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Text S1. Canopy profile
The leaf area density (LAD), a(z) [m? m~3], at height z are given by a beta distribution

as

(LY ([ GE/h)P (1= (z/h)1T)
a(z) = (h_) ( B(p,q) ) W

where p and g are the shape function of the beta distribution, B(p, q) is a normalization
constant, /. is the canopy height. The total leaf area index (LAI), L [m? m~2] and the

cumulative leaf area index, L(z) [m? m~2], from the top of the canopy is given as

L = _/(;hca(z)dz (2)
L(z) = [hca(z)dz ©))

The stem area density (SAD) is also similarly modeled by a beta distribution. The plant

area density (PAD) is the sum of LAD and SAD.
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i» Text S2. Shortwave radiation model
i« The downwelling, I} [Wm~2], and upwelling, I}H [Wm~2], scattered radiation fluxes

o ati-th and (i + 1)-th level are given as

IF = Iy [Tain + (1= Tai1) Tein] + 1 (1= Taii1) pein
+ Islky,bTb,m(l ~ Tpi11)Teisl (4a)
Iy = I {Tain + (1= Tain) T ] + I (1= Tain) peint

+ Iiky,bTb,iH (1- Tb,i+1)Pe,i+1 (4b)

» where 74,1 [-] and 74,1 [-] are the diffuse and direct beam transmittances through

N

v (i + 1)-th layer, psia [-] is the leaf reflectance of (i + 1)-th layer, Ig,;, [Wm™] is the
= direct beam radiation incident on the top of the canopy, and T}, [-] is the fraction of

» direct beam radiation that is not intercepted through the cumulative leaf area above the

N

« (i+1)-thlayer.
= Transmittance
»  The direct beam transmittance through the (i + 1)-th layer with leaf area index AL;.4

27 1S

[P O, T s sz
Tgis1 = 2 ./o exp l— cos(Z) AL,H] sin(Z;) cos(Z;)dZ (5)

» Where Z is the sky zenith angle and Q) is the leaf clumping factor. The Ross-Goudriann

» function, G(Z), is given by

N

G(Z) = ¢1 + P2 cos(Z) (6)
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X-4 BISHT ET AL.: ELM - MULTI-LAYER CANOPY MODEL V1

where ¢, = 0.5 -0.633), - 0.33)(% and ¢, = 0.877(1 - 2¢;). The leaf departure angle
from from spherical orientation, x,, in restricted to -0.4 < x,; < 0.6. The equation 6 is
numerically approximation for nine sky zones as

G(Z)HQ

9
Tgiv1 =2 ; exp [—MALM] sin(Z;) cos(Z;)AZ; (7)

with AZ; = /18.

The diffuse beam transmittance through the (i + 1)-th layer is

Tpis1 = €XP (—Kpis1 QAL ) 8)

where K;,;,1 = G(Z)/ cos(Z) is the extinction coefficient for the direct beam. The fraction
of direct been that is not intercepted through the cumulative leaf area above the (i+1)-th

layer is computed as

N
Tb,i+1 = H exp (—Kb,ijAL]') (9)

j=i+1

Linear system

The equation 4 can be written as a system of linear equations

—a ! + I} - bIl = d; (10a)

_ei+1lii + IZ'T+1 - fi+111'l+1 = Ciy1 (10b)

where

April 8, 2023, 5:28pm



BISHT ET AL.: ELM - MULTI-LAYER CANOPY MODEL V1 X-5

[Taiv1 + (1= Tai1)Teis 2

a; = fir1 = (1 = Taie1)peiv1 — 11a

f ! ( K 1)Pf, ! (1 - Td,i+1)/p€,i+1 ( )

b= ey = Taie1 + (1 = Taie1) Tein (11b)
(1-7gi1) Peji+1

Ci = Iy Toi(1 = T0,) (pei — Teii) (11¢)

d; = Iiky,bTb,m(l = Tp,i1 ) (Teie1 = Peiv1bi) (11d)

« The boundary conditions for the downwelling radiation at the bottom layer, i = 0, and

« the upwelling radiation at the top layer, i = N, are given by

Co = pgbliky,bTb,O (12&)
fo=pga (12b)
dn =T, (12¢)

IS
&

where p;, [-] is the surface albedo for beam radiation, pg [-] is the surface albedo for

« diffuse radiation, and Iy, [Wm™2] is the diffuse radiation incident on the top of the

IS
[l

canopy.

