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Fig. 1. Contemporary values, absolute changes, and relative changes of soil carbon, net primary production (NPP), and turnover times for
CMIP5 Earth system models. Contemporary values of soil carbon, NPP, and turnover times are reported for the 1997–2006 mean using
model output from the historical experiment. Changes for the 21st century were estimated from the difference between 2090–2099 and
1997–2006 mean model estimates from the RCP 8.5 experiment. Turnover times were calculated from global soil carbon stocks divided by
global heterotrophic respiration.

(MIROC-ESM) (Fig. 1, Table 2, and starting distributions in
Fig. S8).

3.2 Changes in net SOC flux

By the end of the 21st century, the net SOC flux was nega-
tive (carbon being lost from the soil) in most models, ranging
between �0.2 PgC yr�1 (BNU-ESM and CESM1(BGC))
and �3.0 PgC yr�1 (MIROC-ESM), with the excep-
tions of HadGEM1-ES (+3.0 PgC yr�1), BCC-CSM1(m)
(+2.1 PgC yr�1), andMPI-ESM-MR (+1.4 PgC yr�1). Mod-
ern net SOC flux had a much smaller range, between
�0.5 PgC yr�1 (CanESM2) and +1.9 PgC yr�1 (MIROC-
ESM) with a multi-model mean of +0.7 PgC yr�1. The SOC
in six models switched from neutral or net sinks to net
sources of carbon (Table 2).

3.3 Changes in soil temperature and soil moisture

Predicted changes in soil temperature and moisture varied
widely across models, with consequences for SOC dynam-

ics. Across all models there was a warming trend over the
21st century in soil temperature (Table 2), with a multi-model
mean increase of 4.8 �C and a range between 3.1 �C (INM-
CM4) and 6.4 �C (HadGEM1-ES). Warming was most in-
tense in the high northern latitudes in most models (Fig. S9),
ranging between 3.1 �C (INM-CM4, BCC-CSM1.1(m)) and
8.0 �C (MIROC-ESM) when averaged across boreal and arc-
tic tundra biomes (Table S2). In most models, soil tempera-
tures increased in these biomes by a smaller amount than sur-
face air temperatures because loss of snow cover increased
winter heat fluxes to the atmosphere. Koven et al. (2013a)
show the importance of correctly simulating the relationship
between air and soil temperatures in this region.
The change in fractional soil water content over the en-

tire soil column of each model was even more variable
across models over the 21st century, with some of the
models becoming drier and others becoming wetter (Ta-
ble 2, Fig. S10) compared to starting distributions shown
in Fig. S11. However, the magnitude of change in global
mean soil water was relatively small, ranging from �0.046
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Fig. 1. Contemporary values, absolute changes, and relative changes of soil carbon, net primary production (NPP), and turnover times for
CMIP5 Earth system models. Contemporary values of soil carbon, NPP, and turnover times are reported for the 1997–2006 mean using
model output from the historical experiment. Changes for the 21st century were estimated from the difference between 2090–2099 and
1997–2006 mean model estimates from the RCP 8.5 experiment. Turnover times were calculated from global soil carbon stocks divided by
global heterotrophic respiration.

(MIROC-ESM) (Fig. 1, Table 2, and starting distributions in
Fig. S8).

3.2 Changes in net SOC flux

By the end of the 21st century, the net SOC flux was nega-
tive (carbon being lost from the soil) in most models, ranging
between �0.2 PgC yr�1 (BNU-ESM and CESM1(BGC))
and �3.0 PgC yr�1 (MIROC-ESM), with the excep-
tions of HadGEM1-ES (+3.0 PgC yr�1), BCC-CSM1(m)
(+2.1 PgC yr�1), andMPI-ESM-MR (+1.4 PgC yr�1). Mod-
ern net SOC flux had a much smaller range, between
�0.5 PgC yr�1 (CanESM2) and +1.9 PgC yr�1 (MIROC-
ESM) with a multi-model mean of +0.7 PgC yr�1. The SOC
in six models switched from neutral or net sinks to net
sources of carbon (Table 2).

