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1. Introduction

The soil organic carbon (SOC) pool contains 1500 to 2000 Pg of C which is the equivalent of
ca. 300 years of fossil fuel emissions. This is why small changes in its dynamics or land
management patterns can strongly affect the flux of CO, exchanged with the atmosphere, and
feedback on global warming. The role of soils as a key component of the Earth system is now
largely recognized not only by the scientific community but also by the policy makers 2.
Nevertheless, our current understanding of soil biogeochemistry and in particular its response
to climate and land use changes is relatively limited, besides, the tools available to predict its
dynamic are not satisfying 3. Poor performances of models describing SOC dynamic are
particularly observed at large scales as illustrated by the last generation Earth System Models
(ESMs) that does not simulate the observed spatial variations in SOC distribution # and may
overestimate the SOC storage capacity by roughly 50% when benchmarked against '*C-based
observations °. The models used to describe the SOC dynamic are generally based on a highly
simplified representation of the complexity of the system describing the SOC using three
pools, and describing pools decomposition through simple first order kinetics 6. But some
other alternatives exist in particular in the Millennial model 7~'°, but they have not yet to be
accounted for in ESMs. The objective of this deliverable is to present a new version of
ORCHIDEE coupled to the Millennial model.
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2. ORCHIDEE

2.1 General description of the model

ORCHIDEE is a land surface model that computes fluxes of carbon (C), nitrogen (N), water, and
heat exchanged between the land surface and the atmosphere at a 30 minutes time step, and
the variations of C and N pools at a daily time step'". Recently, some specific forest modules
were implemented'™ to better represent forest canopy structure and its effect on the flux
mentioned before. The spatial discretisation depends on the modelled process. Water budgets
are based on three tiles for each grid cell: one for the bare soil, one for forest and one for
herbaceous cover (grasslands and croplands). The energy budget is computed at the grid cell
level, without accounting for differences between tiles. The carbon and nitrogen budget, and
related fluxes, are computed for each vegetated tile within a grid cell. In ORCHIDEE, carbon
and nitrogen are split in 15 plant cover classes based on the concept of plant functional type
(PFT). Different species, which share similar characteristics regarding their architecture,
phenology or location, are gathered in a single PFT.

The developments performed specifically on the nitrogen dynamics within the soil-plant-
atmosphere continuum, are based on a previous N implementation into a former ORCHIDEE
version'. The nitrogen cycle is added at the PFT level as for the carbon cycle, and for each
carbon pool there is a corresponding nitrogen pool, with C/N ratios evolving through time. The
leaf C/N ratio is dynamic and varies as a result of the nitrogen supplied by roots and demand
for biomass allocation. The C/N stoichiometry of the other living biomass pools (i.e.
belowground and aboveground sapwood, belowground and aboveground heartwood, fruit, and
fine roots) is driven by the C/N ratio of the leaves but multiplied by a pool-dependent factor.
The dynamic of mineral nitrogen in the soil follows a routine developed for the DNDC model™~
7. Nitrogen inputs in the soil-plant system are related to (i) atmospheric nitrogen deposition
in the form of NHx and NOy components, (ii) biological nitrogen fixation (BNF) on any land
category, and (iii) nitrogen fertilization over managed grasslands and croplands.

Moreover, the allocation of carbon to leaf, root, wood, fruit and reserve pools; the
transmittance, absorbance and reflectance of radiation within the canopy; and the vertical
discretisation of the energy budget calculations were recently modified'. In addition,
conceptual changes were introduced towards a better process representation for the
interaction of radiation with snow, the hydraulic architecture of plants, the representation of
forest management and a numerical solution for the photosynthesis formalism of Farquhar,
von Caemmerer and Berry.

2.2 The soil module

The soil carbon module in ORCHIDEE comes from CENTURY'® and describes soil carbon using
three pools called active, slow and passive, with different residence times. The dynamics of
SOC for each pool is controlled by first order equations:
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where | is the input of OM into each pool and k is the soil organic matter decomposition rate.
6, T, and y are the soil moisture function, the temperature function, and the texture function
modulating decomposition, respectively. Then, the decomposed organic matter is partially
redistributed on other pools, or respired (reps. mineralized) if C (resp. N) exists in the system.

