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S1 Canopy model SiLCan
S1.1 General

SiLCan stands for Simplified Layered Canopy. In our accompanying manuscript this model is coupled to the (slightly modified)
CLASS model (Vila-Guerau de Arellano et al., 2015), and to a model that calculates soil COS uptake, see our accompanying
manuscript. The canopy model simulates 4 different tracers in the canopy: temperature, specific humidity, CO5 and carbonyl
sulphide (COS). These tracers are calculated in each canopy layer, i.e. each layer has an air temperature and a CO5 concentra-
tion. Exchange between the air and vegetation is simulated, but atmospheric chemistry is not included. The model distinguishes
4 categories of leaves: sunlit-dry, sunlit-wet, shaded-dry and shaded-wet leaves. For each of these categories, variables such as
skin temperature (7) and stomatal conductance are calculated. At each time step, there are two iterations in which skin tem-
peratures, longwave radiation, stomatal conductances and leaf fluxes are recalculated. In this document we refer a few times to
the MLC-CHEM model, this is the Multi-Layer Canopy CHemistry and Exchange Modelling system, Ganzeveld et al. (2002)
(Visser et al., 2022, for a recent application), the code of MLC-CHEM is available at https://github.com/ganzeveld/MLC-
CHEM.

S1.2 Numerical discretisation in space

The numerical discretisation follows a similar approach as Sun et al. (2015), but note that the direction of the vertical axis is
swapped. We have a 1-dimensional model, we use a finite-volume grid to discretise the canopy, in IV layers. The bottom of the
model is located at z = 0 m and the top at z = 2i.. A node is placed in each control volume. The user can specify the location
of the nodes, but for every node the following should hold: 0.01 < z;0de < 21oc. The location of the N + 1 control volume edges
(interfaces) are calculated as follows [m]:

Ztoc, =N
Zint,i = Znode,i — (Znode,z' - Znode,i—l)/27 0<i<N (S1)
0, 1=0

Thus, the location of the interfaces (except top and bottom) is in the middle between each two neighbouring nodes. The
thicknesses [m] of the NV control volumes are given by:

(Zloc - Znode,i) + (Znode,i - Znode,i—l)/2a t1=N-1

Az = (Znode,i+1 — Znode,i—1)/2, 0<i< N —1 (S2)
(Znode,i + Znode,i+l)/27 1=0

We calculate the pressure at the ¢th node [Pa] as follows:

P, =Py — par g Znode, i (S3)

wherein ¢ is the (constant) gravitational acceleration [ms~2] and p,;; is a constant representing air density [kg m~3]. P is the
pressure at the soil surface [Pa], calculated as follows:

Py = Poc + pair 9 Ztoc (S4)
wherein P, is the pressure at the top of the canopy [Pa], provided by the user.

S1.3 Shortwave radiation

The incoming shortwave radiation at the top of the canopy (SWin,top,[W m_z]) is calculated by the CLASS model (Vila-
Guerau de Arellano et al., 2015). We calculate photosynthetically active radiation (PAR, [W m~2]) from this shortwave radia-
tion:

PARtop = frPARSV\]in,lop (SS)
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wherein frpag [—] is the fraction of shortwave radiation that is within the range of PAR, with a default value of 0.5 (the user
can provide a constant value as model input). PAR,, is split into direct and diffuse PAR. For this we follow the approach of
Weiss and Norman (1985), with a few small adaptions. The calculation of optical air mass m [—] has been changed into (as in
MLC-CHEM):

35

"= (1224(cos(sza))? +1)0-5 (56)

wherein ’sza’ is the solar zenith angle. Equations 1 and 4 From Weiss and Norman (1985) are slightly simplified by neglecting
the P/PO term. Constant B used in eq 11 of Weiss and Norman was set to 7.0 instead of 0.7 (as in MLC-CHEM). In equation
11 in the paper of Weiss and Norman, variable 'RATIO’ is set equal to 0.9 when it exceeds 0.9. Instead, we set RATIO equal
to 0.89999999 when the variable exceeds the value of 0.89999999. This is done to avoid problems for the adjoint of the model
(undefined derivative of model equation when RATIO equals 0.9).

Equation 3 From Weiss and Norman (1985) has been changed into:

Ray = 0.4 (600 * cos(sza) — Rpy) (S7)
Equation 5 From Weiss and Norman (1985) has been changed into:
Ran = 0.6 (720 * cos(sza) — Rpn — w * cos(sza)) (S8)

We give here the equations for PAR used in our model, together with some equations that are not themselves implemented
in the model, but are insightful to derive the equations in the model. The absorbed PAR is calculated separately for sunlit
and shaded leaves, and differs between canopy layers. For radiation extinction through the canopy, we generally follow the
approach of Spitters (1986). Similar to Eq. 7 of Spitters (1986), we introduce an extinction coefficient for perfectly absorbing
black leaves (kpp) [mgmundmgif]. This is the extinction coefficient for direct radiation, wherein direct radiation that transforms
into diffuse radiation is considered ’lost’. Because we use all-sided leaf area index in contrast to the one-sided leaf area index

in Spitters (1986), Eq. 7 from Spitters (1986) slightly changes:

0.5
ky = ———< S9
ol 2sin(p) (59)
wherein § is the solar elevation angle [—]. Furthermore, as in Launiainen et al. (2011), we introduce a clumping factor clf [—]

to account for the shading effect by other leaves. The scattering coefficient for leaves (and other plant material) o [—] is set
to 0.2 (Hikosaka et al., 2016b). Additionally, we introduce for each vegetation layer a factor that defines the fraction of plant
material that consists of green photosynthesising leaves (frgreen [—]). The extinction coefficient for direct PAR radiation is given
by (supplementary material Pedruzo-Bagazgoitia et al. (2017)) [mémundmfeif]:

kdir,sca = Ky * m (S10)

Kdir.sca 1s smaller than ky,, since direct PAR radiation can also be transformed into diffuse radiation, which can still be absorbed
by plants. Kgir.sca i N0t the true extinction coefficient for direct radiation, but an extinction coefficient to calculate the radiation
flux density resulting from direct radiation at the top of the canopy (see also supplementary material Pedruzo-Bagazgoitia et al.

(2017)). This radiation (PARfrom dir op) can be calculated as follows [Wmy 2, e oo orsimply Wm 2 J:

PARfrom dir top = PARdir,top Tdir,sca = PARdir,top eXP( _kdir,sca * LALbove le) (S1 D

in which LALpoe |

branches etc.). PARirp is the direct PAR radiation at the top of the canopy [Wm; 2. . . 1 The quantity Tgirsca i
dimensionless.

The radiation resulting from diffuse PAR radiation at the top of the canopy can similarly be calculated by multiplying the
diffuse radiation at the top of the canopy (PARgi0p) With the following quantity [—]:

mfﬂant Surfacem;r%un 4} 1s the amount of plant material above the level (height of node) we look at (including

Tait = eXp(— kit * LALpoye cIf) (S12)
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Note that kgt [m2,,,qmi 2] (or more generally [m2, o2 o ) is not modelled by an equation, but instead is taken
from user input. The direct PAR radiation in the canopy resulting from direct PAR radiation at the top of the canopy can be
calculated by multiplying the direct PAR radiation at the canopy top with the following quantity [—]:

Tair = Tgup = exp(_kbl * LALpove le) (S13)

Note that 7y;; is also the fraction of leaves at a certain level that is sunlit (Hikosaka et al., 2016b; Launiainen et al., 2011). The
reflection coefficient for diffuse radiation is calculated as follows (supplementary material Pedruzo-Bagazgoitia et al. (2017),
Hikosaka et al. (2016b, eq 1.21)) [—]:

1—+v1—-0
phit = ———F—— (S14)
1+vV1—0

In the equation above, a horizontal leaf distribution is used due to the assumed isotropy of diffuse light (supplementary material
Pedruzo-Bagazgoitia et al. (2017)). For direct radiation, the reflection coefficient is given by (supplementary material Pedruzo-
Bagazgoitia et al. (2017)) [—]:

2

= Dai i S15
Pdir pdf1+1.6sm(6) (S15)
The PAR falling on a shaded leaf can be calculated as follows [Wmy,2 1 ... ]:

PARGna = PARGit top * Taif + (PARGir,top * Tdirsca — PARGir,top * Tair) (S16)

wherein the term between brackets contains the secondary diffuse radiation resulting from direct radiation at the top of the
canopy (See also Eq. 6 and Eq. 13 of Spitters (1986)). The PAR falling on a horizontally oriented sunlit leaf can be calculated
as follows [Wmlr?erizontal sunlit leaf]:

PARgu, = PARdir,lop + PARha (S 17)

as it assumed that the intensity of the direct beam hitting a leaf does not decrease with height. The direct PAR that is absorbed
per square meter of sunlit green (photosynthesising) leaves, excluding direct radiation that is scattered and turned into diffuse,

can be calculated using the following equation [Wm_ 2 .. areenleaf):

dPARy;, 1
dLAIabove frsun

PARdirdir,abs =-1 (1 - U) (S18)