3.3 Changes in soil temperature and soil moisture

Predicted changes in soil temperature and moisture varied
widely across models, with consequences for SOC dynam-

ics. Across all models there was a warming trend over the
21st century in soil temperature (Table 2), with a multi-model
mean increase of 4.8 �C and a range between 3.1 �C (INM-
CM4) and 6.4 �C (HadGEM1-ES). Warming was most in-
tense in the high northern latitudes in most models (Fig. S9),
ranging between 3.1 �C (INM-CM4, BCC-CSM1.1(m)) and
8.0 �C (MIROC-ESM) when averaged across boreal and arc-
tic tundra biomes (Table S2). In most models, soil tempera-
tures increased in these biomes by a smaller amount than sur-
face air temperatures because loss of snow cover increased
winter heat fluxes to the atmosphere. Koven et al. (2013a)
show the importance of correctly simulating the relationship
between air and soil temperatures in this region.
The change in fractional soil water content over the en-

tire soil column of each model was even more variable
across models over the 21st century, with some of the
models becoming drier and others becoming wetter (Ta-
ble 2, Fig. S10) compared to starting distributions shown
in Fig. S11. However, the magnitude of change in global
mean soil water was relatively small, ranging from �0.046
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Contemporary soil carbon storage and 21st-
century change in CMIP5 models 

Cumulative terrestrial carbon flux projections 
from CMIP5 models

CMIP3/C4MIP emulation with MAGICC6 is 811–
1170ppm. As discussed above, the lower range of the
CMIP5 ESMs is due to one single model, MRI-ESM1,
which already severely underestimates the present-day
atmospheric CO2 concentration. Not including this model
would mean that the lower end of the MAGICC6 range is
significantly lower than the lower end of theCMIP5ESMs.
The warming ranges simulated by the CMIP5 ESMs

and by the CMIP3/C4MIP model emulations are quite
similar (Figs. 2b and 2d). The first set of models displays
a full range of 2.58–5.68C, while the latter set has a 90%
probability range of 2.98–5.98C.

5. Twenty-first-century land and ocean carbon cycle

To further understand the difference in simulated
atmospheric CO2 over the twenty-first century, we
analyzed the carbon budget simulated by the models, as
already done for the historical period. In the E-driven
runs, the ESMs simulate the atmospheric CO2 concen-
tration as the residual of the prescribed anthropogenic

emissions minus the sum of the land and ocean carbon
uptakes—these latter two fluxes being interactively
computed by the land and ocean biogeochemical com-
ponents of the ESMs. Figure 4 shows the cumulative
land and ocean carbon uptakes simulated by the CMIP5
ESMs. Any difference in simulated atmospheric CO2

comes from differences in the land or ocean uptakes.
The models show a large range of future carbon up-

take, both for the land and for the ocean (Figs. 4a and
4b). However, for the ocean, 10 out of the 11 models
have a cumulative oceanic uptake ranging between 412
and 649PgC by 2100, the exception being INM-CM4.0
with an oceanic uptake of 861PgC. As discussed in the
historical section, the reasons for this large simulated
uptake are unknown. The simulated land carbon fluxes
show a much larger range, from a cumulative source of
165PgC to a cumulative sink of 758PgC. Eight models
simulate that the land acts as a carbon sink over the full
period. Land is simulated to be a carbon source by two
models, CESM1-BGC and NorESM1-ME, both sharing
the same land carbon cycle model, and byMIROC-ESM.

FIG. 4. Range of (a) cumulative global air to ocean carbon flux (PgC), (b) cumulative global air to land carbon flux
(PgC) from the 11ESMsE-driven simulations, (c) the annual global air to ocean carbon flux, and (d) annual global air
to land carbon flux. Color code for model types is as in Fig. 1.
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Figure 2
(a) Model used for calculating radiocarbon changes in SOM due to incorporation of bomb radiocarbon. IL, IR are rates of input of
above- and belowground plant detritus; IW and IS are rates of input from microbial byproducts (M) to weakly (W) and strongly (S)
stabilized OM pools. Rates of decomposition are assumed to be first order, with decay constants kS and kW. Turnover times for C in
each pool are given in years and are the same for Figures 2b and 2c. (b) The evolution of !14C in litter inputs and soil pools (M, W, S)
for annual plants (i.e., inputs reflect the atmospheric !14CO2 for the year of growth). (c) The evolution of !14C in litter inputs and soil
pools when half of the carbon added to the soil is annual and half resides in the plant for 10 years before being added to the soil. In
2005, the !14C predicted for the bulk soil carbon are 66‰ (b) versus 85‰ (c).

separate organic matter into pools with different C dynamics (Kleber et al. 2005, Mikutta et al.
2005, Olk & Gregorich 2006, von Lutzow et al. 2007; see Figure 3). Application of these and
other operationally defined separation methods has met with limited success. Clearly, separation
of less-decomposed plant detrital material by density or size isolates younger soil C. However,
low-density carbon can contain material with distinct chemical properties and dynamics (Torn
et al. 2005). Methods for isolating different fractions of mineral-associated organic matter are
also problematic, and even the oldest chemically isolated fractions can contain a component of
younger (postbomb) carbon (Paul et al. 2006). The most fruitful work in this area comes from
combining radiocarbon information with observations of the chemical nature of organic matter or
from studying the age of C associated with specific mineral phases or soil structural components
(Krull et al. 2006a, Mikutta et al. 2006, Sollins et al. 2006, von Lutzow et al. 2007).