#«  The linear system of equations given in equation 10 can be written as

[ 1 —pea Ir [(T)‘ Co
-0 1 =bg Ié do
- 1 -f; Il C1
- 1 b I dy
= (13)
—-eny 1 —fN IZT\] CN
! 0 1 [LR] [dy]

April 8, 2023, 5:28pm



X-6 BISHT ET AL.: ELM - MULTI-LAYER CANOPY MODEL V1

«» Absorbed radiative fluxes

«  The diffuse, ?Cd,i [Wm:2 ], and direct beam, ?Cb,i [Wm;foun ,], radiation absorbed by

ground

» the i-th canopy layer is

Lagi=(L+11) (1= 14:)(1 - wey) (14a)

—
I = Islky,bTb,i(l = Tp,i) (1 - we,i) (14b)

» The radiation absorbed at the ground, T ¢ [Wm?2 ] is

ground

Ig=(1-pga) Ig + (1~ pgp) Ly Tro (15)
s It is assumed that the shaded leaves only absorb diffuse radiation, while sunlit leaves

= receive direct and diffuse radiations. The absorbed radiation fluxes by shaded, Tgsha,i

o [Wm,?2 f], and sunlit, ?gsun,i [Wm, 2 f]' is given as

- Lea
I shai = 7 16
Csha, AL, (16a)
—
—>I _ —>I " I cb,i (16b)
fsun,i — Csha,i fsun,z‘ALi

« where f,, [-] is the fraction of sunlit leaves at i-th layer. The absorbed canopy fluxes

o

— —
-2 : -2
s for shaded, I .gu, [ngmm 4,1, and sunlit, I .., [Wm gmmd], are

N N

7>cShu = Z 7)fsha,i(l - fsun)ALi = Zch,i(l - fsun) (17&)
i=1 i=1

— N _, N —

I cSun = Z I fsun,ifsunALi = Z( I cd,ifsun + 1 cb,i) (17b)
i=1 i=1
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Text S3. Longwave radiation model

The downwelling, L} [Wm~2], and upwelling L;H [Wm~2], longwave radiation can
be similarly described as the shortwave radiation model by replacing the direct beam
scattering term (third term on RHS in equation 4) with a thermal radiation source term

as

Ly =L, [Tai1 + (1= Tai1)Teien] + L (1 = Taie1) peist
+ 00T (1 - Ta i) (18a)
Ll =L 71+ (1= Tai1)Tein] + Ly (1= Tai1)peint

+ EgOT?IiH(l - Td,i+1) (18b)

where ¢/ [-] is the leaf emissivity and T, [K] is the leaf temperature. If sunlit and shaded
leaves are modeled explicitly, an effective leaf temperature is defined based on the
sunlit and shaded leaf fraction.

Linear system

The linear system of equations for the longwave model can be written as

[ 1 —(1-¢) -'L(T)" [ co ]
—ag 1 ~bo Ly do
—e1 1 -fi LI C1
- 1 b Li| |4

= (19)
-eny 1 —fN LZT\I CN
! 0 1 [LLx] |dn]

where
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[Taiv1 + (1= Tai1)Teis 2

a; = fix1 = (1= Tain1)Peis1 — (L= tarm)/perm (20a)

b=y = ChiLY (1 - Ta,in1) Tein1 (20b)
(1- Td,z'+1) Peiv1

ci=(1-e)(1-14;)ec0Ty, (20c)

dl' = (1 — bl)(l - Td,i+1)5€GT?,i+1 (20d)

& The boundary conditions for the downwelling radiation at the bottom layer, i = 0, and

« the upwelling radiation at the top layer, i = N, are given as

Co = 40Ty (21a)
dy =L}, (21b)

s Where ¢, [-] is ground surface emissivity, T, [K] is the ground surface temperature, and
7 Liky [Wm~2] is incident longwave radiation at the top of the canopy.

n Absorbed fluxes

=  The net longwave flux absorbed per unit ground area, fi [Wméjfoun 41, and per unit

» leaf area, fg,i [Wm;2 f]’ by the i-th layer are

=
T, . Li (22b)
UTOAL

» The radiation absorbed by the canopy, fc [Wm;fmm 41, and the ground, Z)g [Wrnéjf(mn P

» is given by
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—

N—)
L.=YL,

i=1

L ¢= egLO - SgGTg
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(23a)

(23b)



X-10 BISHT ET AL.: ELM - MULTI-LAYER CANOPY MODEL V1

% Text S4. Photosynthesis model: Biological demand

7 The net photosynthetic uptake of CO,, A, [pmol CO, m~2s71], is given as

An = min(AC,Aj,Ap) - Rd

= Ag-Ry (24)

» where A, [umol CO, m™s7!] is the Rubisco-limited CO, assimilation, A; [umol
» CO, m=2s71] is the light-limited CO, assimilation, A, [umol CO, m=2s!] is the PEP
» carboxylase-limited CO, assimilation, A, [umol CO, m2s71] is the co-limited gross
s CO, assimilation, and R; [pmol CO, m~2s1] is mitochondrial respiration. A, is given

= as the smaller of two quadratic roots

0.98A7 - (Ac+Aj) +AA; =0 (25a)
0.98A; - (A;i+A,) + AiA, =0 (25b)
=  The assimilation fluxes (A, A;, and A,) for C3 and C4 photosynthesis pathway are

s described next.

