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Partie I

General introduction

This note is a general description of the way the energy budget is solved in ORCHIDEE. This
note is written in January 2021, at the time you read it, some parts of the code may have changed.
Moreover, I do not present this note as a gospel, I discovered some parts of the code especially to
present them in the note. I may have written some mistakes or misinterpretations of the code.
Consequently, if something changed since January 2021 or if something is badly explained, you
are kindly invited to update the note by following this link:

https://wuw.overleaf.com/2942446624wydpjztkzxnw

This link leads to an Overleaf document, you only have to create an account (free) and go
through the different documents. This technical note aims at helping everyone understanding
ORCHIDEE. The more people help refining and completing the note, the best it would be for
the next people involved in the project.

The initial aim of the note was to describe the energy budgets in ORCHIDEE. However, the
description of the energy budget leads to the description of all the other processes developed in
the model. As the aim was not to make a general technical note of ORCHIDEE, some choices
have been made and some parts of the code are maybe not presented or presented shortly. Feel
free to ask the persons of the team for more details and add anything you think interesting in
the note.

Finally, this note is composed by 2 sub-notes describing the "current" energy budget in
ORCHIDEE (enerbil module) and the "multi-layer" energy budget in ORCHIDEE (mleb module).
Initially, the note was divided into those two sub-notes before being merged in only one big
technical note. Consequently, some rehearsals may occur between Parts II and III.

Technical note 5
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Partie 11

Description of the current energy budget in
ORCHIDEE and interactions with other
modules

II.1 Introduction

I1.1.1 Role of this module in ORCHIDEE

The enerbil module computes the energy budget between the atmosphere and the land surfaces in
ORCHIDEE. For each grid-cells at each time step, the module solves the energy budget equations
based on the Penmann & Monteith approach|[16]. It permits to calculate the sensible and latent
heat fluxes exchanged between the land surface and the atmosphere accounting for the various
components of the latent heat flux: soil evaporation, transpiration, snow sublimation...

The module is also the key interface of the coupling with the LMDZ model, the Global
Circulation Model (GCM) of the IPSL. The implicit coupling between both models is permitted
thanks to a subroutine (enerbil surftemp) of the enerbil module which computes the values of
the static energy, temperature and saturated moisture at the surface at the new time step. This
permits a robust coupling at each time step.

The aim of the present note is to focus on the resolution of the energy budget in ORCHIDEE,
on the coupling between the GCM and ORCHIDEE and on the parallel calculations which have
an impact on the budget (thermosoil, S-model for the latent heat flux splitting...).

I1.1.2 Spatial framework for each budgets

At each time step, ORCHIDEE is computing several budgets:

e An energy budget, presented in this technical note.
e A soil hydrology budget, presented in the technical note from Agnés Ducharne [5].

e A photosynthesis budget

11.1.2.1 Photosynthesis and soil water budgets

Each budget is run on a specific framework within each grid cell. The basis of each framework is
the concept of Plant Functional Types (PFTs). PFTs are the way land surface model discretize
what is in reality a continuous vegetation. They represent different types of vegetation. In
ORCHIDEE, PFTs are regrouped in Meta-Classes (MTCs). At the time this note is written, there
are 15 PFTs regrouped into 13 MTCs: 1 for bare soil, 8 for forests and 4 for croplands/grasslands
(The grasslands PFTs "C3 Boreal", "C3 Temperate" and "C3 tropical" are regrouped into
the MTC 10 in ORCHIDEE). Each MTCs is associated to a specific bunch of parameters
which permits to differentiate the calculation of the budget according to the MTCs. Because
photosynthesis is a plant-associated phenomenon, it has been decided that, for each grid-cell,
ORCHIDEE will run 13 different photosynthesis budgets. One for each MTC. (NB: As a

Technical note 6
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simplification, the note will only talk about PFTs from now. This term will, in ORCHIDEE,
refer to the 13 MTCs)

As it is described in the related technical note [5], soil water fluxes are computed within
"soiltiles" or "soil water columns". On each columns, water input by throughfall and snow melt,
water output by total runoff, transpiration and soil evaporation are calculated. The number of
soil water columns is reduced to 3: 1 for bare soil, 1 for all the forest PFTs and 1 for all the
croplands/grasslands PFTs. However, all the non biological biomes (glaciers, cities, free water...)
are regrouped in a "nobio" soiltile. This additional water budget is considered as a simplified
glacier with only snow accumulation and melting.

The PFTs and soiltiles are linked in ORCHIDEE’s code thanks to a function called pref soil wveg
which relates the PFT index to its related soil water column. The 2 different discretizations are
described on Figure 1.

i pref_soil_veg 3]

L.
-

PFT 11
PFT 12
PFT 13

Grasslands
(soiltile 3)

Figure 1: On the left: Division of the grid-cell into PFTs
On the right: Division of the grid-cell into soiltiles.

nn

i" corresponds to the indice of the PFT, "j", to the one of the related soil tile
(j=pref _soil veg(i))

11.1.2.2 Energy budget

Unlike the photosynthesis and soil hydrology budgets, the energy budget is not computed within
a sub-grid scale. For now, there is only one energy budget per grid-cell (from ORCHIDEE’s point
of view). This choice is directed by the coupling between ORCHIDEE and the LMDZ Global
Circulation Model. Because both model need to be coupled when running together in the IPSL
Earth Model, the energy, carbon and water fluxes from sub-grid scales need to be mixed in order
to respect the resolution of LMDz. More precisely, the energy budget which corresponds to a
key interface between surface and atmosphere, needs to be seen by LMDz as a only one budget
per grid-cell. In order to simplify the energy budget and the interface with the atmosphere, the
energy budget has been decided to be computed at the grid cell level. The link between the
energy budget at the grid-cell level and the photosynthesis and soil water budgets at a sub-grid
scale is made thanks to a S-model which splits the latent heat flux between all the fluxes that
compose it (soil evaporation, plant transpiration...). This S-model is described in Section II.3.

(From LMDZ point of view, a grid-cell can have 4 sub-surfaces (ocean, surface, land-ice and
sea-ice) which leads to 4 energy budgets and 4 implicit couplings, however, all those sub-surfaces
see the same atmosphere : same temperature, humidity and wind)

Technical note 7
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I1.1.3 Structure of the note

Because ORCHIDEE is a complicated model (in terms of number of processes described),
describing enerbil module calls to describe a lot of other variables calculated in several other
parts of the code. In a matter of understanding, I decided to let everything description of
enerbil code at the end of the note, in Section I1.5. However, every variable which is calculated
in a specific subroutine in another module has a description of the subroutine just after the
description of the calculation. For example, the resolution of the energy budget in enerbil needs
the calculation of § coefficients. The use of the 8 coefficients in the calculation of the energy
budget is presented in Section I1.3. This calculation is done in the subroutine enerbil evapveg
which is described in the Section II.5. However, the 8 coefficient are calculated in the diffuco
module. The presentation of the subroutines of diffuco are done directly after the presentation
of the principles of calculation of the 5 coefficients in Section I1.3.

Technical note 8
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I1.2 Model description

The energy budget computed in the enerbil module of ORCHIDEE aims at calculating several
variables linked to the energy budget and permit to send other variables to the Global Circulation
Model. The module is basically divided into three subroutines:

e The interface with the Global Circulation Model which calculates the variables needed to
compute the energy budget.

e The calculation of the fluxes

e The splitting of the latent heat flux into its sub-fluxes.
The module is consequently relying on three different models:

e The surface energy budget
e The implicit coupling

e The S-model that permits the splitting

The aim of the module is to calculate each variable that compose the budget at each time
step. In order to help the understanding of the model, the values framed by "{}" are the values
of the previous time step. The other ones are the values of the present time step.

I1.2.1 Main equations

The general equation that computes the radiation budget relates the net radiation (radiation
absorbed by the surface) to the short wave and long wave radiation budgets (respectively S, =
S} —=Stand L | —L 7). Short wave radiations are coming from the Sun whereas long wave
radiations come from the atmosphere. The budget is given by Equation (1).

Ry=L|+8,— L1 (1)

The down-welling short-wave radiations and the down-welling long-wave radiations are computed
by the GCM and are inputs of ORCHIDEE’s energy module (enerbil). The net short-wave
radiation (S,) are obtained by ORCHIDEE thanks to the albedo calculated in the module
albedo _ surface.

The up-welling long-wave radiations represents the land surface emission, and can be linked
to its temperature by Stefan’s law (L = eoT 5Wf) Because of the implicit coupling with
the atmosphere, the up-welling long-wave radiations cannot rely on the surface temperature
of the previous time step. The new surface temperature should then be approximated. This
approximation is computed by the interface between the surface and the atmosphere (see Section
I1.2.3). Because this "new" surface temperature is an intermediate value between the one of
the previous time step and the one of the current time step, the up-welling long-wave flux is
calculated thanks to a limited Taylor expansion of the surface temperature around the previous
value. Finally, the reflected long-wave radiation is added to the flux. The latter is thus given by
Equation (2)

L= EU{Tsurf} + 460( surf — {Tsurf}) (1 - E)L 4 (2)

Technical note 9
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Where € is the emissivity of the surface, o is Stefan’s coefficient and T, s is the surface
temperature.

The energy budget equation shows how the net radiation at the surface is used either to
heat the soil by conduction (G), evaporate the surface water (Fj,;) or heat the atmosphere
by convection (Fsens). Ry is then linked to the the sensible heat flux (Flsens), the latent heat
flux (Fjq), the ground heat flux (G) and the chemical energy stored by photosynthesis (Fepem,
neglected here). The budget is then expressed as follows:

Rn = Fsens + Eat + G + Fchem (3)

In enerbil, the net radiation term is calculated thanks to Equation (1). However, because they
are useful for other budgets such has photosynthesis, soil heat convection or soil water diffusion,
all the terms of Equation (3) are calculated, Fyepns and Figp in enerbil and G in thermosoil (see
Section I1.4).

In enerbil, the latent and sensible heat fluxes are calculated respectively thanks to Equations
(4) and (5) (in the implicit coupling with atmosphere, their formulae is different and relying on
the previous time step, See Section 11.2.3).

-Flat = Aﬁp‘vycd(qsurf - Qair) (4)

Fsens = p‘v‘Cde(Tsurf - Tair) (5)

Where, p is the air density, |7| is the horizontal wind, the norm of the wind vector according
to x and y, Cy is the drag coefficient, C), is the specific heat of air, A is the latent heat of
evaporation (or sublimation), gs,-s is the saturated surface moisture (qsurt = @sat(Tsurt))s air
is the saturated air moisture (at 2m when ORCHIDEE is running alone, in the first atmospheric
layer when coupled with LMDZ), Ty, s is the surface temperature, Ty is the air temperature
(same as qqir) and, finally, 5 is a resistance coefficient to the potential total evaporation. More
details will be given on those fluxes in Section I1.2.3 and II.3.

From the latent heat flux, can be deduced the water mass flow along the time step by
multiplying Fj,; by At/ (in the case of only evaporation or only sublimation). When the
resistance coefficient 3 is equal to 1, this flux represents the potential evaporation of the surface.
However, as the potential evaporation represent the evaporation of an hypothetically wet surface
(without any resistance), this potential evaporation is over-estimated in some cases because
calculated thanks to the surface temperature instead of the surface temperature of the hypothetically
wet surface (T pet) (See more explanations in Barella-Ortiz et al. (2013)|2]. This change in the
temperature comes from the way the energy budget is computed. Ty,.f is directly computed
thanks Equation (3). Calculate the T et would need another energy budget calculation. To
avoid this over-estimation or the new calculation, a correction has been introduced in literature
by Milly (1992)[15]. This correction links the potential evaporation calculated thanks to Ty,
E,(Tsurr) to the potential evaporation calculated thanks to T wet, Ep(Tyawet) thanks to Equation

(6)-

Ep(Tsurf) _ 1 +£ (6)
Ep(Ts,wet) 1 + ,Bf

Where ¢ is given by Equation (7).

Technical note 10
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V(G2 (1)
4€UT5’ + pcp@ir’vlcd

(7)

And, § is the ratio between the actual evaporation and the potential one as presented in
Section II1.3. Milly’s correction acts directly on the potential evaporation because there is no
way to approximate T ¢ instead of solving another energy balance with Ty ,¢¢ instead of T, .
The expression of the correction is explained in Milly (1992)[15], but it mainly relies on a linear
analysis of the two different energy balances. Those linearized energy balance permit to access
to an equation linking Ej,(Tsyrr) and Ep(Ts wer) to the terms described in Equation (7).

NB: There is one thing I do not understand with this correction. The correction aims at
better represent the total potential evaporation flux. This flux is used in a lot of parts of the
code (expression of the vbetas, hydrol...). However, in a lot of cases, Epot ot seems to be used
instead of Epot tot,corr- Why this correction is not used everywhere?

I1.2.2 Turbulent transfer with the atmosphere

Turbulent transfer of the fluxes between the surface and the atmosphere is represented thanks
to the drag coefficient. This coefficient, presented in the Equations (4) and (5) is calculated in
two different ways:

e When coupled with LMDZ, Cj is not calculated in ORCHIDEE but in LMDZ. The value
is then given to ORCHIDEE at each time-step (but ORCHIDEE computes the roughness
heigths which leads to the calculation of the drag coefficient by LMDZ).

e When not coupled to LMDZ, Cy is calculated in the module diffuco. This calculation is

presented right after.

The calculation of Cy (also expressed as ﬁ where u is the wind speed and rg, the
aerodynamic resistance) in ORCHIDEE is based on the model developed by Jean-Francois
Louis at ECMWF in 1982 [11]|. This model derives from the Monin-Obukhov Similarity Theory
(MOST) and permits to express the drag coefficient as a function of Richardson Number and of
the roughness heights associated to momentum and heat fluxes.

In ORCHIDEE those calculations take place into two different subroutines. First of all, in
the module condveg, the roughness heights are calculated in the subroutines condveg 2z0cdrag
and condveg z0cdrag dyn. This routine computes zg,,, the roughness height associated to the
momentum, 2oy, the roughness height associated to the heat fluxes and d, the displacement
height. The difference between both routines is that in the second one, the roughness heights
vary dynamically with vegetation. The choice between both calculation is determined thanks to
a control parameter rough dyn. Secondly, in the module diffuco, the subroutine diffuco aero
uses those roughness height to computes the drag coefficients.

I1.2.2.1 Louis’ model in ORCHIDEE

As presented before, Louis’ model derives from the Monin-Obukhov Similarity Theory. It permits
to calculate the drag coefficients as functions of the aerodynamic resistance in neutral, stable
and unstables conditions thanks to Richardson Number. Richardson Number is expressed as in
Equation (8).

Technical note 11
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eair - esurf (8)

Riy = zep.9.
GM-T.UQ

Where 0, and 0, ¢ are the virtual temperatures of the air and the surface, 2, is the height
of the first atmospheric layer, g is the gravitational constant and wu is the wind speed.

Moreover, the drag coefficient in neutral conditions is expressed thanks to Equation (9).

k‘2
ln( Zlev—d ) ln( Zlevfd)

20m 20h

9)

Cd,neut =

Where k is the Von Karman constant.

Finally, from those two variables, Louis’ model has been optimized against observations and
the drag coefficient is computed as in Equation (10) for the stable case (Rip > 0) and Equation
(11) for the unstable case (Rij < 0).

Cd,neut

C, =
4 11 3.b.Riy~/1+ d.Riy

3.b.Rij
1+ B'Cd,neut'b'c‘ Zle” ’sz|

(10)

Cq = Caneut-(1 — (11)

diffuco aero subroutine

The subroutine diffuco_ aero computes the aerodynamic resistances and the drag coefficients.
It started by calculating all the coefficients needed for the calculation of Ri; after computing
Cdneut- When the latter is computed, according to the value of Rip, Cy is calculated thanks to
Equation (10) of (11).

Technical note 12
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. Name in . L. .
Variable ORCHIDEE Description Unit Type
\7\ speed Wind speed m.s External input
. Output used in
Cq gcdrag Surface drag coefficient — enerbil module
Zlew zlev Height of t.he first m External input
atmospheric layer
o ~0m Roughness height for m Input from condveg
momentum module
Z0h z0h Roughness height for heat m Input from condveg
module
1 — roughheight/h
where h is the Zero-plane displacement Input from condveg
d . . m
average height of height module
the canopy
k ct _karman Von Karman coefficient — ORCHIDEE input
Cld neut cdneut Surface drag coefﬁ.aent m — Local variable
’ neutral conditions
Riy 2ri Richardson number — Local variable
Air virtual temperature
Guir tod computed thanks to air and K Local variable
surface temperatures and
saturated humidity
Surface virtual temperature
Oy s Stvs computed thanks to air and K Local variable
surface temperatures and
saturated humidity

11.2.2.2 Calculation of the heights

As presented in the previous section, the module condveg computes the roughness heights needed
for the calculation of the drag coefficients. Before explaining the ways the heights are calculated,
here are some definitions and the origins used in the different parts of the code.

e Canopy height: The height between the soil and the treetops (it will be noted h here).

e Zero-plane displacement height: The height above the surface at which the mean of
the wind velocity is zero in absence of turbulence (noted d).

e Roughness height: Difference between d and the effective height at which the mean of
the wind velocity stops because of turbulence (noted z0).

e Measures height: When not coupled to LMDZ, ORCHIDEE is forced thanks to meteorological
data (mainly, wind at 10m and temperature at 2m). Those data are reanalysed in order
to match the heights of measurements to the same height above the canopy, ze,-

The heights are summarized on Figure 2.

Technical note 13
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Turbulence Wind profile

Figure 2: Summary of the heights and their definitions

Moreover, the origins from which all the heights are defined defer according to the model,
the modules and the use of the model.

e Because it is an atmospheric model, LMDZ has as origin the zero-plane height of displacement,
d.

e In diffuco, ORCHIDEE’s module, the height called zlev is defined above the canopy. The
origin is then the height of canopy h.

e In condveg, ORCHIDEE’s module, the height is defined above the zero-plane height of
displacement, d.

Those different origins engender several "height conversions" between the ORCHIDEE modules.
Because condveg is described above d, Equation (9) is reduced to Equation (12).

kQ
= 12

Z0m 20h

Finally, the conversion between condveg origin and ORCHIDEE one is made thanks to a
variable called roughheight which represents... the canopy height minus the zero-plane displacement
height!

All those heights are calculated in the module condveg in two different subroutines condveg z0cdrag
and condveg zOcdrag dyn. They correspond to two different ways of calculation of the heights.
The original one, in condveg z0cdrag, and a new one which takes into account the LAI effects in
condveg 20cdrag _ dyn.

The old-fashioned way of calculation of the heights relies on the inversion of the calculation
of the drag coefficients. First of all, the drag coefficients for momentum and heat are approximated
for each PFT thanks to Equation (13).
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]CQ

ln Rlev 2
( hPFT*ZO_o'Uer_h )

Cq= (13)

Where hppr is the height of the canopy of the considered PFT and 20 over h 1S a parameter
that estimates the roughness height above the canopy.

Because there is one energy budget per grid-cell (See Section 11.1.2), all the heights need to
be converted from the PFT scale to the grid-cell one. Then, after calculation of all the drag
coefficients for each PFT, a mean drag coefficient is calculated thanks to the portion of grid-
cell occupied by each PFT. To this PFT-mean drag coefficient is added the drag coefficient of
the portions of non biological areas of the grid-cell. This gives the global grid-cell mean drag
coefficient Cg mean-

Finally, from this Cgmean, the roughness heights are deduced as in Equation (14) (it is
assumed that zp,, = zop = 20). And the conversion variable roughheight is given by Equation

(15).
_ Zlev (14)
61’])(1{3/\/ Cd,mean)
roughheight = hppr — d (15)

Where hppr is the mean canopy height over the PFTs.

NB: This is exactly the same calculation when the drag coefficient is calcualted by the GCM.
The roughness heights are calculated following this path but the drag coefficient is calculated in
diffuco aero only when ORCHIDEFE is not coupled to ORCHIDEE. Consequently, ORCHIDEFE
always calculates the Cq and Cgmean 1 order to get th eroughness heights.

condveg z0Ocdrag subroutine

The subroutine condveg z0cdrag computes the heights needed for the calculation of Cy by
Louis’ model. The first part of the code calculates the mean drag coefficient that will be used for
the calculation of the roughness height as in Equation (13). The values of the drag coefficients of
each PFT and nobio surface are weighted by the fraction of the grid-cell occupied by the surface
(in the code: veget or veget max for the fraction of each vegetation surface, frac_mnobio for
the fraction of each nobio surface and tot bare soil for the fraction of bare soil. For each type
of surface without vegetation (nobio and ground), a specific z0 is used in the calculation of the
drag coeflicient: z0_bare and z0_nobio (parameters of ORCHIDEE). Finally, a ratio to deduce
2om from zgp is presented (ratio _zO0m_ z0h) but its value is set to 1, so as presented above,
Zom = zon- The other variables are the following;:
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. Name in e L. .
Variable ORCHIDEE Description Unit Type
dragm = dragh
(because . _ .
Cd,mean ratio_20m_ z0h is set Surface drag coeflicient Local variable
to 1)
Zlew zlev Height of t.he first m External input
atmospheric layer
o 20m Roughness height for m Output used in diffuco
momentum module
Z0h z0h Roughness height for heat m Output used in diffuco
module
Zero plane displacement
. ) height (coefficient set to .
d height _displacement 2/3, to multiply with m ORCHIDEE input
canopy height hppr)
k ct__karman Von Karman coefficient — ORCHIDEE input
. . Input from another
hprr height Canopy height m module
Parametred value of z0 to
20 _over h 20 _over _height calculate the drag m ORCHIDEE Input
coefficients (set to 0.0625m)

The new way of calculation has been imagined because of a too high sensible heat flow during
winter in the deciduous forests. This suggested that the effect of vegetation and LAI was not
taken into account in the calculation of the aerodynamic resistance as it should be. Then, instead
of adding a vegetation aerodynamic resistance, it has been decided to change the way to calculate
the roughness heights and add a dependence to LAT as it is presented in Su et al. (2001) [22].

The principle stays the same, the mean over the PFT is made on the drag coefficients but
those drag coefficients are now determined thanks to new calculations of zg,, and zg, presented
in Su’s article, as in Equations (16) and (17).

2om = h.(1 — %).67% (16)
m (17)

20n = 4 p-
kBT

Where, n = ¢1 — co.exp(—c3.Cqeas-LAI) (c1, c2, c3, Cgeqs are parameters at the PFT level)
and kB! is expressed as in Equation (18).

k‘.Cd,leaf 9 k-T].Zom/h
Conazar e + 2 Sefo =5

kB! = :
2?2 ) i

B 4.C¢.n.(1 — exp(—

+ kBs™L.f? (18)

Where, f. is the fractional canopy coverage, fs is the bare soil coverage, C; is the heat transfer
of the leaf (PFT parameter), Cf is the heat transfer coefficient of the soil (C} = Pr=2/3 Re=1/2,
with Pr, the Prandtl number and Re, Reynolds number). Finally, kB~! is empirically defined
as kBs~! = 2.46Re'/* — In(7.4). It represents the term for the bare soil.