Recycling of stabilized C through microbial biomass (Figure 2) means that organic matter
that is chemically labile (i.e., decomposes rapidly in soils) can be old in terms of its 14C content
(Gleixner et al. 2002). Radiocarbon measurements of phospholipid fatty acids (PLFA) extracted
from living soil microbes demonstrate that C being utilized by microbes is derived from substrates
with a range of ages, even including fossil organic matter (Rethemeyer et al. 2004). Similarly, the
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time elapsed since removal may be determined from the degree to which the 14C/12C ratio has
been reduced (by radioactive decay) compared with the original atmospheric CO2 from which
it was derived. An example of such a material might be an intact seed or carbonate shell found
buried in sediments. For C pools like soil organic matter, which constantly receive new C in-
puts from plants and lose C through decomposition, the 14C/12C ratio in a given organic matter
pool reflects both the rate of decomposition and radioactive decay (Trumbore 2000, Torn et al.
2009).

Explosion of thermonuclear weapons in the atmosphere also produces radiocarbon. During
the early 1960s, weapons testing nearly doubled the 14C/12C ratio in Northern Hemisphere at-
mospheric CO2. A subsequent moratorium on atmospheric testing to limit radioactive fallout
meant that this bomb-produced 14C serves as a global isotope tracer for C exchange among the
atmosphere, ocean, and terrestrial C reservoirs over the subsequent five decades (Broecker &
Peng 1982, Levin & Hesshaimer 2000). Since 1964, the amount of 14C in atmospheric CO2 has
decreased, initially through dilution as bomb 14C mixed from the atmosphere of the Northern
to Southern Hemisphere and over subsequent decades as bomb 14C was incorporated into ocean
and terrestrial C pools (Randerson et al. 2002, Naegler & Levin 2006). Radioactive decay of 14C
is comparatively small on these timescales, and the current decrease in the atmospheric 14CO2

signature from one year to the next is greater than the precision of the 14C measurement. Since
1963, therefore, the record of radiocarbon allows us to infer the timescales for C exchange with
the atmosphere in a given reservoir on annual to decadal timescales.

Radiocarbon data are reported compared with an accepted standard value of known 14C content.
The most common way to express radiocarbon content of a sample is the Fraction Modern:

Fraction Modern (FM) =

⎡

⎢⎢⎢⎣

14C
12C

]

sample,−25

0.95
14C
12C

]

OX1,−19

⎤

⎥⎥⎥⎦
, (1)

where the numerator is the ratio of 14C to 12C, corrected for mass-dependent isotope fractionation
to a common δ13C value of –25‰, and the denominator refers to the primary standard for report-
ing radiocarbon data. The correction to a common δ13C value is necessary because radiocarbon,
like 13C, is affected by mass-dependent fractionation in the environment. However, the fraction-
ation factor for 14C can be estimated from 13C data for the same sample. It is important to realize
that mass-dependent fractionation effects are removed in reporting nearly all 14C data so that
Fraction Modern values reflect time elapsed rather than the pathway taken by C in ecosystems.

For tracking bomb-produced radiocarbon in the decades since 1963, a second nomenclature is
used that reports the 14C/12C ratio of the sample measured in year y to an absolute standard that
does not change with time, that of the oxalic acid standard decay corrected to 1950:

!14C =

⎡

⎢⎢⎢⎣

14C
12C

]

sample,−25

0.95
14C
12C

]

OX1, −19
e

(
(y−1950)/8267

) − 1

⎤

⎥⎥⎥⎦
1000. (2)

Prior to ∼1990, most radiocarbon measurements were made by decay counting, which detects
the electron emitted during radioactive decay of 14C in the sample. Since the 1990s, however,
many more samples have been measured with the newer method of accelerator mass spectrometry
(AMS), which detects individual 14C atoms from the sample by accelerating them to high energy.
Because it counts atoms rather than waits for them to decay, AMS requires ∼10,000–100,000 times
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then slowing with time (Fig. 4.6). Estimated isofluxes for the start of the bomb
period are shown in Table 4.2.

Due to the long half-life of 14C, excess 14C produced by weapons testing will
remain for many thousands of years. As discussed for fossil fuel CO2 and the Suess
effect, the natural C cycle exchange acts to redistribute this bomb 14C throughout
the atmosphere, biosphere, and oceans. The rate of redistribution of bomb 14C
provides a method for tracing natural C exchanges that has been used in many
aspects of C cycle studies. In this section, we will describe the input of 14C to the
atmosphere from weapons testing and the initial transfers of bomb 14C between C
reservoirs, focusing on the influence of these processes on atmospheric 14CO2 and
how these observations have been used to study atmospheric C exchange.

