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Improvement of the soil modules in global carbon cycle models is a recurrent need claimed by 
the scientific community. The land surface model Orchidee is one of the important tools to 
analyse and predict future changes of the Earth’s climate and biosphere. A recent study 
highlighted that current Earth system models predict a too young age for soil organic carbon. 
The present work introduces the radiocarbon isotope in the model to better constrain 
Orchidee. Based on the use of radiocarbon, the study furthermore improved the model itself, 
and model prediction, through a better representation of carbon movement within the soil 
profile. The article is fully relevant, clearly written and illustrated, and worth publication in 
GMD. 
 
Thank you very much for the positive comments 
 
But one point requires a significant change. Once this point fixed, the paper could be 
acceptable with only minor corrections. 
Important point. (parameterization of the ’Model_Test_He’) Line 233 authors state "... 
multiply by 14 the turnover rate and by 0.07 the flux...". And later Line 236 and in Table 2: 
"decrease the flux from 0.07 to 0.049. Consistency would either decrease the flux from 0.07 
to 0.0049, or multiply it by a factor 0.7. I suppose that the initial intention of authors was to 
multiply by 0.07 the flux, so that the steady state stock of passive would be kept similar 
(multiplied by 14 x 0.07 = 0.98), but with a F14 much lower. 
Here it seems from the results that the stock of the passive pool was multiplied by a factor 
almost 10 (less than 10 because of the duration of the spin-up), as expected by a factor x 0.7 
for the flux. The over estimation of both carbon content and age is obviously expected with 
such a parameterization. In the present state, I further recomment not to use the name of a 
person in the surname of the model. 
Finally, I recommend that the authors either (i) remove this model_test from the paper, which 
would then be accepted with minor revison, or (ii) recalculate using a flux to passive 0.0049 
instead of 0.049. Option (ii) is preferred, but is not mandatory, since the other parts bring 
significant results; note that option (i) would not affect the summary nor the conclusion. 
 
Actually this was only a typo mistakes in the manuscript but we carefully checked the code 
and it was correct. We therefore corrected the manuscript.  
 



Minor and typographical points. 
 
Table 1. Be clear in the legend on what was averaged. Do "over the profiles" means a 
calculated mean for (0- 2.0 m)"? 
We did not have data up to 2m so we calculated a mean for the different available layers that 
we applied to the entire profile of the model (0-2.0 m). We clarified the legend: “Table 1. 
General description of the studied sites. The mean bulk density, pH and clay fraction values 
calculated from the different soil layers depths available in the data were used as input for 
each site. For Mons and Feucherolles sites, min and max values of pH and clay fraction are 
provided between brackets” 
 
Table 3 Data are in kg C m-3, which is a unit for local concentration, not for carbon stock. Is 
it: (a) kg C m-2, i.e., the carbon stock per unit area; or (b) the average concentration over the 
0-2.0 m profile (then the Stock would be 2 times the mean concentration value)? Option (a) 
would be preferred. 
The table 3 was modified and all the results are now presented in kg C m-2. 
 
Line 786 Legend fig.6: indicate the variable in object (= F14C). 
This is now added in the legend 
 
Line 134. A brief statement of the formalism and parameterization of the priming would be 
welcome. 
We modified the text in the revised version as following: “Briefly, priming is described 
following equation 1. 	  
!!"#!,!
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= 𝐷𝑂𝐶!"#$#%"&,!,! 𝑡 − 𝑘!"#,!×(1− 𝑒!!×!"#!(!))×𝑆𝑂𝐶 𝑡 !,!×𝜃(𝑡)×𝜏(𝑡)                  (1) 

with DOCrecycled being the unrespired DOC that is redistributed into the pool i considered for 
each soil layer z in g C m-2 days-1, kSOC being a SOC decomposition rate constant (days-1), and 
LOC being the stock of labile organic C defined as the sum of the C pools with a higher 
decomposition rate than the pool considered within each soil layer z. We therefore considered 
that for the active carbon pool LOC is the litter and DOC, but for the slow carbon pool LOC 
is the sum of the litter, DOC and so on. Finally, c is a parameter controlling the impact of the 
LOC pool on the SOC mineralization rate, i.e., the priming effect. The equation was 
parameterized based on soil incubations data and evaluated over litter manipulation 
experiments (Guenet et al. 2016).” 

 
Line 179. In Eq (6), STRUC was excluded of total 14C. Was it? In the Century model, 
STRUC usually accounts for 10- 20% of C in 0-20 cm layer, and is therefore non negligible 
(your figure 7). It is considered as retrieved as material < 2mm (for a large part) and therefore 
often included in the "measured" total carbon. This exclusion may affect the comparison 
between observed and modelled values of F14. 
In the model, structural litter may come from leaves or root litter production of the ongoing 
year. Soil scientists, before measurements, generally remove it. We agreed with the reviewer 
that a part can still be present after few years but we were not able to clearly define a time 



step when structural litter is less than 2mm and therefore integrated in the measurements. To 
avoid overestimation of modern C we decided to not integrate the structural litter in the final 
calculation. If needed we can perform a sensitivity analysis adding or not the structural litter 
in the final calculation to estimate the impacts on our results.  
 
Line 218. "OCC (wt/wt)" would be better than "OCC (wt %)" 
Done 
 
Line 232. "turnover rate" is an unclear term (might be the reciprocal of turnover time). Here 
turnover time? 
Correction is done in the revised version of the manuscript. 
 
Lines 314-326 and throughout: MSD values aren’t in kg C m-3, but in kg2 C m-6 (variance 
not standard deviation); or use squareroot(MSC) 
We corrected the MSD units in the revised version of the manuscript. 
 
Line 325. Arenosols are not very specific and are broadly represented on the planet. 
Remove "for such specific conditions". Replace by "Probably due to an overestimation of 
decay rates by ORCHIDEE in sandy soils? 
This is now corrected in the revised version of the manuscript. 
 
Lines 367-401. See Major comment. 
As explained above, the error was in the table but not in the model. 
 
Do is the boundary condition at depth 2.0 for constant diffusion affect the base of the profils? 
It is difficult to answer this question because changing the soil depth of the model would not 
only affect the carbon but also the hydrology, the plant uptake and in fine the carbon inputs.  
 
Typography 
 
All the typo mistakes are corrected in the revised version. 
Line 71. "this" 
Line 158. verify in the final edition the greek symbol delta (not ok in my pdf) 
Line 186. "1.5_m" (= separate the units throughout) 
Line 227. "(2016) (=no square brackets) 
Line 242. "et al. (2014)" (spaces) 
Line 255. Point missing; also lines 326, 337 ... check. 
Line 315: spaces before and after "=" (throughout the text) 
Line 447 ’processes 
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Anonymous Referee #2 
Received and published: 18 August 2018 
 
This paper presents ORCHIDEE-SOM-14C, a new version of the IPSL-Land Surface Model, 
and tests it against data from four different sites. It makes an important contribution by 
implementing the isotopic tracer 14C in the model. This is a valuable addition to the 
ORCHIDEE-SOM model, which simulates depth-resolved soil carbon dynamics from 0-2m 
below the surface. The authors also demonstrate how the new model can be used to constrain 
SOC turnover times and internal model processes. In particular, they implement two 
variations on the model (“Model_Test_He” and “Model_Test_Diffusion”). 
They follow the suggestions of He et al (2016) to slow turnover in the passive pool and reduce 
the flux from the slow to passive pool (pending comment by reviewer #1). 
They also implement a version of the model with depth-dependent bioturbation rate following 
Jagercikova et al (2014). Conceptually, this paper is a nice demonstration of how F14C data 
could be used for comparison against different model implementations. 
However, there are significant issues which should be addressed both with the implementation 
(see Reviewer #1 comments) and interpretation of the results (see below) prior to publication. 
Thanks for the positive comments please see our answer to reviewer #1. 
 
In its current form, this paper does not convincingly demonstrate that there are meaningful 
differences in the modeled profiles across sites, or that any differences reflect the modeled 
differences in climate, vegetation or soil properties. Figures 3 and 4 demonstrate that the 
model can broadly fit a generic soil profile. However, it is unclear if the model can reliably 
capture differences between sites (for example, in Fig 3, the model reasonably fits only two of 
the four profiles). Comparison to a somewhat larger number of published soil F14C profiles is 
needed to support current statements that the model can “reproduce soil organic carbon stocks 
and radiocarbon profiles” (for example, line 29). This additional analysis would significantly 
strengthen the paper. It would also be particularly interesting to see if the model is able to 
capture the wide differences in bulk soil 14C seen across soil taxa (for example as explored in 
Mathieu et al (2015)). Alternatively, if the authors feel that comparison to a wider suite of soil 
profiles is beyond the scope of the current work, the current model-data comparison should be 
rephrased as a proof-of-concept contribution. In either case, the discussion should address 
potential controls on the soil F14C profiles (for both data and model). For example, despite 
the important role of minerology and clay content in controlling the age of soil C, these topics 
are not mentioned in the current discussion. Relatedly, more discussion and exploration of the 
model processes and parameters that control the 14C profiles would be an important addition 
to this paper. Although I acknowledge that comparison to a wider suite of soil profiles may be 
beyond the scope of the current work, I would like to see more exploration and discussion of 
these issues prior to publication. 
 



We agree that such an evaluation would be a good step forwards but one the difficulty to run 
the model over such a large database is that very often some boundaries conditions of the 
model are missing and we have to estimate them with large scale database that may not be 
accurate for a given site. In this study we decided to carefully choose some sites which have 
enough data to feed the model and which are also representative of different situations. We 
aimed to go for such large-scale evaluation but we thought that it would have been more 
useful to have first a model description papers evaluated on well-chosen site. We changed 
several parts of the document in the revised version of the manuscript to explore more this 
weakness of our study see for example: 
“Nevertheless, the model evaluation performed here on only four sites should be considered 
as proof of concept and more in depth evaluation are needed, in particular using a large 14C 
database available at global scale (Balesdent et al., 2018; Mathieu et al., 2015). Indeed, the 
F14C is largely controlled by pedo-climatic conditions such as clay content, climate and 
mineralogy (Mathieu et al., 2015) and the range of situations we covered here is relatively 
limited.”	  

or “Furthermore, here we used only one averaged value over the soil profile for soil 
boundary conditions (texture, pH, bulk density) but those variables are known to impact the 
F14C (Mathieu et al., 2015) and change with depth (Barré et al., 2009) and depth-varying 
boundary conditions may also help to improve the model.”” 

 
 
The authors make a good case for the addition of depth-varying parameters, both conceptually 
(eg line 69) and in the results, by making the important contribution of implementing He el 
al’s suggested parameters in a depth-dependent context and updating the diffusion 
formulation. However, although the updated diffusion formulation is a key contribution of the 
paper, the impact of this model improvement should not be overstated, as the difference 
between the two different model profiles relative to the data is not large (fig 3 &4). The 
modest gains suggest that adding other depth-varying processes in the future could be 
valuable. Although implementation of depth-varying parameters is clearly important, 
diffusion alone is not a singular model fix, and the discussion and conclusion should be 
broadened where possible to reflect this (for example, “mainly for diffusion” in line 40 and 
468 is misleading/overstated). 
 We agree with this statement and we add a paragraph in the conclusion to detail what should 
be the next step in the implementation of depth-varying parameters: “Here we presented the 
effect of a depth-varying diffusion constant but other parameters are depth dependent and 
should be represented in the next version of the model. For instance, belowground litter 
production in the model is simply represented by an exponential law without any 
representation of the effect of resource distribution on root profile (e.g. water or nutrients). 
This is a complex task in a land surface model aiming at running at large scale with a 
classical resolution of 0.5° but the soil modules of land surface models are quite sensitive to 
the NPP (Camino-Serrano et al., 2018; Todd-Brown et al., 2013) and a better constraint on 
the profile of the below ground litter production would probably improve the model 
performance.” 