This new parametrization permits to:

e Take into account the differences between the resistances for the transfer of heat and
momentum (i.e. introduction of kB~! paramterer)

e Take into account the fact that the roughness depends on the LAI and vary seasonally
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NB1: However, this vegetation effect should maybe be integrated in another aerodynamic
resistance instead of the drag coefficient. Indeed, for the case of the multi-layer, vegetation effects
should probably be calculated during the turbulent transport of the fluzes inside the canopy, not
at the drag surface coefficient which should represent the interaction with atmosphere. Thus, it
would maybe double count the vegetation effect when running this new parametrization with the

multi-layer energy budget. (Needs to be discussed, I maybe missed something)

NB2: Used in LMDZ it leads to screen level values (t2m, q2m) often outside of the [surface-
first atmospheric level interval] which is not consistent with the MO laws.

condveg z0cdrag dyn subroutine

The subroutine condveg z0cdrag dyn

Variable og(ajrﬁ(;[;r}la]a Description Unit Type
o 20m Roughness height for m Output used in diffuco
momentum module
20h 20h Roughness height for heat m Output used in diffuco
module
loc__height for the
height of each PFT Input from another
h and ave _height for Canopy height m module / Local
the average over the variable
grid-cell
Zero plane displacement
d height _displacement 01'16(: éjg};i bCe Orenﬂjlctlieslgezezvgsh m ORCHIDEE Input
canopy height
k ct__karman Von karman coefficient — ORCHIDEE Input
Ratio of friction velocity to
n eta the wind speed at the - Local variable
canopy top
Ca,leaf Cdrag foliage Foliage specific drag — ORCHIDEE Input
rea - coefficient
LAI lai Leaf area Index — Input from another
module
c1,C2,C3 cl,c2,c3 Parameters - ORCHIDEE input
Cy ct_karman Von Karman constant — ORCHIDEE input
o Ct star Heat transfer cqeﬁicient of _ Local variable
- the soil
fe fc = veget/vegetman Fraction of canopy coverage — Local variable
fs fs=1—fc Fraction of soil coverage - Local variable
1 Coefficient to convert z0m .
kB kb _ml - Local variable
- to zOh
kBs™! kbs_ml Céﬁg(i;zgf;%fo - Local variable
Re Reynolds Reynolds number — ORCHIDEE Input
Pr Prandtl Prandtl number - ORCHIDEE Input
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I1.2.3 Implicit coupling with the atmosphere model
11.2.3.1 Type of coupling

The ORCHIDEE model can be run following two different ways. The classical one is to run the
ORCHIDEE model alone and give it as inputs the meteorological data, the radiation profiles
and other parameters at each time step. The second way to run ORCHIDEE is to couple it to
the atmosphere model LMDZ.

LMDZ is a general circulation model which calculates the different processes of the atmosphere
at each time step. From LMDZ point of view, ORCHIDEE can be seen as a boundary condition
at the lower level of the atmosphere. The aim of ORCHIDEE will be to provide the different
fluxes (momentum, heat...) which are emitted by the surface towards the atmosphere. However,
running both models simultaneously leads to a problem. The surface fluxes are a response
to the sun and atmosphere incoming radiations which are coming down to the surface from the
atmosphere. Those radiations interact with the atmosphere and change its properties. Moreover,
the surface fluxes at a precise time step are also interacting with atmosphere. Consequently, this
dynamic system should constantly evolve in response to both solar radiations and incoming
surface fluxes.

It is clear from this situation that coupling the radiation scheme between the atmosphere and
land surface models is a tricky exercise which needs to be discussed. Several types of coupling
exist. As explained above, the radiation scheme implemented is given thanks to Equations (4)
and (5). Those two equations can be dicretized as follows in Equations (19) and (20).

FEY = ABop |V I.Cal gy — @) = Fitt = A BV .Ct(Gours (Th) = @) (19)

FtL = p |V ].00.Cp(TE,  — TY

sens surf — air)

(20)

Where i and j are time indices. Choosing those time indices is crucial because it will dictate
the time in the GCM at which the surface energy balance has to be solved and the approximations
that need to be made Polcher et al. (1998)[19]. As it has been said several choices can be made:

e Implicit coupling: i =t+1and j=t+1

e Semi-implicit coupling: ¢ =t and j =t+1

e Explicit coupling: i =t+1and j =t

e Open-explicit coupling: ¢ =t and j =1t

Every type of coupling has its own advantages and drawbacks. The implicit coupling is the

more robust but the harder to implement and the more time consuming. Explicit coupling is the
easiest but the less accurate when the frequency of calculation starts to increase.

11.2.3.2 Atmospheric column resolution

The coupling between ORCHIDEE and LMDZ is fully implicit which means that at each time
step, all the fluxes are determined. The way this coupling is solved is described in Dufresne
& Ghattas (2009)[6]. In LMDZ, the subroutine in charge of this coupling is pbl_surface, in
ORCHIDEE, the coupling is done in enerbil, in the subroutine enerbil _surftemp.
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The key variable for the calculation of the surface fluxes is the surface temperature which
needs to be determined at the time step ¢ 4+ 1: 74!

surf*

As the surface, the atmosphere is discretized in a precise number of grid cells. To each
grid cell is associated a vertical atmosphere column in which the atmospheric properties are
calculated. The transport of the properties is diffusing inside the vertical column following a
turbulent diffusion scheme. Figure 3 explains the atmospheric discretization and Equations (21)
to (23) explain the turbulent transport equations and their discretization.

i
S R 1+1
I+1
} - 1+%2
WI+'>"=
___:;{I_ __________ |
1
Lz I-%2
___K______'_"f’___ I-1

Figure 3: Vertical discretization of the atmospheric column.

oX 199X 9uX

== _Z = 21

ot p 0z my (21)
0X

qjil/? = —pk’za (22)

\1}551/2 = _Kl-(Xl _Xl—l) (23)

Where, X is the variable to diffuse (specific humidity, momentum, static energy...), [ is the

indice of the layer, K; = I:I:;Z_.fi.g’l (0P = P_1 — P, = p.g.9z, k. is the diffusion coefficient, P is

the pressure at level [ and WV is the turbulent flux between layer [ and [ — 1.

By discretizing Equation (21) and replacing by the expressions of \Ill)i 1/2> one can get the
expression of turbulent transport of Equation (24).

(0P + Ry + RYX).X) = RY X1y + Ry Xy + 0R{X)) (24)

With {X;} the value of X; at the previous time step and RlX = ¢.0t.K;. Then, at the top
of the atmospheric layer, Equation (24) becomes Equation (25) and at the bottom, the interface
with surface, Equation (24) becomes Equation (26).

(6P, + RX).X,, = RX . X, 1 + 6P {X,} (25)
(6P, + R). X, = R . Xy 4+ 6P { X} — g.6t.FX (26)

With F;¥ the flux of X at the bottom layer between the surface and the atmosphere (positive
downward).

The resolution scheme is, thus, a tridiagonal system which needs to be solved. This resolution
starts from the top of the atmosphere. At layer n, X,, can be rewritten as in Equation (27).
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X, =CX + Dy X, (27)
Xn}.0P, RX
Where, C;i{ = ﬁ and DX 5Pn+RX

Then, the assuming that at a layer I + 1, X;; can be expressed as X;;; = Cl)il + DX,
one can deduce the value of X at the layer [ as in equations (28) and (29). Equation (28) is
deduced by replacing X; ;1 by its expression assumed.

(0P + R (1 = D) + RY). X = R X1 + R, .Ciyy + 0R{X)} (28)
X}.6P, + R ,.CX X
Xl { Z}X l G H—IX' Rl X 'lel (29)
P +RX+ R, (1-D%)) 6P +RX+R* (1-D%,)

{X1}.6P+RE .CX |

6P +R*+R} (1-D

Consequently, X; can be expressed as X; = C;j+ D;.X;_1 with C; = and

l+1)

RX

Dy = 5P+RX+RX (1-DX )
[ 1+1 I+1

the properties of the layer above and the variables at the previous time step.

. Moreover, the coefficients C; and D; are expressed only thanks to

Finally, at layer 1, the interface with the atmosphere, the equations (28) and (29) become
equations (30) and (31).

(6P, + R (1 — D2)).X; = RX.C5 4+ 6P {X,} — gotF}{* (30)

~ {X1}.0P + Ry .C5F —g
6P+ RE(1-Dy) 6P+ RS(1— DY)

FX ot (31)

Then, X; can be expressed as X1 = A + BX.F{<.6t.

From this point, as all the coefficients are described thanks to the properties of the above
layer and the state of the layer at the previous time step, the tridiagonal system can be solved
following a downhill resolution.

At the beginning of the time step, the properties of the atmosphere column are known from
the previous time step. This permits to calculate the coefficients from the top of the atmosphere
downward to the bottom layer. Once all the coefficients are known, the surface/atmosphere
interface computes the surface temperature calculation and other properties of the surface (the
F{¥ fluxes). This leads to the calculation of F{¥. Once Fi* is determined, a bottom-up calculation
of X is started as the algorithm knows all the coefficient and calculates all the properties thanks
to their values at the lower layer. This Top-Down and Bottom-Up process can be summarized
on Figure 4 (the coupling with the soil resolution is given on Figure 6).

Atmospheric Turbulent Diffusion
Top-Down calculation of the atmospheric coefficient A%, and BX,,
Surface temperature Calculation
Jll"""“’sn‘tm ’ B"atm ' Ht AE! F‘t’s::lllr C"s::lll % T‘t’S
Bottom- Up Up calculation of the a atmnspherlc temperatures Tﬁmm

Figure 4: Top-Down and Bottom-Up resolution of the atmosphere column temperature (same
for other properties) (AX,, and B, correspond to the coefficients C;* and D;¥ in the vertical
column and A and Bi* at the bottom layer
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NB: The equations described here can introduce a counter-gradient which will change the
value of the coefficient (see Dufresne € Ghattas (2009)[6]).

11.2.3.3 Surface radiation scheme in an implicit coupling between the GCM and
ORHCIDEE

All the previous downhill resolution is made in LMDZ. From ORCHIDEE point of view, the
result of this calculation is the value of AF and B;* (where X will correspond for ORCHIDEE
to the saturated air moisture and the surface static energy (which leads to the temperature)).
Here, it is needed to be careful, the coefficients in ORCHIDEE have different names than the
ones in LMDZ. The conversion is the following:

BT (orchidee) = AT (Imdz)
AT (orchidee) = BT (Imdz).At
Bi(orchidee) = A%(lmdz)
Al(orchidee) = Bi(Imdz).At

(32)
(33)
(34)
(35)

From this point, the coefficient AT, BT, A%, B? that will be used will be the one of the
ORCHIDEE format. Consequently, with this new notation, the surface coupling equation (31)
becomes Equation (36).

X; = B + Af.F (36)

This equation becomes Equation (37) when expressed in terms of static energy (H; being
the static energy of the first atmospheric layer) and becomes Equation (38) when expressed in
terms of specific humidity.

Hy = Cpuir Tsurs = Bl + AT .FL, (37)
Q= B(lz + A?F;fum (38)
With:
Foens = p‘vycd(Hl - Cp,air-Tsu'rf) (39)
Fhum = ﬁp|7|cd(Q - QSat(Tsurf)) (40)

Those two equations are basically Equations (5) and (4).

Equalizing H; in Equations (37) and (39) and equalizing Q in Equations (38) and (40), the
following Equations (41) and (42).

T
B _Cp,air-Tsurf
1 _ AT
plV[Ca

B — sa Tsu’r
Flat = AFpum = BA 1q TﬁAqf)
P|E |Cq

Consequently, we can deduce the latent heat flux and the sensible heat flux from the values
of the atmospheric coefficient and the surface temperature.

Fsens =

(41)

(42)
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Those expressions permit to calculate the latent heat and sensible heat fluxes which go to
the atmosphere at the beginning of the time step. To deduce the one that will be sent to
the atmosphere at the end of the time step, a sensibility analysis is made. This sensibility
analysis permit to compute the surface temperature of the new time step and deduce from this
temperature all the components of the surface energy budget.

The principle of the sensitivity analysis is to calculate the sensitivities of each part of the
energy budget to a change of temperature. Then the change of temperature during the time step
duration At is computed in order to find the values of the new fluxes.

First of all, the change in surface temperature is given by Equation (43).

aT
CILSuT’f‘E = Ry + Fsens + Flat + G (43)

When discretized, this equations becomes Equation (44).

T
Cpsur- (T surf Ai surf}) — Ry, + Faups + Fioy + G (44)

Replacing the fluxes by their expressions permits to arrive to Equation (45).

sur Tsur BT - C air-Tsur B — sa Tsur
Cpraung- L fA;E g+ e B fﬂAquG (45)
PV |Ca PlV[Cq
Then, by defining the following quantities (with H = C}, air- Tsurf):
1 8(18at
QSat(Tsurf) = qsat({Tsurf}) + Cp,azr OH ‘ Cp,air- {Téu,f}(cp,air ( surf — {TSUTf})) (46)
anens 1
= 4
oH L _ AT (47)
plV[Cq
1 8q.sat
FCL air
88 = BA— i’ O ag T (48)
Pl v ICq
{Fsens} = Fsens({Tsurf}) (49)
{Eat} = Eat({Tsurf}) (50)
OR 1
no— Ae.o.({Tyyr s} 51
SH = oA (L)) 51
The latter equation derives directly from Equations (1) and (2).
{T } P surf ({Rn} + G + {Fsens} + {Eat}) (52)
surf S’LLTf _ At 6Rn 8F‘lat anens
1 Cp surf ( + + )
At.({Rn} + G + {Fsens} + {Fiat})
Af = Cp,air ( surf — {Tsurf}) ({ } { } { t} (53)

sur At ORy, 8Fa, anens
Cﬁ?p azrf Cp,air( oOH + T8 + )

This last equation permits to access to the new surface static energy and the new surface
temperature which will permit to calculate all the other fluxes at the new time step. The implicit
coupling between the surface and the atmosphere is closed. The new surface temperature has
been calculated thanks to the atmospheric properties at the same time step.
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I1.3 Splitting of the water fluxes

As it is seen in section I1.2.1, the latent heat flux is calculated thanks to the difference between
soil and air saturated moisture. However, this latent heat flux is a composed flux which regroups
several processes:

Snow sublimation process

e Canopy interception loss

Canopy transpiration

Bare soil evaporation

e Floodplains evaporation

Because they are important variables at the ecosystem scale, they have to be calculated.
However, the only way to compute them is to deduce them from the latent heat flux. The
method used to estimate those fluxes in ORCHIDEE is called a $-model. It defines the fluxes
thanks to the application of a resistance (/3) on the potential evaporation.

11.3.1 (-model concept

The S-model consists in associating a resistance coefficient to each process. The § coefficients will
be calculated by considering the fraction of the grid-cell which emits the flux and the potential
stress applied to this flux. All the coefficients will less or more have the same behaviour and
will limitate the latent heat flux in order to approximate the process flux studied as in Equation
(54).

Flot = >\-p-|7|~0d~6-((hoil - qmr) (54)

In ORCHIDEE, the (s are associated to the processes as follows:

Snow sublimation process: (1

e Canopy interception loss: B2 (one B2 per PFT)

Canopy transpiration: (3 (one (3 per PFT)

Bare soil evaporation: (4

Floodplains evaporation: 5
Other f8s can be found in the code, they correspond to:

® (2 sum: Weighted sum of 2 over the PFTs
® 33 sum: Weighted sum of 3 over the PFTs
® 33 p0t: B associated to the potential transpiration

e 353 [ associated to the wetted foliage that will transpire once intercepted water has
evaporated.
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® [hio: Sum of the fs associated to biologial processes (Bpio = B2.sum + B3,sum + B4)

The first split between the water fluxes is made in enerbil when the latent heat flux is
calculated. The latent heat flux is divided between the evaporative processes from the floodplains
first, then from the sublimation of the non flooded but snow-covered lands and finally from the
non flooded, non snowy lands as in Equation (55).

Flat = Efloodplains + Espow + Eother (55)

The split between the sublimation processes and the evaporation ones is made thanks to the
resistance coefficients 31, 85 and . Floodplains evaporation flux is calculated as in equation
(56). It is directly a part of the latent heat flux.

Efloodplams = Aevaporation-65-p‘|7‘-Cd'(QSoil - Qair) (56)

Then, the part of the latent flux coming from the non flooded snowy lands is given by
multiplying the flux by £1.(1 — f5) as in Equation (57).

Esnow = )\sublimation~ﬁl~(1 - 55)-0-‘7’~Cd-(%0l - Qair) (57)

And finally, from the non-flooded, non-snowy part of the flux, the evaporation from other
processes is deduced as in Equation (58).

Eother - )\evaporation-(l - /81)(1 - 65)-/Bbio-p-‘7‘-cd'(q<sol - qg,i'r) (58)

A second split is then made between the non-snowy, non flooded lands in order to have access
to the fluxes coming from bare soil evaporation processes, transpiration, and interception loss
evaporation. This split is made thanks to the the resistance coefficients 54, 52 sum (and Sz to
have the contribution of each PFT) and f3 ¢um (and f3 to have the contribution of each PFT).
The split is deduced from E,e, as in Equations (60), (61) and (62).

Eother = interception_loss + Etranspirat’ion + Ebare*soil*evaporation (59)
Einterception_loss - Aevaporation-(l - Bl)(l - ﬁS)-BQ-p-‘Vy-Cd‘(QSol - qmr) (60)
Etranspiration - Aevaporation-(l - Bl)(l - 55)-53-P-’7’-Cd-(%ol - Qair) (61)

Ebareisoilievaporation = Aevaporation-(l - Bl)(l - ﬁS)-ﬁ4-p-|7|°Cd~(QSol - Qair) (62)

Finally, in order to have the actual fluxes of water and not the composition of the latent heat
flux, all the previous variables can be multiplied by the factor At/\. Where At is the interval
of the time step and A is the related latent heat of sublimation or evaporation.
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I1.3.2 Calculation of the 5 coefficients

The [ coefficients are calculated in the diffuco module, the module that also computes the
photosynthesis which will be used in the calculation of the 5 for transpiration (/33).

NB: It is important to highlight the fact that the definitions presented right after show that
the (s are taking into account effects of stresses AND effects of grid partitioning (the fraction
of the grid which will be associated to the fluxes). As Agnés Ducharne mentioned in the ticket
#350, this behaviour is not really appropriated and leads to problems when calculating the
fluxes. Moreover, this behaviour can cause problems in modules such as mleb which as been
designed for an ecosystem scale and not a grid one.

11.3.2.1 Calculation of (;

B is the first resistance coefficient to be calculated in diffuco. It is calculated in the subroutine
diffuco _snow. [ is divided between its part coming from the vegetated lands of the grid-cell,
B1,bio, and the part coming fom non-biological lands of the grid-cell 51 popio- Both calculations
follow a kind of prediction-correction schemes (stricto sensu). They are first approximated as
the fractions of the grid-cell that can sublimate snow as in Equations (63) and (64).

/Bl,bio = (1 - fnobio,tot)~fsnowy_veg = ﬁl,bio,pr@dict (63)

/Bl,nobio = fnobio-fsnowy_nobio = /Bl,nobio,predict (64)

Where, frobio is the fraction of the grid-cell occupied by non-biological land and fspowy wveg
and fsnowy nobio are respectively the parts of biological (vegetated) and non-biological land that
are currently snowy.

Once this prediction is made, a verification process is started. The total mass sublimation
flux (in kg.m~2) engendered by both coefficients is computed following Equation (65).

Esnow_bio/nobio = /Bl,bio/nobio'EpOt,tOt = Bl,bio/nobio-At'p-|7|~Cd(QSol - Qair) (65)

If this mass flux is higher than the current snow mass on biological /non biological
lands (calculated in the module explicitsnow), then, 1 pio and 51 nopio are reduced to the fraction
of snow mass divided by the total potential water mass evaporation Ejq ot as in Equations (66)

and (67).
m \bi
Bl,bio = % = ﬁl,bio,predict,corr (66)
'pot,tot
m ,nobi
/Bl,nobio = % = ﬁl,nobio,corr (67)
'pot,tot
And,
Bl = Bl,bio + Bl,nobio (68)
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diffuco_ snow subroutine:

The diffuco_snow subroutine is articulated as the precedent description of the calculation.
Equations (63) to (68) are performed. However, the calculation of the nobio lands contribution
to B1 is computed as a loop over the nobio surfaces. Consequently, 31 nobio, Msnow,nobios fnobio
and fenowy nobio are defined for each nobio surface.

Variable ogér}];i];;:]a Description Unit Type
Resistance coefficient to
snow sublimation on
vegetated lands (vbetal is
B1,bio vbetal associated to B1,pio at the — —
beginning of the subroutine
before being updated by
adding vbetal) add
Resistance coefficient to
snow sublimation on non Local variable to the
B1,novio vbetal _add biological lands (lakes, ice, B subroutine
cities...)
4 betalv total resistance coefficient _ Output (used in
to snow sublimation enerbil module)
Total fraction of the nobio
Srobio,tot totfrac_nobio lands on the grid-cell (sum — External input
of the fnobio
Srnobio frac_nobio Fraction of each nobio — External input
- surface
Fraction of vegetated land Input from condveg
Fomowy_veg frac_snow_veg which is covered by snow B module
. Fraction of non-biological Input from condveg
Fomowy_novio frac_snow_nobio land covered by snow B module
p rau Air density kg.m™3 Input ORCHIDEE
\7| =Vu2 + 02 speed = /u? + v? Wind speed m.s~t External input
Cq q_cdrag Surface drag coefficient — dIirfl;:;z_fr;);lo
Qsurf gsatt Surface saturated humidity kg.kg T Input from enerbil
Qair qair Lowest }lli\;flli;ii}elmﬁc ar kg.kg™* Input from enerbil
Snow mass on vegetated 9 Input from
Msnow.bio snow kg.m .
’ lands ezxplicit _snow module
Msnow,nobio snow mnobio Snc.)vv ngass on kg.m™? . IAnput from
’ - non-biological lands ezxplicit _snow module

11.3.2.2 Calculation of 35

b5 is the resistance coefficient associated to the evaporation of floodplains
a prediction/correction scheme with the same kind of test.

. As for 31, 85 follows

The subroutine starts by approximating (S5 as the fraction of the grid-cell occupied by
floodplains as in Equation (69).

Bs = ffloodplains = /65,predict

(69)

As for 31, the total floodplains evaporation flux engendered by this 55 is computed as thanks

to Equation (70).
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Efloodplains,test = /85‘Epot,tot (70)

If the predicted flux cannot be supplied by the water reservoir of the flood plains,
f5 is reduced to the evaporation of the mass of water stored inside the flood plains m,, f1004 thanks
to Equation (71).

May, flood
65 = —w,flood = 65,007"7’

71
Epot,tot ( )

Epot,tot,co'r'r

NB: When (5 is first predicted, it is not directly associated to ffioodpiains DUt to frioodpiains- Bt it
I do not really understand why s is the only one to undergo this limitation. Maybe the fact is
that Epot tot,corr 15 expressed thanks to T ,e; which represents the temperature of air assuming
an hypothetically wet surface. Floodplains are saturated wet surfaces so maybe in this case
Epot tot,corr is needed to express the resistance coefficient. Because Ty, s is unique on the grid-
cell, for the floodplains, T et is surely really different from T, r, consequently, Milly’s correction
is needed is we do not want to underestimate the evaporation of floodplains.

diffuco flood subroutine:

Name in

Variable ORCHIDEE Description Unit Type
Resistance coefficient to Output used in
B vbetab —
5 evaporation of floodplains enerbil module
. Fraction of grid-cell .
frioodplains tot frac_nobio occupied by floodplains — External input
Estimated water flux with 9 .
Efloodplains,test subtest the B prediction kg.m Local variable
p rau Air density kg.m ™3 Input ORCHIDEE
\7| = Vu2 + 2 speed = Vu? + v? Wind speed m.s ! External input
Input from
Cq q_cdrag Surface drag coefficient — diffuco_aero
subroutine
Input from enerbil
L1 —1 p
Qsurf gsatt Surface saturated humidity kg.kg module
v air Lowest level specific air ko ka1 Input from enerbil
Qair q humidity g-rg module
M, flood flood,es Mass of water in floodplains kg.rrf2 Input frgm hydrol and
’ routing module
. . _ Input from enerbil
2
Epot,tot evapot Total potential evaporation kg.m module

11.3.2.3 Calculation of s

B2 corresponds to the resistance coefficient of the water intercepted by the vegetation.

It is

calculated in the subroutine diffuco inter. As for the precedent calculations, B is calculated
following a prediction correction scheme. The predicted value of B2 corresponds to the fraction
of intercepted water by the vegetation multiplied by the effective vegetation fraction of each
PFT divided by a resistance term which corresponds to the transport across the canopy. The
expression used is the one in Equation (72).

qs,intercepted 1
1+ |? ‘ ~Cd-rstruct

62 = f'ueg,eff- = 62,predict (72)

qs,mazx
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Where, fyegers is the effective vegetation fraction of each PFT (veget in the code), ¢s intercepted
is the amount of water intercepted by the vegetation per unit of surface, gs mqz is the maximum
amount of water that can be intercepted by the vegetation per unit of surface, both calculated in
the hydrol module and 744t is an empirical constant resistance term defined at the PFT level.