4.5.1 Global Bomb Radiocarbon Budget

Most of the nuclear weapons tests occurred in the Northern Hemisphere
(UNSCEAR 2000) (Fig. 4.6), and the explosive force injected 14C into the
stratosphere roughly 10–17 km above sea level. The large initial concentration of
bomb 14C in the northern stratosphere was observed using high-altitude aircraft,
revealing ∆14CO2 values as large as 5000–20,000 ‰ in the stratosphere (Telegadas
1971; Hesshaimer and Levin 2000). Bomb 14C gradually entered the troposphere
via stratosphere–troposphere exchange processes in the mid- to high latitudes.
Investigation of the time-evolving budget of bomb 14C in C cycle studies and
assessment of the human exposure to radioactive fallout requires estimates of the
total amount of 14C produced by weapons testing (Fig. 4.7). These estimates use
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Fig. 4.6 Observations of ∆14CO2 and the magnitude of nuclear explosions occurring in the
Northern Hemisphere (black lines and bars) and Southern Hemisphere (gray lines and white bars).
Figure modified from Hua and Barbetti (2007), with observations from Levin and Kromer (2004),
Currie et al. (2011) and Levin et al. (2010)
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time elapsed since removal may be determined from the degree to which the 14C/12C ratio has
been reduced (by radioactive decay) compared with the original atmospheric CO2 from which
it was derived. An example of such a material might be an intact seed or carbonate shell found
buried in sediments. For C pools like soil organic matter, which constantly receive new C in-
puts from plants and lose C through decomposition, the 14C/12C ratio in a given organic matter
pool reflects both the rate of decomposition and radioactive decay (Trumbore 2000, Torn et al.
2009).

Explosion of thermonuclear weapons in the atmosphere also produces radiocarbon. During
the early 1960s, weapons testing nearly doubled the 14C/12C ratio in Northern Hemisphere at-
mospheric CO2. A subsequent moratorium on atmospheric testing to limit radioactive fallout
meant that this bomb-produced 14C serves as a global isotope tracer for C exchange among the
atmosphere, ocean, and terrestrial C reservoirs over the subsequent five decades (Broecker &
Peng 1982, Levin & Hesshaimer 2000). Since 1964, the amount of 14C in atmospheric CO2 has
decreased, initially through dilution as bomb 14C mixed from the atmosphere of the Northern
to Southern Hemisphere and over subsequent decades as bomb 14C was incorporated into ocean
and terrestrial C pools (Randerson et al. 2002, Naegler & Levin 2006). Radioactive decay of 14C
is comparatively small on these timescales, and the current decrease in the atmospheric 14CO2

signature from one year to the next is greater than the precision of the 14C measurement. Since
1963, therefore, the record of radiocarbon allows us to infer the timescales for C exchange with
the atmosphere in a given reservoir on annual to decadal timescales.

Radiocarbon data are reported compared with an accepted standard value of known 14C content.
The most common way to express radiocarbon content of a sample is the Fraction Modern:

Fraction Modern (FM) =

⎡
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⎤
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, (1)

where the numerator is the ratio of 14C to 12C, corrected for mass-dependent isotope fractionation
to a common δ13C value of –25‰, and the denominator refers to the primary standard for report-
ing radiocarbon data. The correction to a common δ13C value is necessary because radiocarbon,
like 13C, is affected by mass-dependent fractionation in the environment. However, the fraction-
ation factor for 14C can be estimated from 13C data for the same sample. It is important to realize
that mass-dependent fractionation effects are removed in reporting nearly all 14C data so that
Fraction Modern values reflect time elapsed rather than the pathway taken by C in ecosystems.

For tracking bomb-produced radiocarbon in the decades since 1963, a second nomenclature is
used that reports the 14C/12C ratio of the sample measured in year y to an absolute standard that
does not change with time, that of the oxalic acid standard decay corrected to 1950:

!14C =

⎡

⎢⎢⎢⎣

14C
12C

]

sample,−25

0.95
14C
12C

]

OX1, −19
e

(
(y−1950)/8267

) − 1

⎤

⎥⎥⎥⎦
1000. (2)