Wherein fry,, is the fraction of sunlit leaves (= 7y;.). This factor is necessary to obtain the correct units, we calculate absorption

per m~?2 of sunlit leaf area, in contrast to Eq. 9 of Spitters (1986), where m~2 leaf area is used. PARg; [W mémund}, the direct
radiation remaining from direct radiation at the top of the canopy is defined as follows:
PAR g, = PARdir,lop Tdir = PARdir,top exp(_kblLAIabove le) (S19)
Using this equation in equation S18 we get:
PARg;;
PAR girdirabs = Kop * CIf 5 (1 — o) 5 Tgyp 5 ——ot® (S20)
Tdir

wherein 7g4;; thus cancels out. Note that in Eq. S18, we assume that non-photosynthesising plant material (branches etc.) absorbs
the same amount of PAR per m? of surface area. The (non-secondary) diffuse PAR (originating from diffuse radiation at the
top of the canopy) that is absorbed per square meter leaf, can be calculated using the following equation (See also Pedruzo-
Bagazgoitia et al. (2017, supplemantary material eq. 16)):

dPARdif

dif,abs dLAIpove

(1 = pair) (821
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wherein PAR, the radiation resulting from diffuse radiation at the top of the canopy is calculated as follows [W mémund]:

PAR it = PARGit top Tait = PARGif,10p €Xp(—Kaif * LALpoye CIf) (522)
Using this equation in eq. S21 (See also eq. 10 of Spitters, 1986):

PARGif aps = (1 — pair) * PAR it op * Kaif * CIf * i (523)
Wherein PAR it ans has the units of [W mg, ], or more generally [W mf)lant surface arcal- We can calculate the fraction of PAR,

originating from direct PAR radiation at the top of the canopy, that arrives as direct radiation at a certain height level [—|:

Tdir PARdir,top

(S24)
PARdir,lop Tdir,sca

frir gir =

One minus this fraction gives the fraction that arrives as diffuse radiation. The reflection coefficient [—] present in the equations
for absorbed PAR originating from direct radiation (Eq. S26, Eq. S27) is calculated as a weighted average:

PPARdirabs = TTdir dir Pdir + (1 — frairdir) pait (525)
And absorbed PAR originating from direct radiation at the top of the canopy is calculated as (similar to eq. S21) [ngfeen leaf):
_dPARfrom dir top
PAR irabs — T 3x A1 1- irabs S26
dir.ab AL AL (1 — pPARdirabs) (S26)
Elaborating this equation using Eq. S11, we obtain an equation similar to eq. S23 [ng_rien leaf):
PARdir,abs = (1 - pPARdirabs) * PARdir,lop * kdir,sca * clf * Tdir,sca (527)

The equation above is similar to Eq. 11 of Spitters (1986). Absorbed secondary diffuse radiation (diffuse radiation originating
from direct radiation at the top of canopy) is calculated as (similar to the second term in the RHS of eq.13 of Spitters, 1986)

[ng_rien leaf] :

PARGit sec,abs = PARGir,abs — PARGgirdirabs Tdir (S28)
The factor 74, is necessary to convert PARgirgirans from [VVrns_fnlit green leat) O [ng_rien loaf)- Absorbed radiation by shaded
green leaves [ngrQeerl shaded leaf]:

PARsha,abs = PARdif,abs + PARdif,sec,abs (829)
Absorbed radiation by sunlit leaves [Wm;ien cunlit 1eaf) 18 the sum of direct radiation at the top of the canopy (as the direct
beam itself does not change) and the PAR absorbed by shaded leaves:

1)ARsun,abs = PARsha,abs + PARdirdir,abs (S30)

which is similar to eq. 14 of Spitters (1986). Note that, when the upper side of (part of) a leaf is sunlit, we assume the whole
leaf area of (that part of) the leaf to be sunlit, we assume the absorbed PAR to be divided over all sides of the (part of the) leaf.

S1.4 Longwave radiation

We do not take the orientation of the leaf into account in the longwave radiation calculations, we assume the flux density per
m? . to be the same as the flux density per mzroun 1- Outgoing longwave radiation is calculated using the Stefan-Boltzmann



140

145

150

155

160

165

170

law, separately for each leaf category [Wmfezf}. For example, for sunlit dry leaves in the ¢th layer we have the following
equation:

LW outsun.dry,i = € 5.67 x 1078 T2 (S31)

s,dry,sun,i
in which ; [—] is the emissivity (=absorptivity) of the leaves, taken identical for each layer. T ary,sun,; 1s the skin temperature
of sunlit dry leaves (or leaf parts) in the ith layer. Note that we calculate the outgoing longwave radiation per m? of all-sided
(sunlit dry) leaf area. Outgoing soil longwave radiation is also calculated, e.g. for sunlit soil:

Lwout,soil,sun = Esoil 5.67 x 10_8 T;,lsoil,sun (532)
In the above equation £4;; [—] is the emissivity of the soil. The units of LW gy soi1 sun are [VVmS_u?rllit oill- A weighted average for
the soil is calculated [Wm_3]:

Lwout,soil = frsun,soil LWout,soil,sun + (1 - frsun,soil) Lwout,soil,sha (533)
wherein frg, i [—] is the fraction of the soil that is sunlit. Incoming longwave radiation flux density [Wml_ezf or gmund] is

calculated either as the incoming longwave radiation flux density at the top of the canopy [VVmgfriun ) multiplied with a factor,
or based on the outgoing longwave radiation in nearby layers. In the first case (the configuration we recommend for our model)

we have the following equation for a leaf in the ith layer [Wm,_2]:

Lwin,abs,i = SLWin,; € * Lwin,atm (534)
In which spwin,; [—] is a scaling factor (fixed in time, but allowed to vary between layers) that can be optimised, and LWip im
is the incoming longwave radiation at the canopy top [ng_riun q)> calculated by CLASS. Note that we calculate the incoming
longwave radiation per m? of all-sided (sunlit dry) leaf area. The absorbed longwave radiation for the soil [Wm;riund] is (in
the first case mentioned above) calculated as:

LWin,abs,soil = SLWin,soil €soil * LWin,atm (835)
In the second case we first roughly estimate the outgoing longwave radiation flux density of all layers. To estimate the outgoing
longwave radiation flux density of the th layer [ngriun 4)» we calculate a weighted average:

Lwoul,i = ( 1- frwet,i ) * (frsun,i Lwout,sun,dryﬂ' + (1 - frsun,i ) LWout,sha,dry,i) + frwet,i * (frsun,i Lwoul,sun,wet,i + ( 1- frsun,i ) Lwoul,sha,wet,i )

(S836)
wherein fry. ; is the fraction of plant material that is wet in the ¢th layer, and fry,, ; is the fraction of plant material that is sunlit
in the ith layer (See Eq. S13). Note that leaf area index of the layer is not directly used in the above rough estimation. For the

incoming longwave radiation (in the second case), we have the following equation for a layer with index i, that is not the top
or bottom layer [Wm;_2,]:

€i % (LWoug,i—1 +LWouei41)

LWin,abs,: = SLwWin,i 9 (S37)
And for a leaf in the top and bottom layer respectively (with index %) [ngzf}:
Eq * LW i—-1+ Lwin, m
Lwin,abs,lop layer = SLWin, 3 ( o 21 = ) (S38)
i LW, ut,soi LW, ut, s
Lwin,abs,bol layer — SLWin,i i ( outsoil T o, +1) (S39)

2

The factor 1/2 arises because we calculate the radiation per m? of all-sided leaf area, we average the radiation over both the

upper and lower sides of the leaf. In this second case we have the following equation for the soil [Wm;riund]:

LWin,abs,soil = SLWin,soil Esoil * LWout,() (540)

wherein LW, ¢ is the outgoing longwave radiation flux density of the bottom layer [ng;iund].
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S1.5 Heat and H,O fluxes vegetation

The vegetative fluxes are calculated separately for each category of leaves in each layer. For calculating the H,O fluxes we first
calculate a few additional quantities. First the resistance for transpiration of water [s m~!], for a sunlit dry leaf and shaded dry
leaf respectively, in the ¢th layer:

—-1

SF 1

TH20,sun,dry,i = Tb,H20,i + < + (841
Tcut,H20 T"s,H20,sun,dry, i

-1

SF 1

TH20,sha,dry,i = Tb,H20,i T < + > (842)
Tcut,H20 7ﬂs,HZO,sha,dry,i

wherein 7, 120,; s the leaf boundary layer resistance for water vapour in the ith layer, 7y 120 is a constant representing the

cuticular resistance for H,O [s m_l], and 75120 sundry,s 1S the stomatal resistance for water vapour for sunlit dry leaves in the

ith layer. SF [—] stands for ’sides factor’ and is defined as follows:

(S43)

SF— 1, if stomata on all sides of leaf
B 2,  if stomata on only one side of leaf (assuming two-sided leaf with equal area on both sides)

The presence of stomata on one or on all sides of the leaves is controlled by a switch than can be set by the user. A sketch of
the resistance schemes for dry leaf area for both cases is shown in Fig. S1. The stomatal resistance for water vapour (for e.g.
sunlit dry leaves in the ith layer) is calculated as [s m~*] (See also Eq. 3.8 Jacobs, 1994):
! (S44)

TsH20,sundry,s — 7~

" Y 1.6 G95,CO2,sun,dry,i
wherein gs co2,sundry,s (Stomatal conductance for CO, for sunlit dry leaves in ith layer) is calculated with Eq. S99. The boundary
layer resistance for H,O [sm™!] in layer i is only a function of wind speed and is calculated as (similar to MLC-CHEM, see
also Meyers et al. (1989) Eq. 7a and Eckert and (translator) Gross (1963), as cited by Meyers et al. (1989)):

0.07 0o
;=180 [ ————— S45
T'b,H20, (max[lOlO, Ul ) (545)

wherein U is the wind speed in layer i [ms~!]. The saturated water water vapour pressure inside the substomatal cavity of
a (sunlit dry) leaf in a layer with index i, esat(Ts,sun,dw)w, is calculated by linearising the ey function around 7' =T, (air
temperature, [K]), for reasons explained in section S1.7:

degy

dT

esat(T;,sun,dry)L,i = esat(Ta,i) + (,Ts,sun,dry,i - Ta,i) (546)

T=T,,;

wherein the subscript L indicates ’linearised’. The saturated water water vapour pressures in this equation have the units [Pa].
For the ey, function we use Tetens formula. The saturated water molar concentration inside the substomatal cavity of a (sunlit
dry) leaf [molg2o m—3):
1 1000
CHZOsal(T;,sun,dry#i)L,i = esal(Ts,sun,dryA,i)L* Pair 75— (S47)
P, i Mair
wherein py is air density [kg m~3] and My; is the molar mass of air [g mol~!], both are constant in the model, both in space
and time. P; is the air pressure at the canopy node we do the calculation for (Eq. S3). Using the previous equations, the water
vapour flux of a sunlit dry leaf with layer index i [mol mlng s~ 1 is given by:

Croosat(Ts sundry,i)L,i — CH20.a,i

FHZO,sun,dry,i = (548)

THZO,sun,dry,i
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wherein Cio,,; is the H,O concentration in the air in the canopy layer with index ¢ [molgao m*?’]. In case of stomata on all
sides of the leaf, the equation above represents the flux per m? of all-sided leaf area. In the other case (SF=2), the flux differs
between both sides of the leaf and the equation above represents the total flux per m? of one-sided leaf area. See however Sect.
S1.14 for a critical note. For a wet leaf (e.g sunlit wet), the resistance is less since the water does not need to pass through the

stomata or cuticle:

C T, —C
FHZO,sun,wet _ H20sat( s,sun,wet)L H20,a (849)
Tb,H20
The H,O flux from the dry vegetation in layer 4 [mol mg_r%un d s~ 1] is calculated as a weighted average:
1
FHZO,Veg,dry,i = SiF (FHZO,sun,dry,i LAIsun,dry,i + FHZO,sha,dry,i LAIsha,dry,i) (SSO)

Division by SF is necessary in case the stomata are located on only one side of the leaf. Note that also in that case, we account
for the cuticular pathway being present on both sides of the leaf, via Eq. S41 and Eq. S42. LAl gry,; represents the amount of

all-sided leaf area that is dry and sunlit in the ith layer [m?2, dry leaf mg_riun q)- It is calculated as follows:

LAIsun,dry,i = LAI; fI‘sun,i (1 - frwet,i) (SS 1)

wherein frg, ; is the fraction of sunlit leaves in the ith layer (Eq. S13) and fry. ; is the fraction of vegetation area that is wet in
the ¢th layer (Eq. S130). Note that both quantities can also vary in time. The LAI of the other three leaf categories is calculated

in a similar way. The H,O flux from the wet vegetation in layer ¢ [mol mgriun 48 1] is calculated as follows:
1
FHZO,Veg,Wet,i = .. (FHZO,sun,Wet,i LAIsun,wet,i + FHZO,sha,Wet,i LAIsha,wet,i) (SSZ)
frgreen,i
Note that division by frgreen,; [—] is necessary to include the evaporation flux from branches etc. For the sensible heat flux, we

first calculate the boundary layer resistance for heat [s mfl] in layer ¢ as (Martin et al., 1999; Monteith and Unsworth, 1990):

Tb,H20,i
eat,i = : S53
T'b,Heat, 0.93 ( )
The sensible heat flux from a sunlit dry leaf [Wm_2 .. dry leat) 18 given by:

Ts,sun,dry - Ta

T'b,heat

Hsun,dry = Pair Cp (S54)

wherein p; [kg m ™3] is air density and c, is the specific heat of dry air at constant pressure [J kg~ K~']. The sensible heat

flux for the other leaf categories is calculated similarly, e.g. for shaded wet leaf area:

Ts,sha,wet - Ta

Hiha,wet = Pair Cp (855)
Tb,heat
The total sensible heat flux from the vegetation in layer ¢ [W mgriun 4 18 calculated as a weighted average:
1
Hveg,i = fl‘i (Hsun,dry,i LAIsun,dry,i + Hsha,dry,i LAIsha,dry,i + Hsun,wet,i LAIsun,Wet,i + Hsha,wel,i LAIsha,Wet,i) (856)
green,?

Note that division by fTgreen,; is necessary to include the heat flux from branches etc.
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S1.6 Heat and H,O fluxes soil

We first calculate the air temperature at 0 m height above the soil [K]:

P\
Ta,Om:Ta,O ey (857)

Py
wherein T, [K] and F, [Pa] are the air temperature and pressure respectively at the node in the lowest layer of the canopy. P
[Pa] is the air pressure at the soil surface. Ry is the gas constant for dry air with units J kg~ K. The soil sensible heat flux
(sunlit) [W m™2] is calculated as:

Ts,soil,sun - Ta,Om

Hgoit 5un = Pair Cp (S58)

T"a,s0il,heat

wherein 7, il near [ 1] is the aerodynamic resistance for heat transport between the soil surface and the first vegetation layer.
It is calculated as (Bonan et al., 2018):

1 20 20
a,soil,heal =——1 <7)1 ( )
Hasoilbea = 6077, 8 \0.01/) " \0.001 (859)

wherein z is the height at which the node in the first vegetation layer is placed [m], and Uy is the wind speed in the lowest
vegetation layer [m s~!]. The shaded soil flux is calculated similarly. The total soil sensible heat flux [W m~2] is a weighted
average between sunlit and shaded soil:

H= frsun,soil Hsoil,sun + (1 - frsun,soil)I{soil,sha (860)
The (sunlit) soil HyO flux [mol m~2 s~!] is calculated as:

RHyoil Cr20sat (T sunsoil ). — CH20.,0
T's0il, H20 + Ta,soil heat

F120 sun,soil = (S61)
wherein RH;y [—] is the fractional humidity in the soil air (Ma and Liu, 2019; Bonan et al., 2018) at the location where T
= T sunsoil, the user should provide the constant value of RHgoii. 7soi 20 is the part of the resistance that accounts for the
transport inside the soil, for this we use the variable ’rssoil’ calculated by CLASS. Note that we use 7 soilnear Oth for heat
and water vapour. Cipo0 [molm™3] is the water vapour molar concentration in the lowest vegetation layer. Note that we
linearise (indicated by subscript L) Cyposar(T) around T' = T, om, for reasons explained in Sect. S1.7. The total soil H,O flux

[mol m~2s71] is calculated as:

FHZO,soil = frsun,soil FHZO,soil,sun + (1 - frsun,soil)PWHZO,soil,sha (S62)

Besides the soil sensible heat and soil H,O fluxes, we also calculate the soil heat flux (positive if heat flows into the soil),

seperately for sunlit and shaded soil [Wm_2 . . oded soil):

Gsoil,sun =A (Ts,soil,sun - soil) (563)

Gsoil,sha =A (Ts,soil,sha - Tsoil) (564)

wherein Ty,; [K] is the soil temperature of the upper soil layer, calculated by CLASS. ) is a thermal diffusivity [W m=2K~1].

The total soil heat flux [W mgriun 4 is calculated as follows:

Gsoil = fI'sun,soil Gsoil,sun + (1 - frsun,soil)Gsoil,sha (565)

Note that frg, soi [—] is calculated by using Eq. S13, with LATpeve equal to the total LAT of the canopy (and including branches
etc.).