C3 Photosynthesis

©
@

s The CO, assimilation fluxes for C3 photosynthesis are

chax(ci - Iﬂ*)

c= 2
G+ K(1—0,/K,) (262)
o I( Ci I )
Aj= 4 \¢; + 2T+ (26b)
A, =0 (26¢)

April 8, 2023, 5:28pm
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where Ve, [pmol CO, m~2s~!] maximum rate of carboxylation, ¢; [pmol CO, mol-'] is
the intercellular CO,, o; [umol O, mol~!] is the intercellular O,, K, [umol CO, mol-!] is
the Michaelist-Mention constant for CO,, K, [umol O, mol~!] is the Michaelist-Mention
constant for O,, | [umol CO, mol~!] is the electron transport rate, and I'* [umol CO,
mol '] is the compensation point defined as the c; at which no net CO, update occurs.

The rate of electron transport is related to photosynthetically active radiation and is

given as the smaller root of the following quadratic equation.

©;J* - (Ipsit + Jmax) + IpsiJmax = 0 (27)
where Ipg;; [umol CO, mol-'] is the amount of light utilized in photosynthesis II, [,y
[umol CO, mol~'] is the maximum transport rate, and ©; = 0.9 is the curvature param-
eter. The amount of light utilized in photosynthesis II is

() —
P e T par (28)

IPSH =

where ®pg;; = 0.7 [mol mol-!] is the quantum yield of photosystem II, a; = 1 is the
leaf absorptance, ? par [pmol photon m~2 s7!] is the absorbed photosynthetically active
radiation.

The parameters K., K, I'*, Viyax, Jmax, and Ry vary from their values at 25°C as function

of leaf temperature, Ty, that are given as

April 8, 2023, 5:28pm
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K. = Kasf(T)
K: = Kasf(T0)
I =T*f(Ty)
Venas = Vonasas f(T0) fi (T0)
Joas = Jonaszs £(To) fr(T0)
Ry =Rapsf(Te) fu(Ty)

102 where

AH, 298.15
f(T"):eXp[298.15R(1_ T, )]

~ 298.15AS - AH, AST, - AH; )]1
fu(Te) = [1+exp( 708157 )] [1 +exp(—RT[

s Lastly, the J,,» and R, at 25°C are given as

] max25 = 1 -67chux25

Rd25 =0.015 chax25

e C4 Photosynthesis

ws  The CO, assimilation fluxes for C4 photosynthesis are

April 8, 2023, 5:28pm
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Ac = chax (32a)
A]' = ag?pARE (32b)
Ap = kpCi (32C)

s where E = 0.05 [mol mol~?] is the quantum yield and k, [mol m~2s~!] is the initial slope
o of the CO; response curve. The temperature dependence of V.., R4, and k, are given

108 AS

chax = cmuxZSQg(T)}_zg&m)/lo (1 + exp [Sl (Tt’ - SZ)] )_1 (1 + eXP [53(54 - Tt’)])_l (33&)
Ri = Raos Qg " (1 + explss(s6 - Tr)]) ™" (33b)
kp — p25Q§g[—298.16)/10 (33C)

o Where Q0 =2, 51 = 0.3 [K!], s, =313.15 [K], 553 = 0.2 [K™!], 54 = 288.15 [K], 55 = 1.3 [K™!],

wo  and sg = 328.15 [K]. The max R; and k, at 25°C are given as

Rr125 = 0-025chax25 (34&)

kp25 = 0'02chax25 (34b)

April 8, 2023, 5:28pm
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Text S5. Photosynthesis model: Diffusion
The net CO, assimilation due to biological demand (Equation 24) must match the
diffusion of CO, from the surrounding air to the leaf surface and into the leaf, and is

given by

An :gbc(ca_cs) :gsc(cs_ci) zgé’c(ca_ci) (35)

where ¢, [umol CO, mol~!]is the atmospheric CO,, ¢; [umol CO, mol~'] is the leaf surface
CO,, ¢ [umol CO, mol-'] is the intercellular CO,, g, [mol m~'s2] is the boundary
conductance of CO,, g;c [mol m~!s72] is the stomatal conductance of CO,, and g, [mol
m~1s72] is the leaf conductance of CO,.

Similarly, the transpiration of flux, E [mol H,Om~2s71], is given as

E = g0w(9a = qs) = §sw(9s = 9i) = $ew(qa — qi) (36)

where g, [umol H,O mol~!] is the atmospheric H,O, g; [umol H,O mol-!] is the leaf
surface H,O, ¢; [umol H,O mol-!] is the intercellular H,O, gy [mol m~!s~?] is the
boundary conductance of H,O, g, [mol m~'s~2] is the stomatal conductance of H,O,
and g [mol m~!s72] is the leaf conductance of H,O. The leaf conductances can be

written in terms of boundary and stomatal conductances as

1

8t = W (37a)
be sc
1
e o7

It is assumed that g; = gs/1.6. Using equations 35 and 37a, ¢; can be given as

April 8, 2023, 5:28pm
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Text S6. Photosynthesis model: Stomatal conductance

