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Abstract

Soil carbon storage simulated by the Coupled Model Intercomparison Project (CMIP5)
models varies 6-fold for the present day. We show that this range already exists at
the beginning of the historical simulations and demonstrate that it is mostly an artifact
of the representation of microbial decomposition and its response during the spin-up
procedure used by the models. The 6-fold range in soil carbon, once established, is
maintained through the present and to 2100 almost unchanged even under a strong
business-as-usual emissions scenario. By highlighting the role of the response of de-
composition to spin-up in explaining why current CMIP5 soil carbon stores vary widely,
we identify the need to better constrain the outcome of this procedure as a means to
reduce uncertainty in transient simulations.

1 Introduction

The land surface currently absorbs about a third of anthropogenic emissions of CO,
(Canadell et al., 2007; Le Quéré et al., 2009) and so helps to offset global warming.
Future global warming may enhance microbial decomposition and emissions of CO,
from respired soil organic carbon (SOC), the largest carbon pool in the terrestrial bio-
sphere (Jobbagy and Jackson, 2000). Higher emissions from SOC could accelerate
increases in atmospheric CO, concentrations even if plant carbon uptake by photosyn-
thesis increased under higher atmospheric CO, (Ahlstrom et al., 2013; Nishina et al.,
2013; Friedlingstein et al., 2014). Conversely, if the soil remains a carbon sink (Le
Quéré et al., 2009; Lund et al., 2010) the negative feedback on rising atmospheric CO,
(Davidson and Janssens, 2006) would help limit rates of increase. How soil carbon is
represented in models and how it responds to climate is critical to resolving whether
the land will remain a sink or become a source of CO,.

Recent model intercomparisons, such as the fifth phase the Coupled Model Inter-
comparison Project (CMIP5; Taylor et al., 2012), or the Inter-Sectoral Impact Model
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Intercomparison Project (ISI-MIP; Warszawski et al., 2013) have highlighted a lack of
consensus among models on whether the soil carbon sink will be sustained during
the 21st century (Friedlingstein et al., 2014; Nishina et al., 2014;). These models also
exhibit large discrepancies in stores of SOC they simulate. For example, Todd-Brown
et al. (2013) report that total SOC simulated by CMIP5 models for the present day
represents a 6-fold variation ranging from ~ 510 to ~ 3040 Pg C. Another large range
(~ 1090 to ~ 2645 PgC) exists in the present day SOC simulated by ISI-MIP models
despite being driven by a harmonized weather dataset (Nishina et al., 2014). These
latter results indicate that a significant fraction of the uncertainty in estimates of total
SOC arises from the representation of land processes rather than differences in climate
drivers.

Soil carbon pools of widely different sizes have the potential to react differently to
future climate change. We therefore examine the likely reasons for the large differences
between CMIP5 models in their simulation of SOC. Understanding why these models
differ so significantly in the amount of SOC, and subsequently in the total amount of
C mobilized in the global cycle, would enable an improvement in model projections of
the resilience of SOC pools and improve our confidence in the sign of the soil carbon
feedback in the future.

2 Material and methods
2.1 SOC in Earth System Models

In all global terrestrial models participating in recent intercomparison projects such as
CMIP5 and ISI-MIP, the SOC balance and its change (ASOC) are derived in a simi-
lar way. First, inputs of carbon into the soil are derived from plant pools. Plant carbon
uptake and turnover times respond to climate change, climate variability and atmo-
spheric CO, independent of the size of the SOC pools. Meanwhile, modeled microbial
decomposition releases carbon by heterotrophic respiration (Ry). The balance can be
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summarized by
ASOC = SOC,, - R, (1)

where SOC,, is the input to the SOC pools from plant and litter pools.

