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Time to rethink soil biogeochemical models?

Input – Climate hypothesis 4
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Code base: src/soilbiogeochem
esp. SoilBiogeochemDecompCascadeBGCMod.F90

Technical note 2.21: Decomposition
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https://escomp.github.io/ctsm-docs/doc/build/html/tech_note/Decomposition/CLM50_Tech_Note_Decomposition.html
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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

Koven et al. 2013
Biogeoscieinces

https://github.com/ESCOMP/ctsm/tree/master/src/soilbiogeochem
https://github.com/ESCOMP/ctsm/blob/master/src/soilbiogeochem/SoilBiogeochemDecompCascadeBGCMod.F90
https://escomp.github.io/ctsm-docs/doc/build/html/tech_note/Decomposition/CLM50_Tech_Note_Decomposition.html
https://www.biogeosciences.net/10/7109/2013/
https://www.biogeosciences.net/10/7109/2013/
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CMIP5 Models = 6x variation

Obs.      CMIP5 MODELSè

Todd-Brown et al. Biogeosciences 2013, Friedlingstein et al. 2006; Jones et al. 2003

Ĉ = I /k
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http://www.biogeosciences.net/10/1717/2013/
http://journals.ametsoc.org/doi/full/10.1175/JCLI3800.1
http://onlinelibrary.wiley.com/doi/10.1034/j.1600-0889.2003.01440.x/abstract


CMIP5 Models RCP8.5

Todd-Brown et al. Biogeosciences 2014 12

http://www.biogeosciences.net/11/2341/2014/
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Permafrost C in models

www.fedre.org
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http://www.biogeosciences.net/10/1717/2013/


CLM4.5bgc & 5.0

www.fedre.org
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Permafrost C “observations”

www.fedre.org
NCSCD from Hugelius et al. 2013
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Permafrost soils CLM4.5bgc & 5.0

www.bio.anl.gov

Carbon rich
Vertically complex

Koven et al. Biogeosciences 2013

CENTURY-like soil biogeochemistry
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http://www.biogeosciences.net/10/7109/2013/


Permafrost soils CLM4.5bgc

Koven et al. Biogeosciences 2013

7120 C. D. Koven et al.: CLM4 Vertical soil C and N model

Fig. 5.Maps of soil C. (a, b) Observed soil C databases: (a) IGBP-DIS dataset (Global Soil Data Task Group, 2000); (b) NCSCD, (Tarnocai
et al., 2007; Hugelius et al., 2013). (c–g)Modeled soil C for various cases: (c) base CLM4.0-CN; (d) CLM4.5-biogeophysics; (e) single-level
biogeochemistry (BGC), Century-based decomposition; (f) multi-level BGC, Century-based decomposition, C N denitrification; (g) multi-
level BGC, Century-based decomposition and nitrification/denitrification (CLM4.5-biogeophysics/biogeochemistry). For observations and
multi-level model, data here is for upper 1m of soil. Note quasi-logarithmic scale bar.

– to observations from sites where C and 14C depth pro-
files have been measured and reported: Voronazh, Russia
(Torn et al., 2002); Thule, Greenland (Horwath et al., 2008);
Paragominas, Brazil (Trumbore et al., 1995); Mattole, Cal-
ifornia (Masiello et al., 2004); La Reunion, South Pacific
(Basile-Doelsch et al., 2005); Harvard Forest, Massachusetts
(Gaudinski et al., 2000); Gydansky, Western Siberia (Kaiser

et al., 2007); and Judgeford, New Zealand; Riverbank, Cal-
ifornia; and Turlock Lake, California (Baisden and Parfitt,
2007).
These site-level comparisons show that C and 14C pro-

files can be reasonably well simulated across a variety of
ecosystems using the new vertically resolved Century-like
C decomposition, imposed additional vertically resolved C

Biogeosciences, 10, 7109–7131, 2013 www.biogeosciences.net/10/7109/2013/
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Fig. 5.Maps of soil C. (a, b) Observed soil C databases: (a) IGBP-DIS dataset (Global Soil Data Task Group, 2000); (b) NCSCD, (Tarnocai
et al., 2007; Hugelius et al., 2013). (c–g)Modeled soil C for various cases: (c) base CLM4.0-CN; (d) CLM4.5-biogeophysics; (e) single-level
biogeochemistry (BGC), Century-based decomposition; (f) multi-level BGC, Century-based decomposition, C N denitrification; (g) multi-
level BGC, Century-based decomposition and nitrification/denitrification (CLM4.5-biogeophysics/biogeochemistry). For observations and
multi-level model, data here is for upper 1m of soil. Note quasi-logarithmic scale bar.

