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Appendix B

Additional modules of the TADA model

B.1 Soil temperature

Soil temperature is considered as a reservoir and is modelled in every soil layer. The evolution of this physical
quantity is a result of heat conduction between soil layers:

dT’;
(:S,’L'Azid_; = FT,i—l — FT,i (Bl)

where cs; is the volumetric heat capacity [J m~3 kg~ !], depending on the proportion of solid and water phases in
soil, T; is the soil temperature in layer ¢ and Fp;—1 and Fr; arc the heat fluxes due to conduction from layer ¢-1
and to layer i/ 1 respectively |[K day~!].

Heat conductive fluxes are obtained with the same soil discretization as for water fluxes:

P D Tig1 — T
Ti = Dirmoy,iit17

o) (AZZ + AZH—I)

(B.2)

This flux is proportional to the gradient of temperature between two adjacent soil layers and to a mean soil heat
conductivity Dymoy.ii+1 taking into account both layers heat conductivities [J m™! K~! day~!|, which are expressed
as an empirical function of soil water content.

The two boundary conditions regulating heat transfer in soil are the following ones:

e At the top of the soil profile, the soil temperature is equal to the air temperature as no energy balance is
included in TADA;

e At the bottom of the soil profile, the temperature does not evolve with time, and is equal to the annual mean
air temperature. This hypothesis is acceptable at a certain depth, the soil profile has a higher thermal inertia
than the air.

B.2 Root development

In ASPECTS, two kinds of roots were considered: coarse roots and fine roots, which had different development
patterns and different roles. In TADA, this distinction is not made as winter wheat and ryegrass do not produce
roots as coarse as trees do. Therefore, only one type of root is considered, and its elongation is modelled through
time. Root development is of great importance as the presence of roots in soil horizons defines the amount of
nitrogen and water that can be consumed.
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The development of winter wheat roots is based on Jones et al. (1991). Right after seeding, the depth of winter
wheat roots is equal to the depth of planting dptss, [m]. After that, root depth is computed every time step, as
the sum of the previous root depth and the potential increase in root depth, weighted by a stress factor:

dpty = dpti—1 + potiney * Strsy (B.3)

where t stands for the time, potj,.. is the potential increase of root depth per time step [m] and strs,; is a stress
factor, computed in the soil horizon where the root tip is growing. This factor ranges from 0 to 1, and is taken as
the minimum value between a temperature stress, a soil strength stress, a soil aeration stress and an acidity stress,
all ranging from 0 to 1 and computed according to Jones et al. (1991).

The potential increase of root depth pot;,., is calculated every time step, considering that roots grow from the
sowing depth to the maximum root depth as a linear function of winter wheat development stage:

GS; — GS,_
POtiner = Ttdpt,mafoSTtla GS < GSdpt,maw (B4)
pt,max

where Ttgpimaer is the maximum root depth |[m| which is a genotype-dependent parameter and GS; and GS,_q
are the growth stages of time steps ¢ and ¢-1. The growth stage GS ranges from 0 (seed) to 1 (maturity) and is
computed from the development units (UPVT) in the phenological module. GSgpi mas is the growth stage at which
the root system ceases to increase in depth in soils without rooting constraints. Cereals usually stop developing
their root system during grain filling (GSgpt,mae=0.6 to 0.9), and root depth does not increase any more after that
stage.

Once the assimilated carbon has been allocated to the distinct plant organs, it is important to know which
quantity is allocated to the roots present in the different soil horizons. The potential allocation of carbon to layer

i is computed as:
5 Tldens,i
0.025+rtacns,i

LWratio,i

ST Srt i * Tlpres,i * 2i

pOtalloc,i = (B5)
where Ttgens; is the root length density [cm cm™3 of roots| for each soil layer (values gathered from Asseng, 1997;
Hoad et al., 2004; Hodgkinson et al., 2017), strs,;; is a stress factor to root development (the same as for root
depth increase), rtyres,; is a factor describing the tendency of a plant to distribute its roots in layer ¢ (computed
according to a genotype-dependent factor), z; is the depth of the middle of layer ¢ and LW, 440, is the length to
weight ratio of roots in layer i [km kg™!|, expressed as a function of the growth stage, of the root depth and of a
stress factor.