 
I agree with Reviewer #1 on the major technical issue presented. This should be corrected 
prior to publication. The contribution of implementing the He et al (2016) suggested 
parameters is a good idea, and a nice contribution to the paper, so I would suggest retaining 
this model fit after updating the values as suggested by reviewer #1. 
In general, figures could be made more professional, and a careful reading for grammatical 
errors is needed prior to publication. 
The error was a typo mistake in the manuscript but we carefully checked the code and it was 
correct. 
 
In summary, this manuscript should be considered for publication after major revisions, 
including the technical fix presented by reviewer #1, model comparison to additional soil 
profiles, and/or an updated discussion of the results. Minor comments are listed below. 
 
 
Specific comments: 
Line 40 & 468: “mainly for diffusion” is misleading as discussed above 
This is removed in the revised version. 
 
Lines 71-84: In introduction, cite other work using radiocarbon profiles to constrain soil 
models (e.g. Braakhekke et al, 2014; Ahrens et al, 2015) 
We added the citation the papers suggested by the reviewer: “Different authors have already 
succesfully  implemented radiocarbon in soil models and were able to clearly show that the 
introduction of pools with turnover time of thousands of year were unnecessarry to fit 
radiocarbon data (Ahrens et al., 2015) whereas Braakhekke et al., (2014) showed that after a 
reparameterization of the models based on radiocarbon data the prediction of their model 
was quite different with more carbon in top soil and less in deep soil compared to the model 
without radiocarbon.” 

 
 
Line 136-137: Please clarify, as this seems contradictory: “SOC diffusion is actually a 
representation of bioturbation processes (animal (and plant) activity), whereas DOC diffuses 
through concentration gradients.” This text suggests that implementation of SOC diffusion 
would not be based on a concentration gradient, while the Fick’s law formulation provided 
(138-140) relies on a concentration gradient. Also, what do you mean by “the amount of 
carbon in the pool subject to transport”? 
Both are based on a concentration gradient but the mechanisms we aimed to represent are 
different since it is bioturbation for the SOC whereas it is “real” diffusion for the DOC. We 
clarified the sentence: “SOC diffusion is actually a representation of bioturbation processes 
(animal (and plant) activity), whereas DOC relies more on a non-biological diffusion. Both 
diffuse through concentration gradients.” 
 
Line 181...: 14C data collection: 



-Please clarify: was new data collected for this paper or is this published elsewhere? 
More details are now given see answer below. 
 
-Please include a table of 14C data values, including sampling depth increments 
We added the table 5 to present those data in the revised version of the manuscript. 
 
-Please provide more methods details on soil collection and processing or reference to 
appropriate publication. 
For the French sites information can be found in Jagercikova, M., S. Cornu, D. Bourlès, O. 
Evrard, C. Hatté, and J. Balesdent (2017), Quantification of vertical solid matter transfers in 
soils during pedogenesis by a multi-tracer approach, J. Soils Sediments, 17(2), 408–422, 
doi:10.1007/s11368-016-1560-9. The information is now added. 
For the two other sites, data are not published yet so we added more details. See for instance 
for the Misiones sites: “Details on measurements and sampling can be found in Tifafi et al., 
in prep. Briefly, the soil was sampled in May 2015 at different depth: 0-5cm, 5-10cm, 10-
15cm, 15-20cm, 20-30cm, 30-40cm, 40-50cm, 50-60cm, 60-80cm, 80-100cm. All sampled 
were crushed and air-dried. Once in the laboratory, they were homogenized, crushed, 
randomly subsampled and sieved at 200µm. Then 14C measurements were made using a new 
Compact Radiocarbon System called ECHoMICADAS (Environment, Climate, Human, Mini 
Carbon Dating System) following the recommendation of Tisnérat-Laborde et al., (2015).” 

 
 
-How were litter and roots handed? Included/excluded? How does that correspond to model 
results? 
Roots were removed when visible. In the model we used only the active, slow and passive 
pools to calculate the F14C but as mentioned by reviewer #1 structural litter might have been 
included in the calculation. Nevertheless, structural litter in the model can be part of the litter 
produced during the on-going year but can also be few years old. Fix a threshold to 
determine which part of the structural litter would have been included needs underlying 
assumptions difficult to test. We therefore considered that only the soil carbon pools must be 
included in the calculation. 
 
Line 245-255: How are soil F14C values handled in the spinup? What is the potential 
influence on initial soil 14C values? Spinup is only ∼2 half-lives of 14C and doesn’t consider 
atmospheric variation prior to 1700. 
F14C were considered as stable before 1700. We considered this is a reasonable assumption 
since the variations observed from 1700 are mainly anthropogenic. The initialization 
procedure may indeed impact the results. If needed, we can perform a sensitivity analysis to 
the initial F14C. 
 
Line 301: Please mention somewhere how comparisons are made between data and model, 
given differences in depths 



We added this information: “The intervals of soil depth of the model outputs and the 
measurements were homogenized by interpolating linearly the data to common depth 
intervals defined for each site. The simulations and data were then compared for each depth 
interval.” 
 
Line 309-313 & Table 3: Visually, and discussed in the text, the sites Misiones and 
Feucherolles appear to have quite good fits for total soil carbon, while the fit is the worst for 
Mons, and also poor for Kissoko. However, the correlation coefficients are highest for Mons, 
but lowest for Kissoko. Is this a meaningful metric? 
The good correlation coefficient for Mons is due to the relative good representation of the 
shape of the profile even though the mean bias is quite important as it is shown in Fig. 4. To 
clarify this point we added few words on this aspect at: “The correlation coefficient for Mons 
is relatively high compared to other site (Table 3) whereas Fig. 3 shows that the model 
performance was not very good for this site. This is mainly due to a large SB whereas other 
MSD components were rather low.” 

 
 
Table 3&4: Is there a reason all values have been rounded to end in .05 or .00? 
It was pure random and following the recommendation of reviewer #1 we change the units of 
the total carbon from kg C m-3in kg C m-2 and the values from Table 3 do not all finished by 
.00 or .05 
 
Line 320-326/Fig 3: Any comments on why the model does so well in one French Luvisol 
(Feucherolles) and so poorly on the other (Mons) for total soil carbon? From the site 
description the sites sound very similar. 
This model like all the models following a similar structure are quite sensitive to the litter 
production. For Mons a net primary production (NPP) of 6.7 t ha-1 yr-1 was estimated by the 
technical institute for pasture in this region of France based on the annual yields, whereas the 
model predicts a NPP of 7.5 t ha-1 yr-1. The large over estimation might be a consequence of 
a bias in NPP. As far as we know no NPP estimation is available for Feucherolles. We added 
this information: “For Mons a net primary production (NPP) of 6.7 t ha-1 yr-1 was estimated 
by the technical institute for pasture in this region of France based on the annual yields, 
whereas the model predicts a NPP of 7.5 t ha-1 yr-1. The large overestimation of the SOC 
stocks may therefore be due to an overestimation of the NPP.” 
 
Line 334: “The vertical profile of the SOC stock simulated was thereby globally not very far 
from that of the data”. This seems like an overstatement based on results in Table 3. For 
example, although reported model total soil carbon is 1.7 and 2.1 overestimated at two sites 
with better fits, it is overestimated by a factor of 8.5 and 4.6 at the other two sites. 

We rephrase to avoid overstatement. See line: “The vertical profiles of the SOC stock were 
fairly represented by the model” 



Fig 3: Relatedly, what depth ranges are used for comparison between data and model? How 
does this influence the results? For example, model and data look quite similar in Fig 3 for 
Misiones and Feucherolles, but the mean total soil carbon is reported to be overestimated by 
nearly a factor of 2. 
This information is now added in the method section “The intervals of soil depth of the model 
outputs and the measurements were homogenized by interpolating linearly the data to 
common depth intervals defined for each site. The simulations and data were then compared 
for each depth interval.” 
 
Lines 364-366: Interesting, and nice to build on He et al (2016) using a depth-resolved 
approach 
Thanks for the positive comments. 
 
Line 392: More explanation of the results/implications of the priming effect mentioned here 
would be interesting, but not required 
Since we did not run our model without priming we prefer to not increase the discussion 
section as it is to avoid over-interpretation.  
 
Lines 407-408: “Using a fixed diffusion constant implicitly suggests that soil fauna activity is 
uniform over the entire soil profile”. Please add more explanation of the link between fauna 
activity and the diffusion term formulation for the reader. This diffusion term will vary with 
depth and across sites, because the Fick’s law formulation also relies on the concentration 
gradient with depth. For example, in Kissoko, for much of the profile there is almost no 
change in total soil carbon with depth, so the diffusion term here would be zero. Does that 
imply that there is no soil fauna activity? Or simply that soil fauna activity does not result in a 
change in the soil carbon profile? 
Here we were wanted to talk about the diffusion rate and not the entire diffusion fluxes. We 
clarified the sentence: “Fick’s law of diffusion is classically used in models to represent 
bioturbation assuming that soil fauna activity may be represented following the Fick’s law of 
diffusion (Elzein and Balesdent, 1995; Guenet et al., 2013; Koven et al., 2013; O’Brien and 
Stout, 1978; Wynn et al., 2005). Using a fixed diffusion constant (D in eq. 2) implicitly 
suggests that soil fauna activity is uniform over the entire soil profile. This is generally the 
case of several models of diffusion especially used at the level of an ecosystem (Bruun et al., 
2007; Guimberteau et al., 2017; O’Brien and Stout, 1978). However, soil faunal activity vary 
naturally with depth and the diffusion constant should be depth-dependent (Jagercikova et al., 
2014).” 
 
Lines 449-454: Well-stated summary of model contributions 
Thanks. 
 
Line 457: Please mention and cite any other land surface models that incorporate soil 14C 
either here or in introduction. 
We added a paper by Koven et al., 2013 in Biogeosciences. 
 



Lines 466-468: “This suggests that, from now on, model improvements should mainly focus 
on a depth dependent parameterization, mainly for diffusion.” Although diffusion did improve 
model results, the change was not dramatic. Please make sure the language used here reflects 
the results. 
This was rephrased in the revised version 
 
 
-Broadly, figure aesthetics should be updated to look more professional throughout prior to 
publication. For example: 
-Fig 7. Please label x & y axis. Please write depth increments for each bar on y-axis instead of 
1-11. Also, in some of the panels numbers 11 and 12 are cutoff (eg 1..) 
-Fig 3-7: Use more professional titles and punctuation on figures (eg. rather than 
“Model_Control” , “Model_Test He”, etc.) 
-Fig 7: It appears there are stray line numbers throughout the figures which will presumably 
be removed once the line numbers have been removed (eg fig 4,6,7) 
-Update “litter structural below” and “litter metabolic below” to more clear and professional 
names 
All the figures have redo to more professional aspects. 
 
-Fig 7 is instructive and interesting. However, what is the reason for the “litter structural 
below” to decrease then increase again at the deepest depths in some of the profiles? 
The question might be that the diffusion constant D in deep layers has very low values in deep 
soil because of the depth-varying equations we used. Therefore the diffusion fluxes are quite 
limited in deep layers. Furthermore, in deep soil the temperature is rather stable and those 
layers don’t face important temperature increase in summer leading to high decomposition 
rates. Then, in deep soil the decomposition is limited and diffusion is not strong enough to 
homogenize the profile. 
 