As for 1 and S5, a verification is made before a correction. If the water intercepted
by vegetation is less than the total water evaporated calculated thanks to 82.Ep. tot,
then, f2 is reduced to Equation (73).

ds,intercepted
= e T 73
B2 FEpot, tot ﬁQ’COW ( )

Finally, the subroutine also calculates 23, the resistance coefficient of the wetted foliage
which will transpire once the intercepted water has evaporate. If the potential intercepted
evaporation (52 predict-Fpot,tot) is higher than the water intercepted by vegetation, the water

stored on vegetation will not be sufficient to answer the climatic demand, then transpiration will

occur. Consequently, B3 corresponds to the predicted value less the real one as in Equation
(74).

qs,intercepted (74)

ﬁ23 = 52,predict - Epot, tol

diffuco inter subroutine:

The diffuco_inter subroutine computes Equation (72) to (74) for each grid-cell and each

PFT.
Variable Name in Description Unit Type
ORCHIDEE
Resistance coefficient to Output used in
B2 vbeta2 evaporation of water — .
intercepted by vegetation enerbil module
Resistance coefficient to Output (used in
Bos vbeta23 wetted foliage that will - .
transpire afterwards enerbil module)
fraction of surface covered Input from
Joegiers veget by foliage - ORCHIDEE
PP J—— Water inbereepted by [y e | ot fom el
. Maximum water that 9 Input from slowproc
Gsmaz gsintmaz vegetation can intercept kg.m module
|7| speed Wind speed m.s External input
Cq q_cdrag Surface drag coefficient - Input from condveg
- module
T rstruct Empirical constant sm”? ORCHIDEE input
struct coefficient at the PFT level ‘ P
Not explecitly mentioned in
Epot,tot ziltest x vbeta2 cortr};;}psouf(fso]tl:)lr]g)qzzttion kg.m™2 Input from enerbil
(54)
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11.3.2.4 Calculation of 3,

The calculation of B4, resistance coeflicient for bare soil evaporation is made in the subroutine
diffuco_bare. However, the key variable used in the calculation of 84, Epgre 1im, is calculated in
the module hydrol. This variable represents the ratio of potential evaporation which is actually
made by bare soil evaporation. It consequently corresponds in most of the cases to (4. First of
all, it is important to understand how Ejpgre 1im is calculated in hydrol. Epgre 1im starts by being
calculated at the soiltile level (see 11.1.2 for the definition of soiltile): Epgre 7lim7st. Frare lim,st
the flux of bare soil evaporation is deduced from the soil total water budget in Equation (75)
(written in terms of total moisture content per surface unit of the soiltile (kg.m=2)).

Os: — {0
W = _Fbare_lim,st - Fbottom,st (75)

Thus, on a time step At and weighting it by the effective bare soil fraction of the soiltile
which will evaporate ( fpare,st), the bare soil evaporation per soiltile is given by Equation (76).

At‘Fbareilim,st = ({Qst} - 9575 - Fbottom'At)‘fbare,st (76)

From this flux, the ratio from potential evaporation is deduced as in Equation (77).

At-F’bowe_lirn,sz‘/

7
Epot,tot ( )

Ebare_lim,st =

And the ratio Epgre 1im 1s calculated as the sum of the soiltile ones as in Equation (78).

Ebareilim = Z Ebareilim,st (78)

st

Now coming back to diffuco bare, before attributing the value of Epgre 1im to B4, a test
will be done. The sum of bare soil evaporation, intercepted water interception evaporation and
transpiration should not be higher than the rate of water flux attributed to those processes
(Eother in Equation (58)). This means that 84 + B2 sum + 53,sum should not exceed 1. So, if the
value of Epgre tim is higher than (1 — 2 sum — 33,5um), then:

/34 = Ebare_lim (79)

In the cases where Epgpe i is actually higher than (1 — 82 sum — 83,sum), priority is given to
intercepted water evaporation and transpiration and 8, is reduced to (1 = B2,5um — B3,5um). In
those cases, in order to keep a closed water budget, Eygre 1im and Epgre 1im,st are recalculated as
in Equations (80) and (81) (variables between [ | correspond to their values before recalculation).

[Ebare_lim,st]'(l - B?,sum - ﬁS,sum)
[Ebare_lim]

(80)

Ebare_lim,st =

64 = Ebare_lim =1- 62,sum - BS,Sum (81)
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diffuco_bare subroutine:

The diffuco_bare subroutine computes Equations (79) to (81) for each grid-cell. Equations
(76) to (78) are computed in the hydrol module.

. Name in e . .
Variable ORCHIDEE Description Unit Type
Part of total evaporation Modified variable
Evare tim,st evap_bare_lim_ns used for bare soil — coming from hydrol
evaporation for each soiltile module
Part of total evaporation Modified variable
Epare tim evap_bare_lim used for bare soil — coming from hydrol
evaporation module
Resistance coefficient to Output used in
B4 vbetad . . — .
bare soil evaporation enerbil module
Sum over PFTs of the
. . Input from
3 vbeta2sum = resistance coefficients for B diffucointer
2 sum SU M (vbeta2(ji, :) the evaporation of water -
. . subroutine
intercepted by vegetation
Sum over PFTs of the Input from
vbeta3sum = . . .
B3, sum .. resistance coefficients for — diffuco_trans co2
' SUM (vbeta3(ji, :) o . T
transpiration by vegetation subroutine

11.3.2.5 Calculation of 33

The last resistance coefficient to be calculated is 83, the one for transpiration. This resistance
coefficient mainly rely on three resistances: the stomatal resistance, the boundary layer resistance
and the aerodynamic resistance across the canopy. It is composed by two terms, the effective
transpiration coefficient, and the transpiration that occurs after evaporation of the intercepted
water as in Equation (82).

63 = 63,t7‘ansp + /83,transp_after_intercept (82)

Firstly, 33 transp is calculated as the fraction of the canopy that can transpire multiplied by
a resistance term as in Equation (83).

qs,intercepted 1
: 83
qs,mazx 1 [; Cy. f”eg’eff ( )
’ + | | Tveg,pft-Tveget

’Ueg max

63,transp = fveg,eff'(l -

qs,intercepted

Where, fuegefr is the effective fraction of the PFT composed by vegetation, (1— ) is

ds,max

the fraction of vegetation per PFT that is not intercepting water, and, finally, ]7] Cd M Tveg,pft-Tveget

’L)Pg mazx
is a resistance coefficient for both transport of water within the canopy ( |7| Cy.) and the stomatal
resistance ryeget = 1/0s tot (Where gs 1or is the total stomatal conductance) reduced by a vegetation
f’ueg eff

Ueg max

resistance Tvegpft (& bit more explanation on this choice may be useful).

Concretely, the term correspond to a fraction of an aerodynamic resistance (R, = ?17)

|[V].Cq
and a stomatal and boundary layer resistance (Rje, ;= M Tvegpft-Tveget)- Thus, B3 transp

veg max

corresponds to the reduction induced by the stomatal and boundary layer resistance over the
aerodynamic resistance: RﬁRi}%zed' Indeed, as one can see on Equation (84), the term Ra“!‘Ri]g;leaf

corresponds to the term implemented in the 3 coefficient.
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R, 1/(|V].Cy) 1

R +R 7 fvegeff 7 fvegeff (84)

leaf ’ | Cd Foeg.maz ‘Tveg,pft-Tveget 1 + | | Cq. Foeg.maz Tveg,pft-Tveget

On the other side, the resistance to transpiration after evaporation of intercepted water is
calculated with the same expression as in Equation (83) with the ratio of vegetation that have
intercepted water qs’i;”ew instead of (1 — WM). Because the 3 for transpiration after
evaporation of intercepted water has already been calculated with B23 in Equation (74), the most
restrictive of the two definitions is taken, as in Equation (85).

QS,mtercepted 1
/83,transp_after_intercept = MIN(B237 fveg,eff' 7 Foegeff )
4s,max 1 + ‘ ‘ Cy. ue;];qzaz Tveg,pft-Tveget
(85)
diffuco _trans_co2 subroutine:

The subroutine diffuco trans co2 also computes the photosynthesis for each PFT. Because
photosynthesis is not the subject of the present technical note, the name of the variables cited
here are only the one of those needed for the calculation of 3. The description of photosynthesis
and all the other variables should be the subject of another technical note.

B3 transp and B3 transp after intercept are not explicitly defined in the module and are only
part of the calculation of 83. They have been added here in a matter of understanding.

Variable Name in Description Unit Type

ORCHIDEE P yP
3 vheta3 Resistance coefficient to B Output used in
3 transpiration by vegetation enerbil module
Resistance coefficient to Output (used in
Bas vbeta23 wetted foliage that will — p .
. enerbil module)
transpire afterwards
I . fraction of surface covered _ Input from
veg.eff vege by foliage ORCHIDEE
, . Water intercepted by 9 Input from hydrol
gs,intercepted qSZnt”eg Vegetation kgm module
sintma Maximum water that kea.m—2 Input from slowproc
9s,maz 9 vegetation can intercept g- module
|7| speed Wind speed m.s External input
Cq q_cdrag Surface drag coefficient Input from condveg
- module
Tveget rveget Stomatal resistance sm T Local variable
"Potentiometer to set
vegetation resistance" .
Tveg,pft rveg_pft (Focapsi = 1 as a default ORCHIDEE input
value)
Sum of the stomatal o 1 . Local varl_able
Js, tot gstot mol.m~“.s" ".bar calculated in the
conductance over PFTs X
subroutine
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II.4 Soil thermodynamics

As it is presented in Section I1.2.1, the surface energy budget can be expressed with 2 approaches.
The first one is a radiation flux approach, presented in Equation (1). The second one, relies on the
calculation of the convective and conductive fluxes that compose R, it is presented in Equation
(3). One of those fluxes is the soil heat conduction flux.

Those soil heat conduction aspects are modeled in ORCHIDEE in the module called thermosoil.
Because the soil temperature and the soil heat flux have direct impacts on the energy budget,
this module needs to be presented inside this technical note.

This soil heat conduction will interact with two other processes: the accumulation of snow at
the surface, which is computed in the module explicitsnow and the changing of its heat properties
with the presence of water/ice in the soil layers.

The aim of this part is to present how the soil heat diffusion is solved in a basic setup, without
snow at the surface or ice in the layers and then explain how the snow at the surface and the
frozen water inside the soil will interact with this diffusion.

I1.4.1 Physical aspects

The soil heat conduction modeled in ORCHIDEE is an adaptation of Frédéric Hourdin’s thesis
in 1992 [10] (See it section 3.3, p39 and Appendix A, p195).

Focusing on the soil heat diffusion, the latter process relies on the description of the temporal
variation of temperature in response to a heat flux as presented in Equation (86).

oT 1 0F¢c
— = 86
ot Cp 0z (86)
F¢ is called heat conductive flux and is calculated as in Equation (87) thanks to the vertical
temperature gradient heat conductivity and the soil specific heat. The soil is assumed to be
vertically homogeneous across all the grid-cell.

oT
Fr— )20
c=-Ay (87)

Where A and C), are respectively the soil thermal conductivity and the soil heat capacity.
This leads to a classical Fourier equation as in Equation (88)

or X 0*T

o "0y (88)

Finally, the heat convective flux described in the energy budget is expressed as follows in
Equation (89).

A OT
G=—cas (89)

I1.4.2 Thermosoil module

Having two different models for the global atmospheric circulation and the land surface processes
is convenient when people are only interested in studying one of those two processes. However,
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this shows several problems when the aim of the study is the coupling of both models. As it
is demonstrated in Section 11.2.3, ORCHIDEE and LMDZ are implicitly coupled. This means
that all the variables of the interface are calculated at the same "new" time step. However, this
showed several complications for the calculation of energy fluxes in the energy budget. Moreover,
because the soil heat flux is a big part of the energy budget, this implicit coupling will also show
limitations for the ground heat diffusion model presented here.

The model presented here is coming from Frédéric Hourdin’s thesis in 1992 [10]. The model
implemented is slightly different as it also introduces snow processes. The objective here is only
to provide a example of simple soil heat diffusion model coupled to the LMD Global Circulation
Model.

Thanks to a variable change (2 = z.,/C,/)), Equation (88) can be simplified as Equation
(90) and the heat convective flux is expressed as in Equation (91), where K = /\.C).

oT 9T

9 0 (90)
oT

G=-Kg; (91)

(From now, 2’ will be named z).

At the surface interface, the sum of the fluxes can be summarized as in Equation (92) (at
the inferior limit, flux is assumed to be 0).

T
Li«'i_Sn_LT:Fsens"f_ﬂat_Kaaz (92)

As for the water diffusion module hydrol presented in the technical note by Agnés Ducharne
[10], the soil is discretized into several layers, like in Figure 5.

Radiative fluxes Turbulent fluxes gal®

Zo % T
L) ARSI SRR REES SRS RSN RESEE RSN T:T 3
Zy

LT B e e e T_t 2
Z2

T T ettt Ty
2_1

Figure 5: Soil discretization scheme Hourdin’s thesis|10]

The depth of each node follows a geometrical pattern:
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1 — 2k = a2k — 2p—1) (93)
ok —1
ZE = a—1 Al (94)

Where « is a parameter (set to 2 in the Hourdin’s thesis|10| where the study deals with
Mars).

Temperatures are evaluated at the nodes:

Oék+1/2 -1
Zk+1/2 = ﬁ-zl (95)

And the Equation (90) becomes Equation (96).

Ogy12 1 (Tk+3/2 —Tir2 - Thyrje — Tk71/2) (96)
ot Zktl = 2k Pk43/2 — Zkel/2 Pk41/2 — Zh—1/2

At the upper layer, the equation becomes Equation (97), at the lower layer, the equation
Equation (98).

aTl/2 _ 1 (T3/2 - T1/2 _ L|+S5,— L1 —Fsens — Eat) (97)
ot 21 —Z(]' Z3/2 —21/2 I
O0TN_1/2 1 Tn_1/2—TN-3/2
P (T (98)
ot ZN —ZN-1 ZN-1/2 — ZN-3/2

Finally, the time discretized heat diffusion equation is given by Equation (99)

chr1j2-(Thage = Tiitie) = Ak (T iape = T ya) = die (T o — Ty o) (99)
Where,
2kl — Zk
Ckt1/2 = 7“& (100)
1
dj, = (101)

Rl+1/2 = Rk—1/2
At the upper level, this equation becomes:

L\L—FSn—LT(Té)_Fsens_}?lat

c1ya-(Ty g — Tf/jt) = d1 (T3 — T} jy) — 7 (102)
And at the lower level,
en-1/2-(Th—1jo = TN 1 j2) = =dn—1-(Th_1 7o = Thy_3/2) (103)

Just as the atmosphere resolution presented in Section I11.2.3, this discretized scheme can be
solved by recurrence posing:

Tl§+1/2 = O‘Z-Tii—1/2 + 6 (104)
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The coeflicients ai and 5}; are deducible thanks to the temperature of the layer at the previous
time step t —dt. At the bottom of the soil column, af;_; and BY;_; are deducible from Equations
(103) and (104) as in Equations (105) to (107).

aly_y = L (105)

N-1= (106)
Ay
With
Ay = cn-172 Hdn—1 (107)
Then, by recurrence and by replacing T}, 3/2 by its correspondent formula as in Equation

(104) (Thqs/2 = a§€+1.T,§+1/2 + Bi41) in Equation (99), the coefficients of and jj can be
determined as follows:

d
t k
ot t
Chr1/2: Ty 0 + dit1-Brqy
Bl = 5 (109)
k
With
Aj = cprajo + (1= afyy )i + d (110)

As for the atmosphere, the coefficients are determined thanks to their values at the previous
time step and the values of the layer right below. Consequently, at the beginning of the time
step, the temperatures of each layers will be determined thanks to the coupling with atmosphere
and other surface processes and the values of the coefficients at the previous time step. Then,
once the temperatures are know, the coefficients are recalculated from the top of the soil to the
bottom for the next time step.

This step by step process permits to access the surface temperature Ts as presented in
Frédéric Hourdin’s thesis (p.197)[10].

Implicit coupling with the atmosphere:

As discussed above, this flux needs to be implicitly coupled to the atmosphere. As it is
presented in Section I1.2.3, the atmospheric model permits to access to the surface temperature
Ts at the "new" time step. In parallel, the coefficients oy and [, are pre-computed at the
previous time step time step. This permits to calculate all the temperatures at the nodes of the
soil vertical discretization. Finally, all the new temperatures permit to calculate the new values
of the coefficients o and S8 which will be needed at the newt time step. The global resolution
scheme can be summarized as in Figure 6.

Technical note 35



g ORCHIDEE
‘—4 LAND SURFACE MODEL

1.4 Soil thermodynamics

Atmospheric Turbulent Diffusion
Top-Down calculation of the atmospheric coefficient A%, and B,
Surface temperature Calculation
‘E""’atm ’ E"atm ’ Ht AE* F‘t’s::lllr C"s::ul % T‘t’S
Bottom- Up calculatmn ‘of the a atmnspherlc temperatures 'I'Satm

i+ 6t

Thermal conductivity in the soil
Top-Down calculation of temperatures
AL, BY G T D Theap
Ec:?tomv-UUvaalculaticn of the coefficient of the next time step
Ttk+1_."2 = Aﬁﬁtk ' EHEtk ' I:H-ﬁts::lilr C

soil

Figure 6: Global resolution scheme of both atmospheric and soil heat diffusion. Adapted from
Hourdin’s thesis[10]

11.4.3 Interaction with water in the layers

In parallel of the soil thermal diffusion, an hydrological budget of the soil is computed in the
module hydrol. This module permits to calculate the amount of water present in each soil layers
(in both diffusion scheme, the same layer discretization is used, 11 layers in both cases). This
water will interact with the soil thermal budget and the soil thermal properties when it will
froze/thaw. It will for example modify the soil thermal conductivity and capacity. The impact
of soil freezing has been developed in ORCHIDEE by Gouttevin et al. (2012) as shown in
Gouttevin thesis (2012)[7]. The main equations implemented in ORCHIDEE are explained right
after.

The new soil freezing scheme is designed to represent the latent heat exchanges involved in
the freezing and melting of soil water, and the changes in thermal and hydrological properties of
the ground induced by soil water phase change. The latent heat exchanged during freezing and
melting of water acts as a source or a sink term in the Fourier equation (Equation (88)) which
becomes Equation (111).

8T (9 @T 80ice
Crgr = 5; Va5 ) T Pice L,

(111)

Where, L is the latent heat of fusion (J.kg™'), pice is the ice density (kg.m™3), i is
volumetric ice content (m3.m=3).

As explained in Gouttevin thesis (2012)[7], in this case, the mechanical effects of soil freezing
(expansion of the total volume of soil) are not taken into account. During freeze-up, the latent
heat release delays the freezing progression. On the other side, latent heat consumption delays
the soil warming. Latent heat term thus systematically opposes to the temperature change.
Consequently, it can be seen as a thermal inertia. This lead to the introduction of an apparent
heat capacity as in Equation (112).
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Wice\ T _ 0 OT

(Cp — pice-L. a7 )at = @( E)

(112)

This permits to define the apparent soil heat capacity Cypp (soilcap in the code): Copp =
Cp — pice.L.Lg,ilfe .

Finally, the soil thermal properties also change with the presence of ice and water inside the
soil layers. Equation (113) explains the representation of the soil heat capacity as a function of

the fraction of water inside the layer. Equation (114) represents the evolution of soil thermal
conductivity as a function of the same fraction (revision made by Wang et al. (2016)[24].

Cp = (fl-cwet + (1 - fl)-cicy - Odry)‘s + Cdry (113)

A= (AL N0 N3 )8+ Ay (114)

Where, f; is the fraction of the liquid soil water, assumed to vary linearly from 1 to 0 between
0°C and —2°C, initially, now, this "freezing window" is set from 1°C to —1°C, A4, A; and Ay, are
the heat conductivities for solid soil, ice and water, respectively, A4, is the heat conductivity of
dry soil (Wm~1K~1), S is the total (frozen and unfrozen) soil saturation degree (m*m=3) and
Carys Cwet and Cjey are respectively the dry soil, saturated unfrozen and saturated frozen soil
heat capacity (Jm 3K™1).

All those interactions are directly implemented in the thermosoil module (See Section I1.5.3.

I1.4.4 Interaction with snow at the surface

The aim of this part is to understand the basis of the snow processes and the interactions with
the soil and energy budget. More precisions are needed to fully understand what is implemented
in the explicitsnow module.

As explained, the snow model in ORCHIDEE is based on Boone et al. (2001)[3]. This model
has been developed for the model ISBA-ES used by Météo-France. It relies on the description of
a 3-layer snow cover above the soil and permits to calculate several snow properties and energy
and mass transfers such as the snow density, the snow energy balance and heat flow, the snow
liquid water content, the impact of snow on the roughness height, melting and freezing...

At each time step, the snow mass balance is given by Equation (115) (this is the snow mass
balance in Boone’s article, it seems a bit different in ORCHIDEE but I believe that the processes
involved are the same).

oW
ot

=P, +pn.P— RNy — Esp (115)

Where W is define as the snow water equivalent (which can be defined as the product between
the average snow density and the snow depth), P, is the snowfall rate, p, is the fractional snow
cover area, P is the rainfall rate, so, p,.P; represents the portion of the total rainfall that is
intercepted by the snow surface, Ry is the snow runoff rate (snow that leaves the snow pack
from the basis to the soil and FEj, is the combined evaporation and sublimation rate.

The snow cover is represented thanks to 3 layers which are added above the soil layers as
represented on Figure 7.
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Figure 7: Schematic diagram of the snow cover above the ground

The snow cover thickness (D) is determined thanks to the snow mass and density and the
depth of each sub-layer is calculated following Equation (116), (117) and (118).

Dgy = 60.25D, + (1 — 8)Dy1 mas (116)
Dy = 50.50D; + (1 — 6)[0.34.(Ds — Ds1.maz) + Dst.maz] (117)
Dys = Dy — Dyi — Do (118)

With the condition Dy < 10Dg1 smae and where 6 = 1 if Dy < 0.2m. This permits to limitate
the height of the two first sub-layers in the case of high snow cover.

Once this layering computed, the module will calculate the energy balance inside the snow
layers in order to calculate the layers temperature and the heat flux which is going into the soil.
This step is essential for the implicit coupling with the atmosphere as the module explicitsnow is
computed before the soil heat resolution module thermosoil. Snow layers temperature and heat
flux at the soil/snow cover interface will be sent to the thermosoil module.

The heat diffusion inside the snow cover is assumed to be exactly the same as the one in
the soil. In the presence of snow, the soil heat resolution module will only take into account
three more layers of snow with different properties than the ones of the soil. The snow layer
temperatures will, thus, be calculated thanks to the snow coefficients oy snow and Bi snow as
presented in Section I1.4.2. Then, the coefficients for the next time step will be computed,
exactly in the same way as in thermosoil module. The only differences between both resolutions
are the thermal properties (all the properties are calculated in explicitsnow module but it has
been decided not to go into deep details in this note).

The snow process resolution can be summarized as on Figure 8.
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Surface Energy Budget

(ENERBIL)
Snow model
Surface Hydrology | (EXPLICIT_SNOW)
(HYDROL) Snowfall

| Update of snow layering and SCF |
¥

| Snow compaction |

Snow albedo and roughness

(CONDVEG) | Update of temperature profile |
l Snowmelt
Soil heat diffusion | Water flow and refreezing |
i L]

(THERMOSOIL)

| Snow sublimation |
L

Snow aging
L]

I Update snow thermal coefficients |

Figure 8: Summary of the main snow processes calculated and the steps of
calculations/interactions with the other modules
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I1.5 Modelling in ORCHIDEE

All the previous model is developed in ORCHIDEE in the enerbil module (except the part
explicitly coming from thermosoil in Section 11.4). This part will now emphasize the architecture

of the enerbil module and precise a bit its routines.

I1.5.1 The enerbil module scheme

The scheme of the enerbil module can be summarized as in Figure 9.