– to observations from sites where C and 14C depth pro-
files have been measured and reported: Voronazh, Russia
(Torn et al., 2002); Thule, Greenland (Horwath et al., 2008);
Paragominas, Brazil (Trumbore et al., 1995); Mattole, Cal-
ifornia (Masiello et al., 2004); La Reunion, South Pacific
(Basile-Doelsch et al., 2005); Harvard Forest, Massachusetts
(Gaudinski et al., 2000); Gydansky, Western Siberia (Kaiser

et al., 2007); and Judgeford, New Zealand; Riverbank, Cal-
ifornia; and Turlock Lake, California (Baisden and Parfitt,
2007).
These site-level comparisons show that C and 14C pro-

files can be reasonably well simulated across a variety of
ecosystems using the new vertically resolved Century-like
C decomposition, imposed additional vertically resolved C

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

17

http://www.biogeosciences.net/10/7109/2013/


18



19Koven et al. 2017 NCC

LETTERS NATURE CLIMATE CHANGE DOI: 10.1038/NCLIMATE3421

a b

c d

−20
10−1

So
il 

ca
rb

on
 to

 1 
m

 (k
g 

C 
m

−2
)

100

101

102

In
fe

rr
ed

 tu
rn

ov
er

 ti
m

e 
(y

r)

100

101

102

103

In
fe

rr
ed

 tu
rn

ov
er

 ti
m

e 
(y

r)
100

101

102

103

−10 0
Mean air temperature (°C)

10 20 30 −20 −10 0
Mean air temperature (°C)

10 20 30

−20

0 300 600 1,200 1,500 1,800900
Precipitation (mm yr−1)

−10 0
Mean air temperature (°C)

10 20 30 −20 −10 0
Mean air temperature (°C)

10 20 30

10−3

10−2

10−1

M
O

D
IS

 N
PP

 (k
g 

C 
m

−2
 y

r−1
)

100

Figure 1 | Global distributions of the inferred apparent turnover time (⌧ ) of global soil organic matter as function of climatological temperature. a,b, ⌧ is
calculated as the ratio of carbon stocks (a) to net primary productivity (b). c, ⌧ plotted as function of mean annual air temperature (MAAT). Each gridcell is
coloured by climatological precipitation. d, As in c, but after filtering out gridcells that are likely to be dominated by either aridity (precipitation minus
potential evapotranspiration < threshold of �1,000 mm yr�1) or saturation (peatland fraction exceeds threshold of 50%). Best-fit regression curve in d
uses a quadratic regression of log (⌧ ) versus MAAT, with 50% prediction intervals shown.

in the sensitivity of inferred ⌧ to climatological temperature over
the interval, with stronger sensitivity in cold climates than in warm
climates. We note, however, that considerable variation remains.
The residual two-fold variation in turnover times (residual variance
in log(⌧ )=0.1; Supplementary Table 1) is also a real and important
feature of the data, and this may be driven by mineralogical or
other factors23,24 beyond the simple climate metrics used here. We
recognize that further research diagnosing the mechanisms respon-
sible for this variation is critical, but here we focus on the central
relationship between soil ⌧ and temperature that emerges from our
global analysis.

Taking the derivative of the central soil ⌧ to temperature
relationship (Fig. 1d), and placing this in terms of the exponential
form Q10, gives a ‘climatological Q10’ (Fig. 2), which decreases with
temperature, from Q10 > 5 in cold climates to Q10 = 1 (that is, no
temperature sensitivity) in hot climates. This climatological Q10
di�ers from the classical short-timescale Q10 in being diagnosed
from ⌧ , whereas short-timescale Q10 values are diagnosed based on
instantaneous decay rates, k (where, at steady state, k=1/⌧ ). Short-
timescale respiration observations show a widespread Q10-like
behaviour with a value in the region of approximately 1.4 based
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Figure 2 | Inferred ‘climatological Q10’ as a function of temperature.
Climatological Q10 is calculated from the derivative of the regression
relationship between ⌧ and MAAT in Fig. 1d. We define emergent domains
as those where the climatological Q10 di�ers appreciably from short-term
Q10 values (that is, Q10 >2 or Q10 < 1.4).
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Figure 4 | A comparison of relationships between soil turnover times and climate as predicted by a suite of ESMs and o�ine land models. Inferred
apparent turnover time, ⌧ , calculated as in Fig. 1 and coloured by precipitation as in Fig. 1c, from soil models used in ESMs. a–f, CMIP5 models, each of
which (other than GFDL-ESM2G) use single-layer soil temperature control on soil carbon turnover. g,h, CLM4.5, which calculates vertically resolved
decomposition rates. These di�er by varying a parameter (Z⌧ ) that controls decomposition rates with depth independently from resolved temperature,
moisture, and oxygen controls. i, MIMICS, which treats decomposition as a microbially enabled and mineral-resolved nonlinear model, shows the wide
scatter in moist tropical climates as observed, due to its consideration of mineralogical control on decomposition.

k approximates the observed relationship suggests that, at least
in the near surface, such transport processes are su�ciently fast
over long timescales for the soil to act as a well-mixed reservoir
through which respiration can occur at any depth within the
0–1m interval.