Prior to ∼1990, most radiocarbon measurements were made by decay counting, which detects
the electron emitted during radioactive decay of 14C in the sample. Since the 1990s, however,
many more samples have been measured with the newer method of accelerator mass spectrometry
(AMS), which detects individual 14C atoms from the sample by accelerating them to high energy.
Because it counts atoms rather than waits for them to decay, AMS requires ∼10,000–100,000 times
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ANRV374-EA37-03 ARI 23 March 2009 10:41
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Figure 2
(a) Model used for calculating radiocarbon changes in SOM due to incorporation of bomb radiocarbon. IL, IR are rates of input of
above- and belowground plant detritus; IW and IS are rates of input from microbial byproducts (M) to weakly (W) and strongly (S)
stabilized OM pools. Rates of decomposition are assumed to be first order, with decay constants kS and kW. Turnover times for C in
each pool are given in years and are the same for Figures 2b and 2c. (b) The evolution of !14C in litter inputs and soil pools (M, W, S)
for annual plants (i.e., inputs reflect the atmospheric !14CO2 for the year of growth). (c) The evolution of !14C in litter inputs and soil
pools when half of the carbon added to the soil is annual and half resides in the plant for 10 years before being added to the soil. In
2005, the !14C predicted for the bulk soil carbon are 66‰ (b) versus 85‰ (c).

separate organic matter into pools with different C dynamics (Kleber et al. 2005, Mikutta et al.
2005, Olk & Gregorich 2006, von Lutzow et al. 2007; see Figure 3). Application of these and
other operationally defined separation methods has met with limited success. Clearly, separation
of less-decomposed plant detrital material by density or size isolates younger soil C. However,
low-density carbon can contain material with distinct chemical properties and dynamics (Torn
et al. 2005). Methods for isolating different fractions of mineral-associated organic matter are
also problematic, and even the oldest chemically isolated fractions can contain a component of
younger (postbomb) carbon (Paul et al. 2006). The most fruitful work in this area comes from
combining radiocarbon information with observations of the chemical nature of organic matter or
from studying the age of C associated with specific mineral phases or soil structural components
(Krull et al. 2006a, Mikutta et al. 2006, Sollins et al. 2006, von Lutzow et al. 2007).

Recycling of stabilized C through microbial biomass (Figure 2) means that organic matter
that is chemically labile (i.e., decomposes rapidly in soils) can be old in terms of its 14C content
(Gleixner et al. 2002). Radiocarbon measurements of phospholipid fatty acids (PLFA) extracted
from living soil microbes demonstrate that C being utilized by microbes is derived from substrates
with a range of ages, even including fossil organic matter (Rethemeyer et al. 2004). Similarly, the

www.annualreviews.org • Radiocarbon and Soil C Dynamics 53

A
nn

u.
 R

ev
. E

ar
th

 P
la

ne
t. 

Sc
i. 

20
09

.3
7:

47
-6

6.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 U

ni
ve

rs
ity

 o
f C

al
ifo

rn
ia

 - 
Ir

vi
ne

 o
n 

03
/0

6/
18

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Radiocarbon constraint on Earth System Models
Original RC model

14C-constrained RC model

Soil carbon sink in original and constrained RC models

Radiocarbon in observations and RC models

He et al, 2016, Science

(rf and rs) that regulated carbon flow from the
fast to slow, and slow to passive pools (fig. S1).
We used a two-pool RC model for Geophysical
FluidDynamics Laboratorymodel ESM2M(GFDL-
ESM2M) because it represents soil carbon with
twopools (24) and forHadleyGlobal Environment
Model 2-ES (HadGEM2-ES) because it reported
carbon for two pools (table S4). The two-pool
RC model had three parameters, representing
tfast, tslow, and rf (fig. S1). After verifying that the
RC model was a good approximation of each
ESM based onminimization of root-mean-square
error, we used the RC models to simulate D14C
values at each grid cell, with observed atmospheric
D14C for the past 50,000 years as a boundary
condition and accounting for radioactive decay
(see supplementary materials).
We used an inverse analysis to determine the

RC model parameters that were most consistent
with our D14C data set. In the inversion, we ad-
justed the parameters described above to match
both the total carbon and radiocarbon constraints.
With these constraints, turnover time and car-
bon input rate for each pool were coupled such
that an increase in turnover time required a
compensatory decline in inputs (fig. S2). RC pa-
rameters derived from the inversion were sub-
sequently used to assess consequences of 14C
constraints for the carbon-concentration feedback.
All ESMs projected an increase in soil carbon

over 140 years with a multimodel mean of 32%
(Table 1). This increase was primarily driven by
increasing carbon inputs to soil under the quad-
rupling of CO2 (table S3), as temperature increased
by only a small amount (mean ± 1 SD was 0.52° ±
0.68°C) for this set of biogeochemically coupled
simulations. CESM showed the smallest soil car-
bon increase (6.3%), primarily because of low litter
inputs relative to other ESMs (table S3). For this
time period and set of model runs, storage in soil
carbon accounted for 42 ± 17% of the total accu-
mulation of carbon in the terrestrial biosphere.
Both two- and three-poolRCmodels reproduced