Once the potential carbon allocation has been computed for each soil layer, the real carbon allocation is computed

as:
pOtalloc,i

nhz
Ei=1 POtalioc,i

where allocc i, is the carbon allocated to roots in layer ¢ [gC m~2 day‘l] and allocc,y, is the assimilated carbon
allocated to all roots, computed in the allocation module [¢C m ™2 day!|.

alloce i = alloce r (B.6)

Modelling the root system of ryegrass is different from winter wheat, in the way that at the beginning of the
simulation, ryegrass already has developed its root system which is going to fluctuate along the year, according to
environmental factors. The implemented new module of root development is based on Arora & Boer (2003) that
improved the exponential root density profile proposed by Jackson et al. (1996). The potential root depth [m] is
calculated at a given time t as:

(Wrt)an

/jrt

where W,; is the total root biomass expressed in units of dry matter [gDM m~2], and a,; and f3,; are parameters
depending on the type of vegetation. For a,,=0, roots grow horizontally, as dptp,:, does not change with an

dptpor,e = 3 (B.7)
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increase of root biomass. For «a,;=1, roots mainly grow vertically. Therefore, the value of a,¢, between 0 and 1,
defines whether roots grow preferentially horizontally or vertically. Similarly, 3,; determines if, for a given root dry
matter content, the root system will rather be shallow or deep.

To take the effect of environmental factors into account, the actual root depth is not taken equal to the one
computed with equation B.7, but a potential increase of root depth is computed every time step, which is then
weighted by a stress factor, formulated in the same way as for winter wheat:

dpt, — dpti—1 + strsp(dptpors — dpti—1) i dptpors — dpti—1 >0 (B.8)
t dpti—1 + (dptpors — dpti—1) if  dptpor,e —dpti—1 <0 ’

where dpt; is the actual root depth a time ¢ and dpt,_; at the previous time step. If (dpt,or¢-dpty) is positive, it
means that roots should theoretically grow. Therefore, a stress factor is applied to make sure that root growth is
limited under adverse conditions. On the contrary, if roots are supposed to shrink, mainly due to a decrease of root
biomass, no stress factor is applied in equation B.8.

The root density profile proposed by Arora & Boer (2003) has an exponential form, as many root segments are
expected to be encountered in soil surface and much fewer in deeper soil horizons. The root density kg m~2] at a
given depth is given by:

Pt
pi = Brt(Wrt)(l—ar,)e Zq,(wl‘t)tad (Bg)

where z; is the depth of the middle of soil layer 4 [m]. In order to maintain a certain root density profile, carbon is
allocated to the roots of each soil layer proportionally to their theoretical root density:

alloce ri,i = alloce r (B.10)

_ P
h
E?:f Pi
where allocc ¢ ; is the carbon allocated to roots in layer i [gC m~2 day '] and allocc 4 is the assimilated carbon

allocated to all roots, computed in the allocation module [gC m~2 day~!].

B.3 OM mineralization and humification

The mineralization encompasses the fluxes coming from soil litter and SOM to CO2 and NH4. The humification
corresponds to the carbon and the nitrogen transfer from litter to SOM. Those fluxes are calculated with the same
equations than in ASPECTS (see Bureau n.d.) except that woody litter is not represented for the grassland and
cropland (because there are no woody materials in the vegetation). The carbon mineralization of litter or SOM (z)
for an horizon i is calculated as:

MINETC,¢i = Te i * f@,i * fT,z' * faera,i/lifespanx (B-ll)

with z., the carbon content of the litter or SOM reservoir [gC m~2|, lifespan, the lifespan of the specific pool
[day], fo.i, fr.i and faera,; the water, temperature and aeration factor, calculated with the following equations:

5.2358 % (0; — Ouyp)

Swateri = 0.5 4 0.5 * cos(m + ) (B.12)
’ Ope = Oup
* w1 _%
frempi = 2%€ """ (503 ~ 7o -7 ms) (B.13)
1—
faera = = Osar (B.14)

1- POT Ocrit
with poroc,: a critical porosity value calculated with a parameter and the clay content of the horizon and Yiemyp
the soil temperature parameter. The mineralized nitrogen is calculated as:

MINETC. z,i * B

.
CN,?l (B.15)

miner N,z ; =
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with /3, a nitrogen mineralization parameter and C'N,; the C/N ratio. The humification is calculated as a ratio of
the litter mineralization with:

hUMN i = Vhum * MANErN jitters and hume,; = humy,; * CNgonr,i (B.16)

with vypum the fraction of the mineralized nitrogen which is humified and CNgoas,; the C/N ratio of the SOM. No
movements of the litter and the SOM are taken in account in the model.

B.4 Nitrogen cycle

Nitrogen deposition and symbiotic fixation

Nitrogen deposition covers the dry and wet depositions of NH4 and NOg, which are calculated as:

pre pre
—— and  depnu4 = depNH,an * ——
(‘a'n/ n(/an

depNog = depNo&an * (B17)
with depnos,an dePNH4,an the annual depositions of NOg and NHy in an open field measured by ICP (2010) (0.63
gN m~2 yr=! for NHy and 0.54 for NO3), prc and prcg, the precipitation during the time step and the year
respectively. Equation B.17 illustrates that N depositions will gradually occur when precipitations are encountered.
To simplify this phenomenon, the assumption is made that dry deposition are also incorporated in the soil profile
with the incoming precipitations.