S1.7 Energy balance
265 The energy balance on a leaf surface in a vegetation layer is given by the following equation [W mlzif]:
Swin,abs + Lwin,abs —IWou=H+LE+ SHeal (S66)

wherein the LHS contains radiation terms and the RHS consists respectively of the sensible heat flux, latent heat flux and heat
storage inside the leaf. The absorbed shortwave radiation for a leaf surface (SWiy 4ps) is calculated as follows:

1
Swin,abs = 7PARabs (567)
frpar
270 wherein frpag [—] is the fraction of shortwave radiation that is within the range of PAR (see Eq. S5), and the calculation of

PAR,ps is shown in Sect. S1.3 (Eq. S30 for sunlit leaf area, Eq. S29 for shaded leaf area). Note that we assume frpag to be fixed

within the canopy, and we assume no preferential absorption of PAR compared to SWj,. For the longwave radiation terms in

Eq. S66, see Sect. S1.4. The skin temperature follows from elaborating and rewriting the energy balance. In the energy balance

equation, H and LF are in our model a linear function of 7§, while LW is a non-linear function of 7;. To more easily solve
275 the energy balance equation for T, we take LW, from the previous iteration/time step, so its dependence on the current T is

removed. Additionally, note that we linearised L E(T;) around the air temperature, so that LE is a linear function of T (Sect.

S1.5). The latent heat flux [W m;_2;] can be obtained from the H,O flux [molmj % s 1] as follows:

Moo Ly Frzo

LE= 1000 (568)

wherein My is the molar mass of water [g mol~!] and L, the latent heat of vaporisation [J kg~!]. Heat storage Siiea [W mfezf]
280 is defined as a fraction fryg, [—] of the absorbed net radiation:

SHeat - frHsto (Swin,abs + Lwin,abs - Lwoul) (869)

This is somewhat similar to Ma and Liu (2019), who define it as a fraction of the sensible heat flux. Our choice is a pragmatic

choice, as this term is difficult to model. The energy balance equation is calculated for all four categories of leaves. For a sunlit

dry leaf it becomes [W m;_%] (using Eq. S54 and Eq. S48):
__ PairCp (Ts - Ta) MuoLy i

285  SWinabs + LWinabs — LWour =
abs + ,abs out T heat T 1000 SF(

C’HZOsat (Ts ) L— C’HZO,a
TH20,sun,dry

> + SHeat (870)

wherein 7H20 sun ary 18 defined in Eq. S41. The factor # is added for the case that stomata are present on only one side of the
leaf. This factor is only applied to LE, as the other terms do not include a stomatal resistance. As also e.g. incoming shortwave
radiation is averaged over all sides of a leaf (Sect. S1.3), we thus calculate a skin temperature based on fluxes averaged over
the two sides of the leaf. Implementing Eq. S47 and Eq. S46 from Sect. S1.5 into the equation above we get:

pairCp(Ts — T) MuoLy 1
Swin,abs +Lwin,abs_LWou - + — [ G 20sa Ta +
' T'b,heat 10007”H20,sun,dry SF f l( )

degy 1000p4ic
dT | _g PMy

290 (S71)

(,-Ts - Td) - CHZO,a) +SHeat

wherein P is the pressure at the node of the vegetation layer we consider. An explicit expression for T sy dry (shortened to T)
can be obtained from this equation. Rewriting the equation above:

Pair Cp MuoLy 1 dega 1000pair
— Ty = SWinabs + LWinabs — LWout — Stie
(’["b’hea[ + 10007"H20,sun,dry SF dT T=T, PMair ,ab. + ,ab out Heatt
Pair Cp T, MuoLy 1 degy 1000 pair Mmoo Ly 1
1 T — (Ci0a — Crosa(T S72
Tb,heat ]-OOOTHZO,sun,dry SF dT T=T, PMair ot ]-OOOT'HZO,sun,dry SF ( 204 Hzosat( a)) ( )
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And thus:

puir & T MipoLe 1 [ de 1000p4 T
SVVm,abs =+ Lwin,abs — LW — Shear + 522 + H20 < djsf‘ #.m\ — CHZOsat(Ta) + CHZO,a)

T'b heat 1000720, sundry SF
T T=T,
s,sun,dry —
Pair Cp Mo Ly 1 dega 1000 pair
b heat 10007120 sunary SF dT T P M

(S73)

A very similar equation applies to a shaded dry leaf, but variables LWy, SWip abs and Speq differ between sunlit and shaded
leaves, and 120 sha,ary Should be used instead of 7120 sun,ary- We give here also the equation for a wet leaf:

ir ¢p T MipoLy des
Swin,abs + Lwin,abs - Lwout - SHeat + L Cp + H20 (;73(

1000 pair T;
#:ra - CHZOsat(Ta) + C(H20,51>

T'b,heat 10007120 -
T wet = — (S74)
Pair Cp MipoLy  desa 1000 pair
Tb heat 10007y w20 dT P Mir

T=T,

Again, LWy, SWin abs and Spea differ between sunlit and shaded leaf area. Note that we assume that wet leaf area can occur
on all sides of the leaf (Sect. S1.10). For the soil surface we have a slightly different energy balance (we leave out the subscript
soil in the radiation terms, for brevity):

_ PairCp (rfs - Ta,Om) Mo Ly

Swina s+LWina S*Lwou - +
o b ' Ta,soil,heat 1000 <

RHgoi sal Ts B a
soil Cr20sat(15)L — Czo, >+G (S75)

T'soil,H20 + Ta,s0il,heat

wherein the terms have the units Wm_,2 . . . when considering sunlit soil or Wm_2 . . when considering shaded soil.
See Sect. S1.6 for more information on the terms in the right hand side of the equation. G is given by Eq. S63 or Eq. S64.
Cosat(T) was linearised around T = T, o, the temperature at 0 m height above the soil (Sect. S1.6), to make the relation
between soil evaporation and 7 linear, which simplifies the skin temperature calculation. The absorbed shortwave radiation
for a soil surface (SWiy aps [W mg;%un d]) is calculated as follows:

1
Swin,abs,soil = (1 - a-lbsoil) @PARSOH (876)

wherein PARo; [W mg__riun d] is the amount of PAR reaching the soil (differs between sunlit and shaded soil surface area), and

albyy; [—] is the soil albedo. frpag is a constant in the model, introduced in Eq. S5. Expanding the soil surface energy balance
equation:

iwCo (T — T,
SWin,abs + LWin,abs — LWOut — M+

T"a,s0il,heat

M I RHsoil CHZOsat(Ta,Om) + RHsoil (fiejsi“ 1?3(}8/::“ (Ts - Ta,Om) - C(HZO,a
H20Lv T=T0m

' + A (T — Toi (S77)
1000 T's0il, H20 T T"a,s0il,heat ( ° 1)

When defining Q) = SWij abs + LWin.abs — LWoy, the resulting skin temperature [K] becomes (given here for sunlit soil):

:Zl;,soil,sun =

Ta,s0il,heat

Pair Cp Toom B Mo Ly A degy
Q+ + AT + 1000(7soit,H20 +Tasoil.heat ) (RHSOII dr

1000p,ir T,
M - RHsoil CHZOsat (Ta Om) + C(HZO a
P Miir g >

T:Ta,()m
Pair Cp MipoLs dew 10004
T soil.heat 1000 (70l H20 +7"a soil heat ) Hoi dr T P M +A
=Ta0m
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(S78)

For shaded soil, the same equation is used, only the variables SWj, ,»s and LW, differ compared to sunlit soil in the equation
above.