3. The Millennial model

In this work we used the Millennial model version V2'°. The Millennial model describe the soil
C using five measurable pools: particulate organic matter (i.e., free fragments of plant detritus;
POM), low molecular weight C (i.e., root exudates and the by-products of exoenzyme activity;
LMWC), aggregate C, mineral-associated organic matter (MAOM), and microbial biomass
carbon (Fig. 1). The particularity of the Millennial model is to use pools that have a physical
meaning, whereas the initial version of ORCHIDEE, based on the CENTURY model, uses
conceptual pools that are not measurable. It is noteworthy that the peer-reviewed publication
by Abramoff et al.?® provides an in-depth analysis and details of such pools. Nevertheless,
Abramoff et al.’® found that the same pool can be measured by using different protocols,
leading to different parameter values depending on the dataset used for calibration. Here we
will use the parameters called “All” in®.

Figure 1: Scheme of the Millennial model from Abramoff et al., (2021)

The system of equations below follows the structure of the Millennial Model (Fig. 1), tracking
the size of, and transfers between, the different pools. The change in POM (P) stock with time
is governed by eq. 1

dP/dtzpiFi‘l'paFa_Fpa_Fpl [1]

where p; is the proportion of C input allocated to POM,; F; is the fluxes of aboveground plant
litter, root litter and root exudates; p, is the proportion of C in aggregate breakdown allocated
to POM,; F, is aggregate C breakdown; F, is the aggregate carbon formation from POM; and
Fpi is depolymerization of POM into LMWC.
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Depolymerization of POM is described using eq 2-3

B
Fpl = VplSw,DPm [2]
V= a,ple—Eapl/(R(T+273.15)) 3]
Swp = (5)°° [4]
w,D ¢

where V,, is the maximum rate of POM decomposition modified by an Arrhenius temperature
relationship 2", and is a function of a pre-exponential constant a,,;, an activation energy
Ea,,, the universal gas constant R, and the soil temperature in Celsius (T). Ky is the half-
saturation constant, and B is the microbial biomass carbon. The term S, refers to the
diffusion limitation of substrates defined as the square root of the ratio of the volumetric
water content (9) and the total porosity (¢).

The formation (F,,) of aggregate C (A) from POM is describe using eq. 5 and is based
on the rate of aggregate formation (kp.) and Sy p,

Fya = kpaSwpP [5]

Soil aggregate C breakdown (F,) into POM and MAOM is described in eq. 6 and is a function
of the rate of breakdown (k) and Sy, j, too.

F, = kpSypA [6]

Modification of LMWC (L), described in eq. 7, depends on LMWC input, the leaching
rate (F;), decomposition of POM, adsorption to minerals (F,,), and microbial uptake (F,), and
the proportion of microbial necromass that enters LMWC (p;), microbial turnover (F;,,,), and
desorption (Fy ).

%:Fi(l_pi)_Fl+Fpl_Flm_Flb+(1_pb)Fbm+Fld [7]
where F; is the LMWC leaching loss (eq. 8),
Fy =kiSyplL [8]

and where k; is the leaching rate. Adsorption of LMWC to MAOM (M) follows a Langmuir-type
saturating relationship (eq. 9),

M

Fim = W,DKlmL(1 > ) [9]

max

where K, is the binding affinity that is adjustable based on the pH. Q. is the maximum
sorption capacity (gC/m?), assuming a 1 m soil profile. K, is further defined by the
parameters p;, p2, and the desorption coefficient (Kjy),

Kim = e P1PH=P2 4 K} [10]

where parameters p; and p, are the coefficients for computing the first term (e “P1P#~P2) from
the site-level pH.
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The maximum sorption capacity Qma in g C kg™ soil is described using an empirical equation
from 2%, which depends on the clay and silt content in percent (%claysilt) and a coefficient
(cy). This expression is then converted to model units of g C m? using the site-level sampling
depth (depth) in m and bulk density (BD) in kg soil m?.

Qmax = depth = BD * %claysilt = c1 [11]

Desorption of LMWC is a function of MAOM, Qnax, and the desorption coefficient (Kjg).

M

Fig = Kiq 0 [12]
max
Microbial uptake of LMWC is a function of microbial biomass and LMWC
concentration, temperature, and water,
L
Fip = VipSw,sB K+l [13]
Vip = albe—Ealb/(R(T+273.15)) [14]
-6
SW,B = el(p{ka,min + (1 - ka,min)(T)Ols}Sw,D [1 5]

where V), is the maximum uptake rate of LMWC, modified by an Arrhenius temperature
relationship as in Equation 3, and K, is the half-saturation constant for microbial activity. The
term S, 5 refers to the total moisture sensitivity of biological activity 24, where 1 is the
dependence of the rate on the matric potential () and kg i, is the minimum relative rate in

saturated soil. This relationship incorporates the effects of matric potential (e*?), oxygen
limitation {kq min + (1 — kalmin)(‘%e)o-ﬂ and diffusion limitation of substrates (Sy, p).