In TADA, unlike for forests, no symbiotic and non-symbiotic fixation is considered for grasslands and croplands,
due to a lack of converging information in the literature.

Nitrification and denitrification

The nitrification is a chemical reaction converting NHy into NO3 which occurs with a release of N3O. The rate of
this reaction in soil layer ¢ is calculated with the following equation:

NitrNo,s = NHa; * min(Byp * stresspn i, fo * stressg i, fr * stressr ;) * ratene, (B.18)

with NH,; the ammonium content of soil layer i [gN m™2|, rate,;. the basal rate of nitrification [day~!], B,
Bo, Br the coefficients traducing the importance of the stress factors stresspy i, stressy; and stressy; respectively.
The calculation of these stress factors comes from ASPECTS and is fully described in Bureau (n.d.). The NoO
produced during this process is calculated as:

NatrN,0,s = NITNO, i * (raten,o + ratestress * (fritro,i + fritr 1)) (B.19)

where nitryo, is the NO3z produced by nitrification, ratey,o the minimal fraction of nitrification that create NoO,
ratesiress the varying rate in function of the stress, fpier0,: is a factor introducing the influence of water availability.
Tt is equal to 0 when the soil water content (SWC) is below the wilting point, grow linearly and is equal to 1 if
SWC exceeds the saturation point. frir 7, is a temperature factor equal to 0 when soil temperature is below 0°C,
grow linearly and is equal to 1 if soil temperature is greater than 25°C.

The denitrification converts NOg into Ny and NoO. The total flux is calculated with the next equation:

rateégenit * NO?,J

denittot,i = min( s Bdenit * fdenit,T,?ﬂ * fdenit,ﬂ,i * min(ﬂNO3 * fN037 ﬂresp * fresp)) (BQO)

step
rate of denitrification |-|, NOs; the nitrate content in the soil [gN m~2|, step the time step of the simulation |day],
Bdenit the denitrification factor, fuiwr1, fritros BNOss fNOss Bresp and fresp are temperature, water, NO3 content
and respiration parameters and factors respectively. Refer to Bureau (n.d.) for the calculation of these factors. The
fraction of Ny and NoO produced by denitrification is calculated according to the following equations:

dem‘ttotﬂ;
14+ (min(fNos,i,biss fresp.ibis) * fwrps.s)

denitnso,; = (B.21)
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denitmt_yi
14 1/(min(fnos,ibiss frespibis) * fwrps,i)

where fn03,ibisy frespipis and fiwvpps,; are factors related to the NOs availability, the soil respiration and the
water-filled pore space (WFPS). These three factors are calculated as follows:

dem'tNgﬂ- = (B22)

INO3,ibis = 12.5 — 25 « tan(m * 0.01 % (NO3 ; — 190) /) (B.23)

fresp.ipis = 13+ 30.78 x tan(m x 0.07 % (resp; — 13.)/7) (B.24)
1.4

Jwrpsi = T3 mrawiEs, (B.25)

with NOg; the total soil nitrate content of the horizon in ugN g(soil) ™!, resp; the heterotrophic respiration of the
previous time step and W F PS; the water filled pore space of the soil horizon of interest.

Nitrogen uptake

The nitrogen uptake subroutine does not change compared to ASPECTS and is completely detailed in Bureau
(n.d.). Briefly, this process is based on the principle of supply from soil nitrogen and demand of the plant reserve.
Fistly, TADA computes the maximum absorption rate of NO3 and NH, cither by diffusion or by mass flow transport
(i.e. by water transport). Secondly, this maximum absorption rate is compared to the demand of the plant nitrogen
reserve. If the supply exceeds the demand, the maximum amount of nitrogen is absorbed, until filling the reserve.
Otherwise, the available nitrogen is entirely absorbed. The unique difference between forest and grassland or
cropland ecosystems is the upper limit of the reserve. The maximum reserve of cropland is equal to a quarter of the
total nitrogen content of plant organs while grassland species are assumed to store a tenth of their total nitrogen
content.

Nitrogen allocation and translocation

As for nitrogen uptake, nitrogen allocation also follows the supply and demand principle. However, the supply now
comes from the nitrogen reserve and the demand comes from the different plant organs. In order to compute the
demand of these organs, their C/N ratios are compared to their optimal C/N ratios using the following equation:

Cp % (ot — 1
dem, = (mi‘;’:; ox) (B.26)

with C, the carbon content of a given organ x, C Nopt, the optimal C/N ratio and C'N, the actual C/N ratio of
this organ. The optimal C/N ratios come from the literature for ryegrass organs (data gathered from Li et al.,
1994; Jongen et al., 1995; Thornley, 1998; Abdelgawad et al., 2014; Jiang et al., 2016; Wang et al., 2016; Roche et
al., 2017) , and are modelled as a function of the growth stage for winter wheat (Krobel et al., 2011). The total
demand is then compared to the available nitrogen in the reserve (resq;sp) which is estimated as follows:

0.1*7res (B.27)

reSdisp =

disp step
with res the nitrogen content in the reserve computed into the nitrogen uptake module. The role of equation B.27
is to prevent the N reserve from being consumed in one time step, which would not stick to the reality. If res meets
the demand of the organs, the amount of allocated nitrogen is dictated by the equation B.26 and is equal to the
demand. If the total demand is greater than the value of resg;sp, the allocation pattern is defined as:

dem,
Nor
> li demy

r=1

alloc, = * T€Sdisp (B.28)

with = corresponding to a given organ and n,,4 the total number of plant organs. According to this equation, each
organ receives a fraction of the available nitrogen proportional to its demand.
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As TADA has a more complex set of plant reservoirs for croplands, the allocation pattern shows some specificities.
From the beginning of grain filling to the harvest of winter wheat, nitrogen is exclusively allocated to the grain
and can be translocated from non-reproductive organs to the reproductive ones. The translocation occurs if the
actual C/N ratio of an organ is lower than the optimal C/N ratio of this organ. If this is the case, the maximum
translocation flux (i.e. supply from plant organs) is equal to the opposite value of dem, calculated in equation B.26
(of fery = —demy). If this supply exceeds the grain demand (demgrqin), the translocation flux from each organ is
computed with:

of fery

>uli of fery
Otherwise, if the demand exceeds the supply, all the nitrogen necessary and available in the reserve is allocated to
the grain.

trans, = * deMgrain (B.29)

Nitrogen leaching

The nitrogen leaching module also follows the approach proposed by ASPECTS and is detailed in Bureau (n.d.).
The NH4 and NOg3 concentrations in soil solution are calculated from their total quantity and their solute buffer
power, which is the ratio between ions adsorbed on the solid phase and ions in solution. These solute molecules
follows the water movement which can be divided into a vertical and a horizontal component. The amount of
leached NHy and NOg is therefore divided into a horizontal leaching flux and a vertical leaching flux. However,
these dynamics do not occur if the NH4 and NOgs concentrations are below a given threshold defined by azom,; and
calculated as follows:

azom; = az0Mmin * (Bsat,; — Oc,i) * thick; (B.30)

with thick; the thickness of the soil horizon 4, azom.,;, the soil nitrogen content below which plants can no longer
extract (4.889 gN m(micropore)~2). If the NHy or NO3 concentration in a given soil layer is below this threshold,
the leaching transport of the concerned molecule is null.
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Table C.2: General parameters

Parameter Description Units

File names

initialfile Name of the initial values file -

soilfile Name of the soil characteristics file -

managementfile Name of the management file -

pathres Beginning of results file names -

Type of simulation

ecosyst Type of ecosystem (1=forest;2=crop;3=grassland) -

nhd Number of data per day d-1

nd Numer of days in the one year d

nnh Number of time steps per half hour -

nh Number of time steps per day d-1

nhwk Number of days for average of N uptake d

ifull Flag to generate 1/2h results -

nyrstart Starting year of simulation yr

nyrmax Number of years to simulate yr

ident simul Variable to choose the simulation type -

ident strs n Variable to choose to simulate nitrogen stress -

ident _mana Forest management type -

ident disease = Forest mortality due to disease -

isteady Flag to start a steady-state simulation -

Numerical resolution

niter Maximum number of correction iteration -

norder Order of Runge-Kutta resolution -

thick layerl Thickness of the first fictive soil layer m

Environmental conditions Forest Cropland Grassland Units
ico2 Atmospheric CO2 concentration 360 360 360 ppm
idepot Annual nitrogen deposition for forest 28 28 28 gN 10-1 yr-1
sNH4 depos_an Annual deposition of NH4 in open fields - 0,63 0,63 gN-NH4 m-2 yr-1
sNO3_depos_an Annual deposition of N03 in open fields - 0,54 0,54 gN-N03 m-2 yr-1
Reservoirs information

nhz Number of soil layers 6 5 3 -
nep Number of above-ground carbon pools 5 4 1 -
ncb Number of below-ground carbon pools 6 4 4 -
nco Number of carbon pools 41 24 13 -
nnp Number of above-ground nitrogen pools 4 4 2 -
nnb Number of below-ground nitrogen pools 7 5 5 -
nno Number of nitrogen pools 46 29 17 -
nwp Number of above-ground water pools 2 2 2 -
nwo Number of water pools 8 7 5 -
ntp Number of above-ground thermal pools 0 0 0 -
nto Number of thermal pools 6 5 3 -
nres Total number of pools 101 65 38 -
Site information

xlat Latitue 50,3050 50,3123 50,3123 deg
xlong Longitude 5,9980 4,7464 4,9678 deg
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