Language Comments: A careful and significant reading for grammatical errors and typos is 
needed prior to publication. A large number of very small changes are required. 
All the grammatical errors were corrected and a native English speaker read the revised 
manuscript. 
Here are a few examples (not comprehensive): 
Line 59: “simulate” should be “simulates” 
Line 71: typo “thIS" 
Lines 74-77: very confusingly worded sentence 
Line 81: “have” should be “has” 
Line 84:”because of the conceptual description by pools non measurable” – fix grammar 
Line 92: “yielded for the abrupt increase of atmospheric 14C concentration that doubles in 2-3 
years.” -clarify language 
Line 198: “Congo Republic” should be “Republic of Congo” 
Line 337: Missing period at end of sentence 
Lines 659-660: “over the profile according to total soil carbon” - Meaning is unclear  
 



Additional references: 
Ahrens et al (2015). Contribution of sorption, DOC transport and microbial interactions to the 
14C age of a soil organic carbon profile: Insights from a calibrated process model. Soil 
Biology and Biochemistry, 88. pp. 390-402. 
Braakhekke et al (2014). The use of radiocarbon to constrain current and future soil organic 
matter turnover and transport in a temperate forest. Journal of Geophysical 
Research: Biogeosciences, 119(3). 
Mathieu et al (2015). Deep soil carbon dynamics are driven more by soil type than by climate: 
a worldwide meta-analysis of radiocarbon profiles. Global Change Biology, 
21. pp. 4278-4292. 
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The cycling of organic matter through soil ecosystems is highly simplified in land surface 
models. This is a major source of uncertainty in projections of the terrestrial carbon sink 
under global climate change. Measurements of the radioactive carbon isotope 14C provides a 
powerful constraint for soil carbon models which include a radiocarbon tracer component. 
This manuscript documents the addition of a radiocarbon tracer component into the 
ORCHIDEE land model in order to enable radiocarbon constraints in it and in the IPSL Earth 
System Model it is coupled with. This study then demonstrated applying this constraint to the 
model based on several vertically-resolved soil radiocarbon profiles. 
General comments: 
The paper represents a substantial advance in the ORCHIDEE/IPSL model, which is an 
important tool in climate science, and has broader implications for other models. As such, it is 
well within the scope of GMD, and would represent a meaningful contribution to the field. 
However, there are several issues that would need to be addressed before I could recommend 
it for publication. I have detailed these issues below, and I hope that by addressing them, the 
authors will return with an improved presentation of this worthwhile research. 
Thanks for the positive comments. 
 
Major issue 1: 
There are a couple of major issues with the Model_Test_He experiment. He et al (2006) 
suggested scaling the passive pool turnover time in IPSL/ORCHIDEE by 14, while scaling 
the slow-to-passive transfer coefficient by 0.07. I applaud the authors’effort to test this 
suggestion. However, the manuscript lacks a detailed explanation of exactly which quantities 



were scaled, and which of the arrows in Figure 1 corresponds with the first column of Table 2. 
The reduced complexity models of He et al consisted of three pools in series, whereas Figure 
1 implies that ORCHIDEE has three soil pools that each independently exchange with a 
single pool of free DOC. Therefore, it seems that ORCHIDEE does not have a single transfer 
coefficient between slow and passive pools. 
To avoid making the manuscript too long we did not give all the details of the model 
construction (we mainly refer to Camino-Serrano et al. 2018) and mainly information on the 
14C-related part. Nevertheless, in the model when the decomposed SOC goes to DOC, we keep 
track of the pool where it came from and the redistribution of the DOC once decomposed into 
SOC follows the same parameterization than the ORCHIDEE version incorporated to the 
IPSL-ESM used by He et al., (2016). We therefore considered that using those parameter 
values still makes sense. 
 
Furthermore, as pointed out in RC1, there seems to be an arithmetic error in the scaling of this 
transfer coefficient. The first and third rows of Table 2 imply that ORCHIDEE has some 
parameter with a value of 0.07 (this parameter being what needs improved explanation). 
Multiplying this by the scaling factor suggested in He et al would yield 0.0049, but it seems 
that 0.049 was used instead. The result is that the passive pool turnover time is increased by 
an order of magnitude without an equivalent adjustment to the inputs to this pool, leading to a 
large accumulation of radiocarbon-depleted SOM. This explains why the Model_Test_He 
experiment is so far off in Figures 3 and 5, and why the standard bias is so high in Figures 4 
and 6. 
I would encourage the authors to re-run this experiment with the correct values and keep it in 
the manuscript (and, unlike RC1, I have no problem with the name). I understand that the 
recommended values were for a previous version of IPSL/ORCHIDEE, and that some of the 
changes since then (yielding ORCHIDEE-SOM, detailed in Camino-Serano et al , 2017) 
make the recommended changes superfluous by accounting for priming. Nevertheless, I think 
that testing these recommendations is a worthwhile exercise, even with this updated model 
version, and I would be interested in seeing it done correctly. 
The error was a typo mistake in the manuscript but we carefully checked the code and we 
used the good value for the simulations. 
 
Major issue 2: 
There is insufficient explanation of the depths at which the observational (field) data were 
sampled, and how that was compared with the model output. Figure 1 explains sufficiently the 
depth of the soil layers in the ORCHIDEE model (though an explanation in the main text 
would be welcome as well). The depth of the field measurements can be seen in Figures 3 and 
5, but not with enough resolution to really understand. Was each field profile sampled at the 
exact same depths as the layers in ORCHIDEE, or is there some interpolation going on 
between one or the other? 
More information is now given in the method section: “The intervals of soil depth of the 
model outputs and the measurements were homogenized by interpolating linearly the data to 
common depth intervals defined for each site. The simulations and data were then compared 
for each depth interval.” 



 
 
The statistics in Section 2.6 are all over a dimension i, which I assume to represent the layers 
over depth, but this is not clearly stated. Given the importance of this i, we need more detail 
as to what it is.  
We added this information: “x refers to the model outputs and y to the measurements, while i 
refers to soil depth.” 
 
I would prefer to see an additional table or additional information in Table 1 to indicate how 
many samples were taken at each site and at what depths. And, most importantly, some 
explanation in the methods of how layer depths were harmonized between the model and 
observations, including an indication of the size of I (i.e., the n in the equations of Section 
2.6). 
We added a table given the different layers and we add information on the interpolation 
method we used to compare data and model outputs (see previous answer). 
 
Moreover, the specific depths at which the observed and modeled layers are compared should 
be clearly visible in Figures 3 and 5. The field observations are shown as points, with a single 
depth. Were measurements taken just at those single depths? Or were entire layers sampled 
with an upper and lower boundary depth? The model is presumably providing an average 
concentration of carbon (and radiocarbon) for entire layers, but the lines in Figures 3 and 5 
make it seem like the data are continuous rather than discrete. 
Since in the revised version of the manuscript we give both the interpolation method and the 
layers depth we hope that enough information is given to avoid misunderstanding. 
 
 
Finally, the absence of explicit field data hinders the reproducibility of the study. The 
methods are described sufficiently to reproduce the study, and the model source code is 
available (though the web link has a problem, see below). But the study cannot be truly 
replicated without having access to the field data that were used. Including the field data in 
tabular format (perhaps as supplementary material) would go a long way toward making the 
methods more understandable and facilitating reproducibility. 
Some of the data are already published and we refer now to the proper citation but others will 
be presented in an in prep. manuscript by the same authors. More details are now given. For 
instance: “Details on measurements and sampling can be found in Tifafi et al., In prep. 
Briefly, the soil was sampled in May 2015 at different depth: 0-5cm, 5-10cm, 10-15cm, 15-
20cm, 20-30cm, 30-40cm, 40-50cm, 50-60cm, 60-80cm, 80-100cm. All sampled were crushed 
and air-dried. Once in the laboratory, they were homogenized, crushed, randomly 
subsampled and sieved at 200µm. Then 14C measurements were made using a new Compact 
Radiocarbon System called ECHoMICADAS (Environment, Climate, Human, Mini Carbon 
Dating System) following the recommendations of Tisnérat-Laborde et al., (2015).” 

 
 



Major issue 3: 
The authors provide some interpretation of each of the individual results in Section 3, but the 
manuscript lacks an overall discussion of the big-picture implications of these results and how 
they serve to advance scientific knowledge. The introduction section provides a compelling 
motivation for the study, but the manuscript lacks a sufficient discussion of how the current 
study informs these issues, what can be learned about SOM processes and soil-climate 
interactions, and what the implications are for the use of ESMs to project future climate 
change. I would like to see an expanded discussion of how these results fit in with the larger 
body of literature. The authors neglect to acknowledge that radiocarbon has already been 
implemented in a well known ESM (the Community Earth System Mode, CESM), and 
therefore do not discuss how their results relate to the existing work. The authors do cite the 
paper that would be relevant for this (Koven et al, 2013) in the context of diffusion 
representing bioturbation (line 406), but I would like to see an expanded discussion of how 
the results from the two papers potentially inform each other. 
The paper by Koven et al., 2013 is now properly cited to its contribution “ORCHIDEE-SOM-
14C, is one of the first land surface models that incorporates the 14C dynamic in the soil 
(Koven et al., 2013).” 
And more discussion has been added. For instance: “We limited our work here to depth-
varying diffusion, but other parameters are also depth dependent and should be represented 
as such in the next version of the model. For instance, belowground litter production in the 
model is simply represented by an exponential law without any representation of the effect of 
resource distribution on root profile (e.g. water or nutrients). This is a complex task in a land 
surface model running at large scale with a classical resolution of 0.5°, but the soil modules 
of land surface models are quite sensitive to the NPP (Camino-Serrano et al., 2018; Todd-
Brown et al., 2013) and a better constraint on the profile of the below ground litter 
production would likely improve the model performance. Furthermore, here we used only one 
averaged value over the soil profile for soil boundary conditions (texture, pH, bulk density) 
but those variables are known to impact the F14C (Mathieu et al., 2015) and change with 
depth (Barré et al., 2009) and depth-varying boundary conditions may also help to improve 
the model.” 
 
Or “Nevertheless, the model evaluation performed here on only four sites should be 
considered as proof of concept and more in depth evaluation are needed, in particular using a 
large 14C database available at global scale (Balesdent et al., 2018; Mathieu et al., 2015). 
Indeed, the F14C is largely controlled by pedo-climatic conditions such as clay content, 
climate and mineralogy (Mathieu et al., 2015) and the range of situations we covered here is 
relatively limited.”	  

 
Minor issues and technical corrections: 
All the minor issues and technical corrections were taken into account. 
 
Abbreviations: there are some abbreviations that are used without an explicit definition. In 
some cases, they are defined later, but they should be defined in the first instance of use. I 



would avoid abbreviating SOC and SOM in the abstract, since neither one is used again in the 
abstract and just use the full text instead (but then define the abbreviation and begin using it 
when it first appears int he main body of the text). The abbreviation "F14C" for fraction 
modern is used in the abstract, but not explicitly defined. "IPSL" is used several times before 
it is defined on line 105, and ORCHIDEE is never defined. 
 
