ± 40 13 ± 4.5 0.19 ± 0.23
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Match SOC with
1.5*HWSD at sites†

21 ± 12 19 ± 42 11 ± 4.5 0.38 ± 0.39
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

–1 SD of intersite
variation

14 ± 9.9 52 ± 23 – –
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

+1 SD of intersite
variation

23 ± 16 25 ± 25 – –
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

*The mean and standard deviation were estimated from the global mean change of each of the five individual ESMs. The correction factors for the turnover time and
transfer coefficients are reported for the slowest carbon pool. †The correction factors were obtained at each site, and then the mean scalar across all sites was
applied to the global forward simulation.

Table 1. Global soil carbon stocks and carbon uptake for CMIP5 models that experienced a quadrupling of atmospheric CO2 from a preindustrial
value of 285 ppm over a period of 140 years.

ESM
Initial
SOC
(Pg C)

%
change
in SOC

%
change
in SOC
after
14C
con-

straint

14C-
imposed

sink
reduction

(%)

tslow
(year)*

tpassive
(year)

rf rs

14C-imposed correction factors†

tslow tpassive rf rs

CESM1
(BGC)

571 6.3 5.1 19
56 ±
16

1310 ±
241

0.06 ±
0.05

0.33 ±
0.05

–
3.7 ±
1.5

–
0.34 ±
0.75

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

GFDL-
ESM2M

1344 26 3.3 87
231 ±
196

–
0.17 ±
0.07

–
16 ±
18

–
0.06 ±
0.14

–
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

HadGE
M2-ES

1028 63 33 46
208 ±
84

–
0.12 ±
0.07

–
17 ±
12

–
0.07 ±
0.32

–
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

IPSL-
CM5A-
LR

1340 27 25 5.9
218 ±
82

1181 ±
347

0.06 ±
0.03

0.29 ±
0.07

–
14 ±
8.3

–
0.07 ±
0.14

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

MRI-
ESM1‡

1403 36 22 40
347 ±
117

1065 ±
257

0.17 ±
0.09

0.10 ±
0.06

–
13 ±
7.2

0.46 ±
0.79

0.34 ±
0.74

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

Mean§
1137 ±
312

32 ±
18

18 ±
12

40 ±
27

212 ±
104

1185 ±
123

0.12 ±
0.06

0.24 ±
0.12

16.5 ±
0.5

10.2 ±
4.6

– –
.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

*tslow, tpassive denote the turnover time, and rf, rs denote the transfer coefficient from the fast to the slow pool and from the slow to the passive pool, respectively.
Reported values were estimated as an area-weighted mean and standard deviation of all model grid cells. †The mean and standard deviation of the 14C-imposed
correction factors were derived from using the 14C observations at each site in a single optimization and then averaging these scalar adjustments across the set of 157
optimizations. ‡The 14C-constrained sink reduction and correction factor for MRI were based on an inverse analysis that changed the pool size of both slow and
passive pools. The reported percentage change in SOC and sink reduction were derived from transient simulations starting at steady state with the reduced complexity
model. See methods in the supporting materials. §The multimodel mean and standard deviation were estimated using the mean value from each of the five ESMs.
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ONGOING DEVELLOPEMENT  

•  Representation of the soil C profile 

•  Lateral outputs of C (DOC, Erosion) 

•  Better parameterization of Q10 

•  Representation of Priming effect. 

€ 

∂SOC
∂t

= I − kSOC × SOC × (1− e−c×FOC ) ×θ × τ
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ONGOING DEVELLOPEMENT 
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THANK YOU FOR YOUR ATTENTION! 