The photosynthesis model has two equations (Equations 24 and 38) that involves
three unknowns (c;, A,, and gs). Thus, an additional equation is needed for stomatal
conductance to close the system of equations. In the literature, multiple stomatal
conductance models (SCMs) have been developed that are based on empirical, semi-
empirical, or optimization approach. Furthermore, SMCs can exclude or include plant
hydraulics.
Semi-empirical models without accounting for plant hydraulics

1. Ball-Berry model: The semi-empirical Ball-Berry (BB) SCM (Ball et al., 1987) is

given as

Ay
Jsw =80 + glc_hs (39)

where go [mol H,Om~2 s71] is the minimum stomatal conductance, g; [mol H,Om~2 s7!]
is the slope of the relationship, and h; [-] is the fractional humidity at the leaf surface.
The fractional humidity at the leaf surface is h; = e5/es.:(T;) where e; and e, (T¢) are the
vapor pressure at the leaf surface and saturated vapor pressure at leaf temperature, T,

respectively. The vapor pressure at leaf surface can be given as

e, = gbwea + gswesat(Tf) (40)

gbw + gsw

Substituting equation 40 in equation 39 leads the following quadratic equation in which

Ssw is the larger root of the equation.

agfw +Bgsw+y =0 (41)

April 8, 2023, 5:28pm
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143 Where

a=1 (42a)
Ay
B= 80— 5 (42b)
glAnea
= ~gu | g0+ 42
Y sb |:‘§0 " Csesut(Tt’):| ( C)

w 2. Medlyn model: The semi-empirical Medlyn SCM (Medlyn et al., 2011) is given as

_ An 81
Qsw =80+ 1.6 . (1 + \/ﬁs) (43)

us where go [mol H,Om~2 s7!] is the minimum stomatal conductance, g; [mol H,Om
us s71] is the slope of the relationship, and Ds = (es:(T¢) — es) [KPa] is the vapor pressure

» deficit. Similar to BB model, substituting equation 40 in equation 43 leads to following

1

N

us quadratic equations, whose larger root is .

agi, +Bgsw+y =0 (44)
uwe  Where
a=1 (45a)
o glAn) B (1.6Ang1 )2 1
B=2 ( g0-168% "8 5 (45b)
) L6A, (. & \|1-64:8
y = lZgo + . (1 D, )] - (45¢)

s with D,g = esat(Tg) —€,.

i« Optimization-based models

April 8, 2023, 5:28pm
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Optimization-based SCMs maximize carbon update, A,, while minimizing the cost
associated with carbon update, ©, related a measure of stomatal opening, y (Wang et

al., 2020). Such models can be formulated as

max (A, -0) (46)

X
and the solution of equation 46 is obtained by finding x that satisfies the following

equation

oA, 20
ox x|

(47)

1. Marginal water-use efficiency (WUE) model without accounting for plant hy-
draulics: In this model, y = E and © = £E, where £ is a constant model parameter. Thus,

equation 47 reduces to

dA,

e (48)

Buckley, Sack, and Farquhar (2017) derived the LHS term of equation 48 as

8An B C; —C aAn/aCi glzc
OF ( wi )(aAn/aCl +glC) 16g%w (49)

where w; = [e4(T¢) — €4] /Pres [mol mol~] is the vapor pressure deficit.
2. Intrinsic WUE (iWUE) model without accounting for plant hydraulics: In this
model, x = gs» and the cost function is similar to that of the WUE model (i.e. ® = £E).

The equation 47 then reduces to

April 8, 2023, 5:28pm
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oA, _, OF
agsw - agsw
_ 688 ((esut(Tf) _es)gsw) (50)
8sw Pres
~ W

where w;(= [est(T¢) - e5]/Pres) [mol mol~] is the water vapor deficit at the leaf surface.
In equation 50, the term de;/dgs, is neglected.

3. Water-use efficiency model including plant hydraulics: Manzoni et al. (2011)
modified the marginal WUE model to account for loss of xylem conductivity by includ-

ing dependence of & in equation 48 on leaf water potential as

E(We) = exp(BYre) (61)

where f is a model parameter.

4. Co-optimization model of Bonan, Williams, Fisher, and Oleson (2014): Bonan
et al. (2014) developed a SCM that maximizes g, while satisfying two constraints: (1)
WUE or iWUE is greater than a threshold (i.e. dA,/dE > & or (A, /dgsw)/[ws > &, and (2)
leaf water potential is greater than a threshold (i.e. ¢ > ¢¢in). The plant hydraulics
model assumes leaves (sunlit or shaded) at any height are directly connected to multiple
soil layers via a root system. The leaf water storage is given by

de  Ki(Ws — e — pugh) —10° x E

dt C, (52)

where 1), [MPa] is the leaf water potential, s [MPa] is the soil water potential, p,,gh
[MPa] is the gravitational head, C, [umol H,O mgz MPa~!] is the leaf capacitance, and