 
Line 71: spurious capitalization in the word "this" 
Line 74: The sentence that begins on this line is too long, and should be broken up into at 
least two sentences to be understandable. 
Line 75: "implementing" should be "to implement" 
Lines 91-92: The decades should not have apostrophes (e.g., 1950s, not 1950’s) 
Line 93: Remove the word "since" 
Line 94: Should be "As WITH any other carbon isotopes" 
Lines 106–113: I am not sure how useful it is to list the names of the sub-components of 
ORCHIDEE without any further indication of how these components fit in to the present 
study. Instead, I would prefer to see a description of how ORCHIDEE fits into the larger ESM 
(e.g., which fluxes and state variables coupled it with the atmospheric model). 
Line 158: There is some rendering issue with the δ (delta) symbol in δ13C; please double 
check. 
Line 162: The abbreviations Asample and Aref should be explicitly defined for the sake of the 
reader who may be new to the concepts of radiocarbon. 
Lines 167–179: There is some inconsistency between the main text and the equations 
regarding abbreviations. The text uses"14C" while the equations use "carbon14". I believe 
these are supposed to represent the same thing, and should therefore have the same 
abbreviations for clarity. 
Lines 184–212: Some measurements include a space between the quantity and the units (e.g., 
"680 mm" on line 185) while others do not (e.g., "1.5m" on line 186) 
Line 192: Define the abbreviation LSCE 
Line 194: Define the abbreviation LMC14 
Line 197: Define the abbreviation SOERE F-ORE-T 
Line 232: The term "turnover rate” is ambiguous. I assume the authors mean "turnover time" 
since this is what He et al suggest should be scaled by 14, which would be the inverse of the 
decay "rate". 
Line 252: What assumptions were made about the atmospheric 14C content during spinup? 
Line 256: Were simulations actually run at a yearly time step? Section 2.1 indicates that some 
model components have a much shorter time step. Also, for comparison with the field data, 
was the final (2011) time step used? 
Lines 339–340: Something is wrong with this sentence grammatically, which makes it 
difficult to interpret. 
Lines 392–393: The 50 
Line 408: Remove the word "fact" or add the word "in" before it. 
Line 465-466: Please revise this sentence for grammatical accuracy. 



Line 477: The provided website address links to a page that has issues with the SSL 
certificate, and will not load in any web browser without having to make a security exception. 
Providing the link as http rather than https would fix this issue, though the preferred solution 
would be maintain the https link and insure that the website has a valid SSL certificate.	  



1	  
	  

The use of radiocarbon 14C to constrain carbon dynamics in the soil module 1	  

of the land surface model ORCHIDEE (SVN r5165) 2	  
 3	  

 4	  

Marwa Tifafi1, Marta Camino-Serrano2,3, Christine Hatté1, Hector Morras4, Lucas 5	  

Moretti5, Sebastián Barbaro5, Sophie Cornu6, Bertrand Guenet1 6	  

 7	  
1Laboratoire des Sciences du Climat et de l’Environnement, LSCE/IPSL, CEA-CNRS-UVSQ, 8	  

Université Paris-Saclay, F-91191 Gif-sur-Yvette, France. 9	  
2CREAF, Cerdanyola del Vallès, 08193, Catalonia, Spain 10	  
3CSIC, Global Ecology Unit CREAF-CSIC-UAB, Bellaterra 08193, Catalonia, Spain 11	  
4INTA-CIRN, Instituto de Suelos, 1712 Castelar, Buenos Aires, Argentina 12	  
5

 INTA-EEA Cerro Azul, 3313 Cerro Azul, Misiones, Argentina 13	  
6Aix Marseille Univ, CNRS, IRD, INRA, Coll France, CEREGE, Aix-en-Provence, France 14	  

 15	  

Corresponding authors: Marwa Tifafi (marwa.tifafi@lsce.ipsl.fr)	  16	  

 17	  

Abstract. Despite the importance of soil as a large component of the terrestrial ecosystems, 18	  

the soil compartments are not well represented in the Land Surface Models (LSMs). Indeed, 19	  

soils in current LSMs are generally represented based on a very simplified schema that can 20	  

induce a misrepresentation of the deep dynamics of soil carbon. Here, we present a new 21	  

version of the Institut Pierre Simon Laplace (IPSL) Land Surface Model called ORCHIDEE-22	  

SOM (ORganizing Carbon and Hydrology in Dynamic EcosystEms-Soil Organic Matter), 23	  

incorporating the 14C dynamic in the soil. ORCHIDEE-SOM first simulates soil carbon 24	  

dynamics for different layers, down to 2 m depth. Second, concentration of dissolved organic 25	  

carbon and its transport are modeled. Finally, soil organic carbon decomposition is considered 26	  

taking into account the priming effect. 	  27	  

After implementing  14C in the soil module of the model, we evaluated model outputs against 28	  

observations of soil organic carbon and modern 14C fraction (F14C) for different sites with 29	  

different characteristics. The model managed to reproduce the soil organic carbon stocks and 30	  

the F14C along the vertical profiles for the sites examined. However, an overestimation of the 31	  

total carbon stock was noted, primarily on the surface layer. Due to 14C, it is possible to probe 32	  

carbon age in the soil, which was found to underestimated. Thereafter, two different tests on 33	  

this new version have been established. The first was to increase carbon residence time of the 34	  

passive pool and decrease the flux from the slow pool to the passive pool. The second was to 35	  

establish an equation of diffusion, initially constant throughout the profile, making it vary 36	  

exponentially as a function of depth. The first modifications did not improve the capacity of 37	  

the model to reproduce observations whereas the second test improved both estimation of 38	  

surface soil carbon stock as well as soil carbon age. This demonstrates that we should focus 39	  

more on vertical variation of soil parameters as a function of depth, in order to upgrade the 40	  

representation of global carbon cycle in LSMs, thereby helping to improve predictions of the 41	  

of soil organic carbon to environmental changes. 42	  

Bertrand Guenet� 30/10/y 10:10
Supprimé: 43	  
Bertrand Guenet� 30/10/y 15:58
Supprimé: -44	  
Auteur inconnu� 31/10/y 07:58
Supprimé: ,45	  
Auteur inconnu� 31/10/y 07:58
Supprimé: ,46	  
Bertrand Guenet� 30/10/y 15:57
Supprimé:  (DOC)47	  
Bertrand Guenet� 30/10/y 15:57
Supprimé:  (SOC)48	  
Auteur inconnu� 31/10/y 07:59
Supprimé: the49	  
Bertrand Guenet� 30/10/y 15:58
Supprimé: activity 50	  
Auteur inconnu� 31/10/y 07:59
Supprimé: chosen here51	  
Auteur inconnu� 31/10/y 08:00
Supprimé: but was mostly marked52	  
Auteur inconnu� 31/10/y 08:01
Supprimé: Then, thanks to the introduction of53	  
Auteur inconnu� 31/10/y 08:01
Supprimé: has54	  
Auteur inconnu� 31/10/y 08:02
Supprimé:  been possible to highlight an 55	  
underestimation of the age of carbon in the soil56	  
Auteur inconnu� 31/10/y 08:05
Supprimé: showed a decrease of the soil 57	  
carbon stock overestimation, especially at the 58	  
surface and an improvement of the estimates 59	  
of the carbon age60	  
Auteur inconnu� 31/10/y 08:06
Supprimé: assumes61	  
Bertrand Guenet� 31/10/y 19:17
Supprimé: (?)62	  
Bertrand Guenet� 30/10/y 11:23
Supprimé: mainly for diffusion, 63	  
Bertrand Guenet� 31/10/y 19:17
Supprimé: future response 64	  
Bertrand Guenet� 31/10/y 19:17
Supprimé: global warming65	  
Bertrand Guenet� 31/10/y 19:18
Supprimé: 66	   ... [1]



2	  
	  

1 Introduction	  68	  

The complexity of the mechanisms involved in controlling soil activity (Jastrow et al., 2007) 69	  

and therefore the carbon flux from the soil to the atmosphere makes predicting the response of 70	  

these systems to climate change extremely complex. Thus our ability to predict future changes 71	  

in carbon stocks in soils using global climate models is currently heavily criticized (Todd-72	  

Brown et al., 2013; Wieder et al., 2013). Indeed, Earth System Models (ESMs) are 73	  

increasingly used today in order to predict the future evolution of the climate. For instance, 74	  

results of a set of ESMs are taken into account within the Intergovernmental Panel on Climate 75	  

Change (IPCC) (Taylor et al., 2012) for assessment of the impacts of climate change and 76	  

design of mitigation strategies. Hence, their predictions need to be as accurate as possible. 77	  

These models represent the physical, chemical and biological processes within and between 78	  

the atmosphere, ocean and terrestrial biosphere. They allow us to follow and understand both 79	  

the effect of the climate on carbon storage and vice versa. However, ESMs are continuously 80	  

under development and some key processes in the global carbon cycle are still missing or not 81	  

represented with the necessary details. One of the components of an ESM is the land surface 82	  

model (LSM). This component primarily manages the carbon cycle, energy and water on land 83	  

and simulates the carbon exchange between the land surface and the atmosphere, namely the 84	  

gross primary production (GPP), the autrophic and heterotrophic respiration.	  85	  

Despite the importance of soils as a large component of the global carbon storage,  soil 86	  

compartments are not well represented in LSMs (Todd-Brown et al., 2013). Indeed, carbon 87	  

dynamics in soil described in LSMs are based on the  “Century”  (Parton et al., 1987) or  88	  

Roth-C models (Coleman et al., 1997) where soil carbon is represented as several pools with 89	  

different turnover rates for each pool. Carbon is decomposed in each pool, one part of which 90	  

is then transferred from one pool to another and the other part is lost through heterotrophic 91	  

respiration. In addition, soils are generally represented as a single-layer box in LSMs that do 92	  

not take into account the evolution and variation of soil organic processes as a function of 93	  

depth (Todd-Brown et al., 2013).	  94	  

One way to reconcile this simplified representation of carbon dynamics of the models with the 95	  

complexity of the data collected in the field is to integrate isotopic tracers into the models 96	  

themselves and thus facilitate the comparison between model outputs and data (He et al., 97	  

2016). Moreover , thanks to an additive constraints on the model structure, this may improve 98	  

the model performances. For instance, radiocarbon is an important tool for studying the 99	  

dynamics of soil organic matter (Trumbore, 2000). Indeed, 14C data acquired from soil 100	  

organic matter provide complementary information on the dynamics (temporal dimension) of 101	  

soil organic matter. This tracer has the major advantage of being integrator of carbon 102	  

dynamics on long time scales (a few decades to several centuries). It is therefore a very 103	  

powerful tool to constrain conceptual schemes that may not be directly compared to variables 104	  

measured in the field (Elliott et al., 1996). Different authors have already succesfully  105	  

implemented radiocarbon in soil models and were able to clearly show that the introduction of 106	  

pools with turnover time of thousands of year were unnecessarry to fit radiocarbon data 107	  

(Ahrens et al., 2015) whereas Braakhekke et al., (2014) showed that after a reparameterization 108	  

of the models based on radiocarbon data the prediction of their model was quite different with 109	  

more carbon in top soil and less in deep soil compared to the model without radiocarbon.	  110	  
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Radiocarbon is produced naturally at a constant rate in the upper atmosphere through 173	  

bombardment of cosmic rays. It thus provides information on the dynamics of organic matter 174	  

that has been stabilized by interaction with mineral surfaces and  stored long enough for 175	  

significant radioactive decay (Trumbore, 2000), as the half-life of 14C is about 5730 years. We 176	  

must also take into account radiocarbon produced during atmospheric tests of thermonuclear 177	  

weapons in the early sixties  (Delibrias et al., 1964; Hua et al., 2013). Atmospheric bomb 178	  

testing in the late 1950s and early 1960s lead to an abrupt doubling of atmospheric 14C 179	  

concentration  in a span of 2-3 years. Through exchange with ocean and terrestrial reservoirs, 180	  

it has decreased but still remains above the natural background. As with any other carbon 181	  

isotopes, this 14C was metabolized by the vegetation and transferred to soil. By measuring 14C 182	  

activity of a soil sample, it is possible to evaluate the amount of carbon introduced into the 183	  

soil since the 1960s (Balesdent and Guillet, 1982; Scharpenseel and Schiffmann, 1977).	  184	  