We contend that the climatological sensitivity of soil C to
historical climate (Fig. 1d) is an emergent ecosystem property that
models should be expected to replicate. To test whether ESMs are
able to match these qualitative patterns, we compare predictions
of ⌧ from models used in the CMIP5 carbon cycle experiments

(Fig. 4a–f and Supplementary Table 2)1. Most models show a
linear relationship between log(⌧ ) andmean annual air temperature
(MAAT), as would result from using fixed Q10 and a single-layer
model that diagnoses k values from near-surface temperatures.
Some models show o�sets and emergent behaviour, but none
are able to qualitatively capture both the increase in temperature
sensitivity through the entire range of cold climates as well as the
reduction in temperature sensitivity in tropical climates shown by
the global data. The inability of themodels tomatch spatial gradients
implies that the transient response to warming will likewise be

4
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CENTURY-like soil biogeochemistry
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Stoichiometry
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Water function
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Advection
Diffusion
E-folding depth 

(depth dependence of turnover)

http://www.biogeosciences.net/10/7109/2013/


Permafrost soil C loss

Koven et al (2015) PNAS

leading the fully forced C−N model to behave similarly to the
C-only model for total ecosystem carbon: Carbon gains by enhanced
vegetation growth are offset by SOM losses from shallow soils
(Fig. 1C), leading to only a small residual sink (in the C-only
case) or source (in the C−N case) by 2300 (Fig. 1D).
Allowing decomposition to proceed more rapidly at depth by

increasing the value of Zτ results in less preindustrial soil carbon
throughout the permafrost region (SI Appendix, Fig. S3; 1,582 Pg
for Zτ = 0.5 m, 1,331 Pg for Zτ = 1.0 m, and 1,032 Pg for Zτ = 10 m,
compared with 29–30 Pg C in vegetation C). This reduction in
initial C is due to higher decomposition rates at depth during the
model initialization period, and the lower stock (higher value
of Zτ) is in better agreement with estimates of integrated per-
mafrost C to 3 m from observations [1,060 Pg C (7)]. As Zτ

increases, the deeper soil carbon is much more vulnerable to loss
with warming (Fig. 3A), so that by 2300, the total C loss from the
region is 164 Pg for Zτ = 10 m compared with 21 Pg for Zτ =
0.5 m (Fig. 3B).
The additional N released from deeper SOM turnover has

only a small effect on plant productivity, with <5 Pg additional
increase in vegetation C for Zτ = 10 m compared with Zτ = 0.5 m
(relative to ∼40 Pg C increase by 2300, Fig. 3C). This small
sensitivity of vegetation to deep soil N mineralization has two
causes: (i) Much of the N limitation is already relieved by in-

creased decomposition in surface soils, and (ii) the phase lag of
heat conduction shifts the deeper SOM mineralization later into
fall and winter, away from the period of peak N demand during
the high-GPP spring and summer periods (Fig. 4). This sea-
sonal offset allows a greater fraction of N to be lost via leaching
and gaseous loss pathways. These losses are consistent with
observations showing that the highest dissolved losses from arctic
ecosystems occur during the spring meltwater pulse (42). We
note that CLM4.5 does not currently represent the complexity of
soil microbial N cycling found in response to experimental winter
warming treatments (43). The large amount of N released, par-
ticularly if not used by plants, may have significant impacts, such
as on N trace gases (44) and aquatic ecosystems. We emphasize
that the representation of such N cycle processes are particularly
uncertain in models such as CLM, and thus this result serves
primarily to underscore the importance of these processes in
governing C cycle responses to warming.
At the regional scale, the projected timing of permafrost C

losses is delayed relative to physical permafrost thaw; while
about half the permafrost area has fully thawed by 2100, the
permafrost soil C losses in the fully forced scenario are only
beginning then. This regional response is the aggregate of dif-
ferent dynamics at the scale of individual grid cells (Fig. 5). Typical
trajectories for the Zτ = 10 m case are that grid cells are initially

A B CPF Domain Total Ecosystem CPF Domain Soil C PF Domain Vegetation C

Fig. 3. C response todecomposability of deepC in the fully forcedC−Ncase. (A) Soil and litterC changes over thepermafrost region. (B) Change in total ecosystemC
as a function of varied Zτ parameter. (C) Change in vegetation C. Slight increase in vegetation between cases is due to enhanced N mineralization from deep soils.