K; [pmol H,O m;? s~! MPa~] is the whole plant hydraulic conductance, and E [mmol

April 8, 2023, 5:28pm
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H,O m;? s7'] is the transpiration flux. The K| is independent of ¢; and thus integrating
equation 52 provides an analytical expression for the change of leaf water potential,

AYLA for time step, At, as

. 10° < E )
Alp; At _ IPS _ l‘b; — pwgh — KL (1 —e KLAt/CP) (53)

The second constraint of the co-optimization approach leads to

wt[ + AI)D?—At 2 ¢f,min (54)

The whole plant hydraulic conductance depends on soil-to-stem conductance, K qs
[umol H,O mgz s~! MPa!], and stem-to-leave conductance, Kj 5; [mol H,O ng s1

MPa-1] as

1 1 1

- +
Ki Kiss Krsor

(55)

5. Modified Bonan et al. (2014) model: In this study, we propose a modified plant
hydraulic model of Bonan et al. (2014) by including dependence of leaf water potential

on stem-to-soil conductance, which is modeled by a Weibull function as

Kot =vi e | () (56)
where b [MPa] and c [-] are parameters. The modified equation 52 is solved using the

forward Euler time-integration scheme.

6. Wang et al. (2020) model: In this model, x = E and the cost function is given as

April 8, 2023, 5:28pm



193

194

195

196

197

198

199

200

BISHT ET AL.: ELM - MULTI-LAYER CANOPY MODEL V1 X-21

E,

E critical

®=A,

where Eitics1 is the critical transpiration for hydraulic failure.
Semi-empirical model with downregulation due to plant hydraulics

Empirical models have been proposed for reducing g, to account for loss of xylem
hydraulic conductivity with water potential. Example of such empirical stomatal down-
regulation models include Christoffersen et al. (2016) (equation 58a) and Bohrer et al.

(2005) (equation 58b).

av-1
Ssw = Zsw,max ll + (;b_g:;) ] (58&)
8sw = Zsw,max EXP [_ (%) ] (58b)

where a [-] and ¢50 [KPa] are model parameters. In these empirical stomatal downreg-

ulation models, gy max i Obtained from equation 39 or 43 or 48 or 50.
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Text S7. Photosynthesis model: Numerical solution

The set of nonlinear equations for photosynthesis model include: (1) biological de-
mand (equation 35), (2) diffusion (equation 24), and (3) stomatal conductance model
(equations given in section 1). The set of nonlinear equations are numerically solved
when the residual equation, R(x), where x is the unknown variable. The solution, x*,
of the nonlinear is obtained when R(x*) = 0. The residual equation for photosynthesis
model with various SCMs is provided below.

1. BB and Medlyn model: The unknown variable is c; and the residual equation is

R(ci) = An—ge(ca—¢i) =0 (59)

2. Marginal WUE: The unknown variable is g, and with the residual equation for

model without plant hydraulics (i.e. £ is independent of 1) is

IA,
R(gz)zag -£=0 (60)

For models that include plant hydraulics, equation 60 is modified by making & depend
on Y.

3. iWUE: The unknown variable is g, and with the residual equation for model
without plant hydraulics (i.e. ¢ is independent of ) is

d0A,
R(ge) = Fra Ews =0 (61)

For models that include plant hydraulics, equation 61 is modified by make & depend

on ybg.
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4. SCM with stomatal dowregulation: Depending on the choice of g5 mar in 58, the

residual equation is given by equation 59 or 60 or 61.

5. Original and modified Bonan et al. (2014) co-optimization model: The unknown

variable is g, and the residual equation for the first constraint is given by equation 60

or 61. The residual equation for the second constraint is given as

R(g¢) = ¢y + AYF™ = g min = 0

6. Wang et al. (2020): The unknown variable is g, and the residual equation is

E, \00O A, OJE,
R(gr)=[1-— ) - 22 Tt
(gf) ( Ecritical) aE Ecritical E
April 8, 2023, 5:28pm
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Text S8. Leaf boundary layer model

The boundary conductance controls the transfer of heat and mass (both, H,O and
CO,) from the leaf surface to the surrounding air. The Nusslet number, Nu [-], is the
ratio of convective to conductive heat transfer, while the Sherwood number, Sh [-], is

the ratio of convective to conductive mass transfer that are given by

Sonde
Nu=°>""— 64a
owD (64a)

gbwdf

— oWt 4

Sh, = S5t (64b)
Sh, = Sude (640)

“ pumDe

where g, [mol ml‘eﬁ . s7!] is boundary conductance for heat , g, [mol ml‘ei . s 1] is
boundary conductance for H,O, gi [mol ml‘ei f s71] is boundary conductance for CO,,
Dy, [m? s7] is the molecular diffusivity for heat, D,, [m? s7!] is the molecular diffusivity
for H,O, D, [m? s7!] is the molecular diffusivity for CO,, p,, [mol m~3] is molar density,
d; [m] is the representative leaf dimension, and Sh,, and Sh. are Sherwood number for
water vapor and CO,, respectively.