S1.8 Photosynthesis and COS exchange vegetation
S1.8.1 Photosynthesis

For calculating stomatal conductance and photosynthesis, we follow the A-gs approach (Jacobs, 1994; Ronda et al., 2001), but
our method of integrating over the canopy differs. We assume all conditions for each leaf category inside a layer to be constant,
thus for upscaling from leaf to layer level, a simple weighted average multiplication with leaf area index of each leaf category
in the considered layer suffices. We give here the equations we use in our model and some extra information, for more details
on A-gs, see Jacobs (1994). We first calculate the CO, compensation point [mgcog m

air}:
[CO2]comp = Pair [CO2]comp,ref QlO,COZOIl(Ta_QQS) (S79)

Which is consistent with equation 3.14 of Jacobs (1994) (rounding 298 K to 25 degrees Celcius, and taking 7" in equation 3.14
of Jacobs (1994) as air temperature). The units of [COx2]comp ref are [Mgco2 kg;irl] and Qocoz is dimensionless. Mesophyll
conductance [m s_l] is calculated consistent with equation 3.15 of Jacobs (1994) (rounding 25 degrees Celcius to 298 K, and
taking 7" in equation 3.15 of Jacobs (1994) as air temperature):

_ Gm,ref Ql(),gmgl(TangS)
~1000(1 + exp[0.3 * (T gm — Ta)]) (1 4+ exp[0.3 * (T — T2,m)])

Im (580)

In the equation above, gy rr has the units [mm s_l] (there is a factor 1000 in the denominator of the equation above) and Q10,gm
is dimensionless. T 4 and T3 4 are constant reference temperatures [K]. We use equation A9 From Ronda et al. (2001) (with
1/9 = 0.11) to calculate a variable fu, [—]:

fmin =

_( IminH20 __ gim) + \/( GminH20 @)2 + 4gminH20 gm

1.6 9 1.6 9 1.6 (S81)

29m
Note that we use (as in Ronda et al., 2001) the value of 1.6 (ratio of molecular diffusivities of water and CO, in air). In case
Jmint20 [m s~ ] represents a minimum stomatal conductance (for water vapour), this will be the most appropriate value. If
however gmin 20 represents a cuticular conductance, the value of 30 (Eq. S101) might be more appropriate. For simplicity, we
stick with the number from Ronda et al. (2001). The vapour pressure deficit [kPa]:
esat(Ts) —€
D= —F"— S82
1000 (S82)

wherein e [Pa] is the water vapor pressure in the air of the considered canopy layer, for ey see Sect. S1.5. In case Dy is
negative, we force it to be 0 in the A-gs equations. We calculate Dy [kPa], the value of D at which the stomata close (Eq. 13
of Ronda et al., 2001):

_ fO - fmin

Qd

Do (S83)

wherein fo [—] and aq [kPa™!] are constants, more information can be found in Ronda et al. (2001). In the equation below we

calculate a variable Cf,. [—], used in our later Eq.S86 to calculate the internal CO5 concentration inside the substomatal cavity
(See also Eq. 3.25 Jacobs, 1994):
Dy Dy
CY‘rac = 1- = mini5 S84
't fo ( Do> +/ Do (S84)
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The variable Cf, corresponds to variable f in Jacobs (1994), which is defined in Equation 3.20 of Jacobs (1994). Note that,
when Dg = Dy, Ciae equals finin, and when Dg = 0, Ci, equals fo. Note also that, when using Eq. S83, the equation above
could actually also be written as:

Chrac = fO — Dsaq (S85)

which shows that fu;, is here not the minimum value of Cl,, as for an infinitely large Ds, C,e goes to minus infinity. The
internal CO; concentration [mgcoo m 2] is calculated using Eq. 3.21 (or equivalently 3.20) of Jacobs (1994):

[CO2]int = Cfrac([COZ] - [CO2]comp) + [CO2]comp (586)

wherein [CO2] is the CO; concentration [mgco2 m™~2] in the air outside the leaf boundary layer. The maximal assimilation rate
without CO», soil moisture or light limitation [mgco2 m~2s ™! (triose-phosphate-utilisation-limited net rate of photosynthesis,
van Diepen et al. (2022)) is calculated consistent with equation 3.15 of Jacobs (1994) (rounding 25 degrees Celcius to 298 K,
and taking 7" in equation 3.15 of Jacobs (1994) as air temperature):

Am,max,ref QlO,AmOIl(Ta_QgS)

(1 +exp[0.3 % (11, am — Ta)]) (1 4+ exp[0.3 * (Ty — T2,.4m)])

(S87)

Am,max =
wherein Ay, max ref has the units [mgco2 m*QSfl], Q10,am is dimensionless and T _am and T3 4, are constants expressed in [K].
In contrast to other A-gs parameters such as Q)10 am, We allow Ap max ref to differ among canopy layers. We assume Ay, max ref
in each layer to be linearly related to the total and photosynthetic nitrogen content in the leaves in that layer (Hikosaka et al.,
2016a), i.e., in terms of the variables used in Eq. 2 of Hikosaka et al. (2016a), we assume the following:

Am,max,ref X Nyrea — Np = (NO - Nb)exp(_KbF) (S88)
The equation above leads to the following equation for A maxref in €ach model layer:
Am,max,ref = Am,max,ref,tocexp(_KbLAIabove) (589)

wherein LAl pove [rnf)lant Sllrfacemgl"?jun 4 1 1s the amount of plant material above the level (height of node) we look at (including

branches etc.), K [mgmundm;ém curface) 18 an extinction coefficient for Am maxref and Am maxrefoc Mgco2 M~ 28] is the
value of A max.ref at the top of the canopy.

To take the effect of soil moisture stress into account, we define a variable ,, [—| (approximately eq. 16 Ronda et al., 2001):

By = max (103,min (1, w)) (S90)
Wre — Wwilt
wherein wy [—] is the volumetric soil moisture content of the deeper soil layer, wg. [—] is the volumetric soil water content at
field capacity and wy [—] is the volumetric soil water content at wilting point (all as in CLASS). Depending on user input
variable cg, there are multiple options for the soil moisture stress factor fq, [—]:
Bw ,incase cg =0
str — —exp(— P . S91
Fs { 711i£é(iiif)“”),m case cg # 0 (S91)
In case cg # 0, we need to calculate Pry, [—], which again depends on user input variable cg:
6.4cg ,in case cg < 0.25and cg # 0
Pigyr = 7.6cg —0.3 ,in case 0.25 > cg < 0.5 (S92)

23-66¢510.34 _ 1 in case cg > 0.5
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The above approach for the soil moisture stress is the same as in CLASS. We now define a quantity A, exp [—]:

gm([COQ]im - [COQ]comp)

Am,max

Am,exp = - (593)

In case the above quantity is greater than 0, it is set to —1 x 1071, The maximal assimilation rate without light or soil moisture
limitation [mgco2 m~2s7!] (Eq. 3.13 Jacobs, 1994):

An = Apmax * (1 —exp(Amexp)) (S94)

Note that Ay, is per m? one-sided leaf area, as we assume Am max.ref.toc t0 be given per m? one-sided leaf area. Dark respiration
[mgcog m_QS_l]Z

1
Rdark = §Am (895)
This dark respiration formulation is the same as in Jacobs (1994), who based himself on van Heemst (1986, p16). The for-
mulation as in Jacobs (1994) might however lead to an incorrect relation between dark respiration and atmospheric COs, see
discussion in van Diepen et al. (2022). The initial quantum use efficiency € [mgcos J ’1] (Eq. 3.10 Jacobs, 1994):

[CO3] — [CO2]comp

S96
[CO2] + 2 [CO2]c0mp ( )

E=¢&)

wherein £¢ (maximum initial quantum use efficiency, van Diepen et al., 2022) has the units [mgco2 J ~1]. The gross assimilation

at the leaf scale [mgco2 m~2s71] is calculated as (note that this is not our calculation of CO, uptake by the plants):
—1e2PARy,
Ag = far (Am + Raark) (1 — €xp (AerRdanls>) (S97)

whereby we make use of Eq. 3.12 of Jacobs (1994). Note that the factor 2 is added to account for the fact that absorbed PAR
was averaged over the upper and lower sides of the leaf (as A, is a flux per m? one-sided leaf area, PAR should be per m?
one-sided leaf area as well). We make the assumption that light falling on top of the leaf can also be used for the photosynthesis
flux at the lower side of the leaf. We define a variable D, [kPa] (different from formulation given in Ronda et al., 2001):

Dy
D,=—""" (S98)
(fO - fmin) ﬁ

The stomatal conductance at leaf scale [m s™!] is calculated as (large similarity to Eq. 11 Ronda et al., 2001):

1 2

-7, <8
95,002 = Qigt (599)

S " 2([CO2] — [CO2Jcomp) (1 + B2)

wherein oy, [—] is a scaling factor for the stomatal conductance. If this factor is set to a value of 1, it does not play a role.

Note that the factor 1/2 in the formula above is added since the conductance is defined per m? two-sided leaf area, just as for
the net CO; assimilation at the leaf scale (Eq. S105). Note that the units of the stomatal conductance can also be written as
MmPm 2 s aea S 1. We define a leaf conductance for CO, [ms™!] (not yet including boundary layer conductance),
the equation differs between dry (Eq. S100) and wet (Eq. S102) leaves. Note that g;coo and thus also e.g. giear,co,dary differs
between sunlit and shaded leaves.