Microbial biomass turnover is described by a density-dependent formulation derived from
Georgiou et al. (2017), where the turnover (Fpy,) is a function of a fixed microbial death rate
(kbg), and the square of the microbial biomass pool 5.

Fym = kpgB? [16]

Both MAOM and POM can enter the aggregate C pool (A),
dA/dt = Fpg + Fyq — Fy [17]
Fna = kmaSwpoM [18]

where Fp, is the C flow from MAOM to aggregate C, and k,, is aggregate formation rate from
MAOM. MAOM is formed by sorption of LMWC and microbial necromass, and is affected by
transfer into and out of the aggregate C pool,

dM/dt=Flm_Fld+prbm_Fma+Fa(1_pa) [19]

where F,,, is the C flow from microbial biomass to MAOM due to microbial death. The
partitioning of dead microbial into MAOM versus LMWC (p,) is not controlled by Langmuir
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adsorption but rather assumes that MAOM is made up of both mineral surfaces which
respond to sorption (Equations 9 and 12) as well as the dead microbial biomass which forms
mineral associations by other process.

Microbial biomass changes as a result of: uptake, turnover, and loss via maintenance

respiration,
dB/dt = F, — Fyg — Fy [20]
Uptake is partitioned into respiration (F,,) and growth (F,,) based on a temperature-
dependent CUE,
Fnr = Fip(1 = (CUEy¢f — CUET(T — Tae-ref))) [21]
Fpg = Fip(CUEyer — CUET(T — Tge—rer)) [22]

where CUE is the reference CUE, and CUE+ is the CUE dependence on temperature. T,eref
and T are the reference and current soil temperature, respectively. Therefore, the total CO,
released through heterotrophic respiration is

dCO,/dt = Fry [23]

4. Some specificities of the ORCHIDEE-Millennial

The model was written in FORTRAN, the original language of ORCHIDEE and we used
FORTRAN version of Millennial available here :
https://github.com/rabramoff/Millennial/tree/master/Fortran

Millennial was adapted to be able to run at the time step of ORCHIDEE. All the boundary
conditions of Millennial are now computed by the module except for the soil clay, pH and
bulk density which are also boundary conditions of ORCHIDEE and come from global
observations-based products. Millennial doesn’t represent the N cycle. To be consistent with
ORCHIDEE, we implemented the N cycle into Millennial. To do so we used the exact same
equations described in Section 3, but which drives the N cycle instead. Please note that eq.
23 was modified into eq. 24

dNH, /dt = Fpr [24]

Therefore, the C and N cycles are relatively independent, and the N cycle is not scaled based
on the C, as previously developed for the ORCHIDEE model. Moreover, to ensure realistic
microbial C:N ratio, the option to vary the C:N ratio within a range between 4 and 8 has been
added. If Microbial C:N ratio is higher than 8 then a fraction of the microbial biomass is
respired as CO, to balance the C:N ratio. If Microbial C:N ratio is lower than 4 then a fraction
of the microbial biomass is mineralized as NH, to balance the C:N ratio. Finally Millennial
produce the mineral N available for the plants module of ORCHIDEE which feedback with the
plant inputs.
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5. How to access to the model

Since the ORCHIDEE version is a v1 and not published yet, the code is only available upon
request. To request access please send an email to guenet@geologie.ens.fr explaining your
motivations to access the code.

Once you are authorized to access the code, you will receive a username and a password.
Then, please follow the procedure described below:

In a linux terminal please type

svn co --username mylogin svn://forge.ipsl.fr/orchidee/
perso/bertrand.guenet/ORCHIDEE_HOLISOILS/ORCHIDEE ORCHIDEE

With this command you’ll be able to download the source code. If you want to run the model
please follow the procedures described here:

https://forge.ipsl.fr/orchidee/wiki/Documentation/UserGuide/InstallingORCHIDEEBasic

Please be aware that ORCHIDEE is a complex model and not user friendly. If you plan to use
it for production or publication, please contact guenet@geologie.ens.fr and read carefully the
ORCHIDEE policy:

https://forge.ipsl.fr/orchidee/wiki/GroupActivities/UseOfORCHIDEEpolicy
And the ORCHIDEE strategic plan:
https://forge.ipsl.fr/orchidee/wiki/GroupActivities/VVM-
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