the global carbon dynamics of the original ESMs
(fig. S3 to S5 and table S5). The tfast across all RC
models was less than 20 years, whereas tslow varied
from 40 to 600 years (fig. S6) with a multimodel
mean of 212 ± 104 years. The mean tpassive for the
three-pool RC models from CESM, Institut Pierre
Simon Laplace model (IPSL), and the Meteorolog-
ical Research Institute model (MRI) was 1185 ±
123 years (Table 1 and fig. S7). Using the RCmodel
parameters estimated at each grid cell within an
ESM, we calculated the expected D14C. The result-
ing global average D14C for 1995 (median sample
year of site profiles) from the RC models was sig-
nificantly higher than the mean of the observa-
tions [–6.4 ± 64 permil (‰) versus –211 ± 156‰]
(Fig. 2, C and D (P < 0.001). D14C values from RC
models approximating ESMs with passive pools
were more negative (–53 ± 35‰) but still signif-
icantly higher than the observations (P < 0.001).
Converting these D14C observations into mean age
for the soil profile yielded an estimate of 3100 ±
1800 years for the observed soil carbon integrated
to 1 m and 430 ± 50 years for the ESMs (Fig. 2, E
and F). These results indicated that the ESMs

did not have enough old carbon that had ex-
perienced substantial levels of radioactive decay;
concurrently, the models assimilated too much
bomb 14C.
The 14C-derived mean ages indicate that or-

ganic carbon soil is often thousands of years old
(12–14, 21), which is an order of magnitude older
than suggested by ESM turnover parameters. This
discrepancy is likely a consequence of incomplete
representation of key biogeochemical processes
and difficulties in developing accurate param-
eterizations for soil carbon at a global scale. Most
ESMs do not account for stabilizationmechanisms
whereby mineral interactions and aggregate for-
mation protect soil organic matter from decom-
position over centuries to millennia (13, 25–28).
Moreover, first-order decay, as represented in
ESMs, may not capture the response of mineral-
stabilized carbon to changes in soil moisture,
temperature, and other conditions (29–31). In
addition, some ESM turnover parameters are
based on laboratory incubation studies, which
are often biased fast compared with in situ de-
composition rates (32). Finally, this set of ESMs

did not explicitly resolve vertical differences in
soil organic matter dynamics, which may cause
underestimation of turnover times in deep soils
with large carbon stocks (21, 25, 33, 34).
Because the turnover times derived fromESMs

were inconsistent with 14C observations, we op-
timized the turnover parameters by fitting our
RC models to the observations. We could then
run the optimized RC models to reevaluate soil
carbon storage for the transient 1% year−1 sim-
ulations. For this inverse approach, we optimized
RC model parameters in each grid cell contain-
ing an observation site (Fig. 2, G and H, and figs.
S8 and S9). We optimized the t of the slowest
pool and the corresponding transfer coefficient
into this pool based on the 14C observations while
holding soil inputs and t for the faster pools at
their ESM-derived values. The size of the slowest
carbon pool was constrained by optimizing the
turnover time and the transfer coefficient together
using both 14C and total carbon. Consequently, the
optimized RC model had about the same total
carbon stock as the original ESM, thereby main-
taining consistency with carbon inventory data.

1422 23 SEPTEMBER 2016 • VOL 353 ISSUE 6306 sciencemag.org SCIENCE

Fig. 2. Site and global values of soil carbon inventory, D14C, and mean age from observations and re-
duced complexity models. (A and B) SOC content of the original ESMs. (C and D) The D14C of the re-
duced complexity model optimized to the original ESMs. (E and F) Corresponding mean age (G and H) The
D14C of the 14C-constrained reduced complexity models. The left column shows the values of the models sam-
pled at the locations of the individual soil profiles; the right column shows the global model distribution. Data
from profile sites and the HWSD represent carbon content in the top 1 m of soil; data from ESMs are the total
carbon stock.The star denotes themean; the + symbol denotes outliers beyond the 25th and 75th percentiles.
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box-modeling approach. Typically, a fixed SOM profile is
used for modeling the effect of soil climate on SOM turnover,
but the lower boundary of the SOM pool is left poorly de-
fined. This approach assumes that deeper SOM does not play
an active role in carbon cycling, and that vertical variations
in the upper soil can be adequately represented as a single
equivalent box. However, large quantities of SOM below the
surface layers have been observed in a variety of soils, and
may cycle on decadal timescales (Baisden and Parfitt, 2007;
Koarashi et al., 2012). In particular, permafrost soils contain
enormous quantities of SOM C below 1m depth (Ping et al.,
2008; Tarnocai et al., 2009), and since a main limitation to
the decomposition of this material is the cold, anoxic con-
dition at depth, warming could potentially make permafrost
SOM vulnerable to decomposition. ESMs that take the per-
mafrost C pool into account predict net CO2 losses under
warming (Koven et al., 2011; Schaefer et al., 2011), as op-
posed to net CO2 gains under warming predicted in ESMs
that do not explicitly represent permafrost C (Qian et al.,
2010).
The purpose of this paper is to describe a new soil bio-