Microbial decomposition is commonly represented as a first-order process and ap-
plied to a succession of pools. In each pool, a parameter k reflects the specific baseline
residence time (Xia et al., 2013; Exbrayat et al., 2013a, b) at a reference soil tempera-
ture and non-limiting moisture conditions. Then, the decay rate is adjusted at each time
step by an environmental scalar (Todd-Brown et al., 2013; Xia et al., 2013; Exbrayat
et al., 2013a, b; Nishina et al., 2014) that describes the instantaneous response of mi-
crobial activity to the soil physical state as the product of a soil temperature (f;) and
a soil moisture respiration function (fy). Various formulations of f; and f,;, have been
implemented in model codes (Lloyd and Taylor, 1994; Falloon et al., 2011; Todd-Brown
et al., 2013; Exbrayat et al., 2013a, b; Nishina et al., 2014) usually assuming a space
and time-invariant response to the same conditions. Their effect on decay rate varies
according to local soil conditions and therefore climate.

The actual decay rate (k x f; x f\y) is applied to the amount of substrate available,
SOC, to determine the amount of microbial decomposition D,, at each model time
step:

D, = k x f; x fiy x SOC (2)

where k x f; x fiy, is equivalent to the fraction of respired substrate, the inverse of the
residence time SOC/R,,. A part of the decomposed organic matter is routed to pools
with longer residence time and the rest is emitted as CO,. There may be variations be-
tween models in the number of pools they represent (Nishina et al., 2013; Todd-Brown
et al., 2013) and the formulations of the environmental response functions (Falloon
et al., 2011; Exbrayat et al., 2013a) but at the ecosystem scale, R,, is proportional to
the amount of substrate, i.e. SOC, available in the soil. This parameterization may be
inconsistent with our current understanding of microbial decomposition (Allison et al.,
3484

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

Title Page
Abstract Introduction

Conclusions References

Tables Figures
R ] >l
] >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/7/3481/2014/gmdd-7-3481-2014-print.pdf
http://www.geosci-model-dev-discuss.net/7/3481/2014/gmdd-7-3481-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

2010; Schmidt et al., 2011; Wieder et al., 2013) because it lacks the representation of
processes like microbial activity and priming effect (e.g. Xenakis and Williams, 2014).
However, the first-order dependency of A,, on SOC, soil temperature and moisture is
able to explain complex phenomenon like the apparent acclimation of decomposers
to warming by quick depletion of the most labile substrate pools (Luo et al., 2001;
Kirschbaum, 2004; Knorr et al., 2005).

2.2 CMIP5 data

From the CMIP5 archive we downloaded monthly soil carbon density (cSoil in meta-
data), litter carbon density (cLitter) and heterotrophic respiration (rh) for 15 CMIP5
models from 10 international institutions. A list of models can be found in Table 1 while
further details about models and land components have been summarized in Table 2.
We note that four of these models, namely BCC-CSM1.1 (model A), CCSM4 (model
C), NorESM1-M (model N) and NorESM1-ME (model O), represent nitrogen limitation
on plant productivity while the others do not. We selected data for the historical (1850—
2005) and the most intensive Representative Concentration Pathway 8.5 (RCP 8.5,
2006—2100) experiments. A total of 79 simulations for the historical experiment, includ-
ing 34 simulations continuing for RCP 8.5 (Table 1) were available. When cLitter was
reported, we added it to cSoil as both pools are parameterized to generate R, following
first-order kinetics.

To calculate stock sizes we first multiplied spatially explicit data of cSoil and cLitter in
kgC m=2 by corresponding grid-cell areas (areacella in metadata) and integrated their
values globally. Similarly, we calculated global fluxes of R, by multiplying monthly fluxes
in kgC m=2 by grid-cell areas and integrating them globally. Fluxes were summed to
obtain annual averages. Annual soil carbon input (SOC;,) from above ground biomass
was not available from the database. Therefore, we calculated it by inverting the SOC
balance:

SOC;, = ASOC + A, (3)
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As models did not start their historical simulations at the same time, we focus our
analyses on the overlapping period of 1861-2100. We also averaged all realizations
of the same model to retain one estimate per structure and account for model depen-
dence (Bishop and Abramowitz, 2013) that may bias relationships presented hereafter
toward the most represented model. We examined whether averaging models from
the same institution led to different results but our conclusions were not affected by
this choice. Therefore, we decided to treat these models as independent as they were
labelled differently by their respective developers.