Empirical studies have developed relationship for Nu, Shy,, and Sh, for laminar flow:

Nu"""" = h,0.66Pr"* Re (65a)
ShL™™mr b, 0.66Sc: R (65b)
Shlaminar _ b, 0.66Sc* Re® (65¢)

and turbulent flow:

April 8, 2023, 5:28pm
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NuTuTle@Vlt — b10.036Pr0.33ReO.8 (66a)
Shy, """ = b;0.036Sc); *Re"® (66b)
Sh/ " = b,0.036Sc) ¥ Re"® (66¢)

where Re [-] is the Reynolds number that is a ratio of inertial forces to viscous forces,
Pr [-] is the Prandtl number that is a ratio of diffusivity of momentum to diffusivity of
heat in fluid, Sc,, [-] and Sc, [-] are the Schmidt numbers that are ratio of diffusivity of
momentum to diffusivity of mass for H,O and CO,) in fluid, respectively, and b; = 1.5is
a typical value that converts the empirical relationship developed for a flat rectangular

plate to for leaves. The Prandtl, Reynolds, and Schmidt numbers are

d

=
~

Re = - (67a)
Pr= Dlh (67b)
Scy = Dlw (67c)
Sc, = ch (67d)

22 wherev[m?s!]is the kinematic viscosity. The forced flow due to laminar and turbulent

2 flow is given as
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Nuforeed - maX(NuLaminar’ Ny [trbuden ) (68a)
Shé‘vorced - max ( Sthamz‘nar, Shiurbulent ) (68b)
Sh{orced _ maX(Sthuminar, Shzurb”le”t) (68C)

2 In free convection, The Nusselt and Scherwood number are described in terms of

25 Grashof number, Gr [-], as

Nu'" = 0.54Pr**Gr’® (69a)
Shlr® = 0.54Sc?# Gro® (69b)
ShI™ = 0.545c>*Gro% (69¢)

(69d)

= The Grashof number is given as

Gr = gd?(Tg - Ta)

70
T (70

«r where g [m s72] is the gravitational acceleration, T, [K] is the leaf temperature, and T,

2

=

s [K] is the air temperature. Lastly, the combined Nusselt and Scherwood number for

zs forced and free flow are given as
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Nu = Nu + Nu/™ (71a)
Sh,, = Sh!7 4 Sh/7 (71Db)
Sh, = Shfo 4 Sp/r (71c)

=  The leaf boundary conductances for heat, H,O, and CO, are given by combining

1 equations 64 and 71

D, xN
gon = ~—pu (72a)
t
D, x Sh,
g = =" py (72b)
t
D, x Sh,
pe = ; Pm (72C)
t

x2  The kinematic viscosity and molecular diffusivities are adjusted to account for air

»s temperature and air pressure, P, [Pa], as

v=fx (73a)
Dy, = f x Dhy (73b)
D,, = f x Dvy (73c)
D. = f x Dcg (73d)
10325 T, \'*
= 7
f==p " (272.15) (73¢)

2« Where vy is kinematic viscosity at 0° C, and Dhy, Dvy, Dcy are molecular diffusivity for

255 heat, HQO, and C02 at 00 C.
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= Text S9. Roughness sublayer model

> Wind profile above canopy

=  The wind profile, u, above canopy the is given as
k(z-d)du

o =D, (2) (74)

= Where @, [-] is an effective similarity function that is given by

O )éb ( _/[f) (75)
(D (D) 0] oo

where

(2

=  Given equation 77, the wind at canopy height is given by

Upe = — (78)

- () o) e

« Wind profile within canopy

L)@ - duth)+ 5| 09

x  HF-2007 assumed an exponential wind profile within the canopy that is given as

u(z) = u(hc)exp(z‘ : (80)

)

= and the derivative of the wind profile is
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du(z) _u(h) p(u)

z  1./B L./
_u(z)
= W (81a)
l 2
h.—d= 2% " = B*L, (82)

x Enforcing the continuity of derivative of wind at canopy height (h.) from equation 74

s and 80 leads to

u(h)
Tyt = 75
u(he) K(hc -d)
P T
1 «xl./(2B)
Pulle) =5 = 1p
@, () = % (830)

xs  Wind similarity function

«»  For the above canopy wind profile, HF-2007 assumed the similarity function for

% momentum to be

)l
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where ¢; and c;(= 0.5) are parameters. The parameter ¢, is found by evaluating qf)m at

SCIRR R

e

=1-ciexp (-0.5¢,)

z = h, that gives

[1 ({)m( 7B )] exp(0.5¢;) (85a)

x In order to compute ¢; from the above equation, an expression of ¢,, at z = h. is needed,

20 which is obtained using equation 75 at z = h, and equation 83a as

(i) 3507 () =

» Wind beta term
272 The critical unknown in the roughness sublayer parameterization is f. HF-2007

2 derived an expression for  as

h.-d
or

The solution of equation 88 depends on if ¢ is evaluated for unstable or stable

condition and leads to following equations

(B*)? + 16 ﬁ B* - B = Lyio <0 (89a)

5L—5 $B-By=0  Lyo=0 (89b)
Lo
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The correct solution is the larger root for the sable condition, while the unstable case
has only one real root.
Temperature profile

Similar to the equations for wind profiles, the equations describing profiles of heat

(or scalar) above and within the canopy are given below.