SF

Tcut,CO2

Jleaf,CO2,dry = + gs.co2 (S100)
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The factor SF accounts for the case in which stomata are only present on one side of the leaf. In that case, there are two cuticular
conductance pathways and only one stomatal conductance pathway. See Sect. S1.14 for a critical note. ¢y co2 is the cuticular
resistance for CO,, a constant given by:

30

Gmin,H20

Teu,co2 = 30 Teu 20 = (S101)

in which the factor 30 (average of 20 and 40) is based on Boyer (2015) and Mdrquez et al. (2021). gmin 20 is the cuticular
conductance for water vapour (see also Eq. S81 and text below that equation). For a wet leaf we have the following equation
for leaf conductance for CO,:

SF
Jleaf,CcO2,wet = —————— + g5,C02 (5102)
Teut,CO2 1 T'ws,CO2

In the latter equation it is assumed that the stomata are not covered by water. In case variable ’stomblock’ is changed from O to
1, this assumption is removed and the equation becomes instead:

SF 1
Gleat,CO2,wet = + I (S103)
Teut,Co2 + Tws,CO2  Twsco2 + 5o

Variable ryscoz [s m’l] is the wet skin (water layer) resistance for CO,, a constant provided by the user. We still need to
account for the boundary layer resistance for CO, [s m™!], which is (for the ith layer) obtained by the following equation (see
also our Eq. S45 and Eq. 3.7 Jacobs, 1994):

0.07 0-5
] > = 137 Tb,HZO,z’ (5104)

;= 1. 1 _
"b.C02, 37> 180 <max[10_107Ui

The net CO, assimilation at the leaf scale is given by:
[CO2] — [CO2int

1
T'b,C02 + Gleaf,CO2

An,leaf = - (SIOS)

A negative value for A, jeor means net uptake. The units of this flux are [mgco2 mgif s_l], note that in case of stomata on only
one side of the leaf, there is only a cuticular flux (no stomatal flux) on half of the leaf. In this case, to obtain the total mass
of CO2 coming out of a leaf each second, the flux needs to be multiplied with the one-sided leaf area of the leaf. In case of
stomata on both sides, the equation above represents the CO, uptake per m? two-sided-leaf area, the total mass of CO5 coming
out of a leaf each second is obtained by multiplication with the two-sided leaf area of the leaf. Scaling up from leaf to layer
scale (for both cases), for a layer ¢ [mgcoo mg_riun g

1

An,i = ﬁ (An,leaf,sun,dry7i LAIsun,dryﬂ‘ + An,leaf,sun,weni LAIsun,Wel,i + An,leaf,sha,dry,i LAIsha,dry,i + An,leaf,sha,wet,i LAIsha,Wel,i)
(S106)
Finally, this is converted into a molar flux [molcos m;)un g8
0.001
FCOZ,veg,i = An,i (8107)

Mcoo

wherein Mco; is the molar mass of CO3 [gco2 mola(l)z].
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Figure S1. Sketch of the used resistance schemes for a dry leaf for CO2 and H2O. SF=1 is the case with stomata on all sides of the leaf,
while the case SF=2 corresponds to stomata on only one side of the leaf. Note that for CO2 a mesophyll resistance gn is calculated as well
(Eq. S80), which is used in Eq. S81 and Eq. S93, it is however not an explicit component in the resistance scheme. In the case of CO2, Ciy
corresponds to [CO2Jin [mgcoz m™ 2], in the case of H2O it corresponds to Chzosa(T:)1 [molazo m™3]. Note that also the quantities -,
Clir, T and ¢y differ between CO42 and H2O. Ciye and 75 are calculated separately for sunlit and for shaded leaf area (we calculate separate
fluxes for sunlit and shaded leaf area, see text).

S1.8.2 COS exchange vegetation

For COS, we use a different ’endpoint’ in the uptake than for CO,, namely the point where the COS concentration becomes
negligibly small. The internal conductance for COS is assumed to account for two conductances, namely mesophyll conduc-
tance and a conductance related to carbonic anhydrase activity (Berry et al., 2013; Sun et al., 2024; Cho et al., 2023). We
calculate an internal conductance for COS [m s~1] for each category of leaves and for each layer (Cho et al., 2023, with some
adaptions):

2 T —AHagicos
A aa s exp (7)
0.001 My, Teqgicos e"p( R T:;gg: ) RL
Jint,COS = ———— QgicOS Vinax,gicos Fizgicos (S108)
Pair 1+ exp  =BHeqsicos (11
p R T Teq.eicos

wherein agicos and Iy, gicos are dimensionless, Vi gicos has the units [moly;, m™2 s_l], Teqgicos has units [K], R is the
universal gas constant [J K~ mol™!] and Apggicos and Apeqgicos have the units [J mol ™). The factor 002% converts the
conductance from [mol,;, m~2s7!] to [ms~!]. Before the mentioned unit conversion, the model checks whether the internal
conductance is smaller than 1 x 10~1%° mol,;, m~2s~!, in that case it is set to 1 x 107199 mol,;, m~2 s~ ! before converting.

The resistance [sm~1!] is easily obtained from the conductance [ms~!]:

1

Gint,COS

Tint,COS = (5109)
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The stomatal resistance [s m~!] for COS is obtained from the stomatal conductance for CO, (Seibt et al., 2010):

1

Js,cO2

rscos = 1.21 (S110)

Note that the stomatal resistance can differ between all four leaf categories, and is thus calculated separately for all leaf
categories (sun-dry, shaded-dry, sun-wet, shaded-wet). We relate the cuticular conductance for COS to that of water by the
following equation:

9min,H20

S111
30 (S111)

Geut,COS =

For simplicity we have assumed the ratio of the cuticular conductance of COS and H,O equal to that of CO, and H,O (Eq.
S101). The boundary layer resistance for COS (in the ¢th layer) is calculated as (See also Eq. 2 of Stimler et al., 2010):

Tb,c0s,i = 1.96 7o H20, (S112)

The resistance for a dry leaf [sm™1] is given by:

1
r N . S113
COS, leaf,dry b,COS 1 + SF geut,cos | |

75,008 +Tint,COS

The factor SF is explained in Sect. S1.5. A sketch of the resistance schemes for dry leaf area for COS is shown in Fig. S2. For
a wet leaf the resistance depends on the choice of the stomblock’ variable. In case of non-water covered stomata (’stomblock’
=0):

1
T'COS leaf,wet = Tb,COS + I i (S114)
, +SF —
75,08 +7Tint,COS ToncOs +7rys.cos
And in the other case:
1
T'COS leaf,wet = Tb,COS T+ SF T > I (S115)
L 4 ryscos T'ws,COS F 75,08 +T'int,COS

Jeut,COS

Variable rys cos [sm™ 1] is the wet skin (water layer) resistance for COS, a constant provided by the user. We calculate leaf-scale
fluxes of COS, e.g. for sunlit dry leaves in layer 7 [mol m; 2s~']:

[COS];
FCOS,leaf,sun,dry,i - (Sl 16)
T'COS leaf,sun,dry,i

wherein [COS]; is the molar concentration of COS in layer i [mol m~3]. We scale up from the leaf to the layer scale as follows
[mOI mgir%)undsil}:

1
FCOS,Veg,i = ﬁ (LAIsun,dry,i FCOS,sun,dry,i + LAIsha,dry,i FCOS,sha,dry,i + LAIsun,wet,i FCOS,sun,Wet,i + LAIsha,wet,i FCOS,sha,wet,i) (Sl 17)

See also Eq. S106 and the text above it. See Sect. S1.14 for a critical note.

S1.9 Canopy wind speeds

The calculation of wind speeds inside the canopy is based on the theory of Cionco (1965) and the equations of the MLC-
CHEM model, with some adaptions. First, some parameters are set based on canopy height and (all-sided) leaf area index
(LAIL [m? m~2]). For simplicity, we do not account for branches or dead leaves, only green (photosynthesising) leaves.
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Figure S2. Sketch of the used resistance schemes for a dry leaf for COS. SF=1 is the case with stomata on all sides of the leaf, while the
case SF=2 corresponds to stomata on only one side of the leaf. ri, and r, are calculated separately for sunlit and for shaded leaf area (we
calculate separate fluxes for sunlit and shaded leaf area, see text).