( Enerbil Module h
(" Public subroutines Y4 Local subroutines 3
F . . ™
4 i e ) soerbil, begin
Calculates preliminary vanables in orderto computes the energy budget
Allocates module vagables, read from “ v
restart file orinitislize with default - - ~
wales enerbil surfremp
. S
Interface betwreen the surface energy budget and the atmosphere. It
4 enerbil main ) L computes inplicitly the coupling between both models
7
Calls each local subsoutines to r enerbil_fhux ™
compiste the energy budgetin
\ SECUeIIce y Calculates all the fhmes which compose the energy budget thanks to
thekey vanables caloulated in enerbil surftemp
s ™~ L ) A
enerbil finalize
. '
enerbil evapveg
Wates the module vanables and
variables to restast file Splits the potential evaporation between all the vegetation process
fhzzes that composeit
. NS =/
g enerbil clear ™ 4 Obsclete Subroutines )
Deallocates the key outputs vanables r enerbil _pottemp -1
if they have already been allocated - - -
Subgoutine which was computing the surface temperature and
o v humiditywhen surface is unstressed
S A )

Figure 9: Scheme of the enerbil module

The module is divided into 4 main calculations subroutines: enerbil begin, enerbil surftemp,
enerbil _flur and enerbil evapveg. The description of those subroutines is made in Section II.5.2.
The other subroutines enerbil initialize, enerbil finalize, enerbil clear and enerbil write are
usual subroutines for the good functioning of ORCHIDEE, enerbil main calls the 4 calculation
subroutines and, finally, enerbil pottemp is not used or called at all.

The main subroutine enerbil main is calling the 4 calculation subroutines in the following

order:

e enerbil_begin: in order to calculate preliminary variables, useful for the energy budget.

o enerbil surftemp: in order to calculate the static energy, the saturated surface air moisture,
the soil temperature, the air moisture and the air temperature at the "new" time step.

Technical note

40



~.g ORCHIDEE
I LAND SURFACE MODE IL5 Modelling in ORCHIDEE

e enerbil flur: in order to calculate the different fluxes that compose the energy budget.

e enerbil eveapveg: in order to split the water fluxes between its components.

I11.5.2 Subroutine descriptions
I1.5.2.1 enerbil begin subroutine

The first calculation subroutine to be called by the main one is enerbil begin. The aim of this
routine is to calculate preliminary variables useful for the computation of the energy budget.
The routine starts by calculating the static energy of the surface (which can be refered as the
enthalpy) for the old surface temperature as in Equation (119).

{Hsurf} = {Tsu'rf}-cpair (119)

Then, the routine calls two public routines from the modules constants _veg and gsat moisture.
Those two routines calculates the surface saturated humidity gy, f, sat ({Tsur f}) and the derivative
of the saturated humidity with respect to the temperature, evaluated at the old temperature,

0 surf,sa
=gt ({Toury ).

Finally, the routine calculates the long-wave radiations absorbed by the surface and the net
radiation budget as in Equations (120) and (121).

Laps = €.L | (120)
Ry=L1+S,— (eo0{Tas}*+ (1 —¢).L ) (121)

R,, W({TSW +}) and gsur f,sat ({Tsur s }) will be used in the subroutine enerbil_ surftemp,
in order to calculate the values at the new time step.

Table of input variables:

Variable O]ETSE?DH];E Description Unit Input from
{Tsurs} temp_sol Soiri‘i::)i?iit;fsﬁ;he K Previous time step
z o | DoVt gy
Sn swnet Net surface short-wave flux W.m ™2 (Ll\]/iI]]):()t;r(?fii:;ZE;se)
P, pb Lowest level pressure hPa (Ll\]/iI]]):()t;r(?fii:;ZE;se)
€ emis Emissivity of the surface — (Ll\]/EI]I);t;r;fL:;I;E;se)

Table of output variables:
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. Name in e s . .
Variable ORCHIDEE Description Unit Output used in

Surface dry static
{Hsurs} psold energy /potential enthalpy Jkg™? enerbil_ surftemp
at the previous time step
Surface saturated humidity
{Gsurf,sat } gsol _sat at the temperature of the kg.kg™? enerbil_ surftemp
previous time step
Derivative of the saturated
humidity estimated at the

e 1 .
55 ({Tsurs}) pdgsold temperature of the previous kg.(kg.s) enerbil _surftemp
time step
R, netrad Net radiation flux W.m =2 enerbil_ surftemp
Luoe Iwabs Long-wave radiation flux W2 .

absorbed by the surface

I1.5.2.2 enerbil surftemp subroutine

This subroutine is the one that permits the implicit coupling between the surface and the
atmosphere. The aim of this routine is to calculate, at the “new” time step, the values of the
variables which will permit to compute the energy budget and the diffusion into the atmosphere.
As it is precised in Section I1.2.3, this implicit scheme relies on Dufresne & Gattaz (2009)|6].

The routine is divided into three parts:

e The first one consists in the sensible and latent heat fluxes at the “old” time steps.

e The second one consists in calculating the sensitivities of the fluxes to changes of surface
static energy.

e Finally, the change in surface static energy is determined and the “new” surface static
energy, ‘new” surface saturated humidity, ‘new” surface temperature, ‘new” potential
evaporation and “new” air saturated humidity.

“0Old” time step fluxes:

The sensible flux of the old time step is calculated thanks to Equation (41) by replacing
Tsury by its value at the previous time step {Tsyr¢}. Then the module computes the latent
heat flux at the old time step by computing Equation (42) with the same trick with the surface
saturated humidity {gsqt surf}. However, two parts of the latent heat flux are calculated : the
part corresponding to the sublimation, using § = 51.(1 — 85) in Equation (42) and using 8 =
(1 — B1).(1 = B5)Brio in Equation (42) for the evaporation process.

Sensitivities to changes in surface static energy:

Then, the sensitivities of the fluxes to a change in static energy are computed following
Equation (48) to (51). With the same distinction between sublimation and evaporation for the
latent heat flux.

“New” time step fluxes:

The first quantity of the new time step to be calculated is the change in surface static energy.
This value is given thanks to the Equation (53). From this point, the new surface static energy
is determined following Equation (122).

Hsurf = {Hsurf} + Af (122)
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The new surface saturated humidity is given by Equation (123).

1 8(]sat |
Cp,air 8H Cp,air-{Tsurf

QSat(Tsurf) = QSat({Tsurf}) + }A@ (123)
Then, the new surface temperature is computed as in Equation (124).

Hsurf
Cp,air

Tsurf = (124)

The new air potential enthalpy and new latent heat flux (proxy value, the real one is calculated
in enerbil flux are given by Equations (125) and (126).

anens
azr = 77 {Fsens} AG) + Hsurf (125)
8Fa a 8Fa s
Fsens,prozy - ({Flat,evap} %AQ) {Flat,sub} - #AG) (126)

Finally, the new saturated humidity of air is calculated as in Equation (127).

1 1
Gair = G A5 (L= B5) T Aor(1— B1)-(1— B5). B 1 ) cerswrom + dowrfsat

(127)

Table of input variables:
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Variable OITSE?DH;JE Description Unit Input from
. .o External input
€ emsis Surface emissivity K (LMDZ or database)
_ ) Air potential enthalpy at 1 . .
{Hair} epot _air the previous time step J.kg Previous time step
Coefficient permitting the
T implicit coupling for _ External input
4 petAcocf Temperature (See Section (LMDZ or database)
11.2.3)
Coefficient permitting the
T implicit coupling for 9 External input
B petAcoef Temperature (See Section Wem (LMDZ or database)
11.2.3)
Lowest level specific
{qair} qair humidity at the previous kg.kg™? Previous time step
time step
Coefficient permitting the
q implicit coupling for specific . External input
A petAcoef humidity (See Section (LMDZ or database)
11.2.3)
Coefficient permitting the
implicit coupling for specific 1 External input
B? A 1 . .
peqAcoef humidity (See Section kg-kg (LMDZ or database)
11.2.3)
. Soil heat flux at the 9 thermosoil module
&y soil fle previous time step Wem (See Section II.4)
p rau Air density kg.m™3 777
Wind velocity by
(u,v) w.v directional components (u - External input
’ ’ = eastwards, v = ' (LMDZ or database)
northwards)
. condveg module (See
Cq q_cdrag Surface drag coefficient — Section 11.2.2)
Total resistance coefficient .
Brio vbeta for PFT evaporation — diffuco r.nodule (See
processes Section 11.3)
Resistance coefficient for diffuco module (See
A vbetal snow sublimation B Section I1.3)
Resistance coefficient for diffuco module (See
B betab _
5 voeta floodplains evaporation Section 11.3)
_ . . . . 1 thermosoil module
Cp,soil soilcap Soil calorific capacity JK (See Section T1.4)
Down-welling long-wave i External input
Li bwdown radiation flux W.m (LMDZ or database)
_ External input
2
Sn swnet Net surface short-wave flux W.m (LMDZ or database)
(R} netrad Net radiation budget at the W2 enerbil_ begin
" previous time step ' subroutine
Table of output variables:
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. Name in o s . .
Variable ORCHIDEE Description Unit Output used in

Surface dry static

Hourys psnew energy/potential enthalpy Jkg? enerbil_ flux

at the new time step
Surface saturated
humidity at the

qsurf, sat gsol _sat_new temperature of the new kg.kg™? enerbil_ flux
time step
Surface temperature at .
Tsurs temp sol new the new time step K enerbil  flux
. Air moisture at the new 1 .
Qair qair _new time step kg.kg enerbil flux
Air potential enthalpy
Hair epot _air _new (epot_air new = JEkg™? enerbil fluz

cp_air.T_air)

I1.5.2.3 enerbil flux subroutine

This subroutine calculates all the fluxes, temperatures and humidities needed for the completion
of the energy budget. The routines starts by calculating the upwelling long-wave radiations
thanks to Equation (2). Because this flux is calculated thanks to a limited Taylor expansion
around the precedent surface temperature, it does not rely on the “new” surface temperature.
Then, after the limited Taylor expansion, the radiative surface temperature can be deduced
thanks to Equation (128).

L1
€0

=

) (128)

Tsurf,rad = (

A diagnostic variable used in LMDZ to compute the dependence of the surface layer stability
on moisture is calculated according to Equation (129).

Qsurf = Gair + (51(1 - B5) + BB)-(qurf,sat - q(m) + (1 - 51)(1 - /85)~Bbio-(QSurf,sat - Qair) (129)

Once this calculation finished, the calculation of the different fluxes of the energy budget is
computed:

e The net radiation, R, is calculated thanks to Equation (1).

(] € total mass water Iux, tot — 5 -L'tot, 1S Calculate anks to € 1ollowing equation
The total ter flux, E A Fiot, is calculated thanks to the followi ti
At Al -(Efloodplains + Eother)-

= snow

Asublimation Aevaporati(m

e The latent heat flux, Fj,, is calculated thanks to Equation (55).

e The sublimation component of the latent heat flux, Fsupiimation, 18 calculated thanks to

(57).
e The sensible heat flux, Fyeps, is calculated thanks to Equation (5).
e The net long-wave radiation is calculated as the difference between L | and L 1
e The total potential evaporation, Epq s is calculated as defined in Equation (65).

e The air temperature, T,;,, is calculated as the ratio between the new static air energy and
the Cpair
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This part maybe needs a reviewing:

Once the different fluxes of the energy budget are determined, in order to couple the budget
with the snow processes when snow is present at the surface, the subroutine calculates the amount
of energy which is injected inside the snow pack (Fsnow,input). To do so, the routine starts by
calculating the amount of energy brought by the rainfall (assumed to be at Ty, ):

Py .4.218.103.(Tyir — Tooc)

PHPSNOW =
At

(130)

Where P, is the rainfall rate and Thoc = 0°C'. This amount of energy permits to calculate a
the amount of energy sent to the snow pack (by solving a new energy budget for the snowpack):

anow,input = Rn - Eat - Fsens +PHPSNOW (131)

Then, the routine recalculates the energy balance by replacing T, by Tooc. This permits to
calculate another amount of energy transmitted to the snowpack (assuming an air temperature of
0°C'). The variable is called Fipow,input,00c. This permits to access to the change in temperature
(additional energy to melt snow for snow ablation case), Tsyrf,add in K:

At
Tsurf,add = _(anow,input - anow,input,O"C)- C (132)
p,soil
Finally, the net energy into the snow pack is set as:
anow,input = anow,input,O"C (133)

End of the part that need to be reviewed

The last step of this subroutine is to computes Milly’s correction to potential evaporation
presented in Section I1.2.1. After computing Epo tot, the correction term is calculated as in
Equations (6) and (7). 8 is computed as Eyot/Epot tot-

Once the correction term is calculated, the corrected potential evaporation is computed as in
Equation (134).

1+
Epot,tot,corr = Epot,tot‘Hig (134)

NB: Reducing the equations of the code permits effectively to come back to Equation (134).

Table of input variables:
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Variable OITSE?DH;JE Description Unit Input from
. .o External input
€ emsis Surface emissivity K (LMDZ or database)
{Tsurs} temp sol Surface t.e mpe%"ature at the K Previous time step
- previous time step
Tsurs temp sol new Surfacizjvrnt;i);r:mt;;; at the K enerbil_ surftemp
Hair epot _air Alr poziﬁl?ilrr?:esige}; at the Jkg™! enerbil surftemp
Lowest level specific
Qair qair humidity at the new time kg.kg™* enerbil_ surftemp
step
Houry psnew Surfatc}(fedrll“zvftt&i?l(; Z?S;gy at J kg1 enerbil_ surftemp
Surface saturated humidity
Qsurf,sat gsol _sat_new at the temperature of the kg.kg™? enerbil_ surftemp
new time step
p rau Air density kg.m > 772
Wind velocity by
(u,v) wv directional components (u s~ External input
’ ’ = eastwards, v = ' (LMDZ or database)
northwards)
. condveg module (See
Ca q_cdrag Surface drag coefficient Section I1.2.2)
Total resistance coefficient .
Bbio vbeta for PFT evaporation — diffuco r_nodule (See
processes Section I1.3)
Resistance coefficient for diffuco module (See
A vbetal snow sublimation B Section I1.3)
3 vbetas Resistance coefficient for _ diffuco module (See
5 floodplains evaporation Section I1.3)
thermosoil module
) . . . . —1
Cp,soil soilcap Soil calorific capacity J.K (See Section TT.4)
External input
Py pb Lowest level pressure hPa (LMDZ or database)
. . . External input
rain f 7?7
E precip__rain Rainfall (LMDZ or database)
Rsnow snowdz Snow depth m ezxplicit _snow module
Down-welling long-wave 2 External input
Li twdown radiation flux Wem (LMDZ or database)
_ External input
2
Sn swnet Net surface short-wave flux Wm (LMDZ or database)
(R} netrad Net radiation budget at the W2 enerbil_begin
" previous time step ’ subroutine

Table of output variables:
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Variable OITSE?DH;JE Description Unit Output used in
Qsurf gsurf Surface specific humidity kg.kg™ T LMDZ
Foens fluxsens Sensible heat flux W.m ™2 ORCHIDEE
Fla: fluxlat Latent heat flux W.m =2 ORCHIDEE

o . Sublimation component of PN
Fsublimation Sfluxsubli the latent heat flux W.m ORCHIDEE
Eiot vevapp Total evaporation mass flux mm.d— T ORCHIDEE
Up-welling long-wave
Lt lwup radiation flux emitted by W.m =2 ORCHIDEE
the surface
Ln lwnet Net long—wﬂzﬁfxe radiation Won =2 ORCHIDEE
Tourfrad tsol_rad Radiative surface K ORCHIDEE
’ - temperature
Additional energy to melt
Tsurf,add temp _sol _add snow for the snow ablation K ORCHIDEE
case
Table of modified variables:
. Name in o s . Input from /
Variable ORCHIDEE Description Unit Output used in
. 9 enerbil _begin /
R, netrad Net radiation flux W.m ORCHIDEE
. . Previous time step /
Epot,tot evapot Total potential evaporation mm/tstep ORCHIDEE
Total potential evaporation Previous time step /
Epot,tot.corr evapot_corr after Milly’s correction mm/tstep ORCHIDEE
) Net energy flux into the 9 explicit_snow /
Finow,input pgfluz snowpack W.m explicit_ snow

I1.5.2.4 enerbil evapveg subroutine

The last routine to be called is enerbil evapveg. This routine computes the splitting of the
total evaporation flux into its snow sublimation, floodplains evaporation, bare soil evaporation,
intercepted water evaporation and transpiration components:

e Snow sublimation component is calculated thanks to $; and Equation (57) multiplied by
At

Asublimation

e Bare soil evaporation component is calculated thanks to 84 and Equation (62) multiplied
by X At

evaporation

e Floodplains evaporation component is calculated thanks to 5 and Equation (56) multiplied
by X At

evaporation

e Intercepted water evaporation component is calculated thanks to 2 and Equation (60)
multiplied by =

evaporation ’
e Transpiration component is calculated thanks to B3 and Equation (61) multiplied by
At

Ae'ua,poration
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Table of input variables:

. Name in e . .
Variable ORCHIDEE Description Unit Input from
Lowest level specific
Qair qair humidity at the new time kg.kg™? enerbil_ surftemp
step
Surface saturated humidity
qsurf, sat gsol _sat_new at the temperature of the kg.kg™? enerbil_ surftemp
new time step
p rau Air density kg.m ™3 772
Wind velocity by
(u,v) w.v directional components (u s External input
’ ’ = eastwards, v = ' (LMDZ or database)
northwards)
. condveg module (See
Cyq q_cdrag Surface drag coefficient - Section 11.2.2)
Resistance Cf)efﬁment'for diffuco module (See
B2 vbeta?2 PFT water interception - .
. Section II.3)
evaporation
Resistance coefficient for diffuco module (See
Bs vbetas PFT transpiration B Section I1.3)
3 vbetadot Resistance coeflicient for _ diffuco module (See
3.pot P PFT potential transpiration Section II.3)
B vbetad Res&st.ance coefficient f(?r _ diffuco r.nodule (See
bare soil water evaporation Section I1.3)
Resistance coefficient for diffuco module (See
1 . . — .
i vbeta snow sublimation Section 11.3)
Resistance coefficient for diffuco module (See
Bs vbetab . . — .
floodplains evaporation Section 11.3)
Epot,tot evapot Total potential evaporation mm/tstep enerbil_ flux
Table of output variables:
. Name in . L. . Output used
Variable ORCHIDEE Description Unit in
Fonow Vevapsno Snow evaporation mass flux mm.dagf1 ORCHIDEE
Bare soil evaporation mass -
Ebare_soil_evaporation vevapnu ﬂﬁx mm.day ™ ORCHIDEE
Eftoodptains vevapflo Floodplains evaporation mm.day ™ ORCHIDEE
: mass flux
Eiranspiration transpir Transpiration mass flux mm.day_1 ORCHIDEE
P al —
Eiranspiration,pot transpot otential transpiration mm.day ™ ORCHIDEE
mass flux
I
FEinterception loss vevapwet nterce.pted water mm.day ™ ORCHIDEE
- evaporation mass flux

11.5.3 thermosoil and explicitsnow modules
11.5.3.1 thermosoil module

The scheme of the thermosoil module can be summarized as in Figure 10.
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é Thermosoil Module )
é Public subroutines AYd Local subroutines A
( thermosoil_coef h
(  thermosoll (xice)_jmitialize )
Calculates sod theomal poopestier, integotion cosfEcmty, appammnt heat
Allocates module vagables, mad fom \ thex, sucface heat capacity )
sestast fle oz initialize with defanlt ~ - ~,
L ] ) thermosoil profils
Salves the numencal sod theonal scheme, ie calenlates thenenr sod
r thermosoil main ) L temperatie proble
o
Calls each local subroutines to i ther mosoil cond(_p#) h
compute the sod heat diffisuion
- Caleulates sodl themnal conductivity (considedng the fact that sodl
q‘m K :
. vy L oogaue carbon can decrease conduetiviry) y
r- . . ™ ' 4
thermesoil_finalize ther mosail_humler
Wates the module vagables and Interpolates the disgnostic soul humadity profils onto the theomal axiy
vanables to sestast fils \_ J
\ J i ther mosoil_humlev h
r thermosoil_clear ™ Splits the potential svapomtion betoresn all the vegetation process
\_ Huxes that WIJIPI:H.Q:.E J
Deallocates the ket outputy vanibles ~ - - .y
if thev have almady been allocated thermosadl_snergy_diag
\ y, Calodates diagnostic vasables
r
r - N ™
thermosoil_readjuse
Calcalates sodl thesmal propesties, integmation cosfEcents, appasent heat
\ flux, sucface heat capacity )
i thermosoil_gerditf )
thermosoil _getdiff pfr
thermosoil_getdiff old_thermix_without_snow
Caleunlates soi and snow heat capacity and conductivity (taling into
account sow)
Calenlates sod and snow heat capaaty and condusctmty (talong mto
secomt inow and sou segarne eadhon)
Caleulates soil and snow heat mp:.u'.'l_—. and ml.'l.ﬂl:l.cf.i.'r.i.t_? with out effect
of Eeezing) J
i thermosoil_read_reflempdile A
Reads Gle with long texmn yoil temp ecatuge
L r
r B
thermosoil_read_refisoc_fle
Reads fle of soul orginae sadbon to be vied i thesns
\ J
' )
thermosoil add_hear_zimov
Adds heat a33ociated with decomposition
\ J
= NS /)

Figure 10: Scheme of the thermosoil module

The thermosoil module is computing the heat diffusion resolution presented in Section II.4.
It also introduces other processes which are not presented in this note such as heat from
organic decomposition, decrease of soil heat conductivity due to soil organic carbon... The
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main subroutines for the resolution of the energy budget are:

e thermosoil coef subroutine: This subroutine computes the calculation of the coefficients
o and B needed for the calculation of the temperature profile inside the soil at the next
time step.

e thermosoil profile subroutine: This surboutine solves the tridiagonal system thanks
to the coefficient previously determined. It permits to calculate the temperatures at each
nodes of the soil.

e thermosoil cond subroutine: This subroutine computes the soil heat capacity and
conductivity according to the soil properties. (The subroutines thermosoil cond_pft,
thermosoil _getdiff, thermosoil__getdiff pft and thermosoil getdiff old_thermix without snow
are doing the same but for different configurations (with or without taking into account
freezing for example).

Because the snow cover is considered as 3 additional layers of soil with different heat properties,
the snow coefficient ay, and S are calculated in the subroutine thermosoil coef. The snow layer
temperatures are calculated in the explicitsnow module (See Section 11.5.3.2).

Finally, here is a quick table of the main variables described in this note and their names in

the code.
Variable Name in Description Unit
ORCHIDEE
oy and B cgrnd(_snow) and Soil and Snow resolution coefficients —and K
dgrnd(_snow)
A cnd Soil heat conductivity Wm LK !
0 me lay and others Volumetric soil moisture content (for each s
- layer, liquid only, liquid+ice...)
G soil flx Soil heat flux W.m 2
Coapp soilcap Soil apparent heat capacity Jm 2 K1
T stempdiag Soil Temperature profile K

11.5.3.2 explicitsnow module

The scheme of the explicitsnow module can be summarized as in Figure 11.
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Figure 11: Scheme of the explicitsnow module

The explicitsnow module computes all the snow processes at the Earth surface. Among those
processes, the heat diffusion inside the snow cap is calculated. As it has been mentioned, the snow
cap is considered as the addition of 3 new soil layers above the ground, with other heat diffusion
properties. Thus, the resolution of the snow heat diffusion is divided between the explicitsnow
module and thermosoil module as see in Section 11.5.3.1.

The module is divided into several subroutines which compute a precise process:

e explicitsnow grain subroutine: This subroutine calculates the snow grain sizes (process
not described here but which has an impact on snow density for example).

e explicitsnow compactn subroutine: This subroutine calculates the snow compaction
after the snow fall. It permits to update the heights of the snow layers after the compaction
and the value of the snow density.

e explicitsnow transf subroutine: This subroutine computes a mass and heat redistribution
(maybe needs more details).

o explicitsnow fall subroutine: This routine computes the snow fall at each time step
on the grid cell.

e explicitsnow levels subroutine: This routine computes the heights of each snow layers.
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e explicitsnow profile subroutine: This routine calculates the snow layers temperatures
thanks to the coefficients previously calculated in the thermosoil module (See Section
I1.5.3.1).

e explicitsnow melt refrz subroutine: This subroutine calculates the snow melt and
refreezing processes within the snowpack.

e explicitsnow gone subroutine: This routine checks if snow is gone (maybe needs more
details).

All the processes are described in Boone et al. (2001)[3].