K(z-d)do _
o on =P (90a)
z-d\ , (z-d
D (z) = C(—) C( ) 90b
0. z-d z—-d Zoc N
GZ—QS:—[IH( )— m(—)+ m( )+ Cz] 90c
@)= 0s= () (T )+ v ) () (900)
where
~ o (z'-d » (2 -dY]| dZ
_ Glnla | PP imiia | i 1
e . (PC(LMo)ll ‘P(zm/ﬁ)]z'-d oD
An exponential profile of air temperature is assumed within the canopy that is given
by
—h,

0(2) - 0.- (001) - 0 exp | L ©2)
where parameter f relates the length scale of heat (scalar) to that of momentum and is
given by

1 i1
f= 5 (1 +4r.Pr) > (93)
and
Pr=0.5+0.3tanh(2L./Lyo) (94)
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xs  The derivatives of the profile within the canopy is

20(z) (0(h)-00f  [f(z-h)
F R W Xpl B ] 2

=  Enforcing continuity of derivative at z = /i using equation 90a and 95

20 0. (1) = f1O(h) - 6]

92|, el ) InlP 0
so that
G(hc) B Gs _ E 97
6. 1P 7
»s  An equation similar to equation 79 can be written for 0
0. P
0(2) 0.2 [l (h d) ‘DC(LMO) 1P‘?( ) ~el2) =gl + Kfﬁr] o9

=  For the above canopy wind profile, HF-2007 assumed the similarity function for

27 omentum to be

(i) 1-eew | ()] ©9)
o=[1-6(5) | w05 (1002)

~ [z-d) «Pr z—d
qD(W) 259 (LMO) (100b)

= Aerodynamic conductance

269 The aerodynamic conductances for scalar, g, is given as
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1 = od
S / p,,jg

(101)

where K. is the eddy diffusivity for scalar based on K-theory. The aerodynamic

conductance above canopy is

Zi+1 — d

o 2
gam,z+1/2 PmK U, [ln( Z 4

where

Al

aci+1/2 =

Zj

ppu
Pr

L;j)+¢k(

The aerodynamic conductance within canopy is

—-d

) + i — l,lfi]_l

[exP ( _(ernl/é hc)

April 8, 2023,

)
B
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h, A A
) 4 i) - )

i
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= Text S10. Multi-layer canopy air space and canopy model
=s  The equations for the time evolution of air temperature, 0, and water vapor, g, sunlit

= leaf temperature, Ty, and shaded leaf temperature, Trg,4, in @a MLCM is given by

QosuniALsuni  Qoshd,iALsna,i

PmCp (g) V(8O + = = o+ S (105a)
&q _ Qqsun,iALsun,i Qqshd,iALshd,i
Pm (5) =V GV T T S (105b)
Tesun
Ce (a 5t ) Rn sun Q(ﬂsun AQqsun + St’sun (105C)
ATy
¢ ( a[thd) Ry sha = Qosha = AQqsha + Sesha (105d)

=r  Where p,, is density of air, A is latent heat of vaporization for water, ¢y is specific heat

2

©

s capacity of air, ¢, is specific heat capacity of leaf, g, is atmospheric conductance, AL, is
20 the leaf area index of the sunlit leaf, ALy, is the leaf area index of the shaded leaf, Qg
x s the heat source from the sunlit leaf to the canopy air, Qgspq is the heat source from the

+ shaded leaf to the canopy air, Q. is the water vapor source from the sunlit leaf the

3

=

3

S

. canopy air, Qg is the water vapor source from the shaded leaf the canopy air, Rny,, is
x the net shortwave and longwave radiation absorbed by the sunlit leaf, and Rny, is the
x net shortwave and longwave radiation absorbed by the shaded leaf.

xs  The source of heat and water vapor for sunlit and shaded leaves at the i-th layer are

3

S

s given by
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Qosun = 2¢p(Tesun — 0i) Son (106a)
Qoshd = 2¢y(Tesha — 0i) Son (106b)
Qgsun = (Gsat (Tesun) = i) Sesun (106¢)
Qushd = (Gsat (Tesha) — i) Seshd (106d)

wr Where gy, is the boundary layer conductance for heat, gj,; is the boundary layer
x conductance for water vapor, gz, is the total leaf conductance for the sunlit leaf, and
w  Qrshd,i 15 the total leaf conductance for the shaded leaf. The leaf conductances are given

30 AS

1
Sesun = (m)fdry + Qbw fret (107a)
&tshd = (—)fdr +gbwfwe (107]3)
g bz}: + gsulJ,shd g t

a1 where o sun is the stomatal conductance for the sunlit leaf, and gq,s1q is the stomatal