475 We first determine the extinction coefficient awing [—] and a coefficient Sying [—]. We distinguish three cases depending on
canopy height. The first case is when the canopy is smaller than 2.5 m:

LAI
Qlywind = Min (0.6527 3) (S118)
/Bwind =0.25 (Sl 19)
480 The second case is when the canopy is larger than 10 m:
LAI
Qlyind = Min (2,4> (S120)
Bwina = 0.75 (S121)

The third case is when the canopy is between 2.5 and 10 m (including 2.5 and 10):

LAI
485 (Qiying = min <0.652, 3) (S122)

Bwind = 0.75 (S123)

For calculating wind speeds in the layers, we have two options of calculating, depending on a switch called "lad_dependence_u’.
This switch controls whether to make the wind extinction between two nodes directly dependent on leaf area density between
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these nodes (besides the potential indirect link via cuying). If the switch is set to True, we have the following equation for the
top layer [ms™1]:

la-dtop layer Ztop layer Prina
Utop layer = Utoc EXp | —wind Qtwind scale 1———— (S124)
ladmean

Ztoc

wherein Uy, (Sect. S1.11) is the wind speed at the top of the canopy [m s_l}, Ztop layer 15 the height of the node of the top layer

[m], and 2o is canopy height [m]. Cyind scale [—) i$ @ scaling factor for auying. ladiop layer is (all-sided) leaf area density [m? m ™3]
in the top layer. lad,eq 1 the layer-averaged leaf area density, calculated as:

N-1

" lad;
ladmean = ELZOTa (S125)

wherein lad; is the leaf area density of the layer with index ¢, and N is the number of layers. Besides the top layer, the wind
speed in any other layer (with index ) is calculated as [m s~!]:

Bwind Bwind
lad; + lad; Zi Zi
U, = Ui+1 Exp | —wind Qwind scale + 1- —(1- -~ (S126)
2 ladmean Ztoc Ztoc

wherein U, ; is the wind speed in the layer above. In case the switch *lad_dependence_u’ is set to False, we have the following
equation for each layer (including top layer):

5wind
Zi
U; = Ui Exp <_awind Qiwind scale (1 - ) ) (S127)

Ztoc

In the equations above, z; is the height of the node in the ¢th layer.
S1.10 Liquid water vegetation

We calculate the amount of liquid water present on top of the vegetation (or e.g. at the lower side of a leaf), in a simplified way.
Hereto, we make use of an equivalent water depth on the vegetation, in each canopy model layer. The tendency in equivalent

water layer depth in a layer i is calculated as [m s, m3,,m 2 s7!]:
dWi;  —Fmovegwet,i Mu20
== = S128
dt 1000 py ( )
The flux Fyoovegwet,s 1 given by Eq. S52. The equivalent water layer [m,m%vatcrrngriund] in layer 7 at time index ¢+ 1 is

calculated as:

dW,
dt

wherein At is the time step of the canopy model. We do not allow W) ; ;1 to become negative, by forcing it to zero in case

the equation above leads to a negative number. The equivalent liquid water layer is used to determine the fraction of vegetation

surface area that is wet in a layer 7 at time index ¢ [—|:

Wiitr1 =Wiie+ At

(S129)

flyer,i,¢ = Min (1, Wl;’) (S130)
And W) max ; [m, mgvaterm;riun(l] is calculated as:
LAIz Wmax el
Wimaxi = * 77l max helght (S131)
frgreen,i

wherein Wi max height [, mgvaterm;ez surfac e] is the maximum depth of water anywhere at a leaf (or branch etc.) surface. This
value is constant in time and throughout the canopy, and is provided by the user. LAI; represents the amount of all-sided leaf

area (without branches) in the ith layer [m2 m;fmnd].
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S1.11 Boundary conditions canopy model

We give here the time-varying boundary conditions for the canopy model as they are when the canopy model is coupled to the
CLASS model. In principle, the canopy model can also be run stand-alone, forced with different boundary conditions. We have
already mentioned some boundary conditions calculated by CLASS: Incoming shortwave radiation at the top of the canopy
(SWin,0p> Sect. S1.3), incoming longwave radiation at the top of the canopy (LWiyam, Sect. S1.4), reimo (Sect. S1.6), and
Toit (Sect. S1.6). The sine of the solar elevation angle (sin(/3)) is also calculated by CLASS and used by the canopy model

(Sect. S1.3). Soil respiration is as in the CLASS code [mgcos mg_riundsfl]:
Cly Wnax Eo 983.15
Resp=R 1—-— 1- S132
5P = o ( we + wmin) exp (283.15 +8.314 < Toon >) (5132)

See Vila-Guerau de Arellano et al. (2015, Appendix F). In this formulation, soil respiration is a function of the soil water
content of the upper soil layer (w,, [—]) and of the temperature of this soil layer (T, [K]). Both are calculated by CLASS. Soil
respiration from the equation above is transformed to a flux with the correct units for the canopy model [molcos mgriun s
Resp
1000Mco2

This respiration flux ends up in the lowest canopy layer (See also Sect. S1.13). We assume the flux to account both for root

respiration, and soil (including litter) heterotrophic respiration. A soil carbonyl sulphide flux [molcog m;ﬁmn 45~ !] should also

Feoz,soil = (5133)

be given as boundary condition to the canopy model. The wind speed at the top of the canopy is calculated as [ms~1]:

Uie = V12 +0v2 (S134)

wherein u and v are the zonal and meridional wind speeds in the mixed layer respectively, calculated by CLASS. The water
mole fraction (amount fraction, ratio HoO and air) at the top of the canopy [cmolp20 molfl] is calculated as:

100e  1004¢

= S135
Poc  0.622 ( )

ratgo,toc =

wherein mixed-layer specific humidity ¢ [kgn20 kg;}] is calculated by CLASS, 0.622 is approximately the ratio of the molar
masses of water and air, and P, is the top-of-canopy air pressure [Pa]. e [Pa] is a vapour pressure calculated by CLASS. The

canopy model converts raty,o o into a molar concentration [molgao m*?’]:

raty20,toc 1000pair
HyOljpe = ——————— S136
[ 2 ]toc IOOMair ( )

wherein p,;; is air density [kg m 3] and M, is the molar density of air [g mol~!], both constant in the model.
The top-of-canopy mole fractions of CO2 (ratcoz e [ppml]) and COS (ratcos o [ppb]) also need to be provided as boundary
conditions for the SiLCan model. For these we use the mixed-layer mole fractions calculated by CLASS. The values are

converted into molar concentrations [mol m~3] by the canopy model, using formulas similar to the one above:

ratcoz,toc 1Ooopair
o __ 1atco2.0c1000pic S137
[ Q]loc 106Mair ( )
ratcos,oe 1000 pyir
COSljpe = —m———— S138
[COs], 109 Miy;r o

The potential temperature at the top of the canopy is also a boundary condition, we use the potential temperature in the
mixed layer (6 [K], calculated by CLASS) for this. This potential temperature is converted by the canopy model into a "heat
concentration’ at the top of the canopy [J m~3]:

[heat]ioc = pair cpb (S139)
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wherein ¢, is the specific heat of dry air at constant pressure [J kg ! K~!]. The *heat concentration’ at the top of the canopy is
used in equations S154 and S160 (in case the considered scalar is heat).

Note that we use mixed-layer values for our top-of-canopy boundary conditions. Instead of subscript toc’ we use subscript
"mixed layer’ in e.g. Eq. S160. Given that we calculate exchanges with the mixed layer, we include a resistance between the
top of the canopy and the mixed layer. We use the variable 'ra’ from CLASS for this purpose, see also later in Eq. S152.

Note that it is also possible to prescribe time series of PAR at the top of the canopy (PAR), as well as of COS, CO,, H,O
and temperature in the canopy layers.

S1.12 Turbulent fluxes, exchange coefficients and turbulent conductance

Exchange of mass and heat between vegetation layers in the model happens by means of turbulent fluxes. For simplicity we
use first-order closure of the turbulent fluxes. We use the following differential equation for a flux of scalar s:

0C;

0z
To calculate the fluxes,we calculate exchange coefficients K [m?s~!], at all the interfaces of the layers except for the soil

interface. We take the exchange coefficients to be identical for all scalars. To calculate the K, we base ourselves on Launiainen
et al. (2011). We first calculate a displacement height [m]:

F.=-K

(S140)

4= 0720, (s141)
We define a variable o [—]:
/ d
o —k (1 _ ) (S142)
Ztoc

wherein k£ is the von Karman constant and 2z, is the canopy height. We calculate a mixing length [m] at the top of the canopy:
lioe =k (210c — d) (S143)

We also calculate a mixing length [m] for each of the interfaces between canopy layers. Here we distinguish two cases, in the
first case zine,; < @ Zioc /k, wherein Zint,; [m] is the height level of the interface with index :. In this case the mixing length of
the interface with index ¢ is given by:

li =k Zinys (S144)
and in the other case:

li=a zoe (S145)
We calculate the derivative of wind speed with height at the canopy top [s~}]:
oU _ Usee — Usgp tayer

i (S146)
0% toc Ztoc — Ztop layer
And for the interfaces between canopy layers [s~!]:
oU U,—U,;_
_Yi— Ui (S147)

0z i Zi — Ri—1

wherein z; and U; are the height of the node of the layer with index ¢, and the wind speed in the layer with index ¢ respectively
(thus, we consider the wind speeds in the layers above and below the interface). Finally the exchange coefficients [m? s™1],
first for the canopy top:

Ktoc - Kscale,toc 12 a£
0z toc

toc

+ Kadd,toc (S 148)
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And for an interface with index ¢, between canopy layers:

oU

Ki = Kscale,i lf —— |+ Kaddi (5149)
0z i ’

wherein the vertical bars indicate *absolute value of . In those equations, K., is a scaling factor [—], which defaults to unity.