In this study, we present a new version of the IPSL-Land Surface Model called ORCHIDEE-185	  

SOM incorporating  14C dynamics in the soil. Thanks to this tracer, we can evaluate the SOC 186	  

dynamics, in particular by looking at the 14C peak produced by atmospheric weapons testing 187	  

and observed in the soils at four different sites having different biomes. 	  188	  

 189	  

2 Materials and methods 190	  

2.1 ORCHIDEE-SOM overview 191	  

ORCHIDEE is the Land Surface Model of the IPSL Earth System Model (Krinner et al., 192	  

2005). It is composed of three different modules. First, SECHIBA (Ducoudré et al., 1993; 193	  

Rosnay and Polcher, 1998), the surface-vegetation-atmosphere transfer scheme, describes the 194	  

soil water budget and energy and water exchanges. The time step of this module is 30 min. 195	  

Second, the module of the vegetation dynamics has been taken from the dynamic global 196	  

vegetation model LPJ (Sitch et al., 2003). The time step of this module is one year. Finally, 197	  

the STOMATE (Saclay Toulouse Orsay Model for the Analysis of Terrestrial Ecosystems) 198	  

module  simulates  vegetation phenology and carbon dynamics with a time step of one day.	  199	  

ORCHIDEE can be run coupled to a global circulation model where the boundary conditions 200	  

of the model are provided by the atmospheric modules (temperature, precipitation, 201	  

atmospheric CO2 concentration, etc.). In return ORCHIDEE provides the land surface carbon, 202	  

energy and water fluxes. However, since our study focuses on changes in the land surface 203	  

rather than on the interaction with climate, we ran ORCHIDEE in the off-line configuration. 204	  

In this case, atmospheric conditions such as temperature, humidity and wind are read from a 205	  

meteorological dataset. The climate data CRUNCEP used for our study (6-hourly climate data 206	  

over several years) were obtained from the combination of two existing datasets: the Climate 207	  

Research Unit (CRU) (Mitchell et al., 2004) and the National Centers for Environmental 208	  

Prediction (NCEP) (Kalnay et al., 1996). 209	  

Our starting point is a ORCHIDEE-SOM version based on the SVN r3340  (Krinner et al., 210	  

2005), which is presented in detail in Camino-Serrano et al. (2017). Figure 1 represents how 211	  

the soil is described in this new version. Indeed, the major particularity of ORCHIDEE-SOM 212	  

is that it simulates the dynamics of soil carbon for eleven layers from the surface to two 213	  
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meters depth. First, litter is divided into four pools: metabolic or structural litter pools which 266	  

can be found below or aboveground. Only the belowground litter is modeled on eleven levels, 267	  

from surface to 2 m depth, as the aboveground litter layer has a fixed thickness of 10 mm. 268	  

Second, SOC is divided into three pools (active, passive and slow), following Parton et al. 269	  

(1988), which differ in their turnover rates and which are discretized into 11 layers up to a 270	  

depth of two meters. Then, dissolved organic carbon (DOC) is represented as two pools and 271	  

also discretized over 11 layers up to a depth of two meters: labile DOC has a high 272	  

decomposition rate and  recalcitrant DOC has a low decomposition rate (Camino-Serrano et 273	  

al., 2018). Finally, another particularity of this version of ORCHIDEE-SOM is that the SOC 274	  

decomposition is modified to account for the priming effect following Guenet et al. (2016). 275	  

Briefly, priming is described following equation 1. 	  276	  

!!"#!,!
!"

= 𝐷𝑂𝐶!"#$#%"&,!,! 𝑡 − 𝑘!"#,!×(1− 𝑒!!×!"#!(!))×𝑆𝑂𝐶 𝑡 !,!×𝜃(𝑡)×𝜏(𝑡)                  (1) 277	  

with DOCrecycled being the unrespired DOC that is redistributed into the pool i considered for 278	  

each soil layer z in g C m-2 days-1, kSOC being a SOC decomposition rate constant (days-1), and 279	  

LOC being the stock of labile organic C defined as the sum of the C pools with a higher 280	  

decomposition rate than the pool considered within each soil layer z. We therefore considered 281	  

that for the active carbon pool LOC is the litter and DOC, but for the slow carbon pool LOC 282	  

is the sum of the litter, DOC and so on. Finally, c is a parameter controlling the impact of the 283	  

LOC pool on the SOC mineralization rate, i.e., the priming effect. The equation was 284	  

parameterized based on soil incubations data and evaluated over litter manipulation 285	  

experiments (Guenet et al. 2016).	  286	  

Since the soil profile is divided into 11 layers, SOC and DOC transport following the 287	  

diffusion must also be described. SOC diffusion is actually a representation of bioturbation 288	  

processes (animal and plant activity), whereas DOC relies more on non-biological diffusion. 289	  

Both diffuse through concentration gradients. 	  290	  

This is represented using the Fick’s law (Braakhekke et al., 2011; Elzein and Balesdent, 1995; 291	  

O’Brien and Stout, 1978; Wynn et al., 2005): 	  292	  

 𝐹! = −𝐷 ∗ !
!!
!"!

              (2) 293	  

Where FD is the flux of carbon transported by diffusion in g C m-3 day-1, D is the diffusion 294	  

coefficient (m2 day-1) and C is the amount of carbon in the pool (DOC or SOC) subject to 295	  

transport (g C m-3). The diffusion coefficient is assumed to be constant across the soil profile 296	  

in ORCHIDEE-SOM but the diffusion parameters (D) used in the equations for SOC and 297	  

DOC can differ.	  298	  

2.2 ORCHIDEE-SOM-14C 299	  

In ORCHIDEE-SOM, the different compartments (soil carbon input, litter, SOC, DOC and 300	  

heterotrophic respiration) are presented as a matrix with a single dimension referring to the 301	  

total carbon. In order to introduce the 14C, a new dimension has been added to all the 302	  

variables cited above. Thus, all processes that apply to the total soil carbon are now also 303	  

represented for 14C. We label this new version including  14C as ORCHIDEE-SOM-14C.	  304	  
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Several ways of reporting 14C activity levels are available. We chose to use the fraction 329	  

modern, with the F14C symbol as advocated by Reimer et al. ( 2004) rather than absolute 330	  

concentration of 14C (reported as Bq). 	  331	  

𝐹!"C =    𝐴! 0.95  𝐴!"! ∗    0.975 0.981
!
∗ 1 + 𝛿

!"𝐶!"!
1000 / 1 + 𝛿

!"𝐶!
1000

!
 (3) 332	  

with A = 14C/12C, S for sample, OX1 for Oxalic Acid 1, the 14C international standard.   333	  

F14C is twice normalized: i) it takes into account isotopic fractionation by being normalized to 334	  

a δ13C = -25‰, and ii) it corresponds to a deviation towards an international standard (i.e. 335	  

95% of OX1 as measured in 1950 – (Stuiver and Polach, 1977)). By propagating F14C from 336	  

atmosphere at the origin of vegetal photosynthesis to soil respired CO2, there is no need to 337	  

focus on 13C isotopic fractionation all along the organic matter mineralization with F14C. 	  338	  

To make the reading of the paper easier, we will further express F14C as F14C = Asample/Aref 339	  

with Asample being the A of the measured (or modeled) data and Aref an international reference. 340	  

Normalizations are included in Aref and F14C will be written as F14 to simplify notation 341	  

involving superscripts and subscripts.	  342	  

Since we focus on SOC dynamics, we did not include the 14C in the plants but did include 14C 343	  

in the litter. The 14C-litter is obtained by multiplying the atmospheric value by the total carbon 344	  

in the litter:	  345	  

 𝐿𝑖𝑡𝑡𝑒𝑟   𝐶  !" = 𝐹!"#!" ∗   𝐿𝑖𝑡𝑡𝑒𝑟   𝐶             (4) 346	  

 where F14
atm is the F14C of atmosphere at the time of leaf growth (figure 2).  347	  

Thus, from the litter, all processes defined in section 2.1 that apply to total soil carbon are also 348	  

represented for 14C. 349	  

We also take into account the radioactive decay of 14C. For that, we calculate the amount of 350	  
14C as follow: 351	  

𝐶  !" = 𝐶  !" − 𝐾!"#$"%&" ∗    𝐶  !"             (5) 352	  

Where kdecrease is the radioactive decay constant ( = Ln2/5730) (Godwin, 1962)	  353	  

The F14C of the soil is then calculated back for carbon, per pool:	  354	  

 𝐹!""#,!!" = !  !" !""#,!
!!""#,!

              (6) 355	  

with pool representing the active, slow or passive pool. 356	  

Finally, we calculate a mean F14C value per soil layer, according to the depth:	  357	  

 𝐹!"#$,!!" =
!!"#$%&,!
!" ∗ !  !" !"#$%&,!!!!"#$,!

!" ∗ !  !" !"#$,!!!!"##$%&,!
!" ∗ !  !" !"##$%&,!

!  !" !"#$%&,!! !  !" !"#$,!! !  !" !"##$%&,!
        (7) 358	  

 359	  

2.3 Site descriptions	  360	  

2.3.1 French sites 361	  
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Two Luvisol (WRB, 2006) profiles located in the northern France were selected: the 414	  

Feucherolles and Mons sites. In Mons (49.87°N, 3.03°E), Luvisol, the soils sit under 415	  

grassland, and are developed from several meters of loess and therefore well drained. The 416	  

mean annual air temperature is 11°C and the annual precipitation is about 680 mm 417	  

(Keyvanshokouhi et al., 2016). In Feucherolles (48.9°N, 1.97°E), the soil sits under oak forest 418	  

and clay and gritstone deposits are found at approximately 1.5 m depth. The mean annual air 419	  

temperature is 11.2°C and the annual precipitation is about 660 mm (Keyvanshokouhi et al., 420	  

2016). Both soils are neutral to slightly acidic and are characterized by the presence of a clay 421	  

accumulation Bt horizon with clay content reaching 30 % for Feucherolles and 27 % for 422	  

Mons, while the upper horizons are poorer in clay (17 % for Feucherolles and 20% for Mons).	  423	  

The 14C data from the soils of both sites were obtained after chemical treatment done at 424	  

Laboratoire des Sciences du Climat et de l’Environnement (LSCE) using a protocol adapted 425	  

to achieve carbonate leaching without any loss of organic carbon;  4C activity was measured 426	  

by AMS at the French Laboratoire de mesure du 14C (LMC14) facility (Cottereau et al., 427	  

2007). Details on measurements and sampling can be found in Jagercikova et al., (2017)	  428	  

2.3.2 Congo site 429	  

The studied site is located in Kissoko (4.35°S, 11.75°E). It belongs to the SOERE F-ORE-T 430	  

(Site de l'ObservatoirE de Recherche en Environnement sur le Fonctionnement des 431	  

écosystèmes fOREsTiers) field observation sites of Pointe Noire, Republic of Congo. The 432	  

mean annual air temperature is  about 25°C with low seasonal variation (± 5°C), and average 433	  

annual precipitation of 1400mm, and a dry season between June and September. The deep 434	  

acidic sandy soil is a ferralic Arenosol (WRB, 2006). The soil is characterized by a sand 435	  

content larger than 90%  (Laclau et al., 2000). A soil profile was taken under native savanna 436	  

vegetation dominated by C4 plants (Epron et al., 2009). The soil was sampled in May 2014 at 437	  

different depths: 0-5cm, 5-10cm, 10-15cm, 15-20cm, 20-30cm, 30-40cm, 40-50cm, 50-60cm, 438	  