In the following, we report values of stocks and fluxes averaged for three periods
of time, the pre-industrial (1861-1870), modern (1996-2005) and future (2091-2100)
periods. While the period 1861-1870 is not part of the pre-industrial control runs
sensu stricto, the minor increase in atmospheric CO, between pre-industrial times (i.e.
before 1850) and 1870 is unlikely to have led models to simulate a strong change in
the greenhouse effect and terrestrial C fluxes. Values are shown in Table 3.

2.3 Harmonized World Soil Database

HWSD (FAO, 2012) is a global dataset of dominant soil units at a 30 s arc resolution,
providing soil properties for the top (0—30cm) and sub-soil (30-100cm). We use ver-
sion 1.21 and follow the approach by Todd-Brown et al. (2013) to obtain global values.
First, we regridded the HWSD by selecting dominant soil units in a 0.5° latitude x 0.5°
longitude grid. Then, we multiply the organic carbon content of the dominant soil units
(in % weight) by the bulk density (provided in kg dm'3) to obtain the carbon density
(in kg C m~2) in each 0.5° x 0.5° grid cell. We multiply the density by the surface area
of each grid cell and sum results to obtain a total soil carbon content of ~ 1170 Pg C.
Following Todd-Brown et al. (2013), a confidence interval of 29 % below the mean (i.e.
~ 830 PgC) to 32 % above the mean (i.e. ~ 1550 Pg C) was considered to take varia-
tions in soil carbon content and the mapping processes into account. The range we
obtain is slightly smaller than reported by Todd-Brown et al. (2013) (890-1660 Pg C)
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because we use an updated version of the HWSD and did not replace bulk density
values for Andisols and Histosols.

3 Results

We compare total SOC for pre-industrial (1861-1870), modern (1996-2005) and fu-
ture (2091-2100) periods. Figure 1 compares the total SOC range in CMIP5 models
for 1861-1870 (563—-2938 Pg C), 1996—2005 (576—3047 Pg C), and 2096—2100 (2582—
3266 Pg C, derived using the RCP 8.5 scenario). All three periods show very similar
distributions of SOC among the models and the present day and future ranges al-
ready exist at the beginning of the historical simulations. Figure 1 highlights that the
size of SOC pools of individual CMIP5 models remain largely consistent over the three
time periods. Indeed, pre-industrial SOC predicts modern SOC, modern SOC predicts
future SOC and pre-industrial SOC predicts future stocks with a high degree of preci-
sion (Fig. 1). Also represented in Fig. 1 is the 95 % confidence interval of total SOC
estimated from HWSD that we use as a reference for modern total SOC (i.e. in 1996—
2005). We note that only four models fall within this range: BCC-CSM1.1 (model A),
CanESM2 (model B) and the two versions of the model HadGEM2 (models G and H).
Models based on the CLM4 land surface model (i.e. models C, N and O) underestimate
modern SOC while all remaining models overestimate it. Note that models C, N and O
include nitrogen limitation of the vegetation response to increasing CO,.

4 Discussion

Despite the change imposed on boundary conditions during global warming experi-

ments (Anav et al., 2013; Friedlingstein et al., 2014), CMIP5 present day and projected

SOC stocks are largely determined by their initial conditions (Fig. 1). This was not un-

expected due to the slow response of SOC pools but it clearly shows that modern and

future stocks are defined by initial states. Further, as SOC in 1860 is unknown, CMIP5
3487
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models use a spin-up procedure assuming steady pre-industrial boundary conditions
(Xia et al., 2012) to obtain an equilibrated state for pre-industrial SOC. In order to reach
equilibrium, iterative or semi-analytical methods (e.g. Xia et al., 2012) are employed to
reach the pool sizes required to balance input (SOC,,) and output fluxes (R,,). Steady-
state is assumed when the trend in ASOC becomes negligible. Hence, it is not the
actual value of SOC that defines the equilibrium but its lack of variation in time (Xia
et al., 2013; Exbrayat et al., 2013b).