Finally, here is a quick table of the main variables described in this note and their names in

the code.
Variable Name in Description Unit
ORCHIDEE

Uk snow and cgrnd_snow and Snow resolution coefficients —and K

6k,snow dg?"nd_snow
P, precip__snow Snow fall Wom LK !

Fonow,input pg flux Net energy into the snow pack W.m =2
Gsnow grndflux Heat injected in the soil from the snow pack W.m ™2
Tsnow snowtemp Snow temperature profile K
Msnow snow Snow mass kg.m™?

Technical note 53



~.z ORCHIDEE

3
‘-‘ LAND SURFACE MODEL .
! ' I1.6  Suggestions

II.6 Suggestions

This quick part is a list of suggestions in order to improve the understanding of the code.

e Milly’s correction of evaporation has two different names in the code. In enerbil, the variable
of the corrected evaporation is called evapot corr whereas in sechiba when the module calls
enerbil, the variable is called evapot penm. I think that we should be consistent between
both names.

e Moreover, it seems that Milly’s correction is only used in two different parts of the code:
the calculation of vbetas in diffuco, B for the evaporation of floodplains, and the calculation
of the soil evaporation evap soil in hydrol. 1 think that the evaporation corrected thanks
to Milly’s correction should be used everywhere.

e In enerbil, in the subroutine enerbil flur, the variable defined as epot air and qair
correspond to the values at the "new" time step. When the routine is called, the variables
in arguments are epot _air new and qair new. Maybe that the variables defined in the
routine as epot _air and gair should be renamed as epot _air new and gair new.

e All the heights in the diffuco aero subroutine and the condveg module should be reworded
with their proper definition.
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Partie 111

Description of the multi-layer energy budget in
ORCHIDEE

IT11.1 Introduction

I11.1.1 Aim and history of this module in ORCHIDEE

The Multi-layer energy budget has been developed a few years ago by James Ryder during his
post-doc at the LSCE. After validating the multi-layer scheme, this module has been implemented
in the trunk of ORCHIDEE as the module mleb.

The Multi-layer energy budget has been thought from an ecosystem point of view. This
means that the module aims at better representing the exchanges of energy inside the canopy.
However, because ORCHIDEE is a global land surface model, the pixels are not always pure
canopies. In the cases of several canopies distributed in a specific pixel, the initial aim ofthe
multi-layer energy budget was to represent the pixel as "mean" canopy with several parameters.
However, the multi-layer energy budget has never been used on a non pure-pixel.

This choice of point of view has a direct consequence on the results module. When running
on pure PFT pixels, the module has strong results which can be compared to the current energy
budget module enerbil. However, in cases of several PFT on a pixel, the module is currently not
working properly.

This is the big difference between enerbil and mleb:

e cnerbil has been thought from a pixel/grid-cell point of view. Its aim is to model the
energy budget at the pixel level and, then, split those fluxes between the several PFTs that
compose the pixel (thanks to the S-model).

e mleb has been thought from an ecosystem point of view. It aims at better representing the
fluxes inside the canopy. In case of non-pure pixels, if the multi-layer energy budget is used
for each canopies of the pixel, a mix has to be made above the canopies (opposite of the [
model). However, this case has never been studied as mleb run always on pure pixels.

The aim of the present note is to explain how the multi-layer energy budget works and how

it is implemented in ORCHIDEE. At the time this note is written (January 2021), several works
are made on the multi-layer energy budget. They are summarized in Section IV.1.

II1.1.2 Current energy budget in ORCHIDEE

To understand more about the current energy budget in ORCHIDEE, please refer to Part II

I11.1.3 Notations

Here is a quick summary of the notations that will be used. Let’s consider the following variable:
k
aj; (135)

On this variable:
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e « is the variable symbol.

e ¢ will always refer to the index of the layer. If there is no first index on the variable, it will
refer to the index of the layer too.

e j can be replaced by:
— A number: it represents an index in the list (ex: 73;).
— leaf: this is a leaf variable (ex: Tf;;}z)
— a: this is an air variable (ex: T/t1).
— T the variable is linked to the temperature (ex: Ag;).

— ¢: the variable is linked to the humidity (ex: Bg;).

— Other: this is part of the name of the variable (ex: C’g” which represent the air heat
capacity).

e k can be replaced by:

— t, t+ 1, t — 1: this is the time step at which the variable is calculated (ex: 17;;}1)

— Other: this is part of the name of the variable (ex: C;j" which represent the air heat
capacity).
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III.2 Model description

II1.2.1 General description

The model developed by James Ryder aims at answering to 6 requirements (requirements listed

in Ryder et al. (2016)[21]:

1. Simulate processes that are sufficiently well understood at a canopy level such that they
can be parametrised at the global scale through semi-mechanistic techniques.

Waves Radiations and simulate in-canopy gradients.

for instance).

assigned soil resistance rather than a soil-canopy amalgamation.

5. Be flexible (stable such as it can be run over 50 or 2 layers).

6.

Avoid introducing iterative solutions.

As precised in Introduction, it is clear that the model has been developed
point of view in order to well simulates canopy processes.

. Simulate the exposure of each layer of the canopy and the soil layer to Short and Long

Simulate non-standard canopy set-ups (different species in the the same vertical structure

Describe directly the interactions between the soil surface and the sub-canopy using an

from an ecosystem

The model proposes to simulate the canopy as a network of potentials and resistances as on

Figure 12.
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Figure 12: Potential and resistance scheme of the canopy
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At each level, the model will have to calculate the state variables of the layer: the atmospheric
humidity and temperature of the level (¢q; and T, ;) and the leaf temperature (Tjeqf,;). Those
state variables are the potentials of the network.

The changes over time of those state variables are governed by the exchanges between
layers and between the leaves and the atmosphere of the layer. The exchanges that govern
those variations are fluxes of kinds: latent heat flux and sensible heat flux. As precised in
the requirements, the model also takes into account the absorption, emission and reflection of
radiations at each level by the vegetation and at the soil interface by the soil. Finally, at the
extremities, the lower sub-layer interacts with the soil and the upper sub-layer interacts with the
atmosphere.

The model can be seen as an electric circuit where the temperatures and humidities are the
potentials and the latent and sensible heat fluxes are the current. Those fluxes are interacting
with the atmosphere and vegetation through resistances (vegetation resistance for the fluxes
coming from leaves and going to the atmosphere and turbulent diffusion resistances for the
fluxes coming from the other layers and going at layer i).

The state variables are then determined at each time steps thanks to the energy budgets at
each levels (Section I11.2.2).

I11.2.2 Energy budget at level 7

The state variables of each layers are determined mainly thanks to the resolution of three
equations:

e The energy balance of the leaves at the layer
e The turbulent transport of sensible heat between layers

e The turbulent transport of latent heat between layers

111.2.2.1 Leaf energy budget

At layer i, the vegetation is assumed to form a layer of volume AV, area AA; and thickness Ah,;.
This layer of vegetation is subject to incoming and outgoing fluxes of energy:

e Sensible heat (H in W.m™2)
e Latent heat (AE in W.m™2)
e Short Waves Radiation from the Sun (Rgy in W.m™2)

e Long Waves Radiation (Rzy in W.m™2)

Consequently, the change in temperature of the vegetation layer can be expressed as follows:
T .
AVi~C§gf.pv.led7aﬁ = (RSW,i + RLW,i — H; — )\EZ)AAZ (136)

Where, AV} is the volume of the box at level i, AA; is the area of vegetation (it can be
represented by the Plant Area Density (PAD) in m2.m ™3, where vegetation refers to leaves,
stems, grasses...), Cllff 7 is the specific heat of the vegetation layer (assumed to be equal to that
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of water and is modulated by the leaf area density (m2.m~3) and p, is the vegetation density

(kg.m™3).
Equation (136) can be rewritten in terms of the state variables and the resistances shown in
Figure 12 as in Equation (137).

Tleaf,i - Ta,i - Qleaf,i — Qa,i) 1

ADa .
R, p R Ah,

(2

Ticasi ,
Ot oy 20 — (Rgw; + Rpw, — C9"pa

v 137
Y2 dt ( )

Where, Cg" is the specific heat of air, pq is the air density and R; and R} are respectively
the resistances of vegetation to sensible heat flux and latent heat flux (See Section II1.2.4 for
more details). The expression of sensible and latent heat fluxes correspond to the ones between
vegetation and the air of the layer.

111.2.2.2 Energy transport between layers

General transport scheme:

The general transport equation between each layer of the model can be described generally
as in Equation (138).

A(px)

5 + div(p.x.u) = div(T'grad(x)) + Sy) (138)

This general equation can be simplified in the case of a vertical transport in Equation (139).

AX) ., O dx
SCAV = 8a(k()a)AV+S()AV

= —5-(F()).AV + S(2).AV

(139)

Where, y represents the concentration of the constituent (water vapour, heat, gas...), k(2)
represents the vertical eddy diffusivity for the transport of the constituent inside the canopy,
F(z) is the flux associated to the transport, S(z) is the source density of the constituent and
AV is the volume variation.

From this equation, the flux-gradient relationship can be deduced as in Equation (140).

X

F(z) = k(). 2>

(140)

As transport in canopies is turbulent, the main challenge here is to describe the eddy
diffusivity coefficient k(z). The more physical way to express k(z) has been developed by Raupach
(1989a) |20]. This model relies on a decomposition of k(z) into a far-field term which represents
the purely diffusive transport inside the canopy and a near-field term which represents the effects
of persistence inside the canopy. This approach relies on two different assumptions:

1. The far-field transport can be modeled with a pure gradient-diffusion equation.

2. The near-field effects can be treated assuming the turbulence to be locally homogeneous.

This model permits to better calculate the transport of constituents inside the canopy and
model counter-gradient fluxes which leads to accumulations of constituents in some parts of the
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canopy (the curve of concentration of the constituent presents a "belly" in some places of the
canopy).

However, Ryder et al. (2016) |21] states that the near-field component of this approach,
which relies on a ideally Lagrangian solution, cannot be used in a fully implicit resolution scheme.
Consequently, the model implemented in the multi-layer is different from the one developed by

Raupach (1989a) [20].

The model used by Ryder et al. (2016) [21] relies on an adaptation of the far-field results
from Raupach (1989a) |20]. In the far-field theory, the eddy diffusivity coefficient is expressed
as in Equation (141).

kio(z) = 02Ty, (141)

Where o, is the standard deviation in wind vertical velocity along the canopy and 77, is the
Lagrangian time-scale, designed as in Raupach (1989a) |20].

The standard deviation in wind vertical velocity is calculated following Massman & Weil
(1999) [13]. Explaining all the second-order closure model of this article would be too heavy
here, you can refer to the article to have more details. The only thing that differs in the multi-
layer model of Ryder et al. (2016) [21] from the model of Massman & Weil (1999) 13| is in
the calculation of the variable 7(z) where the factor Cy/ Py, is calculated following Wohlfahrt &
Cernusca (2002) |25] who express it as Cpeff = al_LAD/GQ + a?:LAD/M
parameters to be defined and LAD is the leaf area density.

Consequently, by expressing o,, thanks to Massman & Weil (1999) [13] and T, thanks to
Raupach (1989a) [20], the eddy diffusivity coefficient k(z) for the far-field is known.

+ a5, where a; to as are

However, as Raupach (1989a) [20] demonstrated, the far-field approach only cannot model
the real transport of constituents in the canopy, a near-field component has to be involved in
the calculation. As it has been explained, Ryder et al. (2016) |21] considers the full Lagrangian
solution for the near-field contribution cannot be implemented in an implicit resolution scheme.
Consequently, the previous far-field contribution is reviewed in order to introduce a near-field
correction term (not considering the near-field term resulted in a bias in the calculation of
temperature at nighttime which leads to the necessity of a correction term). This correction
has been developed by Makar et al. (1999.) [12] and aims at reducing the eddy diffusivity
coefficient in the near-field. This correction is based on a factor R,;. As this factor is relying
on the diffusion time of the fluid particle, a similar trick developed by Chen et al. (2016) |4]
is implemented in order to link it to the friction velocity u, = u(h).(c1 — c2.e~31") (following
Massman & Weil (1999) [13], with ¢, c2 and c3 parameters, u(z) the wind speed according to
the altitude inside the canopy, h the height of the canopy and eta(z) the variable defined above).
The aim of the trick is to give R,y a S-shape in function of u, thanks to the Equation (142).

1
R?’Lf - 1 _|_ eikslope'(u*fku*) (142)
Where kgope and k,, are parameters.
Finally, the eddy diffusivity coefficient is expressed as in Equation (143).
ki(2) = Ryp(2).05.Ty, (143)

This turbulent diffusion scheme is not the more physical way to describe the transfers inside
the canopy. This point is discussed in the Section I11.5.2.2.
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Fluxes of sensible and latent heat between layers:

Rewriting the previous equations in terms of atmospheric temperature and humidity permits
to access to the rate of change of the atmospheric temperature and humidity in the layer i.
Equation 144 describes the rate of change of temperature.

dTa,i
dt

OHq, AV + Ticati — Tai Cp'-Pa

Cp Pa- 82 Ri ' Ah@

AV = — AV (144)
This equation links the change of atmospheric temperature of layer ¢ to the flux of sensible
heat between the layers (first term of the right hand side of the equation) and to the source term

due to the vegetation (second term of the right hand side of the equation).
By replacing the sensible heat by its formula in Equation (140):

ir s 01
Hai = —pa.Cy" K .a—;” (145)
The general transport equation of sensible heat is obtained thanks to equation (146).
dTai 82k>‘k-Tai T’leafi —Tu; 1
=~ AV, = ————.AV; ’ . AV 146
dt ! 822 ! + Rl Ahl ! ( )

Following the same approach, the general equation for latent heat flux can be obtained by
considering the rate of change of humidity in the atmosphere of the layer i.

Ad(ANE) g
AV = —7( Ja, AV +
dz

Qleaf,i — Ga,i >\-pa
R Al

an,i

A
Pa-=

AV (147)

By replacing the latent heat flux by its formula and by assuming that the leaf cavities are
completely saturated (which permits to consider that the vapour pressure of the leaf can be
calculated as the saturated vapour pressure at that leaf temperature), the Equations (148) and
(149) can be obtained.

« 04a,i
(AE)ai = —Apa.ki. g“z (148)
OGsat
Geagi = Gsat(Tieaps) + g brg,, (Tichfi = Tieaps) = i Ticopi + B, (149)

Where, «; = ag“jﬂt l7e and Bi = (gsat(Thyss) — Tlteaf,r%‘ﬁ ). This permits to access

leaf,i leaf,i

to the general transport equation of latent heat flux as in Equation (150).

. 2 ¥ . . . ) .
dQ(z,z A‘/z _ 0 kz -Gai A‘/z + (O‘z'Tleaf,z + ﬁz) Ga,i 1

—t . AV 1
dt 072 R! Ah; Vi (150)

I11.2.2.3 General energy budget of level 2

Here is a quick summary of the three main equations that governed the exchanges at the layer 4:

e Equation (151) balances the energy budget at each canopy air level.
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e Equation (152) balances heat fluxes vertically between each atmospheric level and horizontally
between each vegetation level and the surrounding air.

Equation (153) balances latent heat fluxes vertically between each atmospheric level and
horizontally between each vegetation level and the surrounding air.

,Tleafi ; Tleafi_Tai Qleaf,i — Qa,i 1

cleal, v-——— = (Rswi+ Rrwi — C3 .pg.——2 — A.pg : ~). 151
dTai 82k>‘k-Tai T’leafi —Tu; 1
AV, = ——2 = AV, : . AV, 152
dt 822 + Rl Ahl ( )
ani anik-Qai (ai~Tleafi +B’L) — Ga,i 1

AV, = —2—— AV ’ . AV 153
a NViT T2 AV R] AV (153)

Resolving each equations at the same time following the implicit scheme imposed by the
global circulation model will permit to access to all the data at each layer and each time step
(See Section III.3).

I11.2.3 Radiations scheme

The radiations scheme used in the multi-layer energy budget aims at determining the value of
Rsw,; and Rpw, at each layer. The challenge behind the schemes used is to model all the
components of both fluxes: scattered flux, reflected fluxes from other layers... in order to obtain
the absorb fluxes at each level.

To do so, two different schemes are used to define the Short-Wave radiations and Long-Wave
radiations at each layer:

e LW radiations: The model used is the Long-Wave Radiation Transfer Matrix (LRTM)
developed by Lianhong Gu in Gu (1988) and Gu et al. (1999) [8].

e SW radiations: The model used is the Multi-layer Albedo Scheme developed by McGrath
et al. (2016) [14]

111.2.3.1 Long Waves radiations scheme

The modeling of Long-Wave radiations inside the canopy is a challenge because all the different
elements of the canopy (soil, leaves...) are long-waves emitters. Assumptions have to be made
to avoid too much calculations or even iteration procedures.

The Long-Wave Radiation Transfer Matrix relies on three different assumptions:

e The scattering coefficients for Long-Wave radiations are very small and can be neglected.
e The resolution process is fully explicit

e Because soil and leaves have often high emissivities, they are assumed to be black bodies.

From those assumptions, to avoid a iteration procedure, the model relies on the definition of
a radiation transfer matrix defined as:

Technical note 62



#= ORCHIDEE

‘-a LAND SURFACE MODEI L
. ’ II1.2 Model description

LW LW LW LW t 4

RLW,surf O‘%gv a%&V e a%{/ln/ O‘%{/[n/Jrl 0'(Tsurf) A

t

Rrw atp ary o Oy, O 41 0-(Thear1)

. _ LW Lw LW LW t \4

Rrw,i =1 %o &1 Qim Qi m+1 . U~(Tleaf,i)
LW LW LW LW t 4

LW G0 Gmi o Gam G || 9 Ticagm)

RLVV,above am—i—l,O am-i—l,l T am-l—l,m am—l—l,m—i—l RLW

Consequently, at each layers, the Long-Waves radiations absorbed are calculated as:

m
LW LW 4 LW
RLW,i = O[i’m+1.RLW + Z a’i,j U(ﬂl;af,]) + Oéiyo O-(T;u’l‘f)4 (154)
j=1

Where the «; ; are defined as below:

( —1 i=j—0
F(lt—lj_l)—F(lt—lj) iZO,jE{l,m}
F(l) i=0,j=m+1
F(lj — li—l) — F(lj_l — li—l) — F(lj — lz) + F(lj_l — lz) S {1,m},j S {1,i — 1}
Qi = 2F(All) -2 1€ {1,m},i =7
F(lz — lj_l) - F(lz‘_l — lj_l) — F(lZ - lj) + F(li_l — lj) S {1,m},j S {’l + 1, m}
F(ly) i=m+1,j=0
Fli;) - F(ij-1) i=0.j € {1,m)
-1 i=m-+1,5=m+1

(155)

Where, [; represents the cumulative leaf area index when working up to level i from the ground
(I; = 3] LAL) and F(l) simulates the effect of canopy structure on the passage of Long-Wave
radiation and is defined as:

1 Z‘Gleaf(‘u‘)
F(l):2/ e e (156)
0

Where Gieqp(pt) is a function that represents the orientation of the leaves.

However, as presented in Equation (154), the scheme is fully explicit and depends on the leaves
temperature at layer at the previous time-step. To make this resolution scheme semi-implicit,

James Ryder did a small trick using a truncated Taylor expansion (f(x) = f(a) + f'(a).(x — a)

. _ it ot .
with @ =T)0 ¢, and @ =T}, ,):

Lw 1\d LW 4 Lw 3 1
ai o (e ) = ol o (Tgp ) +4.0iy" 0(Tia )’ (Tioh i — Theat.i)

[ leaf,i

~ ol 0.(4(Thap ) Tl — 3 (Thoay i))

(157)

Equation (154) thus becomes Equation (158).

m
Rrwi = o -Row+ Z afy-a-(ﬂiaf,j)Ll*'@iL,fiVV-C’-(4-(7}teaf,i)3-7}if1},i—3-( Loas.i) ) Haly o (T )t

j=1,j#i
(158)
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This permits to express Rrw,; with the following form:
Rrw,; = szf,;}z + M2, (159)

Indeed, by posing (be careful at the i # j below the »°):

m
ROLW,z‘ = a’Ll:TI;IL/+1'RLW + Z afy-a-(ﬂiaf,j)4 + ai[:gv‘o-‘(Tsturf)ZL (160)
Jj=1,j#i

One can get:
mi = afy 0. (Thap)’ (161)

m2,i = R%W,i - 3-a£yv~0~(1}teaf,z‘)4 (162)

The Long-Wave Radiations at each layers Rpw,; are thus determined thanks to Equation
(159).

I11.2.3.2 Short Waves radiations scheme

The Short-Wave radiations scheme has been developed by McGrath et al. (2016)[14]. This model
is a development of the Short-Wave radiation model of Pinty et al. (2006)[18|.

The model relies on a decription of the Short-wave radiations which are divided into several
terms at each time-step and layers. All those terms are expressed as a fraction of the total down-
welling Short-Wave radiation coming from the Sun. Consequently, at each layer, the absorbed
Short Wave radiations (Rgw ;) are expressed as in Equation (163).

RSW,i = 77371'.Rd5%n (163)

The main coefficient, 73, is expressed following McGrath et a. (2016) [14] resolution. At
each layer a (down-welling of up-welling) flux coming in layer i can be either:

e Transmitted to the lower layer without colliding any vegetation. It is noted T &Z‘fﬁ”.

e Transmitted to the lower layer after colliding one or several times the vegetation. It is
noted T4

veg,i*

e Reflected to the upper layer after colliding one or several times the vegetation. It is noted
Rcoll )

veg,i*

e Absorbed by the vegetation. It is note Ayeg ;-

All coefficients are calculated following Pinty et al. (2006) [18]. The calculation are based
on several key variables:

e The effective Leaf Area Index of the layer LA .
e The single scattering albedo (w;) of the layer.

e The scattering phase function for that particular layer.
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The values of the transmission and reflection quantities are adapted from the two steams
model developed in Pinty et al. (2006) [18] by McGrath et al. (2016)|14] (See articles for more
details).

Finally, Ayeq,; is calculated by taking the difference between all the incoming radiations
(collided, uncollided, transmitted...) from above and below layer i and the outgoing radiations
of layer 4.

Then, N3, = Aveg,i-

Remark from Sebastiaan: The code for photosynthesis and energy are largely independent
but they both make use of Aveg,i. For the moment we have a too low GPP which could be due
to the fact that not enough light is being absorbed. If the problem is in the calculation of Aveg
(for which we have no indication at the moment) a similar problem would occur in the energy
budget calculations. If the problem is in how we apply Aveg the issue could be limited to the
diffuco_trans_co2 subroutine. This problem was not present in 12566 (CAN/DOFOCO) so we
expect it was introduced during the merge with the N-version. This does not affect the document
but it might be worth keeping in it mind for when you start looking into results.

I11.2.4 Leaf resistances

The leaf resistances R; and R, presented in Figure 12 and in Equations (151), (152) and (153)
correspond to resistances to sensible and latent heat fluxes respectively. When there is no leaf
in a layer, those two resistances are set to infinity.

I11.2.4.1 To sensible heat flux

The resistance to sensible heat flux corresponds to the resistance of the boundary layer of the
leaf surface Ry ;. The latter resistance can be expressed as in Equation (164).

dq
R,=Rp, = ———— 164
b Dh air-Nu ( )

)

The latter expression is taken from Monteith and Unsworth (2008) (17| and Dy, 4ir is the
thermal diffusivity of air, d; is the characteristic leaf length and N, is the Nusselt number,
expressed as follows:

N, = 0.66.Re"5. Pro-33 (165)

Where Re = le'“ is the Reynolds Number (with p the kinematic viscosity of air and u the
wind speed at level i) and Pr is the Prandtl number (0.7 for air).

I11.2.4.2 To latent heat flux

The resistance to latent heat flux R] is composed by two different terms: the boudary layer
resistance of the leaf R}, and the stomatal resistance R;Z

R; =Ry, + Ry, (166)

In the case of latent heat flux, still according to Monteith and Unsworth (2008) [17], the
boudary layer resistance is given by:
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dq

Ry, = ———
" D H,0-5n

(167)

Where Dy, 1,0 is the molecular diffusivity of water vapour and S}, is the Sherwood number:
Sh = 0.03.Re%5.5¢%33 (for laminar flows) and Sh = 0.66. Re®®.Sc"33 (for turbulent flows) (with
Sc is the Schmidt Number which is 0.63 for water). The transition from laminar to turbulent
occurs when Re = 8000.