60-80cm, 80-100cm, 100-120cm. All samples were crushed and air-dried. Once in the 439	  

laboratory, they were homogenized, crushed, randomly subsampled and sieved at 200µm. 440	  

Then 14C measurements were made the same way as the two French sites, using the LSCE 441	  

chemical treatment and the French LMC14 facility following recommendations by Cottereau 442	  

et al., (2007).	  443	  

2.3.3 Argentina site 444	  

The Province of Misiones is located in northeastern Argentina. The climate is subtropical 445	  

humid without a dry season, an annual mean temperature of 20°C and 1850mm of mean 446	  

annual rainfall (Morrás et al., 2009). The profile used in this study is located in the southern 447	  

part of Misiones (27°S, 55°W). Native vegetation is a forest dominated by C3 plants. The soil 448	  

selected is an Acrisol (WRB, 2006). It’s a red clay soil, strongly to very strongly acid with a 449	  

clay content varying from 40% at the surface to 60% at 1m depth. 14C measurements were 450	  

made using a new Compact Radiocarbon System called ECHoMICADAS (Environment, 451	  

Climate, Human, Mini Carbon Dating System) (Tisnérat-Laborde et al., 2015). Details on 452	  

measurements and sampling can be found in Tifafi et al., In prep. Briefly, the soil was 453	  

sampled in May 2015 at different depths: 0-5cm, 5-10cm, 10-15cm, 15-20cm, 20-30cm, 30-454	  

40cm, 40-50cm, 50-60cm, 60-80cm, 80-100cm. All samples were crushed and air-dried. Once 455	  
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in the laboratory, they were homogenized, crushed, randomly subsampled and sieved at 482	  

200µm. Then 14C measurements were made using a new Compact Radiocarbon System called 483	  

ECHoMICADAS (Environment, Climate, Human, Mini Carbon Dating System) following the 484	  

recommendations of Tisnérat-Laborde et al., (2015).	  485	  

For the four sites, the SOC (kg m-3), for each depth z, was calculated using carbon content and 486	  
bulk density data using the following equation:	  487	  

 𝑆𝑂𝐶! =   𝑂𝐶𝐶! ∗ 𝐵𝐷!            (8) 488	  

Where OCC (wt/wt) is the carbon content and BD (kg m-3) is the bulk density.  489	  

2.4 Different model tests 490	  

After the implementation of radiocarbon in the model, different tests were carried out (Table 491	  

2). Here we represent the outputs provided by three simulations:	  492	  

i-‐ Simulation using the initial version ORCHIDEE-SOM-14C (labelled “Control” in 493	  

figures and tables) in which no changes were made. The diffusion was kept constant 494	  

throughout the profile (D = 1.10-4 m2 year-1) and the other parameters are those of the 495	  

detailed version in Camino-Serrano et al., (2017).	  496	  

ii-‐ Simulation using the initial version ORCHIDEE-SOM-14C in which we modified 497	  

some parameters following He et al. (2016) (“He et al., (2016) parameterization” in 498	  

figures and tables). In brief, the authors used 14C data from 157 globally distributed 499	  

soil profiles sampled to 1-meter depth to evaluate CMIP5 models. Their results show 500	  

that ESMs underestimated the mean age of soil carbon by a factor of more than six and 501	  

overestimated the carbon sequestration potential of soils by a factor of nearly two. So, 502	  

the suggestion (that we apply in this simulation) for the IPSL model was to multiply 503	  

the turnover time of the passive pool by 14 and the flux from slow pool to passive pool 504	  

by 0.07 (Table 2). The diffusion was kept constant throughout the profile (D = 1.10-4 505	  

m2 year-1) but the turnover time of the passive pool increased from 462 years to 6468 506	  

years and the flux from the slow pool to the passive pool decreased from 0.07 to 507	  

0.0049.	  508	  

iii-‐ Simulation using the initial version ORCHIDEE-SOM-14C in which we assume that 509	  

the diffusion varies as a function of the depth (“Depth-varying diffusion constant” in 510	  

figures and tables) according to the equation below:	  511	  

 𝐷 𝑧 = 5.42. 10!!𝑒(!!.!"!)                      (9) 512	  

Where D is the diffusion (m2 year-1) at a specific depth and z is the depth. This equation of 513	  

diffusion varying as a function of depth following Jagercikova et al. ( 2014) and assumes that 514	  

bioturbation is higher in the top soil than in deep soil.	  515	  

2.5 Model simulations 516	  

In order to reach a steady state of the soil module, we ran the model over 12700 years 517	  

(spinup). The state at the last time step of this spinup was used as the initial state for the 518	  

simulations. For this, the CRUNCEP meteorological data for the period 1901-1910 were used. 519	  

This has been applied for Misiones, Feucherolles and Mons. However, for Kissoko, a first 520	  

spinup similar to the other sites was carried out but a second one (over approximately 4200 521	  
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years) was also done after the end of the first to take into account the change of the land cover 571	  

from a tropical forest to a C4 savanna at this site (Schwartz et al., 1992). The atmospheric 572	  

CO2 concentration has been set at 296 ppm (year 1901, (Keeling and Whorf, depth-varying 573	  

diffusion constant)) for the spinups and the F14C has been set to pre-industrial values. For 574	  

each site, specific pH, clay content and bulk density values were used (Table 1).  It should be 575	  

noted that for these last data, only one value (the mean value on the profile) is provided as 576	  

input for the model.	  577	  

The simulations were outputted at a yearly time step, from 1900 to 2011. A yearly 578	  

atmospheric CO2 concentration value (Keeling and Whorf, depth-varying diffusion constant) 579	  

is read for the sites. The same specific pH, clay content and bulk density values were used 580	  

(Table 1). 	  581	  

Figure 2 shows the evolution of the F14C values in the atmosphere used in our model for 582	  

Argentina, Congo and France (Figure 5 from Hua et al. (2013)). The values provided are 583	  

classified into five zones, three in the Northern Hemisphere (NH) and two in the Southern 584	  

Hemisphere (SH), corresponding to different levels of 14C. For France, the values correspond 585	  

to the NH zone 2, for the Congo to the SH zone 3 and finally for Argentina to the SH zone 1-586	  

2. Thus, for our simulations, a yearly value is read for each site. 	  587	  

An F14C value of 1.8 represents a doubling of the amount of 14C in atmospheric CO2. In figure 588	  

2, it can be noted that the values recorded in France (northern hemisphere) are higher than 589	  

those in the Congo and Argentina (southern hemisphere). This is due to the preponderance of 590	  

atmospheric tests in the northern hemisphere and the time required to mix air across the 591	  

equator.	  592	  

2.6 Statistical analysis 593	  

Simulating carbon processes in soil requires comparison between the model outputs and the 594	  

measurements to test the model accuracy and possibly implement further improvement. 595	  

Statistical analysis based on the statistics of deviation were done to evaluate the model–596	  

measurement discrepancy according to Kobayashi and Salam (2000) (where a detailed 597	  

description of the method is provided). Here, we only reproduce the different equations used. 598	  

x refers to the model outputs and y to the measurements, while i refers to soil depth. The 599	  

intervals of soil depth of the model outputs and the measurements were homogenized by 600	  

linearly interpolating the data to common depth intervals defined for each site. The 601	  

simulations and data were then compared for each depth interval.	  602	  

 𝑅𝑀𝑆𝐷 =    !
!

(𝑥! − 𝑦!)!!
!!!           (10) 603	  

RMSD is the Root Mean Squared Deviation, which represents the mean distance between 604	  

simulation and measurement. 605	  

 𝑀𝑆𝐷 = !
!

(𝑥! − 𝑦!)!!
!!! =    (𝑥 − 𝑦)! + !

!
   𝑥! − 𝑥)− (𝑦! − 𝑦 !!

!!!      (11) 606	  

MSD, the Mean Squared Deviation, is the square of RMSD. The lower the value of MSD, the 607	  

closer the simulation results are to the measurements. 	  608	  

 𝑆𝐵 =    (𝑥 − 𝑦)!            (12) 609	  
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Where  are the means of xi (model outputs) and yi (measurements) respectively. 624	  

SB is a part of the MSD (Eq.14) and represents the bias of the simulation from the 625	  

measurement.  626	  

 𝑆𝐷! =   
!
!

(𝑥! − 𝑥)!!
!!!            (13) 627	  

SDs is the Standard Deviation of the simulation. 628	  

 𝑆𝐷! =    !
!

(𝑦! − 𝑦)!!
!!!            (14) 629	  

SDm is the Standard Deviation of the measurements. 630	  

 𝑟 =
  !! !!!!)!(!!!!!

!!!

!"!  !"!
           (15) 631	  

 r is the correlation coefficient between the simulation and measurements.	  632	  

 𝑆𝐷𝑆𝐷 = (𝑆𝐷! −   𝑆𝐷!)!           (16) 633	  

SDSD  is the difference in the magnitude of fluctuation between the simulation and 634	  

measurements.	  635	  

 𝐿𝐶𝑆 = 2𝑆𝐷!  𝑆𝐷!(1− 𝑟)           (17) 636	  

LSC represents the lack of positive correlation weighted by the standard deviations. 637	  

The MSD can be therefore be rewritten as:	  638	  

𝑀𝑆𝐷 = 𝑆𝐵 + 𝑆𝐷𝑆𝐷 + 𝐿𝐶𝑆            (18) 639	  

For the different simulations, the MSD and its components were calculated according to the 640	  

total soil carbon and to the F14C. 641	  

 642	  

3 Model results and evaluation 643	  

3.1 Outputs from simulation using the initial version of the model ORCHIDEE-SOM-644	  
14C (Control) 645	  

3.1.1 Simulated total soil carbon 646	  

Results from the initial version of ORCHIDEE-SOM-14C show that in all the studied sites, the 647	  

model succeeds in reproducing the trend of the total carbon profiles, with more carbon at the 648	  

surface which then decreases according to the depth (Figure 3). Moreover, total soil carbon 649	  

stock simulated down to 2m depth is in accordance with data in the case of Misiones and 650	  

Feucherolles where the major difference mainly lies on the surface. This results in correlation 651	  

coefficients of 0.44 and 0.2 respectively (Table 3). For the sites of Kissoko and Mons, an 652	  

over-estimation of the total soil carbon is found to a depth of 50cm for Kissoko  and up to a 653	  

depth of 120cm  for Mons. Correlation coefficients are 0.14 and 0.49 for Kissoko and Mons 654	  

respectively (Table 3). 	  655	  

Metrics presented in Figure 4, showed that this version (ORCHIDEE-SOM-14C) represents 656	  

relatively well the observation from Feucherolles (MSD = 206 kg C m-6), whereas the other 657	  
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are highly overestimated (Kissoko, MSD = 1343 kg C m-6; Misiones MSD = 2180 kg C m-6; 679	  

Mons MSD = 3355 kg C m-6). By detailing the different components of the MSD (Figure 4), 680	  

we note that for Mons and Kissoko, standard bias (SB) is the major component of the MSD 681	  

with contributing 70% and 60% respectively. This reflects that the average of total soil carbon 682	  

over the soil profile simulated by the model is primarily the origin of the deviation of the 683	  

model outputs from data. The mean total soil carbon estimated by the model (Table 3) is 684	  

almost three times higher than the mean total carbon measured for Mons (2.37 kg C m-2 685	  

against 0.8 kg C m-2 respectively) and it is more than five times that measured for Kissoko 686	  