A simple explanation for the CMIP5 range of total pre-industrial SOC stocks might
be that models are not all at equilibrium, especially the outliers. Figure 2 shows the re-
lationship between pre-industrial SOC;,, and A,,, a relationship that is highly significant
(,‘-?2 =1; p < 0.001) and strongly suggests that all models were equilibrated under pre-
industrial boundary conditions. The 6-fold CMIP5 range is therefore more likely linked
with the internal terrestrial processes represented in these models, something that we
now examine.

Following Egs. (1) and (2), the model-specific value of SOC obtained by a model via
spin-up depends on two factors. First, if SOC;, is large, a larger SOC pool is required
to offset it through microbial decomposition and A/, for a given decay rate, k x f; x fyy.
Conversely, low values of SOC;, lead SOC pools to equilibrate to lower values for
a particular decay rate. Second, if the decay rate is high (short residence time) during
spin-up, SOC pools will remain small, for a given SOC;,. Conversely, low decay rates,
or long residence time, will require large pools of substrate to offset the same input
SOC,,. Both factors are model-specific: SOC,, is derived from plant primary productivity
fluxes (Davidson and Janssens, 2006) while the baseline decay rate k and the shape
of the response functions f; and f,y are highly model-dependent (Falloon et al., 2011;
Exbrayat et al., 2013a, b; Todd-Brown et al., 2013).

The relationship between SOC;, and total SOC during the pre-industrial period is
shown in Fig. 3. Overall, the relationship is not significant (/-?2 =0.01; p =0.776). Fur-
ther, the models that equilibrate with the largest total SOC stock (models M, K, L) are
not the models with the largest SOC input. Similarly, the small equilibrated SOC pool
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size of models C, N and O seems unrelated to SOC;,, despite these models integrating
N limitations on plant productivity and SOC;,. In short, the amount of SOC,, cannot
explain the size of the initial pools.

In Fig. 4, we present the relationship between the pre-industrial SOC residence time
(i.e. the inverse of the decay rate expressed as SOC/R,,) and total SOC. The relation-
ship is highly significant (p < 0.001) and linear (,‘-?2 = 0.83). As expected, models with
a longer residence time, i.e. a low decay rate, require larger pools to offset the same
SOC input, and vice-versa.

Overall, the large range exhibited by CMIP5 SOC is principally due to the response of
microbial decomposition during the spin-up process (a long process that corresponds
to multiple centuries of steady climate conditions). Model-specific parameter k and
environmental response functions f; and f, drive SOC pools to the size required to
compensate for SOC,,. The resulting equilibrated state obtained prior to the initiation
of CMIP5 transient simulations propagates through the present and into the future
even when using RCP 8.5. Therefore, a simple solution to reduce the uncertainty in
simulated SOC stocks would be to modify model parameters, especially those related
to SOC;, and SOC turn-over, to obtain a steady-state with SOC values representa-
tive of pre-industrial conditions. Because these are unknown and as simulated SOC
does not vary much during historical experiments, we suggest that one could use cur-
rent estimates provided by HWSD, or other estimates (e.g. Shangguan et al., 2014).
For example, the 95 % confidence interval of total SOC derived from HWSD could be
used as prior knowledge to constrain microbial decomposition parameter and response
functions to generate adequate steady-state solutions of models. As decomposition
processes are represented following first-order kinetics, simulating more realistic initial
SOC stocks would likely lead models to represent more correct modern stocks, and
improve confidence in projections of future stocks, corresponding fluxes and feedback
on climate change.
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5 Conclusions

We have demonstrated that the 6-fold range in SOC stocks simulated by CMIP5 models
can be explained by the model-specific response of microbial decomposition to spin-
up under pre-industrial conditions. Model dependent parameter and response functions
drive the size of the pools to the amount required by decay rates to offset SOC,, under
the steady-state assumption. Once established, the resulting pool sizes remain similar
through to the present and into the future even under the high-emissions RCP8.5 sce-
nario that generates future conditions the least similar to current ones. We therefore
identify the spin-up procedure, and especially the response of microbial decomposition
during this very long model integration, as a key source of uncertainty in the simulation
of SOC in CMIP5 models.