It can be used for inverse modelling purposes, or to manually adapt the K values. The term K,qq [m?s~!] can also be used
for inverse modelling or manual adaption, it defaults to 0. The exchange coefficients are actually for momentum. However, as
in Launiainen et al. (2011), we set exchange coefficients for scalars to be identical. Also, Kcqe could be used to modify the
exchange coefficients from momentum to values appropriate for scalars (using turbulent Schmidt number, Launiainen et al.
(2011)). Now we use the exchange coefficient of an interface with index ¢ (except top and bottom interfaces) to calculate the
turbulent conductance G; [ms~1] of that interface:

G;= _ K (S150)

2~ Zi—1

wherein z; is the height of the node in the ith layer. For the canopy top we have the following conductance [ms~1], when
taking only the in-canopy part of the exchange path into account:

K,
Grocje = ——2 (S151)

Ztoc — Ztop layer
Given that we want to calculate the flux between the top canopy layer and the mixed layer, we need to account for an additional
resistance. The conductance we use for transport between these layers is given by the following equation:

1
Gtop laytoML = —¢ (S152)

Grocic =+ Ta,toc to ML

wherein 7 o¢ 1o ML [8 m_l] is the resistance between canopy top and mixed layer, we use the variable 'ra’ from CLASS for this
purpose. Using the conductances, the turbulent flux of a scalar s between canopy layers ¢ — 1 and 7 can be calculated as:

Foi15,=—1G; (Cs; —Csi-1) (S153)
And for the flux between the top canopy layer and the mixed layer:
Fs,top layer—mixed layer — — 1 CTVtop lay to ML (Cs,mixed layer — “s,top layer) (S 1 54)

In these equations, e.g. C ; is the concentration of scalar s in the ith layer. In case of CO,, COS or HO, C;; and Fy;_1_,;
have the units of [mol m~3] and [mol m~2 s~1] respectively, in case of heat (temperature) they have the units of [J m~3] and
[Jm~2 s71] respectively.

S1.13 Updating concentrations in time

The discretisation in time follows a very similar approach to Sun et al. (2015). The governing differential equation for the

concentration of a scalar s [mol m~3 or J m~3] is given by (using Fick’s law for diffusion in one dimension, and Eq. S140):

oCcs 0 0C
=— | K

ot 0z ( 0z

0
)+5=—g (R)+5 (5159)

wherein S contains the source-sink terms [mol m =3 s~! or Jm =3 s~!]. We discretise the equation above in space by integrating
over height in each control volume (canopy layer):

aC. . _(R,i%mixed layer — s,iflﬂi) + Sz Aziv i=N-1
Az 8;71 = _(Fs,i%iJrl — Fs,iflﬁi) +5; AZZ', O0<i<N-1 (S156)
—(Fyimit1 — Fysoilsi) +5i Az, 1=0
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See Sect. S1.2 for N and Az;. The above can also be written as:

aC. . FS,’i*l*)i - Fs,i%mixed layer T Si Az, i=N-1
Az 8;"1 = Foiii—Foinit1+Si Az, 0<i<N-1 (8157)
Fy soit—i — Fisit1 +5: Az, 1=0
We can rewrite the equation above in matrix form:
d
AﬁCS =BC,+ FE (S158)
wherein diagonal matrix A = diag(Azy,Az1,...,Azn_1), vector Cs = (Cs,0,Cs.1,...,Cs N—1),
B —
-G, G1 0o .. 0 0 0 0 i
G1 —(Gl +G1+1) Gy .. 0 0 0 0
: : : s : z : (5159)
0 0 0 .. Gn_3 _(GN73+GN73+1) Gn_»o 0
0 0 0 0 GN_2 —(GN—2+GN_2+1) GN—l
L 0 0 0 0 0 Gn_1 *(GN_lJrGN)_

(unless the number of canopy layers is less than the number of columns shown here). Matrix B has the dimensions N x N, i.e.
the number of rows and columns is equal to the number of canopy layers, and

E = (Fs,veg,O + FS,SOih Fs,veg,ly ~~-7Fs,veg,N727 Fs,veg,Nfl + CTVN Cs,mixed layer) (8160)

wherein Fjye ; [molm™2?s™ ! or Jm~2s™!] is given by either Eq. S107 (CO»), Eq. S117 (COS), Eq. S56 (Heat) or the sum
of Eq. S50 and Eq. S52 (H,0). Fi i is given by Eq. S60 in case of heat, Eq. S62 in case of water, Eq. S133 in case of CO,,
and for COS it is calculated by a separate model (or can be chosen to be zero). Cs mixed layer [mol m~3orJ m*?’] is obtained by
making use of variables calculated by CLASS (See Sect. S1.11). It is given by Eq. S136 in case of water, Eq. S137 in case of
CO., Eq. S138 in case of COS, and given by Eq. S139 in case of heat. Note that G; up to G y_1 is calculated with Eq. S150,
and G is calculated with Eq. S152. Vector F is of size N.

For the time integration, a Crank-Nicolson method is used. Equation S158 is discretised at times t = (n + 1/2)At:

Csn+1_Csn Csn+1+Csn
A— — =B— : E S161
A7 5 + (S161)
Rewriting the equation above:
Cini1 = (2A — AtB) '[(2A + AtB)Cy , + 2ALE)] (S162)

wherein At is the time step of the canopy model. If any of the resulting concentrations is negative, the negative concentration is
set to zero. The canopy air temperatures [K] are derived from the heat concentrations. For the ith layer, the following equation
is used:

_ Cheats (100000) ~Rale
Pair Cp P

wherein the factor containing pressure is used to convert potential temperature into temperature. Note that, by defining heat
concentrations based on potential temperature, there is a zero-flux between layers of equal potential temperature, while there
is a small flux between layers of equal temperature (as there is a zero-flux between layers of equal concentrations). For the
other scalars besides temperature, we do not account for the effect of pressure differences between layers on the fluxes between
layers. Concentrations in units of [mol m~3] depend on air density [kg,;; m ™3], but air density is constant in the model. Note
that for the exchange of sensible heat between vegetation (or soil) and canopy air (Eq. S54 for sunlit dry leaf area, Eq. S55 for
shaded wet leaf area, Eq. S58 for sunlit soil), we do not convert the temperatures in the equations to potential temperatures.

T;

(S163)
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S1.14 Note on resistances

Note that the resistance calculations (for HoO, CO45 and COS) are not fully consistent between the case with stomata on one
side of the leaf (SF = 2) and the case with stomata on all sides of the leaf (SF = 1). This is clear from the following: in the case
where the stomatal resistance is infinitely large, this pathway does not play a role. The cases for SF = 1 and SF = 2 should then
lead to an identical layer scale flux, as everything passes through the cuticle. When for simplicity assuming there are only dry
sunlit leaves in a layer, the layer scale flux (we take CO» for a layer with index ¢ as example) becomes:

1 LAI i [CO2|; — [COqin.4 LAI i |CO2]; — [CO2lint.i
An,i _ ﬁAn,leaﬂsun,dw,i LAIsun,dw,i _ sslxg,dry,l [ 2}2 . [ Q]mt,z _ ;];:dry;l [ 2]1 [ ?]mt,z (5164)
T'b,C02,i + Gleaf,CO2,i Tb.C02,i + ﬁJrg,‘coz,i
Given that we look at a situation with infinite stomatal resistance, gs coz,; = 0, and the equation becomes:
LAI i |[CO2]; — [COqlint.s
An s=— sun,dry,? [ 2]1 [ ~ 2C](1)r21l,1 (8165)
’ SF Th,CO2,i T —§5

SF

which is not independent of SF. The reason for this can be found in how the leaf boundary layer resistance (1) is added. If
instead of the resistance scheme shown in Fig. S1, the pathways would be taken completely parallel, then the total resistance
for CO, would be given by the following equation (now again more general as the case gsco2,; = 0):

1
rco2,i = SF 1 (S166)

Tb,002,i +Tcut,CO2 Tb,C02,i H75,C02,i

And thus the flux would be given by:

A — _ LALunry,i [CO2]; — [CO2Jin,i _
n,i SF - i i
Tb,C02,4i T Tcu,CO2  Tb,C02,iT75,CO2, i
LAIsun,dry,i SF 1

_ LAy (106, — [COsJnci) (

SF > (S167)

Jr
T5,C02,i T Teut,CO2  T5,C02,i + T5,CO2,i

In this equation, in case of an infinite stomatal resistance, there would be no difference between SF = 1 and SF = 2. Also,
in case of an infinite cuticular resistance (and no infinite stomatal resistance), the flux (that is (averaged) per m? of all-sided
leaf area) would differ by a factor 2 between the cases SF = 1 and SF = 2, as would be expected. The calculation of r, should
be chosen appropriate for the used resistance scheme. Given the uncertainty in the calculation of the boundary layer resistance
(Meyers et al., 1989), the variation that is likely present between leaves and tree species, and the generally relatively limited
importance of r, and the cuticular pathway in our canopy model (with default parameters and common boundary conditions),
we keep the resistance schemes as shown in Fig. S1 and Fig. S2.
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