Finally, the stomatal resistance at level is expressed according to the Ball-Berry approximation,
per level 1.

R, e — = 1
S5 ds,i LAI;.(go + %)

(168)

Where, gg is the residual stomatal conductance, A is the assimilation, hg is the relative
humidity at the leaf surface and Cs is the concentration of C'Os at the leaf surface.

Consequently, the total resistance to latent heat flux can be expressed as in Equation (169).

R__ B 1
" Dy w,0-Sh LAIZ-.(gO_F%:hs)

(169)

NB: With the work on the new hydraulic architecture, the stomatal conductance formula as
been changed as follows:

a.(A+ Ry) 1+ exp(sy.vy)
C; — Ci* 1+ €«Tp(5f-<wleaf - wf))

gs = go + (170)

Where Ry is the dark respiration, ¢; is the concentration of COs is the stomatal cavities, ¢;*
is the CO2 compensation point, sy is a sensitivity parameter, s is a reference water potential
and Yyeqy is the leaf water potential (M Pa). The objective of this new formulation is to better
represent the water status of the vegetation and its behaviour in periods of draughts (See Tuzet
et al. (2003) [23]).
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I11.3.1 Coupling with atmosphere

As for the current energy budget (See Part II), the multi-layer energy budget scheme has to be
solved following an implicit scheme.

ORCHIDEE has two different types of functioning. ORCHIDEE can be run alone and the
atmospheric data will be the inputs of the model or ORCHIDEE can be run in coupled mode with
the Global Circulation Model (GCM) called LMDZ. In this coupled mode, the interface between
both models has to be precisely studied. In the case of ORCHIDEE-LMDZ, this interface has
been chosen implicit which means that all the variables that compose this interface have to be
calculated at the same time-step. In the case of the surface energy budget, this means that the
latent heat flux and the sensible heat flux are calculated as follows:

F A Bp V] Calgtl, — i) = FE = A Bp | V].Calguurs (THFL) — g2 (171)

surf — Yair surf

FiiL = p|V].CoC W(TEEY — T (172)

The implicit coupling between the surface and the atmosphere permits to have a robust and
precise model that can be run over all time-step lengths and pixel areas. However, it engenders
complicated atmospheric and surface resolutions for temperature. This resolution is presented
in the current energy budget technical note (See Part II). The process of resolution relies on a
vertical discretization of the atmosphere and the soil columns. Both discretizations permit to
express the temperature at the layer 7 according to the temperature of the layer below (above for
the soil) and to a bunch of coefficients expressed at layer i thanks to the coefficients of the layer
above (below for the soil) and the temperature of the previous time-step. The main equation is
expressed in Equation (173).

This process permits, in the case of the atmospheric column, to first calculate all the coefficients
at each layers from the top of the column to the bottom thanks to the temperatures of the previous
time step and the coefficients of the above layer. Then, in a second time, the surface temperature
is calculated by the current energy budget enerbil. Once this surface temperature is known, the
calculations of the atmospheric temperature are made from the bottom (the surface) to the top
of the atmosphere. This process permits to link the surface and the atmosphere implicitly. The
same process is made for humidity. For temperature in the soil, the process is inverted, there is
a Top-Down calculation of the temperature which permits to access to a Bottom-Up calculation
of the coefficients. The process is summarized on Figure 13.
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Figure 13: Implicit resolution scheme of the current energy budget and soil and atmosphere
columns

This implicit scheme has to be present in the multi-layer energy budget. This part of the
note is dedicated to the derivation of Equations (151), (152) and (153) following the implicit
coupling.

Rapidly, the resolution scheme will be a continuity of the one of the atmosphere. A bunch of
coefficients will be calculated at each time-step from the top of the canopy to the surface. Once
the coefficients will be determined, the model will solve the temperatures thanks to a Bottom-Up
calculation. The process can be summarized as in Figure 14.
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Figure 14: Implicit resolution scheme of the multi-layer energy budget and soil and atmosphere
columns

I11.3.2 Implicit form of the main equations
As a reminder, considering the three main equations of the model with the radiations scheme

presented in Section II1.2.3, Equations (151), (152) and (153) become respectively Equations
(174), (175) and (176).

Tiea i T’leafi — Ty Qleaf,i — Gayi 1
Cleflf_ v Lleafyi i Tea i i Rdown v g2t A A u ) Y
pi o = (i Tleags + 120 113 bp R, p I ) A
(174)
dTa,i 82k;<~Ta,i 7—1le(1f,z' - Ta,i 1
G AV = =Tt A, St A, (175)
an 7 82143%'(](11' (ai~Tleafi + Bz) — fa,i 1

A ———AV; : . AV 1

LAV, = T LAY 7 N (176)

Now, considering the implicit resolution of this system, the 3 previous equations can be
discretized as in Equations (177), (178) and (179).
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Tl ot A pa-At.5; ng.RdS%””.At P AN
feafu el ARLRLCI T ARLCIT T, RO

At \ At.ai nl-At
leaf — A-Pa- leaf 1 leaf
pv-Ahi-Cpﬂ' Rz pv-Ahi-Cp’i RZ Pv-Ahi-Opﬂ'
At . At
+ g X pa.
o po- AR Cl R,

LT (~CO .

+ T 9 ),
S oy AR O R

(177)
t+1 t+1 t+1 t+1 t+1 t+1 t+1
Ta,i - Té,i _ Ta,i—i—l - Ta,i e Ta,i - Ta,i—l + 1 Tleaf,i - Ta,i (178)
At v AZlAhl =l Azi,l.Ahi Ahz ) Rl
t+1 t+1 t+1 t+1 t+1 t+1 t+1
an,g - qu,i — qaﬁ—&—l - an,g g qaj; - an,;—l n 1 ai'zﬁleaf,i + Bi — Qai (179)
At v AZZAhZ =l Azifl.Ahi Ahl ’ R(

(2

The implicit system of equation is now properly posed, the next step is the resolution of the
system.

I11.3.3 Resolution of the equations

The following section will be full of equations taken from the Appendix of Ryder et al. (2006) |21].
The first sub-section will be dedicated to a quick explanation of the principle of the resolution,
the second sub-section will focus on the equations.

111.3.3.1 Principle of the resolution

The way to solve this implicit system relies on a proof by induction. The principle of such a proof
is to assume a particular form of solution and prove that this solution can be applies to all the
layers. If it is the case, the form of the solution will be the solution of the system.

In the case of the multi-layer, two quantities have to be determined in each layer: the
temperature and humidity of the atmosphere at the layer i (T; and g¢q;). As precised on
Figure 14, the form of the solution that needs to be found should link the temperature and
humidity at layer ¢ with the temperature and humidity of the layer below, in order to permit the
Bottom-Up resolution of the system. Consequently, the particular form of the solution assumed
are the following:

T = Api T30 + Bri+ Cra T+ Dradl it (180)
q(tﬂl — Aq’i_q(t;;l_l + Byi+ Cq,i.T;;},i + Dq,i.T;jil (181)

This particular form of solution permits to rely the state variables to their values at the layer
below and the leaf temperature of the layer. The coefficients A7 ;, Aq:, Bri, Bgs, Cr,i, Coyi,
D7 ; and D, ; will have to be determined.

Now that this solution is assumed, the next step is to prove that for each layer, the temperature
and humidity of the atmosphere can be expressed as in Equations (180) and (181). To do so, a
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proof by recurrence is started. By assuming the form of the equation at layer i+1, we will try to
find the same type of solution for the layer i. If the same form of equation is found, this proves
that the solution can be applied to all the layers.

The objective of the resolution of the system is to determine the formulas of the coefficients.
Once those formulas determined, the state variable values in each layers are known simply thanks
to Equations (180) and (181). The following part is dedicated to the determination of the
coefficients.

111.3.3.2 Resolving the system

Let’s start by assuming that Té;ﬁl and qf:riil can be expressed as in Equations (180) and (181):
Téﬁrl = AT,i+1-T;7J§1 + Brit1 + CT,m.Tf;},m + DT,¢+1-qZEl (182)

1 1 1 1
qu—;—&-l = Aq7i+1-qzt:; + Bgi+1 + Cq7i+1-7}€3tf,i+1 + Dq7i+1-T;7; (183)

Leaf energy balance:

The first step is to substitute Equations (180) and (181) in Equation (177):

ol ot ApaAtSi 13- REH™. At n2.-At
leaf,i leaf,i pUAhZR;C;;af vath]l;Zaf vathIleaf

' At At.o m-At

+ T (=097 p,. ~ Apa- Z :

leaf,i p @ vath;f;lfRZ “ PUAth;lf?fR; pUAhZCIlf;lf
. At
it , T it
+ (A1 T, 300 + Bri+ Cri Ty + DTﬂ‘qa,i—l)'Cng'pa‘Pv.Ahi.CIlfzqf-Ri

At
- leaf
po-Dhi.C R,

+ (Agi @ity + Boi+ Coi Tl s+ Dai Tot! ) A pas

a,i—1
(184)

By rearranging the terms in order to have the unknown variables on the left hand side of the
equation and the known ones (all variables at time-step ¢ and layer i-1) on the right hand side,
one can arrive to the following equation:
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CT,i.Cgir.pa.At Cg".pa.At

po- D CYXY Ry py. AR O Ry

A.pa-At.c; B N1 At B Cg,i-A-pa-At )
po-AR.CIHT R py AR C py AR.CY R)
AgiNpa. At Dr;.C8™ pg. At
oA CYXH R py AR O Ry
AT7i.Cgir-Pa.At Dqﬂ'.)\.pa.At )+ 772.At
po-AR.CI Ry py AR CYH R py AR.CT
+n3.RdS%“”.At Br,i.Cy" . pa. At ByiA-pa-At \.pa.AL.B;

po-AR.CUHT oy Ahi. CXH Ry py Ahi.CYFT RL py ARy RO

t+1
T‘leaf,i‘(l

= Theapi + dit1-( ) (185)

4 Tt-i-l (

a,i—1"

Consequently, from Equation (177), we can find out that Z}tezjlcz can be expressed as in

Equation (186).

t+1 ot - ptl ,
leeaf,i - El'qa,i—l + Fl’Ta,i—l + Gl (186)
With:
Agi-Xpa-At Dr;.C3" pa. At
B po-Ahi CH R py Ahy.Cof8 Ry (187)
‘ o CT,i~Cg"-Pa-At Cgir-Pa-At A.pa.At.cy; - n1. At N Cqi-A-pa.At
po- Db O Ry py AR CIT Ry py AR CIFT R, py AR O py AR CIET R,
Ap,i.C" pg. At Dy i-X.pa.At
leaf leaf py
pv.Ahi.Cp 3R pv.Ahi.Cp’i R
Fi = Cr.i-C3 pa At Cam o At : Conpini (188)
_ i-Cp -Pa- + p  -Pa- + A.pa-At.ay; _ n1. At . 4,i-A-Pa-
po A C¥ Ry py A CYH Ry py A CYHT R py AR CT py AR CL R)
Tt .+ ng.Atl + "3'Rdswnl-At 4 BTYi.C;i?;,pa.At Bq’i')\.ea'At _ )\~Pa-At-,8li
o — leafii * py AR.CYH T py ARCYH T py AR O Ry py ARCIH R py ARy RL.CY
‘ 1 _ CriCppaAt Cgir.pa.At ApaAta;  m.At Cgidpa.At
po-Dhi CI Ry py. AR C Ry py ARCYH R py AR Co py AR O R

(189)

This equation permits to directly link the leaf temperature of the layer 7 at the time-step
t+1 with the atmospheric temperature and humidity at the same time-step but at the layer below.

Latent and sensible heat flux transports:

The goal of the resolution is to find an expression of ngl and qztl in the same way as in
Equations (180) and (181). Looking at the sensible and latent heat flux transports equations

(178) and (179), the objective will be to eliminate the terms T;ﬂ_l and q(tzﬁ-lu from the equations
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(it is not a part of the known variables). Consequently, Té iyq and qa i +1 are substituted by their
expressions (182) and (183).

For the sensible heat flux:

t+1 t t+1 t+1
Ta,i - Ta,i — AT7i+1'Ta,i + Br i1t Cr sit1- T’leaf i+1 + Dr jit1-9g

At i Az Ah;

190
R R R T T TR U
AZZAhZ Azifl.Ahi Azifl.Ahl Ahl.RZ Athl
k* k* k; 1
THL (1 — At (Ao = e =
@ ( ( T+l AZZAhZ AzzAhZ Azz_lAhz RZAhl))
- At.k? Bpis re Atkiy S ALK Dr (191)
AZZAhl a, AzlflAhl o, AZlAhZ
leafi AhZRZ leafyi+1 AZZA]”LZ
For the latent heat flux:
qitl - qé,i _p* Aq i+1- qaz + Bq i+1+ Cq i+1- Tleaf i+1 + Dq71+1 Tct,—ii_l
At v Az Ah; (192)
R S R S S R Y ek S
Az Ah;  Azi_1.Ah; | Azi_i.Ah; Ah;R'i
k* k* k¥ 1
LA = At (Agitt o — e — e —
qaz ( ( it AZZAhZ AZZAhl Azi_l.Ahi R;Ahl))
gy DR By By Atk 1 Atk Dy (193)

T T TR Al ARR, %V AR e Az A,
LTt LN+ 1 ALELCgit
leaf,i’ Ahi.Rg leaf,i+1" Az;.Ah;

Because the objective is to express the temperatures and humidities thanks to the lower layer,
the leaf temperature of the layer above Tl cafitl is substituted by its expression in Equation (186).
This leads to the following equations:

k: k K 1

THL (1= At(Ap . — — —
o, ( ( T+l Az; . Ah; Az;.Ah; Azi_1.Ah; RzAhZ))
Atk? Brio Atk Atk Dy
_ Tt i X TtJ'rl ) i—1 i+1 i )t 194
ast Az; . Ah; + a,i—1 Az;_1.Ah; + Qa,i Az;.Ah; ( )
At Atk .Cr;
+ f;‘b}l AR, (ELH-QZ? + F¢+1-Tf{1 + Gi+1)'7Az:.Aj;;i+l
k* k* k¥ 1
t+1 i ) i—1
(1 — At.(Ag . — — —
qa,z ( ( it AZZAh,L AZZAhl Azifl.Ahi R;Ahl))
t At‘k?'B%H’l + 5’5At t+1 Atkfﬁl + Tt+1 At'k;k'D(IfH”l (195)

- qa,i + Azl Ahz Ath; qa’iil'AZi_l.Ahi a5t AzZAhZ
4 t+1 Q. At At.k;.Cq7i+1
leaf,i’ Ah R/ AZZAhZ

+ (B di 5 + Fop T + Giga).
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Those equations can be abbreviated as follows:

ngl.xu = X9, + Xg,i.T;jil + X47Z-.qﬁ:gl + X5’i.176+a}72. (196)
G Y= Yo+ Vet + Ya T + Y5, TG (197)

With the following expressions for the coefficients:

X1 =1- At.(AT,iH'A;;Ahi a A:Zhi B Aziki_.lAhi N Ri‘lAhi) - FZH% (198)
Yo =Tt SREG 4 Gun SRR (199)

M Ait_lfAlh (200)

Xos = SRR+ B S (201)

Ao = AhAi.tRi (202)

Vij=1- At.(Aq7i+1'Azfi;kAhi B Aziihi B Aziki_.lAhi - Ri.lAhi) - Em.% (203)
You = dait AZIZ:?}?I * Aﬁgzﬁ% * GM'W (204)

= o (205)

e % i FZ’“‘W (206)

T X;{ﬁ% (207)

By injecting Equation (197) into Equation (196) in order to replace qf;;lz by its expression,
the expression becomes:

Y27‘ y&. y47. y57.
Tt X1 = Xoi+ X3, To by + X4,l-.(Y1: + v @t + T T+ v T ) + Xsa TG
b 9 9 9 (208)
Which leads to:
Y Y>;
T;:‘;1~(X1,i — X4’ZY£11’7’) = X3,ZT5:!L_E1 —+ (XQ,i + X4’ZYT’Z)

1 1

’ ’ (209)

Y5,
Y1,

)

Y5,
+ T (X + X4,7;-#) + gt Xa
K
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By doing the same process in order to replace Téjl in Equation (196) by its expression in
Equation (197), the expression becomes:

Xo; X X4 X
t+1 X 3,1 t+1 4, t+1 5% mt+1 t+1
qaz Yll_y21+y€3l qaz 1+Y (X11+X1 T 1+X1’Z a,t +X1,z T‘leafl)—f_YE”T‘leafz (210)
Which leads to:
X4, Xo;
gt (Vi — Y o) = gt Ve + (Yo — Vi 00)
X1, ’ X1,

! | (211)

Consequently, and qtJrl can be expressed as follows in Equations (180) and (181). The
coefficients can be expressed as:

t+1
Ta,i

Apj= — 20 (212)
X1 X4,i-yi:
Yo
Xoi + X4,z‘-yf’i
T Y477l (213)
X1 = Xajioyy;
Y54
X5 X4,i-y1:l.
Cri=———" (214)
X1 — X4,'L'~y1:i
X4
Dpj=— 4 (215)
X1 = Xajioyp;
And,
Y3,
Agi= —=.- (216)
Yi;— Y4,z'-X;1::
Xo;
Yo+ sz,anf‘i
Byi= =1 (217)
Yii— Y47i'X1:i
X .
Y5 — Yai "
Coi= %, (218)
Yy — }/4,1'-)(1:1,
Yy,
Dyj= ——2 (219)
Yii— Y4,i-Xf::

Finally, this shows that, at each time-step, the temperatures at each layers can effectively be
expressed thanks to the values of the temperatures at the previous time-step and in the previous
layer. On the other side, the coefficients can all be expressed thanks to their values in the upper
layers and thanks to the values of the state variables at the previous time step. At each level of
the canopy, the program will calculate the coefficients E; to G; which will lead to the calculation
of X1; to Y5, which will finally lead to the calculation of Ar; to D,;. Once the coefficients
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are known in each layers, the temperatures are calculated thanks to equations (180) and (181).
The Top-Down resolution of the coefficients and the Bottom-Up resolution of the state variables
can, thus, be started at each time-step. The implicit coupling with the atmosphere is achievable.
The last step of the resolution is to express the coefficients and state variables at the boundary
layers: at the boundary layer with atmosphere, the upper boundary layer at ¢ = n and at the
boundary layer with the surface at i = 1.

The resolution of the column can be summarized as in the following Summary chart.
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N.M. 7.._.::; Nm_. \..“::: 1 Drit, Agivr Bainn 1 f(Xy, to Ys))  f(AritoDgi Thear) ,Dq2,E5 F2,Gy, | ! T ot 7 leaf,
T'n T.n 1 1 1 1 ! .
\ﬁ ,i+1 \U i+l \m:.f ﬁm ._Am ! !
Drn =0 Drn =0 CF G TU) V (Fq.212t0219) | (Eq.187to189) 1 A  (Eq.212t0219) 1 (Eq. 227 t0 229)
nv“ n —w Lvﬂ~ n lvﬁ. aim ! ’ ' ! ! !
. - 1 I I I (Eq. 236 to 245) | !
W;.: ; NLwc.:::: ch.:. m.7.::. " (Eq. 198 to 207) “ “ " ' .
Cgn =0 Cyn =0 I : : 1 Surface
b-\.s\ Aw b:.\-. A- “ “ e ————
! Layeri-1 ' Soil
En= ._..Abﬁb ’ _U._.‘s ’ ﬁ.ﬁ: ’ ﬁn‘:v \MQH%V\ “ “
_u: = 2>._.~: ’ _U@: ’ ﬁ.ﬁ: ’ ﬁ@:v NWQH%%\ ! _ng as mUO<m !
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Bottom-Up resolution
of the temperatures

5. Inifinitesimal surface layer 6. Bottom layer (i=1)

7. Intermediate layer i from 2ton

Layer 1 Known variables:
" Idem as below
Ag1 Bgi Co1 Dgs Layer 2 Layer i+1
E; F; G
P Layer 1 Known variables: Laver i Known variables:
Ruw Rsw ex Oxe N&SH Qﬁmh .\L\m@mm 4 .

t t
.\.ﬂi QP\. ﬂ\méﬁ

1
1
1
1
1
1
1
1
1
1
Arq Bri Cri Drg ' See Step 7.
1
1
1
1
1
1
1
1
| b.ﬁ\. W.ﬁ‘ ﬁ..f D.ﬁ\. \DQL WQL. ﬁ.L. DL. m\. \u‘. Q‘.

\DﬂL m.ﬁm ﬁ..ﬁu D.ﬁm \bn\u ma\u ﬁ.@u UQL mu \HH Q.N

Temperature and humidites:

T %1 =E1. O e+ F. O™+ G (Eq.226) ! Temperature and humidites:
With: T%ai =Ei.q™ 00 +F. TG00+ G (Eq.186)
R ?ghs\HQHmE\. ﬂ?lm:cﬂr Jm\mceﬂ ¢ Qbm:q QBQ Jm\mceﬂ \ABOS\B
R™ s = Nssur- Rsw = N3 sus known

O e=&+8.T™,r > & and§, to determine
Oy =6+ 6T, - & and§, to determine

Json=input from thermosoil

T =Ar. Oy +Bry+ Cry.T™eys + D11 @™ (Eq.223)
.1:5. nbﬁ.ﬂisi + Bri+ Cy. ﬂ?wmni + DT..QESI (Eq.180)
QEQL =Ag1- G?w,m +Bg1+ Cyy .ﬂﬁ\gﬁ +Dg; . 931 (Eq.224)
QES =A,i-9 EPE +Bgit Cyi .ﬂi\m&: + Dy, .N.EE..H (Eq.181)
O O

Surface ” o M-v |||||||||

(Eq. 256 to 263)

Step 1: ! Step 2: ! Step 3: Soil _A:%HE: <muwc_mm” Layer i-1 Known variables:
Q;to Qg= 1 ! O e, Oy T 1 gt

| 1 a,i-1 q a,i-1 leaf,i-1

f(Ar1,B11,Cra ! §to§,= ! ™ =

D1, Aq1,Ba1,Cary f(Q;t0 Q) tFR ™, R sw,

1 1

LUPH me‘_nfmpv “ “ e?HZm , e?HI\
" \mQ. 270 to NN.\& " .\?Hmo:\ ._.,nw:lv
1 1
1 1

(Eq. 275)
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I11.3.4 Boundary conditions

Because the coefficients are expressed thanks to their values at the upper layer and the temperatures
and humidity thanks to theirs values at the lower layer, the boundary conditions are restricted to
knowing the coefficients at the top of the canopy column (at i = n) and calculating the surface
temperature and humidity (at ¢ = 1).

I11.3.4.1 Upper boundary condition

The upper boundary condition consists in knowing the value of the coefficients for ¢ = n. As
explained before, ORCHIDEE (and, thus, the multi-layer energy budget) can be run alone or
coupled with the atmosphere model LMDZ.

When running alone, no implicit coupling is needed so the coefficients at the top of the
canopy are restricted to the input temperature and specific humidity of the atmosphere given by
the input variables. Consequently, all coefficients are set to zero except Br, and B, that are
inputs.

When running coupled with the atmosphere, the atmospheric column inside the canopy can
be seen as a continuity of the atmospheric column of LMDZ. Consequently, the atmospheric
coefficients of LMDZ are injected directly at the top of the canopy column.

All the values of the coefficients are summarized in Table 1.