A B

DC

Fig. 4. Mean annual cycles of key ecosystem fluxes
for three time periods of the fully forced C−N case.
(A) GPP, (B) net N mineralization, (C) net ecosystem
exchange (NEE, positive = CO2 source), and (D) het-
erotrophic respiration. Relative increase in GPP be-
tween experiments is smaller than proportional in-
crease in N mineralization with deeper decomposition.
Shift in N mineralization with enhanced deeper SOM
decomposition toward autumn is due to longer
decomposing than growing seasons, and phase lag
of temperature in deep soils. The solid and dashed
lines represent Zτ = 0.5 m and 10 m, respectively. All
cases show the mean of the geographic region in
which permafrost initially occurs in the model.

Koven et al. PNAS | March 24, 2015 | vol. 112 | no. 12 | 3755
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http://www.pnas.org/cgi/doi/10.1073/pnas.1415123112
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Coupled C:N Biogeochemistry

“N limitation of Decomposition fluxes”

Yes, that’s really a thing in CLM & 
other demand-based models 



CO2

Coupled C:N Biogeochemistry

24

C:N = 50
N:C = 0.02
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Litter & Wood
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Coupled C:N Biogeochemistry
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C:N = 50
N:C = 0.02

C:N = 16
N:C = 0.075

C:N=25
N:C = 0.04

e=0.5

‘receiver’’donor’

N immobilization

CO2

C:N = 15
N:C = 0.075

C:N = 10
N:C = 0.10

C:N=7.5
N:C = 0.133

e=0.5

‘receiver’’donor’

N Mineralization

Litter & Wood

Soil



N Demand

N Available allocated proportional to demand



CLM 5 & beyond
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Subgrid hillslope hydrology
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Tillage 

Riddick et al. (2016) BG

NH3 emissions 

Levis et al 2014 GMD

http://www.biogeosciences.net/13/3397/2016/
https://www.geosci-model-dev.net/7/613/2014/


N uptake & competition
CLM4.0cn [inorganic N]
CLM4.5bgc [NH4

+, NO3
-]

Known Issues:
• High N fertilization effects

Thomas et al (2013) GBC
• Huge denitrification fluxes

Thomas et al. (2013) BG
Houlton et al. (2015) NCC

• No leaching (or DON losses)
Nevison et al. (2016) JAMES 

NPlants

Microbes

Nitrification

Denitrification

LeachingN
30

http://onlinelibrary.wiley.com/doi/10.1111/gcb.12281/abstract
http://www.biogeosciences.net/10/3869/2013/bg-10-3869-2013.pdf
http://www.nature.com/nclimate/journal/v5/n5/full/nclimate2538.html
http://onlinelibrary.wiley.com/store/10.1002/2015MS000573/asset/jame20256.pdf?v=1&t=it1r3j8s&s=3591e4c3c2b667419398c1467834f6e2aa94fa0c
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Plants

Microbes

Denitrification

NO3
-

N uptake & competition

CLM5 + ELM

N

Plants

Microbes

Nitrification

NH4
+

LeachingZhu & Riley (2015) NCC

Zhu et al. (2016), BG

ECA approach
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FUN

http://www.nature.com/nclimate/journal/v5/n8/full/nclimate2696.html
http://www.biogeosciences.net/13/341/2016/


Soil Biogeochemistry in CLM 5+

Adding functionality & reality
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Rapid soil C turnover in CLM4.0-cn

Time (y) Time (y)
Bonan et al. Global Change Biology 2013 
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Absurd soil N behavior in CLM4.0-cn

Time (y)

Bonan et al. Global Change Biology 2013 

ACSA, 0.81 %N

THPL, 0.62 %N

PIRE, 0.59 %N

TRAE, 0.38 %N

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 11 As in Fig. 10, but for (a, b) Acer saccharum (ACSA), (c, d) Thuja plicata (THPL), (e, f) Pinus resinosa (PIRE), and (g, h) Triticum

aestivum (TRAE) leaf litter. The low N simulation for CLM-cn segregates along three separate lines representing fpi = 0.20, 0.10, and

0.05 (used in tropical forest, deciduous forest, and all other biomes, respectively).

© 2012 Blackwell Publishing Ltd, Global Change Biology, 19, 957–974

LITTER DECOMPOSITION IN EARTH SYSTEM MODELS 971

Mass remaining (%) Mass remaining (%)
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g C m-2

 C

 A  B

 D

g C m-2

 C

 A  B

 D

Obs. (HWSD) 1259 Pg C CLM4cn 502 Pg C, r = 0.43

g C m-2

Soil C improved w/ DAYCENT?
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g C m-2

Obs. (HWSD) 1259 Pg C

DAYCENT*§ 978 Pg C, r = 0.61

Microbial 1299 Pg C, r = 0.71

CLM4cn* 746 Pg C,  r = 0.61

* Analytical Solution
“observed” litter inputs

§Modified to simulate soil 0-1 m

Wieder et al. GBC 2014

Soil C improved w/ DAYCENT?
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