A model that equilibrates to a soil carbon store well outside the observed range
should be examined with care. A very large amount of stored carbon increases the
potential for the land surface to become a source as even a tiny relative change in
decay rate can strongly enhance A,, and possibly reach a tipping point where it offset
increases in SOC;,,. Conversely, a very small SOC store increases the likelihood that it
will remain a sink. Such results are likely to be artefacts of model implementation when
SOC values are largely inconsistent with observed ranges.

In conclusion, we recommend that future intercomparisons should constrain model
parameters so that each model achieves an equilibrated state similar to observations
as the outcome of the spin-up procedure. This would remove a degree of freedom in
initial conditions when comparing differences in projected changes.
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Table 1. CMIP5 models and number of simulations used in this paper for historical and RCP

8.5 runs. The first column provides the letter code used in the figures. References and details O J.-F. Exbrayat et al.
about soil carbon components are provided in Supplement Tables 2 and 3. §
7
(2]
Model name Institution Number of model runs & _
Historical RCP 8.5 %
A BCC-CSM1.1 Beijing Climate Center (China) 3 0 %
B CanESM2 Canadian Centre for Climate Modelling and Analysis (Canada) 5 5 @ - -
C CCSsm4 National Center for Atmospheric Research (USA) 6 6
D GFDL-ESM2G Geophysical Fluid Dynamics Laboratory (USA) 1 1 = - -
E GISS-E2-H NASA Goddard Institute for Space Studies (USA) 17 3
F Geseon A o Tbes  Figwes
G HadGEM2-CC Met Office/Hadley Centre (UK) 1 1 Z
H HadGEM2-ES 3 3 =
I IPSL-CM5A-LR Institut Pierre Simon Laplace (France) 6 4 g. - -
J  IPSL-CM5B-LR 1 1 ]
K MIROC-ESM Japan Agency for Marine-Earth Science and Technology (Japan) 3 1 Q-? - -
L  MIROC-ESM-CHEM 1 1 S
M  MPI-ESM-LR Max Planck Institute (Germany) 3 3 @ - -
N NorESM1-M Bjerknes Centre for Climate Research (Norway) 3 1 _
O NorESM1-ME 1 1 =
ey Voon
%)
[9)
(=
(2}
()
=)
Ny OMO.
©
@
]
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Table 2. Details about the CMIP5 models terrestrial and soil component and associated refer-

ences.
Model name Terrestrial component Soil biogeochemistry #of pools N limitations
L s

A BCC-CSM1.1 (Wuetal., 2013) AVIM2 (Ji et al., 2008) Based on CENTURY (Parton et al., 1987) 2 6 Yes

B CanESM2 (Chylek et al., 2011) CTEM (Arora and Boer, 2010) CTEM (Arora and Boer, 2010) 11 No

C CCSM4 (Gentetal., 2011) CLM4-CN (Lawrence et al., 2011) CN module (Thornton et al., 2007) based on Biome-BGC 3 3 Yes
4.1.2 (Thornton and Rosenbloom, 2005)

D GFDL-ESM2G (Dunne et al., 2012) LM3.0 (Shevliakova et al., 2009) Based on CENTURY (Parton et al., 1987) - 2 No

E GISS-E2-H (Shindell et al., 2013) NCAR-CSM1.4 (Doney et al., 2006) Based on CASA (Randerson et al., 1997) - 9 No

F  GISS-E2-R (Shindell et al., 2013) -9 No

G HadGEM2-CC (Collins et al., 2011) JULES (Clark et al., 2011) Based on TRIFFID (Cox, 2001) and RothC (Jenkinson, 1990) - 4 No