(2.44 kg C m-2 against 0.42 kg C m-2 respectively). For Mons a net primary production (NPP) 687	  

of 6.7 t ha-1 yr-1 was estimated by the technical institute for pasture in this region of France 688	  

based on the annual yields, whereas the model predicts a NPP of 7.5 t ha-1 yr-1. The large 689	  

overestimation of the SOC stocks may therefore be due to an overestimation of the NPP. This 690	  

significant gap recorded in the case of the Kissoko site, where the measured SOC is very low, 691	  

is probably due to an overestimation of decay rates by ORCHIDEE in sandy soils. The 692	  

correlation coefficient for Mons is relatively high compared to other site (Table 3) whereas 693	  

Fig. 3 shows that the model performance was not very good for this site. This is mainly due to 694	  

a large SB whereas other MSD components were rather low.	  695	  

 696	  

However, the main components of MSD for Feucherolles and Misiones are both SB (46% and 697	  

56% for Feucherolles and Misiones, respectively) and also LCS (53 and 31% for Feucherolles 698	  

and Misiones, respectively). This means that for these two sites, the deviation between model 699	  

outputs and measurements is mainly due to a variation of carbon stock estimation throughout 700	  

the profile. The mean total soil carbon estimated in these both cases (Table 3) is only slightly 701	  

higher than those measured (2.03 kg C m-2 estimated against 2.14 kg C m-2 measured for 702	  

Misiones and 0.7 kg C m-2 estimated against 0.68 kg C m-2 measured for Feucherolles). 703	  

The vertical profiles of the SOC stock were fairly represented by the model. The 704	  

overestimation, especially at the top, suggests that the distribution of the litter following the 705	  

root profile and / or the vertical transport of SOC by diffusion are not correctly described in 706	  

the model. 707	  

3.1.2 Simulated F14C 708	  

Regarding the 14C activity, bulk F14C profiles show a classical pattern with higher 14C activity 709	  

on the top, slightly influenced by the peak bomb enriched years. Subsequently profiles show 710	  

decreasing 14C activity with depth (Figure 5).	  711	  

The estimated profiles (Model-Control) follow the same trend with a decrease from the 712	  

surface to the depth. However, there is a significant difference between the estimated values 713	  

and those measured throughout the profile. The statistical analyzes (Figure 6) provide MSD 714	  

values: 0.02 for Mons and Misiones, 0.03 for Kissoko and 0.09 for Feucherolles. The major 715	  

component of the MSD in the four sites is the LCS, with a proportion reaching 90% for Mons, 716	  

80% for Misiones and 70% for Congo, but  only 55% for Feucherolles. The high proportions 717	  

of LCS suggest that the model fails to reproduce the shape of the profile. The lower values 718	  

estimated by the models reflect a more modern carbon age than in reality. This can be 719	  
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explained, first, by the fact that the root profile puts too much fresh organic carbon in deep 771	  

soil. Afterwards, in ORCHIDEE, root profile is assumed to follow an exponential function 772	  

without modulation due to environmental conditions.	  773	  

SB's contribution to the MSD does not exceed 7% for Misiones, Kissoko and Mons but 774	  

reaches about 40% for Feucherolles. This reflects that the mean value of the F14C estimated 775	  

by the model and that obtained after the measurements are not very different, except for 776	  

Feucherolles site (Table 4). Indeed, the average value estimated for Misiones is 0.920, very 777	  

close to that measured at 0.930, 0.995 for Kissoko against 0.985 measured and 0.860 for 778	  

Mons against 0.815 measured. Yet, the difference is greater for the Feucherolles site, the 779	  

estimated value being 0.915 while the measurement is 0.725. This difference might be caused 780	  

by the low F14C value measured at 150cm (0.257), that the model is not able to capture. This 781	  

suggests that modeled deep soil carbon is much younger than the observed total soil carbon, 782	  

probably because ORCHIDEE-SOM simulates a relatively small proportion of passive pool in 783	  

the lower soil horizons (Figure 7), while an increasing proportion of passive carbon with soil 784	  

depth could be expected. 	  785	  

In brief, SOC stocks are generally overestimated and soil carbon age in deep soils (as shown 786	  

by the F14C) is underestimated, suggesting that the turnover rate of the passive pool is subject 787	  

to improvements in ORCHIDEE-SOM. 788	  

3.2 Outputs from simulation using the initial version of the model ORCHIDEE-SOM-789	  
14C including He’s suggestion (He et al., (2016) parameterization) 790	  

3.2.1 Simulated total soil carbon 791	  

Figure 3 shows profiles output after He et al., (20016)'s suggestion was implemented into 792	  

ORCHIDEE-SOM-14C (green dotted curves). Resulting profiles follow the same trend than 793	  

observations but in this case (”He et al., (2016) parameterization”), the overestimation is very 794	  

high across the whole profile. This is further confirmed by the metrics analysis (Figure 4). 795	  

MSD values markedly increased, resulting in an even higher variance. Obviously, the major 796	  

component of MSD in all cases is the SB (varying from 80% to 87%) reflecting an even more 797	  

marked overestimation of the mean total carbon estimates: 7.38 kg C m-2 against 2.14 kg C m-798	  
2 for Misiones, 2.44 kg C m-2 against 0.42 kg C m-2 for Kissoko, 2.33 kg C m-2 against 0.66 kg 799	  

C m-2 for Feucherolles and 9.99 kg C m-2 against 0.8 kg C m-2 for Mons.	  800	  

3.2.2 Simulated F14C 801	  

He et al., (2016) parameterization outputs (Figure 5, green dotted curves) for F14C are once 802	  

again even further away from observations and MSDs (Figure 6) are much higher, except for 803	  

Feucherolles. The MSD components for the Feucherolles site show that the LCS increases 804	  

from 0.05 to 0.06 whereas  the SB decreases from 0.04 to 0.03, again reflecting a variation of 805	  

the profile more than a difference from the means. 	  806	  

Improvement of the model-measurement fit for the F14C at 150 cm in Feucherolles confirms 807	  

that the deep soil carbon simulated by the control version of ORCHIDEE-SOM-14C was 808	  

excessively young, since the longer residence time of the passive pool reported by He et al. 809	  

(2016) resulted in a higher proportion of passive pool across the soil profile (Figure 7), thus 810	  

improving deep soil carbon age. Nevertheless, this test only improves the simulation of deep 811	  
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soil carbon in Feucherolles. On the contrary, this increase in carbon residence time increases 838	  

model deviation from observations  for all the other cases (Figure 5 and 6).	  839	  

Indeed, taking the priming effect into account in this new version of ORCHIDEE has 840	  

contributed to a 50% of decrease in carbon storage over the historical period. He et al., 841	  

(2016)’s correction was also aimed at reducing this storage and is of the same order of 842	  

magnitude as the priming effect. Thus, applying He’s correction to this version of the model, 843	  

which takes into account the priming effect, contributes to a double correction for the same 844	  

target, which then generates this important difference between model outputs and 845	  

measurements. Moreover, the work of He et al. (2016) is done under the standard 846	  

parameterization of ORCHIDEE based on Century, while ORCHIDEE-SOM was re-847	  

parameterized after adding several different processes, the priming effect among them 848	  

(Camino-Serrano et al., 2017), which makes it difficult to compare results from between the 849	  

two studies. 	  850	  

3.3 Outputs from simulation using the initial version of the model ORCHIDEE-SOM-851	  
14C with diffusion varying according to the depth (Depth-varying diffusion constant) 852	  

3.3.1 Simulated total soil carbon 853	  

Fick’s law of diffusion is classically used in models to represent bioturbation assuming that 854	  

soil fauna activity may be represented following the Fick’s law of diffusion (Elzein and 855	  

Balesdent, 1995; Guenet et al., 2013; Koven et al., 2013; O’Brien and Stout, 1978; Wynn et 856	  

al., 2005). Using a fixed diffusion constant (D in eq. 2) implicitly suggests that soil fauna 857	  

activity is uniform over the entire soil profile. This is generally the case of several models of 858	  

diffusion, in particular at the level of an ecosystem (Bruun et al., 2007; Guimberteau et al., 859	  

2017; O’Brien and Stout, 1978). However soil faunal activity vary naturally with depth and 860	  

the diffusion constant should therefore be depth-dependent (Jagercikova et al., 2014). 	  861	  

With Depth-varying diffusion constant, the carbon profiles (orange dashed curves) was 862	  

improved compared to the initial outputs (Control). The overestimation at the surface 863	  

decreases at the four sites (Figure 3). In particular, the Misiones outputs fit very well the 864	  

observed profiles. This is confirmed with lower MSDs for the four sites for this version 865	  

compared to Control  (Figure 4).	  866	  

The total SOC stocks simulated according to this third simulation are closer to the measured 867	  

values and describing the vertical transport of SOC through diffusion varying according to the 868	  

depth improves significantly the model outputs. 	  869	  

3.3.2 Simulated F14C 870	  

Regarding the F14C outputs, the simulations using the initial version ORCHIDEE-SOM-14C in 871	  

which we assume that the diffusion varies as a function of the depth (Depth-varying diffusion 872	  

constant) results in an improvement of the F14C profiles (orange dashes curves), in particular 873	  

for the sites Misiones, Mons and Kissoko (Figure 5). Statistical analyzes prove it with 874	  

significantly lower MSDs. In addition, the proportion of LCS is 98%, 92% and 88% for 875	  

Mons, Misiones and Kissoko, respectively, highlighting an estimated average very close to 876	  

the measurements with a clear disparity, less marked than with the first two simulations, 877	  

throughout the profile (Figure 6). Overall, the simulated F14C to 2 m of depth according to 878	  
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this third simulation are in a better agreement with the measured values, and thus 901	  

incorporating diffusion that varies with depth significantly improves the model outputs.	  902	  

Using a diffusion coefficient that varies as a function of the depth seems to correct the 903	  

overestimation of the surface total soil carbon by increasing the proportion of labile soil 904	  

carbon pools in the first soil layers. 	  905	  

When we sum the total soil carbon at each soil layer and look at the relative proportion of 906	  

each of the soil carbon pools (Figure 7), we note that it is mainly the distribution of the litter 907	  

according to the depth which varies. In fact, the structural litter proportion is multiplied by 908	  

about 2 in all four cases, and this proportion remains relatively constant across the profile. 909	  

This increase in litter proportion has also resulted in a decrease in the passive pool, more 910	  

pronounced at the surface but also important at depth (except for Feucherolles where the 911	  

decrease is only marked at the bottom). It suggests that the vertical carbon distribution, which 912	  

is largely modified by the diffusion coefficient, greatly impacts the SOC and 14C profiles, 913	  

which is in line with Dwivedi et al. (2017) who found that the vertical carbon input profiles 914	  

were important controls over the 14C depth distribution.  	  915	  

In this study, the vertical transport of SOC and litter through diffusion has been improved by 916	  

varying diffusion according to the depth. Further model development should explore the 917	  

impact of the other processes defining the soil carbon pools vertical distribution and 918	  

especially the distribution of the litter according to the root profile. 919	  

Overall, by using radiocarbon (14C) measurements we have been able to diagnose internal 920	  

model biases (underestimation of deep soil carbon age) and to propose further model 921	  

improvements (depth-dependent diffusion). Therefore, the use of radiocarbon (14C) tracers in 922	  

global models emerges as a promising tool to constrain not only SOC turnover times in the 923	  

long-term (He et al., 2016), but also internal SOC processes and fluxes that have no direct 924	  

comparison with field measurements. Nevertheless, the model evaluation performed here on 925	  

only four sites should be considered as proof of concept and more in depth evaluation are 926	  

needed, in particular using a large 14C database available at global scale (Balesdent et al., 927	  