Stand-alone model | Coupled model
AT,n =0 AT,n - AT,atm
BT,n - BT,input BT,n - BT,atm
Crn =0 Crn =0
Dy, =0 Dr, =0
Aq,n =0 Aq,n - Aq,atm
Bq,n - Bq,input Bq,n - Bq,atm
Cqn =0 Cqn =0
Dyn =0 Dyn =0

Table 1: Values of the coefficients at the top of the canopy when the model is run alone are

coupled with LMDZ

111.3.4.2 Lower boundary condition

The lower boundary layer consists in determining the surface temperature T,,r. To do so, the
lowest level transport equation has to be solved separately. At ¢ = 1, Equations (177), (178) and

(179) become

T \.pa.At.By n3.RIG. At 1. At
eag = Tieas T e AR ARLCI Ty AR CT
; At nl-At

Tt+1 Caw.p )\p

leaf,1 ( D a- Do Ahy. Cleaf R, Do Ah;. Cleaf R/ Po. Ahy. Cleaf)
' At
+ Tt+1‘0aw"p 4 qt—i-l A Da.
oL Ay Ol Ry po-Ahy.ClT R)

(220)
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t+1 ¢ t+1 t4+1 1 t+1 bt
T, _Ta,l Ta,2 _Ta,l 1 (I)[;r 1 T‘leaf,l T

a,l * a,l
: = k. - : 221
At YO Az.Ahy CYTpg  Ahy o Ahy Ry (221)
1 1 1 t+1 t+1
ah —dhy e Gz —dan 1 O 1 o Tl + B —guh (222)
At YAz .Ahy Apy Ahy Al R

As one can see, the transport of sensible and latent heat flux is a bit different between
Equations (178)/(179) and (221)/(222). Because ¢ = 1 is the last layer of the atmospheric
column, there cannot be a transport of sensible and latent heat flux between the lower layer and
layer 1. However, the soil can inject sensible heat and latent heat inside layer 1. This is modelled
by imagining the soil as a layer of infinitesimal thickness from which the fluxes are cleared. It
will also be at this surface that an energy budget will be solved in order to find out the surface
temperature Ty, f.

As for the other layers inside the column, the temperature and humidity at layer 1 will be
assumed equal to a particular form as in Equations (223) and (224). Where the coefficients are
determined with the same expression given in Section II1.3.3.2 (because the temperature and
humidity of the lower layer are not defined, they are replaced by the fluxes of sensible and latent

heat flux.

From those assumptions, in a similar approach to the previous section, ZI}ZZ} | is tried to be
reduced to : T/ = E1.<I>§E1 + Fl@’}jl + G1. So, from Equation (220), by injecting Equations

leaf,1 —

(223) and (224), the equation becomes:

Tt_H B Tt _ )\.pa.At.ﬂl T]g.Rngan.At 772.At
eaf el L AR RLCIT T o AR CIT T, AR
; At At.Ozl 7]1.At
+ THL (=09 p,. — \pa- )
e T T ARy O Ry oD .CET R py.ARy.CIY
. At

+ (A 1. @5 + Bry + Oy T+ Dpq @5 1).09 .

H leaf,1 A\E 4 a pv~Ah1-CIlfff-Rl

At
+ (Aq71'©§+El + Bq71 + qul'j—‘ltJrl 1 + DQ71'¢3—}F1)'>\'[)(1'
el po-Dhy.C R
(225)
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i+l (1+ Cp'".pa-Al Apa-At.ay m.At
leaf,1* B
eaf, oAb .CXY Ry po. AR OV Ry py ARy.CH4Y
O Co pa- At Cg1\.pa- At
q,17\-P )
pu. ARy Cleaf Ri  py.Ahy. ol Ry
air air
_(I)H_l(DTl-C Pa-At AqlApa At )+(I)t+1(AT1‘C Pa- At Dyi.pa.At )
= ®\E H
poDA.CHU Ry po.AR.CYY R) po- D CHUT Ry py. A .CIYTR)
. n3. Rdaw" At no. At
+ (T’leaf,l + leaf leaf
v-Ahy.C v-Ahy.C
BT Lcmr Pa- At q 1)\ Pa- At )\.pa.At.,Bl )
l _
poDh.CEV Ry po. A.CYURY po. ARy RO
(226)
So,
Dp,1.C2 .pg. At Agi.pa.At
. po Ay .CoT Ry py AR O R
e 14+ Cp'.pa-At A.pa.At.og _ n1. At _ Cr,1.Ci".pa. At __ Cgidpa.At
po-Ahy.CoM Ry py. AR .U Ry py.A.CIY AR OO Ry py. ARy CLY R
(227)
Ap,1.C87" pa. At Dy1\.pa. At
P pu. AR Cle“f Ri  po.Ahy.CYY R,
T LGSt Apaltar  mAt CraCfTpa At Caidpalil
po A .CoT Ry pp. AR.CYY R py.ARLCYY py AR .CYT Ry py. AR O R
(228)
Tt Rdown At + 2. At + BT 1- Ca”‘ Pa- At Bq 1)\ Pa- At _ A Pa - At. ,81
o leaf1 t . ARy cl”f pu-Ah1.CIH T py Ay C’eaf Ri ' po.Ah.CyYI Ry pu.AhyRy.CLY
1= 1+ Ca"paAt Apa.Atar n1.At _ Cra.Cgmpa At Cyadpa.At
po Dby .Co Ry pp. Ah.CYYT R pp.AR.CY pu ARCYY Ry py AR O R)

(229)

Now that this simplification is made, let’s come back to Equations (221) and (222) where

T Tt and thrl are substituted by their expressions (180), (181) and (186).
leaf,2’ ~a,2
Téjl — Té,l _ ATQ Tﬁi + BT2 + CT2 (EQ qt+1 + FTH_l + GQ) + DTQ qt—H Téjl
At T Az .Ahy (230)
1 1
1 et 1 T, - Tal
Cgir‘pa ' Ahy Ahl R,
Goht —dby o, Ag2d5h + Be2+ Coa.(Bagph!t + FT, N + Go) + Dap Ty — g3
N Az . Ahy (231)
1 oit! 1 041.17;}71 + p1 — Q,tﬂl
)\.pa ' Ahl Ahl ' R/l
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Which leads to:

e (L kjArs K .CraF A S
a1 At AZl.Ahl Azl.Ahl AZl.Ahl Rl.Ahl

Té,l t+1 K1.Cr2.E2 + k1. Dro t+1 1

- At qa,l ' Azl.Ahl leaf’l'Rl.Ahl (232)
| M-Or2.Ge+kiBry 1 Pt
Azl.Ahl CgiT-pa ’ Ahl
t+1 (i _ ki-Ago _ k1-Cyo-Eo k1 + L )
Tt At 7 Az Ahy  Az.Ahy | Az Ahy | RLAh
t * *
QQ]_ t+1 klchFQ"_leqQ t+1 aq
= 7. : : T .
A el NN teaf. U BT Al (233)
B CoraGa+kiBo . B 1 Lt
AZl.Ahl R/IAhl )\-pa ) Ahl
This proves that Téjl and qf:rll can be expressed as follows:
T Xo = Xo+ O X+ ¢, Xy + T . X5 (234)
@Y1 =Y+ O\ Ve + T Yo+ TG 1 Vs (235)
With,
kY. Aro ki.Cro.Fy k¥ 1
X;=1- At (-2 - 1 236
! (AzlAhl Azl.Ahl + Azl.Ahl + RlAhl) ( )
k¥.Cyro.Go + k¥.Byo
Xy =T! + At. 2127 L 237
2= fa1t Az Ahy (237)
At
Xg=—-rno— 238
ST Cui pa. Ay (238)
k¥.Cro.Ey + Kk¥.Dro
Xy =At. 12 = 2
4 AZl.Ahl ( 39)
At
= 240
° 7 Ry.AR (240)
ky.Ago ki.Cyo.FEo k¥ 1
Y =1- At (2= LT 1 241
! (AzlAhl AZl.Ahl AZl.Ahl + RllAhl) ( )
ki.Cy2.Go + K. Bg o 51
Yy =gl + At (== — 242
2= ot A T R AL (242)
At
Y= ——— 243
2T T Npa. AR (243)
k¥.Cyo0.Fs +k¥.D,o
Y, = At. 174 19, 244
4 Azl.Ahl ( )
At.al
Y: = 245
° T RiAR (245)
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Finally, by the same process as for layer ¢ (cross-substitution and simplification), the expressions
of A1, Ag1, Bri, Bgi, Cra, Cy1, D and Dy can be expressed in function of X; to Ys
(Replace X7 ; to Y7; by X1 to Y5 in Equations (212) to (219)).

The coefficients are known for the last layer of the atmospheric column. The objective is,
now, to determine the surface temperature.

As a reminder, the surface is modelled in the multi-layer scheme as a layer of infinitesimal
thickness which receives the heat conduction flux from the soil and transmit sensible and latent
heat fluxes to the first layer. By resolving the energy budget of the surface layer, the surface
temperature can be deduced. To do so, the first variables to know are the sensible and latent
heat fluxes coming from this surface layer. They are expressed as follows:

t+1 t+1
T T

o L T surf 246

H Pa-Cp surf AZSqu ( )
qt+11 _ gttt

O =y Ny~ (247)

AZsurf

(NB: It is important to notice here that the latent heat fluz is defined without the 8 formulation.
This is important for the implementation in the code in Section I11.4.)

t+1
a,l

By replacing Téjl and ¢, ;" by their expression in Equations (223) and (224), the equations

become:

Ar1. @+ Bpy + CT,1-1}ZZ}71 + DT,1-‘I)§\J§31 — T

Ll = —p, CO Ky sur] (248)

AZsurf

41 t+1 t+1 t+1
Aq,l-q))\E + Bq,l + Cq,l'Tleaf,l + Dq,l'(I)H “ Qsurf
AZsurf

DL = — oy A s (249)

By replacing ﬂte‘g} 1 by its expression in function of Ei, F1 and G, the system becomes:

Arp. @ + Bry + O .(B1 .9V + F1.OU + Gy) + Dy @43 — T

@tJrl — _ .Ca”.k ' surf
H Pa D surf Azsurf
(250)
1 1 1 1 1
ottl — Ak Aqvl'q)tATE + By + Cq,l'(El-‘I)f\E + Fl'(I)Zr +G1) + Dq,l-fbtﬁ - qi—;rf
AE — “Pa-ARsurf: Azsurf
(251)
When simplifying (assuming qij;:f = Qgyur f.Tsti;lf + Bsur f), this leads to:
CUT Cur
ottt (14 LT T d p oy op ) = Pt e g 4 O G — THY)
H Azsurf ) ) Azsurf ) ) surf
air (252)
- pa-Cp -ksurf

D (Cry.Fy + Dy
Aoy ze (OraFy 1)
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t—‘rl pa‘)\‘ksurf o pa-)\-ksurf t—‘rl
q))\E (1 + m-(Aq,l +C ,I-El)) - _m'(Bq,l + C. ,I-Gl - (asurf'Tsmnf + Bsurf))
pa-A-ksurf
— m.@gl.(cq’l.}?l + Dq,l)
(253)
Which can be simplified as:
O = Oy + Q3. T5 Y + Q0% (254)
DL 05 = Q6 + Q. TL L + Qs 03! (255)
Where,
a-cair-ksur
Q=1+ pp—f.(AT,l + CT71.F1) (256)
AZsm"f
pa~Cair-ksur
0y = _—Ap ! (Brg +Cr;1.G1) (257)
Zsurf
pa-A-ksurf
Q) = Palsurf 2
’ AZsurf ( 58)
Pa- car, Esur
= —Ap f .(Cle.Fl + DT,l) (259)
Zsurf
a-A-Ksur
Qs =1+ pif.(qul + Cq,l-El) (260)
Azsurf
a-A-Ksur
Qg = —u.(qul -+ Cq,l-Gl — Bsurf) (261)
AZsurf
pa')\-ksurf-asu’rf
Q7 = 262
! AZsurf ( 6 )
a-A-Ksur
Qg = 7pA L(Cy1.Fy + Dy 1) (263)
Zsurf

By cross-substituting Equation (255) into (254) and (254) into (255), the fluxes can be

expressed in function of Tst;t_lf
L0 = Dy + O TH L + g;‘.(aﬁ + QT + Q. ) (264)
O Q5 = Qs + W T + g?.(m + Q3. TH L + Q. 05) (265)
Which is simplifies into:
L0 — g:.ﬂs) = (Q+ 3‘5‘.96) + T (. + g;‘.m) (266)
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Qs Q8

(05 — —. Q) = (6 + ~— Q) + T (Q7. + .0 2
am (5 = o ) = (s + o =) + Ty (Qr. 4 - 42s) (267)
The system can be abbreviated as:
Ot =6+ &I (268)
O = &3+ Ea Tt (269)
Where,
Qo + 2.0
1= o (270)
O — 2 Qs
Q3. + 4.0
f=—— — (271)
O — Qs
Q6 + 2.0,
f=— 2 (272)
Q5 -0 Q4
Q7.+ %.93
§a = O (273)
Q5 - szl

Finally, the last step to obtain the surface temperature is to solve the energy budget of the
infinitesimal layer (fluxes of latent and sensible heat are supposed negative as in Equations (246)

and (247):
Tt+1 _ Tt f
C;urf_%tsw = Riwsurf + Rswsurf + (I)Erl + (I)g\gl + Jsoil (274)

By replacing the fluxes by their expressions:

At

T;fi_rlf = T;m«f + W -(nl,surf-T;:Tlf + N2, surf +773,surf'R%(%}Vun +§1 +§2TL§Q—Z«1}C +§3 +§4T;—;«1f + Jsoil)
P
(275)
Which leads to the expression of the surface temperature:
Tt+1 Tsturf + %'(nlsurf + nB,surf-Rgov%/un + §1 + 53 + Jsurf) (276)
surf 1 At (52 + {4 + 771,surf)

- C;1er .

Now that the surface temperature is known, qiijf can be determined by qzz:rlf = Qugyr f.Tst;rTlf—i—
Bsurf- Thus, the lowest level boundary layer is known and the Bottom-Up calculation of the

temperatures inside the column can be computed, as presented in the Summary chart.
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II1.4 Modelling in ORCHIDEE

All the previous model is developed in ORCHIDEE in the mleb module.

emphasize the architecture of the mleb module and precise a bit its routines.

I11.4.1 The mleb module scheme

The scheme of the mleb module can be summarized as in Figure 15.

-

Mleb Module
d Public subroutines A\ Local subroutines
r '
s kb inidal ~ mleb_boxheight
— Calculates the Plant Area Densityof each canopylayer
Allocates module vanables, read from :_
restart file ormutialize with defaalt mleb_begin
values
. S L Calculates prelimunary vanables, nseful for the enecgy budge
~ : N
mlel_main i mleb_profile
Calls each local subroutines to Alloeates the Leaf Acea Densityto sach lapes and computes the eddy
compute the multi-layes enecgy L diffusivity coefficient
\ budget i sequence y
[ mleb_lwrad
f : Y
mleb_finalize L Computes the Long Wave Radiation scheme
Wates 'cllu module ragables and I mieb_boundarylayer_resistance
variables to restart fils
Caleulates theleaf | dasylay ist
\_ _J L [ 5 LiLé el DOWmIAALyIATeL fdili T e
' — ' ( mleb_stomaral_resistance
Caleulates the stomatal resistance
Deallocates the key outputs vanables \
if they have already been allocated i mleb_alpha_beta_coeff
~ - L Computes the mate of change of saturated hurmdity at the leaf sudface
-
mleb cale cohmmn
Solves the impheit resolution scheme msde the canopy
\,
i e
Caleulates the diffesent fhxxes that compose the enecgy budget
%
-
mileb_evapveg
Splits thewater fhaxes between its components
L
s
mleb_netcdf
Produce an output netedf file
[\ VA

Figure 15: Scheme of the mleb module
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The module is divided into 9 main calculations subroutines: mleb_begin, mleb_ profile, mleb lwrad,

mleb_boudarylayer resistance, mleb stomatal resistance, mleb _alpha beta coeff, mleb_calc_ column,
mleb flux and mleb evapveg. The description of those subroutines is made in Section I11.4.2.
The other subroutines mleb initialize, mleb  finalize, mleb clear, mleb netcdf and mleb write
are usual subroutines for the good functioning of ORCHIDEE, enerbil main calls the 9 calculation
subroutines, mleb bozxheight is a new subroutine in order to clear the code in mleb main
(however this subroutine has to be double-checked) and, finally, mleb pottemp, is not used or
called at all.

The main subroutine mleb main is calling the 9 calculation subroutines in the following
order:

1. mleb_bozheight: in order to calculate the plant area density of each layer of the canopy
(the subroutine has to be double-checked, the calculation can also be made directly in
mleb_main code structure;

2. mleb_begin: in order to calculate preliminary variables, useful for the energy budget. (I'm
not sure that this is really useful, it seems like a copy-paste from the enerbil module which
is not needed anymore —> need to be double-checked);

3. mleb_profile: in order to allocate a Leaf Area Density to each layer and compute the
turbulent diffusion profile following Massman € Weil (1999) [13] (See Section II1.2.2.2);

4. mleb_lwrad: in order to compute the Long Wave Radiation scheme following Gu et al.
(1999) (8] (See Section I11.2.3.1);

5. mleb boundarylayer resistance: in order to compute the leaf boundary layer resistance
(See Section I11.2.4.2);

6. mleb_stomatal resistance: in order to compute the stomatal resistance (See Section I11.2.4.2);

7. mleb_alpha_beta_coeff: in order to compute the rate of change in saturated humidity at
the leaf surface following Monteith € Unsworth (2008) [17];

8. mleb_calc_ column: in order to solve the implicit resolution inside the column (see Section

I11.3);

9. mleb_flux: in order to calculate the different fluxes that compose the energy budget as in
the enerbil module (See Part II);

10. mleb_evapveg: in order to split the water fluxes between its components as in the enerbil
module (See Part II);

11. Finally, it calls the subroutine mleb mnetcdf in order to produce an output netedf file (but
the call to this routine blows up the computing time) and it prepares some variables for
the next time-step.

I11.4.2 Subroutine descriptions

As for the enerbil technical note (See Part II), this part aims at explaining the different subroutines
of the code. All the main equations have been explained in Section III.2 and II1.3. The equations
or processes that are not described in the previous sections are added in this part of the technical
note.
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II1.4.2.1 The mleb boxheight subroutine

The aim of this subroutine is to remove a big part of the code that was in the subroutine
mleb _main. The aim of the subroutine is to calculate the box heights and plant area density as
a function of height.

The calculation of the plant area density as a function of height is given thanks to the effective
Leaf Area Density LAI.¢. Because LAI sy is known at each level of the canopy, Equation (277)
permits to access to the PAD as a function of height (NB: The following equation is a bit weird).

PAD(z) = LAL; f(z).cos(g) (277)

Finally, the heights of each box in the discretization are calculated by separating the cases:

below the canopy, inside the canopy and above. The heights are calculated by dividing the
difference of heights between each cases by the number of layers needed.

Table of the main input variables:

. Name in e . .
Variable ORCHIDEE Description Unit Input from
LAIcsy laief f _isotrop Effective LAI m Zm > albedo_ surface
z_array_out z_array_out Heights of tree levels m mleb_initialize
p rau Air density kg.m™3 777
max__height store | max _height store Initial fuaxihuin canopy m mleb_initialize
- - - - height -
Table of the main output variables:
. Name in o s . Output used
Variable ORCHIDEE Description Unit in
Plant Area Density as a >  _3
PAD(z) pad__deltah function of height m°.m mleb_profile
box _height vevapnu Heights of each box edge m mleb_profile

I11.4.2.2 The mleb begin subroutine

The first calculation subroutine to be called by the main one is enerbil begin. The aim of this
routine is to calculate preliminary variables useful for the computation of the energy budget. I
think that this subroutine is not useful anymore but it needs to be checked.

To have more information about the calculation that it’s computing, please refer to the enerbil
technical note (Part II).

I11.4.2.3 The mleb profile subroutine

The subroutine mleb profile aims at calculating the turbulent diffusion coefficient k. (z) following
the equations of Massman & Weil (1999) (13|, Wohlfahrt €& Cernusca (2002) |25] and Chen et
al. (2016) |4] in Section I11.2.2.2.

Technical note 88



<= ORCHIDEE
‘-;F LAND SURFACE MODEL

III.4 Modelling in ORCHIDEE

The first step of the calculation is to use the Plant Area Density as a function of height
calculated in the subroutine mleb bozheight to calculate the leaf area density (cumulative PAD
from the top of the canopy). Once the LAD is known, it is used to calculate the coefficient
Cp,efy presented in Section I11.2.2.2. This coeflicient (coming from Wohlfahrt & Cernuca (2002)
[25]) is then used to calculate the variable 7(z) which permits to use the model from Massman
& Weil (1999) [13] in order to compute the standard deviation in wind vertical velocity oy,.

Finally, once o, is calculated, the routine calculates the far-field eddy diffusivity k.(z)
following Equation (141) and using the reducing factor R,; as shown in Equation (142) in
order to get the final value of the eddy diffusivity as in Equation (143).

Table of the main input variables:

Name in

Variable ORCHIDEE Description Unit Input from
Plant Area Density as a 50  _3 .
PAD(z) pad_deltah function of height m°.m mleb_ bozheight
box _height vevapnu Heights of each box edge m mleb_ boxheight
Coefficient used in the .
Kstope k_eddy slope calculation of Ry, — General input
Coefficient used in the .
ku, k_eddy wustar calculation of R, — General input
|7| speed Wind speed m.s ! General input

Table of the main output variables:

. Name in . . . .
Variable ORCHIDEE Description Unit Output used in
k«(2) k_eddy Eddy diffusivity m2.s 1 mleb_ calc_ column

I11.4.2.4 The mleb lwrad subroutine
The aim of the subroutine is to compute the Long Wave Radiation Scheme inspired from Gu et
al. (1999) [8].

The subroutine starts by computing the values of the n above the canopy. Those calculations
rely on a variable called jomega. NB: I do not understand this part of the code at the time I
write this note, it should need a double check...

Once those values are calculated, the subroutine is computing the Radiation Transfer Matrix
thanks to the system of Equations (155). This matrix is the main output of the subroutine.

Table of the main input variables:
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. Name in e . .
Variable ORCHIDEE Description Unit Input from
. Leaf temperature at the . .
Tieaf temp leaf pres grid present time step K Previous time step
Surface temperature at the . .
Tours temp surf pres present time step K Previous time step
Plant Area Density as a 5  _3 .
PAD(z) pad__deltah function of height m*.m mleb_ bozheight
Krw big k_lw 777 777 777
Ksw big k lw 777 777 777
Table of the main output variables:
Variable Name in Description Unit Output used in
ORCHIDEE p p
jemissivity(_surf) jemissivity(_surf) 7?7 777 mleb_calc_ column
jomega(_sw_surf) jemissivity(_surf) 7?7 777 mleb _calc_ column
etai above eta_1_above 7?7 77 mleb_calc_ column
etas, above eta_3 _above 7?77 77 mleb_ calc_ column
Qi ngu_alpha Radiation Transfer - mleb calc_ column
“J gu_ap Matrix - =
Diagonal coefficients of
Qi ngu__alpha the Radiation Transfer — mleb_ calc_ column
Matrix

I11.4.2.5 The mleb boundarylayer resistance subroutine

This subroutine computes the boundary layer resistance used for the calculation of the resistance
to sensible presented in Section II1.2.4.1. The calculation order is the following:

e Calculation of the thermal diffusivity of air Dy q; = 1.9.107° + 1.26.1075.(T i — 273.15).
e Calculation of the air viscosity p = 1.35.107° 4+ 10~7 (Thir — 273.15)
e Calculation of the Reynolds Number Re = u % where d; is the leaf length set to lem.

e Calculation of the Nusselt Number in function of the value of the Prandtl number as in
Equation (165). (NB: The distinction between the calculations of the Nusselt number is
appearing neither in Ryder et al. (2016) [21] nor in Section I11.2.4.1, I don’t know from
where this distinction comes. Moreover, the formula set into the code is not the same as
in Equation (165))

e Finally, calculation of the resistance as in Equation (164) (R; is multiplied by a parametrized
factor Ryqc).

At the top of the canopy, the resistance is set to 1.10?" (considering this value to be close to
infinity, case when there are no leaves).

Table of the main input variables:
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. Name in e . .
Variable ORCHIDEE Description Unit Input from
. Air temperature at the . .
Toir temp atmos pres grid present time step K Previous time step
Riee br fac Multlphcatlf)n factor to the B General Input
- resistance
Table of the main output variables:
Variable Name in Description Unit Output used in
ORCHIDEE p P
R; big r Resistance to sensible sm 1 mleb calc  column
- heat flux - -

I11.4.2.6 The mleb stomatal resistance subroutine

This subroutine computes the resistance to latent heat flux presented in Section I11.2.4.2. As
presented in Equation (169), the resistance to latent heat flux is composed by two different
resistance, the stomatal resistance and the boundary layer one.