H HadGEM2-ES (Collins et al., 2011) - 4 No

| IPSL-CM5A-LR (Dufresne et al., 2013) ORCHIDEE STOMATE (Krinner et al., 2005) and CENTURY (Partonetal., 3 4 No
1988)

J  ISPL-CM5B-LR (Dufresne et al., 2013) 3 4 No

K MIROC-ESM (Watanabe et al., 2011) SEIB-DGVM (Sato et al., 2007) Based on DEMETER-1 (Foley et al., 2005) - 2 No

L  MIROC-ESM-CHEM (Watanabe et al., 2011) - 2 No

M  MPI-ESM-LR (Giorgetta et al., 2013) JSBACH (Raddatz et al., 2007) Based on Bethy (Knorr, 2000) and CENTURY (Parton etal., 1 1 No

N NorESM1-M (Bentsen et al., 2012) CLM4-CN (Lawrence et al., 2011) CN module (Thornton et al., 2007) based on Biome-BGC 3 3 Yes
4.1.2 (Thornton and Rosenbloom, 2005)

O NorESM1-ME (Bentsen et al., 2012) 3 3 Yes
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Table 3. Model specific values of SOC;,, R, and SOC used in Figs. 1 to 4. Values are averaged
over the indicated years. All data are rounded to whole numbers. Values for 2091-2100 are

in’

from the Representative Concentration Pathway 8.5 (RCP 8.5) simulations.

Model SOC,, [PgCyr™'] R, [PgCyr ] Total soil carbon [PgC]
1861-1870 1996-2005 2091-2100 1861—1870 1996-2005 2091-2100 1861—1870 1996-2005 2091-2100

A 75 87 - 75 86 - 1273 1351 -

B 57 64 84 56 65 85 1511 1541 1490
c 46 49 56 46 49 57 563 576 582
D 79 85 119 79 86 120 1798 1781 1785
E 45 56 59 46 55 62 1988 2187 1997
F 44 54 57 45 54 60 2237 2425 2238
G 66 85 139 66 83 136 1178 1282 1604
H 68 88 140 68 86 137 1179 1291 1588
I 81 93 130 82 93 130 1657 1686 1735
J 70 81 116 70 81 116 1538 1567 1684
K 57 56 71 56 55 74 2515 2566 2494
L 57 57 74 55 56 77 2502 2572 2521
M 66 75 100 66 74 99 2938 3047 3266
N 51 54 59 51 54 60 646 662 637
o) 52 55 63 52 55 64 654 670 672
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Figure 1. Relationship between total SOC in CMIP5 models at two different times: modern
stocks as a function of pre-industrial stocks (upper panel), future stocks as a function of modern
stocks (middle panel) and future stocks as a function of pre-industrial stocks (lower panel).
Letters correspond to models as in Table 1 and models in green integrate nitrogen limitation.
The gray area is the 95 % confidence interval of modern total SOC derived from the HWSD.
Equation, R? and p values correspond to the linear relationship between stocks built using data
from all models (solid line). The dotted line is the 1: 1 line.
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Figure 2. Relationship between pre-industrial global SOC input and pre-industrial R,,. Letters
are the same as in Table 1 and models in green integrate nitrogen limitation. The solid line is
a linear relationship constructed using all models with equation, R? and p values indicated in
the top left corner. The dashed line represents the 1 : 1 relationship.
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Figure 3. Relationship between pre-industrial SOC input and pre-industrial total SOC stocks
at the beginning of the historical experiment. Letters correspond to the same models as in
Table 1 and models in green integrate nitrogen limitation. The solid line is a linear relationship
constructed using all models with equation, R? and p values indicated in the top left corner.
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Figure 4. Relationship between pre-industrial global SOC residence time and total SOC. Let-
ters correspond to the same models as in Table 1 and models in green integrate nitrogen
limitation. The solid line is a linear relationship constructed using all models with equation, R?

and p values indicated in the top left corner.
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