2018; Mathieu et al., 2015). Indeed, the F14C is largely controlled by pedo-climatic conditions 928	  

such as clay content, climate and mineralogy (Mathieu et al., 2015) and the range of situations 929	  

we covered here is relatively limited.	  930	  

 931	  

4 conclusion 932	  

ORCHIDEE-SOM-14C, is one of the first land surface models that incorporates the 14C 933	  

dynamics in the soil (Koven et al., 2013). Its starting point is ORCHIDEE-SOM, a recently 934	  

developed soil model. We evaluated the new model ORCHIDEE-SOM-14C for four sites in 935	  

different biomes. The model almost managed to reproduce the soil organic carbon stocks and 936	  

the 14C content along the vertical profiles at all four sites. However, an overestimation of the 937	  

total carbon stock throughout the profile was noted, with the greatest deviationat the surface. 938	  

By using radiocarbon (14C) measurements, we have been able to diagnose internal model 939	  

biases (underestimation of deep soil carbon age) and to propose further model improvements 940	  

(depth-dependent diffusion). These results demonstrate the importance of depth-dependent 941	  
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diffusion to improving model outputs with regards to observations. This suggests that, from 958	  

now on, model improvements should mainly focus on a depth dependent parameterization. 959	  

We limited our work here to depth-varying diffusion, but other parameters are also depth 960	  

dependent and should be represented as such in the next version of the model. For instance, 961	  

belowground litter production in the model is simply represented by an exponential law 962	  

without any representation of the effect of resource distribution on root profile (e.g. water or 963	  

nutrients). This is a complex task in a land surface model running at large scale with a 964	  

classical resolution of 0.5°, but the soil modules of land surface models are quite sensitive to 965	  

the NPP (Camino-Serrano et al., 2018; Todd-Brown et al., 2013) and a better constraint on the 966	  

profile of the below ground litter production would likely improve the model performance. 967	  

Furthermore, here we used only one averaged value over the soil profile for soil boundary 968	  

conditions (texture, pH, bulk density) but those variables are known to impact the F14C 969	  

(Mathieu et al., 2015) and change with depth (Barré et al., 2009) and depth-varying boundary 970	  

conditions may also help to improve the model. Finally, the next step will deal with the 971	  

comparison of model outputs to data at larger scales to be able to run the new version 972	  

ORCHIDEE-SOM-14C at both regional and global scales. 	  973	  

 974	  

 975	  

 976	  

 977	  

Code availability 978	  

The version of the code is freely available here: 979	  

http://forge.ipsl.jussieu.fr/orchidee/wiki/GroupActivities/CodeAvalaibilityPublication/ORCHI980	  

DEE_gmd-2018-14C	  981	  
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Table 1. General description of the studied sites. The mean bulk density, pH and clay fraction 1182	  

values calculated from the different soil layers depths available from the data were used as 1183	  

input for each site. For the Mons and Feucherolles sites, min and max values of pH and clay 1184	  

fraction are provided between brackets.	  1185	  

Site name Feucherolles Mons Kissoko Misiones 
Sampling Date April 2011 March  

2011 
May 2014 May 2015 

Location France France Congo Argentina 
Coordinates 48.90°N, 1.97°E  49.87°N, 

3.03°E 
4.35°S, 
11.75°E 

 27.65°S, 55.42°W 

Elevation (m) 120 88 100 NA 
Mean Annual 
Rainfall (mm) 

660 680 1400 1850 

Mean Annual 
Temperate (°C) 

11.2 11 25 20 

Soil Type 
(WRB) 

Luvisol Luvisol Arenosol Acrisol 

Land Use Temperate broad-
leaved summergreen 

forest 

Grassland Native 
savanna  

Tropical broad-
leaved evergreen 

forest 
Mean 

Bulk Density  
(g cm-3) 

 
1.34 

 
1.4 

 
1.48 

 
1.15 

Mean pH 5.9 
(5.12-8.55) 

6.9 
(6.70-7.56) 

5.2 5.2 

Mean Clay 
Fraction (%) 

20 % 
(13-30 %) 

23 % 
(19-27 %) 

5 % 58 % 

 1186	  

Table 2. The main differences between the three simulations 1187	  

 Flux from 
slow pool to 
passive pool 

Turnover time 
of the passive 

pool (year) 

Diffusion (m2 year-1) 

Control 0.07 462 D(z) = 1.10-4 
He et al., (2016) 

parameterization 
0.0049 6468 D(z) =1.10-4 

Depth-varying diffusion 
constant 

0.07 462 𝐷 𝑧 = 5.42. 10!!𝑒 !!.!"!  

 1188	  

 1189	  

 1190	  

 1191	  
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Table 3. The correlation coefficient (r) between model outputs and measurements for carbon 1199	  

stock (kg C m-2) over the soil profile, for the four sites. The results of the initial version of the 1200	  

model ORCHIDEE-SOM-14C (Control) as well as those from the version including the 1201	  

modification according to (He et al., 2016) (He et al., (2016) parameterization) and diffusion 1202	  

varying according to the depth (Depth-varying diffusion constant) are provided.	  1203	  
 1204	  

  r Mean 
total soil 
carbon 

(kg C m-2) 
Model 

Mean total 
soil carbon 
(kg C m-2) 

Measurements  

Misiones Control 0.44 2.03  
2.14±0.30 He et al., (2016) parameterization 0.69 7.38 

Depth-varying diffusion constant 0.46 2.23 
Kissoko Control 0.14 0.76  

0.42±0.38 He et al., (2016) parameterization 0.55 2.44 
Depth-varying diffusion constant 0.13 0.88 

Feucherolles Control 0.20 0.70  
0.66±0.08 He et al., (2016) parameterization 0.11 2.33 

Depth-varying diffusion constant 0.22 0.77 
Mons Control 0.49 2.37  

0.8±0.10 He et al., (2016) parameterization -0.14 9.99 
Depth-varying diffusion constant 0.48 2.42 

 1205	  

Table 4. The correlation coefficient (r) between model outputs and measurements and the 1206	  

mean values (provided by the model and the measurements) over the profile according to 1207	  

F14C for the four sites. The results of the initial version of the model ORCHIDEE-SOM-14C 1208	  

(Control) as well as those from the version including the modification according to (He et al., 1209	  

2016) (He et al., (2016) parameterization) and diffusion varying according to the depth 1210	  

(Depth-varying diffusion constant) are provided. 	  1211	  
 1212	  

  r Mean 
Model 

Mean 
Measurements 

Misiones Control 0.55 0.920  
0.930±0.009 He et al., (2016) parameterization 0.50 0.560 

Depth-varying diffusion constant 0.60 0.900 
Kissoko Control 0.40 0.995  

0.985±0.004 He et al., (2016) parameterization 0.30 0.620 
Depth-varying diffusion constant 0.55 0.995 

Feucherolles Control 0.55 0.915  
0.725±0.005 He et al., (2016) parameterization 0.55 0.550 

Depth-varying diffusion constant 0.60 0.890 
Mons Control 0.75 0.860  

0.815±0.005 He et al., (2016) parameterization 0.70 0.510 
Depth-varying diffusion constant 0.80 0.835 
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Table 5.  F14C profile obtained for each site.	  1356	  

Sites Soil depth (cm) F14C 

Misiones 

0-5 1.08 
5-10 1.04 

10-15 1.05 
15-20 0.99 
20-30 0.99 
30-40 0.87 
40-50 0.91 
50-60 0.76 
60-80 0.79 

80-100 0.79 

Kissoko 

0-5 1.06 
5-10 1.07 

10-15 1.07 
15-20 1.08 
20-30 1.05 
30-40 1.04 
40-50 1.02 
50-60 0.97 
60-80 0.90 

80-100 0.81 
100-120 0.72 

Feucherolles 

0-2 1.08 
16-18 1.05 
40-45 0.92 
75-85 0.69 

105-115 0.54 
125-135 0.53 
147-157 0.26 

Mons 

0-2 1.02 
2-4 1.03 

18-20 1.03 
45-50 0.87 
60-65 0.71 
82-92 0.65 

102-112 0.64 
142-152 0.55 

	    1357	  

Bertrand Guenet� 30/10/y 11:43
Mis en forme: Gauche, Interligne : 
multiple 1,15 li

Bertrand Guenet� 30/10/y 11:43
Mis en forme: Exposant

Auteur inconnu� 31/10/y 11:27
Supprimé: s1358	  
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 1359	  

 1360	  

 1361	  

Figure 1. Overview of the different fluxes and processes in soil as presented in the version of 1362	  

ORCHIDEE-SOM adapted from Camino-Serrano et al. (2017). 1363	  

	    1364	  
Bertrand Guenet� 30/10/y 10:33
Supprimé: 1365	  
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 1366	  

  1367	  

Figure 2.  Evolution of the F14C of atmospheric CO2 in Argentina, Congo and France (data 1368	  

from Hua et al. 2013). 1369	  

	    1370	  
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 1372	  

 1373	  

Figure 3. Total soil carbon (kg C m-3) according to the depth for the four sites. The results of 1374	  
the initial version of the model ORCHIDEE-SOM-14C (Control) as well as those from the 1375	  
version including the modification according to  (He et al., 2016) (He et al., (2016) 1376	  
parameterization) and diffusion varying according to the depth (Depth-varying diffusion 1377	  
constant) are shown. 1378	  
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 1394	  

Figure 4. Mean Squared Deviation (MSD) and its components for total soil carbon 1395	  

(kg C m-6): lack of correlation weighted by the standard deviation (LCS), squared difference 1396	  

between standard deviations (SDSD) and the squared bias (SB). For the four sites, the results 1397	  

of the initial version of the model ORCHIDEE-SOM-14C (Control as well as those from the 1398	  

version including the modification according to (He et al., 2016) (He et al., (2016) 1399	  

parameterization) and diffusion varying according to the depth (Depth-varying diffusion 1400	  

constant), are shown. 1401	  
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 1416	  

Figure 5. Modern fraction F14C according to the depth, for the four sites. The results of the 1417	  
initial version of the model ORCHIDEE-SOM-14C (Control) as well as those from the version 1418	  
including the modification according to He et al., (2016) (He et al., (2016) parameterization) 1419	  
and diffusion varying according to the depth (Depth-varying diffusion constant) are shown. 1420	  
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	  1432	  

 1433	  

Figure 6. Mean Squared Deviation (MSD) and its components: lack of correlation weighted 1434	  

by the standard deviation (LCS), squared difference between standard deviations (SDSD) and 1435	  

the squared bias (SB) calculated for modern fraction F14C. For the four sites, the results of the 1436	  

initial version of the model ORCHIDEE-SOM-14C (Control) as well as those from the version 1437	  

including the modification according to He et al., (2016) (He et al., (2016) parameterization) 1438	  

and diffusion varying according to the depth (Depth-varying diffusion constant) are shown.	  1439	  
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 1452	  

Figure 7. Relative proportion of each of the soil carbon pools summing the total soil carbon 1453	  
at each soil layer. The results of the initial version of the model ORCHIDEE-SOM-14C 1454	  
(Control, left pattern) as well as those from the version including the modification according 1455	  
to (He et al., 2016) (He et al., (2016) parameterization, pattern in the middle) and diffusion 1456	  
varying according to the depth (Depth-varying diffusion constant, right pattern) are shown.	  1457	  
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