geochemistry model (Fig. 1), which represents the vertically
resolved C and N cycles responsible for SOM and litter
turnover and plant-soil nutrient interactions. This model is
integrated in the Community Land Model, version 4 (CLM4)
(Oleson et al., 2010; Lawrence et al., 2011), which is a com-
ponent of the Community Earth System model, version 1
(CESM1). Here, we describe the formulation of this model
and the sensitivity of model behavior to parameters. We also
make a comparison between model predictions and observa-
tions, and a comparison between different model versions of
the transient behavior of the CLM C cycle during the period
1955–2004.

2 Model description

2.1 C and N decomposition cascade structure

SOM decomposition is a complex process in which plant in-
puts are consumed, respired and recycled by a complex web
of soil decomposers, and stabilized and transported by a va-
riety of physical processes. Many soil models have been de-
veloped to track organic material from plant inputs to soil
organic matter, including models of continuous change and
discrete lability bins (Bosatta and Agren, 1991). Here we use
the discrete bin concept, with modified first-order decay of
decomposing organic material pools. In this model represen-
tation, organic material is initially passed from plant pools to
litter and coarse woody debris (CWD) pools. Subsequently
it is decomposed and passed through a cascade of different
pools, and is partially respired at each step. Thus, the change
in carbon pools for the base, single-layer model is as follows:

Fig. 1. Schematic of vertically resolved soil C and N model in
CLM4.5. A flexible framework for defining decomposing C and N
pools has been added to the model. Plant inputs of C and N to coarse
woody debris (CWD) and litter pools. Decomposition of CWD and
litter leads to heterotrophic respiration and formation of SOM. Each
decomposing C and N pool is defined at each soil vertical level, with
vertical mixing within each pool.

@Ci

@t
= Ri +

X

j 6=i

(1� rj )TjikjCj � kiCi, (1)

where Ci is the carbon content of pool i (kgCm�2), Ri are
the plant inputs into pool i (kgCm�2 s�1), ki is the decay
constant for pool i (s�1); and Tji is the fraction of carbon
from pool j that is directed toward pool i with a fraction
rj lost as respiration. The standard CLM4.0-CN decompo-
sition cascade is described by Thornton and Rosenbloom
(2005); in the revised model we generalize the structure of
the model so that different structural and parametric repre-
sentations of the soil and litter decomposition cascade can
be considered. Here, we compare two possible decomposi-
tion cascades (Fig. 2 and Tables 1 and 2): the standard CLM-
CN model, and an alternate decomposition cascade from the
Century soil model (Parton et al., 1988).
Because CLM4 is a coupled C and N model, organic N

pools follow an analogous path to the C pools, with min-
eralization or immobilization of soil mineral N occurring

Biogeosciences, 10, 7109–7131, 2013 www.biogeosciences.net/10/7109/2013/
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CWD
τ = 2.7

Litter 1
τ = .0023

Litter 2
τ = .038

Litter 3
τ = .19

Soil 1
τ = .038

Soil 2
τ = .19

Soil 3
τ = 2.0

Soil 4
τ = 27

CWD
τ = 4.1

Litter 1
τ = .066

Litter 2
τ = .25

Litter 3
τ = .25

Soil 1
τ = .17

Soil 2
τ = 6.1

Soil 3
τ = 270

0.55

0.5

0.5

0.49

0.55

0.55

0.39

0.55

0.29

0.28

0.46

0.55

1.0

CLM-CN Soil C pool structure

Century Soil C pool structure

Respired Fractions

Fig. 2. Comparison of 2 decomposing pool cascade structures and parameters used in this study. Turnover times (in boxes) are in years.
Numbers at end of arrows are respired fractions. Summarized information in Tables 1 and 2.

along each step of the decomposition cascade (Thornton and
Rosenbloom, 2005),

NFji =
kjCj

⇣
1� rj � CNi

CNj

⌘

CNi

, (2)

where NFji is the net nitrogen flux (positive NFji indicates
immobilization, negative NFji indicates mineralization), and
CNj and CNi are the upstream and downstream pool C :N
ratios for a given transition j ! i. The model is structured
such that each pool that is downstream of a decomposition
step with rj greater than 0 is assigned a fixed C :N ratio,
while the litter pools that only receive C and N from plants or
coarse woody debris (CWD), which decays to litter with no
respiratory flux, have floating C :N ratios based on the C :N
ratios of the plant inputs. When more nitrogen is released by
SOM mineralization than is required for immobilization by
litter decomposition or plant uptake, this N is added to the
soil mineral N pools; when demand exceeds supply, both the
plant N uptake (and, consequently, the photosynthetic C up-
take, which is stoichiometrically bound to N availability) and
the litter decomposition with its associated N immobilization
are reduced (Thornton and Rosenbloom, 2005).