Unlike what is presented in Section II1.2.4.2, the stomatal conductance seems to rely on a
formulation taken from Guimberteau thesis |9] which relies on the water pressure deficit of the
layer and the short waves downwelling radiation. However, I do not have access to the thesis so
I could not double check the formula. The formula seems way different than the one described
in Section I11.2.4.2.

NB: As mentionned by Sebastiaan, the calculation of the stomatal conductance uses the plant
area density (which is defined thanks to the effective LAI) instead of the LAI which is weird.

Secondly, the boundary layer resistance is calculated with the following steps:

e (Calculation of the molecular diffusivity of water vapour Dy, f,0 = 2.26.107°4+1.51.1077. (Thir—
273.15)

e Calculation of the air viscosity as for the resistance to sensible heat right above.
e (Calculation of the Schmidt Number as the ratio between p and Dy, m,0

e (Calculation of Reynolds number

e Calculation of the Sherwood number according to the Reynolds number

e Calculation of the boundary layer resistance as in Equation (167)

Above the canopy, the resistance is set to infinity (10%°).

Table of the main input variables:
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Variable Ogg;;'])l%]ﬂ Description Unit Input from
o rau Air density kg.m™> General Input
Rsw,n swnet Net short-wave radiations W.m ™2 Other module
Plant Area Density as a 2  _3 .
PAD(z) pad__deltah function of height m°.m mleb_ bozheight
Row | lwdown Downywelling Long-wave Wom ™2 LMDz
Radiations
Tair temp atmos pres grid Alrpii;i:rzgzeszpthe K Previous time step
. Air saturated humidity at _1 . .
Qair q_atmos_pres_grid the present time step kg.kg Previous time step
Table of the main output variables:
. Name in s . .
Variable ORCHIDEE Description Unit Output used in
R; big_r_ prime Remstﬁ;cte f;cl(l)xlatent sm™! mleb_calc_ column

I11.4.2.7 The mleb calc_ column subroutine

This subroutine is the main calculation subroutine. It solves the equations along the canopy
column and solves the implicit coupling with the atmosphere. This resolution corresponds to the
different results of the Section II1.3.3 and II1.3.4.

The subroutine starts by initializing some variables. Here, everything is set to 0 except the
resistances R; and R, of the last layer which are set to 10%° (consider it as infinity).

After this initialization, the subroutines enters into a "convergence loop". The aim of the
loop is to equalize the fluxes of water calculated by the module mleb and the one calculated
by the module hydraulic_arch. In hydraulic_arch, if the transpiration (calculated thanks to
the coefficient f3 and the energy budget (for more information, see the enerbil technical note))
exceeds the amount of water that the soil can provide, the transpiration is reduced to this precise
amount of water and the energy budget is recalculated. However, this correction scheme is not
adapted to the multi-layer scheme. Because the correction is made for the transpiration of the
global canopy, the correction has to be dispatched at each layer which changes the energy budgets
of each layer. The multi-layer has, thus, to be recomputed. This correction brings the necessity
to compute several times the multi-layer energy budget. This leads to the necessity of this
convergence loop when the hydraulic architecture scheme is used and when the soil is stressed.
When the classic water scheme is set, the subroutines enters the convergence loop but exit it at
the end of the first iteration.

The first calculation which interests this note is the set up of the coefficients at the top of
the column. To do so, the upper boundary conditions are set (See Section 111.3.4.1) (Note that
Brn = Bt atm/ Cg”, this is a correction due to the format of the output of LMDz).

Once this set up is finished, the subroutine is defining the coefficients 38 for the evaporation,
sublimation, transpiration in function of the corresponding 5. This permits to simplify the
equation visualization after.

Once this is done, the subroutine calculates the ns presented in Section II1.2.3. Here, it is
important to notice that the definition for the Long-Wave radiation scheme used is different from
the one in Section II1.2.3.1. Instead of having Rpw,; = UlleZZ}Z + 12,4, Rpw,i is defined as in
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Equation (278). Be careful, the 7} ; of the next formula are not same as in the previous equation
and in Section I11.2.3.1. NB: The nammg of those 77]',@' in the code is being reviewed.

Rpw, =0, R + o 7}22} Y (278)

In practice, 77371' of the previous equation is set to 0 except for the surface layer. Consequently,
looking at the code, one should understand that:

mleb module | Technical note
77’1,1’ 0
M, M1
77§, i 2,i

Now that this remark is made, the two radiation schemes are computed. The first one, the
Long-Wave Radiation scheme is solved first. It uses the results of the subroutine mleb lwrad
which was calculating the coefficients alLJW. The resolution is divided into two parts, the first
one reconstitutes the matrix from Gu et al. (1999) [8] with the formulation of the aLW thanks
to the value of the leaf temperature at the previous time step. This part permits to calculate
R%W’i as in Equation (160). In the second part, n5; and 73 ; are calculated as 71; and 7,; in
Equations (161) and (162).

Once the Long-Wave Radiation scheme is computed, the subroutine uses the results of the
Short-Wave Radiation scheme computed in the module albedo surface in order to compute nﬁu
(which corresponds to 73; in the present note). NB: However, at the time this note is written,
the part of the code which uses the results of the Short-Wave Radiation Scheme is commented.
Consequently, 77:1,1' is set to 0 except at the layer surface where it is set to 1.

Now that everything is calculated, the subroutine starts by calculating the coefficient thanks
to the Top-Down calculation.

The first step is to calculate the coefficients F;, F; and G; at the top of the canopy (INB:
The calculation starts by a IF condition which distinguishes the case where the number of layer
1s set to 1. I strongly think that this condition is useless for 2 main reasons. Firstly, if there is
only 1 layer, the resolution coefficients are reduced to the ones of the upper boundary condition
(See Section I11.3.4.1) and the coefficients E;, F; and G; are always multiplied by Cr, Dr, Cq
of Dq which are set to 0. Secondly, as soon as the condition is finished, the values of v, F1 and
G1 are recalculated).

Once the coefficients at the top of the canopy determined, the Top-Down calculation of the
coefficients A7 ;, Br;, Cri, Dri, Agi, Bgis Cqis Dg,i is started. The calculation is well following
the steps presented in Section I11.3.2:

e As the coefficients E;, F; and G; are known (first calculation at the top), the subroutine
starts to calculate the coefficients X; 1 to Y; 5.

e From the coefficients X; 1 to Y 5, the coefficients A7 ; to D, ; are calculated as in Equations
(212) to (219).

e Finally, the coefficients F;, F; and G; are evaluated in order to prepare the calculation for
the next layer.

Finally, once all the coefficients are known, the subroutine computes the equations of the
surface interface presented in Section II1.3.4.2. Thus, it calculates the coefficients X1 1 to Y5
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and the resolution coefficients A7 1 to Dg1. After the calculation of those coefficients, the
subroutine calculates the final coefficients E7, F} and (7.

NB: Before finishing the calculation, it is important to motice that all along the previous
calculation, an IF condition was separating the cases where the hydrol flag was set to . TRUE.
are not. In the cases where hydrol flag was set to . TRUE., all the coefficients linked to a change
in saturated humidity where set to 0 (Aq; to Dg;). I have to look into more details about those
cases but I assume that it permits to make the loop converge by not adding more transpiration in
each layer and limitate the transpiration in cases of water stress.

Right after those calculations, the surface interface equations are calculated. The subroutine
computes the variables € to Qg for the cases of evaporation (with 8 = feyep) and sublimation
(with 8 = Beup). From those variables are calculated the & to £. &3 and &4 are calculated
after a parametrization of the surface evaporation. The evaporation fraction (feyqp) is calculated
empirically thanks to the values of 83 and (B4 and two weighting factors ks weight 1 and
ks _weight 2 which are calculated thanks to two parameters: ks slope and ks wveget. This
parametrization relies on the study of Chen et al. (2016) [4] which quantifies the resistance
coefficient to latent heat according to the over-story phenology (it has been observed that "In
winter, when the under-story is senescent, the characteristics in terms of the evapotranspiration
at the interface will closely resemble the evapotranspiration of a bare soil. In summer, however,
an under-story will be present and its density relates to the gap fraction of the over-story canopy.
Hence, the summertime evapotranspiration of the interface will be closer to the evapotranspiration
of a vegetation canopy"). This quantification of the soil evaporation under the canopy permits
to evaluate £3 and &, thanks to the following equations (based on Equations (270) to (273)).

fevap = kswezght 1-B84+ kswezght 2 Z 3 (279)
prT 173

Q6 + 2.0, Q6. supb + M’Q

53 = fevap-ig; + 6sub~ > 5 Y (280)
Q5 + 5> Q5,5up + —5>
Q7+%.Qg Q7 b+ 8éub Q3

64 = fevap'ig:g + Bsub - 5 b (281)
Q5 + 9—194 QB sub + Ly

Those expressions permit to add the S-formulation in the multi-layer energy budget and
take into account the evaporation of bare soil and snow sublimation. However, as presented in
Section II1.3.4.2, the variables (2s have not been defined by considering the latent and sensible
heat fluxes with the S-formulation (See "NB" right after the definition of the fluxes). This leads
to differences when comparing the model with the module enerbil.

NB: As presented in the Section I11.5.1.1, I think that the expressions of the Qs should be
revised in order to take into account the f3.

Now that all the coefficients are known, the surface temperature and the other quantities
of the infinitesimal surface layer can be determined. The surface temperature is defined as
in Equation (276). Finally, as for the current energy budget in enerbil, other quantities are
calculated: qgurf.sats Hourf, Fevaps Qair--- (the formulas are exactly the same as in the enerbil
technical note in Part II).

This last step marks the last calculation of the convergence loop (in the cases where the
convergence is needed). The subroutine exits the loop and computes the last calculations:

e Bottom-Up calculation of the temperatures thanks to the coefficients previously determined.
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e Calculation of the latent and sensible heat fluxes between each layers

e Calculation of the radiation terms at each layer.

e Calculation of the global latent and sensible heat fluxes (the fluxes between the top layer
of the canopy and the atmosphere).

e Calculation of other information inside each layer (source/sink term of each layer thanks
to the difference of temperature/humidity between the previous and the new time step,
horizontal fluxes at each layers, sums of some fluxes...)

Those last calculations marks the end of the subroutine.

Table of the main input variables:

Variable OII:SIII—;'IEDH];}E Description Input from
. Leaf temperature at the . .
{Ticay,i} temp leaf pres grid previous time step Previous time step
. Sepcific humidity at the . .
{qair} q_atmos_pres_grid previous time step Previous time step
. Air temperature at the . .
{Tair} temp _atmos_pres_grid previous time step Previous time step
k. keddy Eddy diffusivity between mleb pr?ﬁle
layers subroutine
Row | lwdown Long WaV(.e df)wnwelhng LMDz
radiations
Rew | swdown Short Wane dpwnwelhng LMDz
radiations
. albedo  surface
Rsw,n swnet Short Wave net radiations -
’ module
Plant Area Density as a .
PAD(z) pad__deltah function of height mleb_bozheight
C’;Oil sotlcap Soil calorific capacity thermosoil module
G soil flx Soil heat flux thermosoil module
Coefficients of the Long mieb Twrad
akv ngu_alpha Waver Radiation transfer — .
, — . subroutine
Matrix
gT’atm’ petAcoef, petBeoef, Coefficients for the implicit LMDz
A T’ag“ peqAcoef, peqBcoef coupling with LMDz
q,atm, q,atm
Resistance coefficients to .
B1 to Bs vbetal to vbetad latent heat flux diffuco module
ks_tune, ks tune, ks _slope, Empiric coefficients for the .
ks slope, - - . . General input
ks veget ks _wveget tuning of some variables

Table of the main output variables:
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. Name in . . . .
Variable ORCHIDEE Description Unit Output used in
Fsens fluxsens Sensible h.eat fhwcat the W.m ™2 General output

grid level
Flat fluzlat Latent hgat fhwcat the W.m™? General output
grid level
. Sensible heat flux o
Foens,i flur_h_grid between each layers W.m General output
. Latent heat flux 9
Flat,i flux_le grid between each layers Wom General output
Implicit coupling mleb_calc_ column
Az t0 Do a_ttod_q coefficients (next time step)
, . Implicit coupling mleb_calc_ column
Ei to G big_e to big_g coefficients (next time step)
T t a mewt grid Air temperature at each K mleb ca.lc_ column
’ - = - level of the canopy (next time step)
) Air specific humidity at 1 mleb_calc_ column
Qairs q_a_next_grid each level of the canopy kg-kg (next time step)
. Leaf temperature at mileb_ calc_ column
Ticay.i temp_leaf _next_grid each level of the canopy K (next time step)
Surface temperature at General output /
Tsurs temp_surf_newt the new time step K LMDz
Net radiation flux o mleb_calc_ column
Frn Jluz_netrad between each layers Wm (next time step)
Short wave net radiation 9 mleb_ calc_ column
Fsn fluw_netsw flux between each layers Wm (next time step)
Long Wave net radiation 9 mleb_calc_ column
Frn Jluz_netrad flux between each layers Wm (next time step)
/ ! .
/771 to ny %nd cta 1tocta 4 surf Coeﬂiqents for the mileb_ ca'lc_ column
N,surf 10 N4 surf - - = Radiation schemes (next time step)

Table of the main local variables:

Variable Olligrﬁlla[;r];)E Description Unit
big_e_top to Numerator of the coefficients E; to G;
B big_g_top (big_e to big_g)
B big efg bottom Denominator of the coefficients F; to
— 7= G; (big_e to big_g)
Q1 to Qg sub l'ng_omega_l to Coeflicients for the surface interface
’ big_omega_8 sub
&1 to &4 zi_ltoxi 4 Coefficients for the surface interface
Fovan evap_ fraction B equivalent Coeﬂicie'nts for the soil
evaporation

I11.4.2.8 The mleb flur subroutine

This subroutine calculates all the fluxes, temperatures and humidities needed for the completion
of the energy budget. The only difference with the current energy budget computed in enerbil is
the fact that the sensible and latent heat fluxes are calculated in the subroutine mleb_ calc_ column.
For everything else, please refer to the enerbil technical note in Part II.

I11.4.2.9 The mleb evapveg subroutine

This routine computes the splitting of the total evaporation flux into its snow sublimation,
floodplains evaporation, bare soil evaporation, intercepted water evaporation and transpiration

components.
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To have more details about the use of the 8s and how they permit to split the evaporatino

flux, please refer to the enerbil technical note in Part II.

I11.4.3 One-layer case

The multi-layer energy budget presented in the mleb module is configurable in order to reduce
the number of layers to only one layer. The objective behind the development of the mleb module
is to come back to the enerbil equations when running the mleb module with only one layer. At
the time this note is written, the equations from both modules (enerbil and mleb when reduced
to one layer) are a bit different. A precise description of the equations is given in the technical
note Collapse of the calculations of mleb (with jnlvls = 1) and enerbil, Julien ALLEON (2021)
[1]. The path of the calculation when the case jnlvls =1 is set is presented in Figure 16.

mleb_main

Defines tamp_sol_new and

at the pervious time step

!

Calculates height and plant ansa

density for each Layear

| Calls mileh_stoamtal_resistance |

| Calls mi rerad ota l-eta J-weta I -eta 4 =
jomega ..} = jemissivity]_surf]] =
ngu_alphha=10
I
¥
na i P
W jnkvis=1
| Calls mileb_boundanylayer_resistance |
[ 9

Calls mieb_svapveg

'

Finishes the cakoulation :

2- Prepare values for the next time step

1- Fijnkis=1} mothing ; ELSL : calls mieb_netodf

Figure 16: Path of the calculation when jnlvls = 1 in mleb_main
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The conclusion of the collapse of the equations were the following:

e There is a mistake in the definition of the & at the surface interface. The 8 has to be
present at the denominators of the §;. The (s have to be re-thought in the multi-layer
energy budget.

e There is a factor p.\?].Cd which differs for the latent heat flux expressions between both
modules. (NB: As presented in Section I11.5.1.3, this should be an error from the note
because this difference seems not to appear in the code)

e The part of the code related to the Short Wave Radiation Scheme has been commented
which leads to differences in the calculation of the surface temperature.
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III.5 Suggestions

I11.5.1 Debug
I11.5.1.1 Use of the j3s

The [ coefficients are resistance coefficients to the potential total evaporation. As the total
evaporation of the canopy regroups a lot of different processes such as snow sublimation, soil
evaporation or transpiration, it is needed in the code to separate those different fluxes from the
evaporation fluxes. This is the role of the S coefficients. [ coefficients are representing two
different processes:

e As the total potential evaporation is expressed at the grid cell level, the 8 are representing
the fraction of the grid cell which emits the evaporation/sublimation flux.

e As the total potential evaporation expresses a kind of demand from the atmosphere (a
"potential" evaporation), the /3 coefficients are also expressing the stresses applied to this
potential evaporation (especially for the transpiration).

In the multi-layer energy budget, the 8 are used at the surface interface level. The aim of
the S8 here is clearly to represent the fraction of the soil behind the canopy which will evaporate.
This fraction of the soil can be covered by snow. Thus, two evaporation fluxes are modelled:
snow sublimation of the soil behind the canopy and soil evaporation. As there is no stress, 8 are
just representing here the fraction of the soil which evaporates.

From this reflection, several remarks can be made:

1. As the latent heat flux from the soil is chosen to take into account the [ coefficients,
1 t41

Equation (247) should be reviewed into @';El = —B.pa.)\.ksmf.%. From this new
equation, a new expression for the 2 will be found which will take into account those [
coefficients. Finally, the expression of &3 and &4 will be changed and will directly take into
account the 8. Thus, we will not have to multiply the expressions by feyqp and Bgyup in
Equations (280) and (281).

2. Currently, the soil latent heat flux is taking into account two different processes: soil
evaporation (represented by (4 and snow sublimation 8;. However, if I understand well,
a part of the soil below the canopy can also be flooded and this part is represented by
the floodplains fraction fB5. Consequently, I think that a third flux should be taken into
account: the floodplain evaporation below the canopy.

3. As expressed in Equation (279), feyap is only taking into account 4 and the 33 of each PFT.
However, in the current energy budget module enerbil (See Part II), the evaporation flux is
always weighted by the fraction of the grid which is not sublimating snow (1 — 31). This is
not the case here which could lead to differences between both codes. Moreover, collapsing
mleb to 1 layer will not make appear the same factor as in enerbil (1 — 31).(1 — f35).5 but
fevap Which will lead to differences.

4. Finally, as presented in Section II1.5.2.1, the multi-layer energy budget has been thought
from an ecosystem point of view. This is in contradiction with the necessity to have one
energy budget per grid in grid-cells with several PFTs. The multi-layer energy budget
should be used at the PFT level.
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NB: In the document of the collapse of the equations of both modules [1], the conclusion with
the B is different from this one. The module uses fepap instead of Bevap. This difference is due to
a misunderstanding in the flag ok _impose _can_ structure. The good version of the reflection
is the one presented here.

I11.5.1.2 SW radiations scheme

As presented in the Section I11.4.2.7, the part of the code linked to the Short-Wave Radiation
Scheme has been commented which leads to one of the problems mentioned in the document
about the collapse of both module [1]. This part should be debugged and uncommented in order
to make the model works.

I11.5.1.3 Dimensional analysis of the latent heat flux

The document about the collapse of both module equations [1] was citing a difference of a factor
p.|7|.Cd between the formulas of the latent heat flux in both modules. It seems to be an error,
the factor appears in both modules.

I11.5.2 Further improvements
I11.5.2.1 Multi-tiling necessity

As presented above, the multi-layer energy budget has been thought at the ecosystem level which
is incoherent with the necessity to have one energy budget per grid cell as for now with the enerbil
module (See Part II).

This thought leads to 2 necessities:

e Review the 8 model in order to separate the stresses from the fraction of grid-cell.

e Couple the multi-layer approach with a multi-tiling one in order to use the multi-layer
energy budget only for the PFT.

To do so, I started to think about a multi-tiling approach which we should talk about.

111.5.2.2 Remarks on the turbulent transport model

As presented in Section I11.2.2.2, the turbulent transport diffusion model implemented currently
in the model corresponds to an adapted far-field model whereas a real near-field / far-field model.
This is a clearly empirical model. The justification behind was that the near-field / far-field model
would be impossible with an implicit coupling with the atmosphere.

According to Jérome Ogée, this should be possible but would need more development in order
to have a really physical model. This thought is under investigation.

111.5.2.3 Link with the new hydraulic architecture scheme

As presented in Section I11.4.2.7, coupling the multi-layer energy budget with the current hydraulic
architecture correction scheme leads to the necessity of having a convergence loop. This loop is
due to the correction made in period of stresses.
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A new hydraulic architecture scheme has been developed, following Tuzet et al. (2003) |23].
This hydraulic architecture links the stomatal conductance to the leaf water status which is linked
to a plant water budget directly linked to the soil water status. This new model doesn’t need any
correction and is modelling more physically the water transport inside the plants. Consequently,
coupling this new scheme with the multi-layer energy budget could really improve the transfer
of water between the the leaves and the atmosphere at each level. This would permit to model:

e The water available at each layer thanks to the gravity resistance and the plant water
transport at each level.

e Couple the stomatal conductance at each level with the soil water content and thus avoid
iterations

However, the implicit coupling with atmosphere and the parametrized number of layers (from
1 to 50) will lead to difficult development. But I think the project exciting.

I11.5.3 Action plan

Here is a quick summary of the action plan that, according to me, should be followed in order
to debug/improve the multi-layer energy budget scheme:

1. Review: Review the conclusions of the notes.

2. Debug: Uncomment and Debug what needs to be debugged in the Short Wave Radiation
Scheme

3. Debug: Review the formulation of the €2 in order to introduce the g and add an IF condition
in order to make the mleb module collapsed to one layer exactly the same as enerbil.

4. Improvement: Review and Discuss about the use of the s and the multi-tiling approach
5. Improvement: Review the turbulent diffusion scheme

6. Improvement: Better coupling between the new hydraulic architecture and the multi-layer
energy budget.
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Partie IV

Current and future developments

Two different projects are in phase of development: a multi-layer energy budget and a multi-tiling
approach of the energy budget.

IV.1 Multi-layer energy budget

The energy budget presented in this Part II assumes the surface to be a big leaf of infinitesimal
thickness. This approach is interesting in order to simplify the energy budget and permits to
have pretty good results.

The aim of the multi-layer energy budget presented in Part III is to provide a way to model
the diffusion of each fluxes inside the canopy. The canopy has now a finite thickness and is divided
into several layers between which turbulent flux exchanges will occur. This more physical permits
to increase the accuracy of the energy budget. The transport within the canopy is now modeled
thanks to a turbulent diffusion scheme.

This project started several years ago thanks to James Ryder|[21]. The result of the project
is the so called mleb module which computes the multi-layer energy budget. However, several
problems occurred and the project has been left on side. The major problems of the current
multi-layer energy budget are the following:

e The model can only be run at the site level, no global simulation can be computed with
the current multi-layer energy budget.

e Even if the module has been developed in order to choose the number of layers, collapsing
the multi-layer energy budget to only one layer does not permit to have the same results
as the model presented here.

The project has, then, be abandoned. However, a new discussion about this project has been
started and its development is back on the table.

At the time this note is written (January 2021), several works are currently being done on
the multi-layer energy budget:

e Debug the module for the one-layer case
e Improve the turbulent diffusion transport inside the canopy

e Improve and Debug the use of the multi-layer scheme in mixed pixels.

IV.2 Multi-tiling energy budget

The multi-layer energy budget presented before is still running at the grid-cell level. However,
studies has shown that running the energy budget at the PFT level permit to increase the
accuracy of the model. On the other hand, new discussions have started inside the scientific
community about the way to define the different sub-grid frameworks. Even if the PFT approach
has now been implemented in most of the land surface models, new approaches seem to be
interesting. Among them, the concept of Surface Functional Type (SFT) is becoming important.
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A Surface Functional Type corresponds to a bunch of component (soil type, PFT...) regrouped
under a same set of parameters. This new way to define the sub-grids frameworks permits to
avoid several conversion problems. A grid-cell would then be divided into several SFTs only, and
all the processes would be running on the SFTs.

This discussion started last year thanks to two initiatives:

e One from James Ryder, who started the following report: Link

e One from a group of interested among the ORCHIDEE team: Link

This project started again but will need more discussion than the multi-layer one.
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