2.2 Vertical soil biogeochemistry model

2.2.1 Vertical discretization and mixing

In the new model, we modify Eq. (1) to have a vertical di-
mension z and transport across that dimension:
@Ci(z)

@t
= Ri(z) +

X

j 6=i

(1� rj )Tjikj (z)Cj (z) � ki(z)Ci(z)

+ @

@z

✓
D(z)

@Ci

@z

◆
+ @

@z
(A(z)Ci) (3)

, where carbon content Ci is now defined volumetrically
(kgCm�3), plant inputs Ri (kgCm�3 s�1) are distributed
over the profile, decomposition constant ki is defined at each
model level, and we add an advective-diffusive soil C trans-
port component, with diffusivity D (m2 s�1) and advection
A (m s�1). The vertical dimension requires three new sets of
parameters: the initial distribution of C and N inputs, the ad-
vection and diffusion terms, and a possible additional depth
dependence to turnover time. We discuss the implications of
adding the vertical dimension for SOC decomposition and
uncertainty in the additional parameters below.
CLM4 already includes vertical discretization of soil tem-

perature and moisture, with a default vertical grid of 15
levels, the bottom 5 of which are used for temperature

www.biogeosciences.net/10/7109/2013/ Biogeosciences, 10, 7109–7131, 2013

de
pt

h

1/𝜏



Boreal forest (9 profiles)

Grassland and cropland (39 profiles)Temperate forest (59 profiles)

Tropical forest (18 profiles)

ISRaD (± 𝝈)
E3SM (± 𝝈)
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Boreal forest (9 profiles)

Grassland and cropland (39 profiles)Temperate forest (59 profiles)

Tropical forest (18 profiles)

ISRaD (± 𝝈)
E3SM v1.0 (± 𝝈)
E3SM v1.0, w/fix (± 𝝈)



Proof of concept

A:

50 PgC/y

25 PgC/y

RF = 0.5

total C = 2000 PgC
mean Δ14C = -9.1‰

𝜏 = 1 y
50 PgC

𝜏 = 78 y
1950 PgC

25 PgC/y 50 PgC/y

10 PgC/y

RF = 0.8

total C = 2000 PgC
mean Δ14C = -22.5‰

𝜏 = 1 y
50 PgC

𝜏 = 195 y
1950 PgC

45 PgC/y

B:

Increase input by 10% (5 PgC/y)?

After 100 years? 
•A accumulates:   146 PgC

•B accumulates:   183 PgC



Calibration methods
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•Optimize three parameters:

(1)  k* scales soil pool decay rates


(2)  rf* scales soil pool respired fractions


(3)  z𝜏 is the e-folding depth (in m) of an 
exponential decrease of decay rates

Parameter k* rf* z𝜏
default 1.0 1.0 0.5 m

minimum 0.7 0.7 0.2 m
maximum 1.3 1.3 0.8 m
increment 0.1 0.1 0.1 m



Boreal forest (typical profile)

C3 grassland (typical profile)Temperate forest (typical profile)

Tropical forest (typical profile)

ISRaD
E3SM default



Boreal forest (typical profile)

C3 grassland (typical profile)Temperate forest (typical profile)

Tropical forest (typical profile)

ISRaD
E3SM default
C optimized



Boreal forest (typical profile)

C3 grassland (typical profile)Temperate forest (typical profile)

Tropical forest (typical profile)

ISRaD
E3SM default
C optimized
∆14C optimized



Boreal forest (typical profile)

C3 grassland (typical profile)Temperate forest (typical profile)

Tropical forest (typical profile)

ISRaD
E3SM default
C optimized
∆14C optimized
Combined opt.



Boreal forest (9 profiles)

Grassland and cropland (39 profiles)Temperate forest (59 profiles)

Tropical forest (18 profiles)

ISRaD (± 𝝈)
E3SM default (± 𝝈)
Globally optimized (± 𝝈)

k* = 1.1 m 
rf* = 1.1 m 
z𝜏 = 0.4 m



Calibrated 20th-century soil carbon change

E3SM default
E3SM calibrated

1900 SOC 
(PgC)

1900–2010 
∆SOC (PgC)

1959–2010 
∆Tot. (PgC)

def. 3261 11.14 137.7

cal. 2753 9.73 139.0

GCP 1959–2010: 105.0 PgC



Next Steps

•Evaluate radiocarbon in CLM5 against ISRaD


•Format ISRaD for ingestion into ILAMB


•Include respired radiocarbon as an additional constraint
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