3

. conductance for the shaded leaf. The net radiation absorbed by sunlit and shaded leaf

2 are given by

Rigun = 1%, + T2, + Lown (108a)

Rng,g = [%;+ Lo (108b)

+ where 19 is absorbed diffuse radiation, Tt is absorbed beam radiation, and L is ab-

3

s sorbed longwave radiation. The finite volume and implicit time discretization of equa-

s tion 105 leads to the following equations for the i-th layer can be written as

3
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_Gi}_
61§+1
(a1 a1p a1 e Ais Qog Qg g gi+1 —ﬁ1-
i+1
0 0 0 ay ans aze o7 g qﬁ% B2
0 asp 0 0 Qass 0 Qasy 0 qf*l - ﬁg, (109)
0 asp 0 0 aus 0 0 aug i Pa
] N Tami|
| T,
a7 Air temperature equation
se  The discretized equation 105a at an internal vertical layer (i.e. 0 <i < N)
Pm a1 Y _ i - 07 3 01 -0
At (61 61) - +ga,i+% ( ZZC'+1 _ Z;: gu,i—% Z;: _Z;':,l
AL
2 Tt+1 o 6t+1 (gbh,l sun,z)
+ ( {sun,i i ) AZi
Ny
<2(Tigh, - 0y1) (it (110)
! AZl'
= The non-zero coefficients a;_; . of equation 109 for 0 <i < N are thus given as
gt+'1 .
N 111
ain Az (111a)
Pm g;‘,:ili*l g;::];’l 2gf,;zll (ALsun,i + ALshd,i)
a1,2=(—)+ |+l = |+ (111b)
At Az ; Az Az;
gt+1 .
u,i+§
a13=— c (111C)
Az,
Zgi;rzliALsuni
- . ’ 111d
05V Az, ( )
284 ALsia,
=2 111
aig Az (111e)
B = (P_m) gi+1 (111f)
At) !
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20  For the top vertical layer i = N, the coefficients ;. . remain same as terms in equa-

= tion 111 same except

a13=0 (112a)
t+1
B = (L) ot o | Sz | g (112b)
A Az, !

22 Where Qfe*fl is prescribed atmospheric temperature.

For i = 0, the energy balance for the soil surface, Rny, is given by

K1
AZ]/Z
= p(T3™ = 07)ga0 + A {10 [4oar(T) + 50 (T5™ = T5)] - 41" } 800

K1
A21/2

Ritg = 6, (T4*1 - 01 g0+ 2 (T4 - 1) g + 5 (T4 - T

(To -1 (113)

2 Where 68*1 = Tg” is the soil surface temperature, T", is the soil temperature of the first
= soil layer, and z;, is the distance between the soil surface and centroid of first soil layer.

25 The non-zero coefficients a; . for i = 0 are thus given as

K1
= a hs s 114
a1 (Cpg 0+ Ahsogs0S0 + AZ1/2) (114a)
13 = —Cp&u0 (114]3)
0(1,6 = _Ags,O (114C)
K
B1 = Ritg — Ao [Geat (T2 = 50T0] ge0 + A L (114d)
21/2

3

N

s Air vapor pressure equation

= The discretized equation 105b at an internal vertical layer (i.e. 0 <i < N)
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t+1 t+1 t+1 t+1
N VAL q§)=+ga,i+;(ql“ h )—ga,i_;(ql q”)

Zf+1 ZC zZ; - Zz+1
[q;—tlfsun i qlt+1:| ( g{SLALSW)
AZZ‘
[qgtlt’sha i qfﬂ] ( gfsun,iALsuﬂ,i )
AZZ'

t+1 t+1 t+1 t+1
_ q1+l qz qz ql 1
- +ga,i+% s Z - ga,i—% Z e
i+1

i+1
) t+1 ] ( gfsun,iALsun,i )

t m+1 n
+ [qsat,{’sun,i + SSWZJ (Tt’ sun Tf sun i

A,Zi
+ + fsun,iALsun,i
+ [qéut,fsha,i + Ssha,i (T?,slgu - T?,sha) - qf 1] (gT) (115)

2 Thenon-zero coefficients a;_, . of equation 109 for 0 <i < N are thus given as

Sar 116
Mp4 = — Azf,z‘—l (116a)
t+1 t+1
tys = (p_m) N ga,i—% &4 i+l gf;rulmALsunz + glshdlALshdl (116b)
At Az” 1 AZHlZ Az;
i) 116
a2,6 o AZzCHz ( C)
S Uni& jsun ZAL n,i
Qpy=—— 8is e " (116d)
S oftl AL ;
s = - shd,lglszz Z' shd, (116e)
ﬁZ — ( ) t+1
+ (qsat(T;S-:lli’l ] Ssun ZT;S‘:}TI) g;:uln lALsun 1
Az;
(sat (Tiit) = o1 i) SiohALsta,
; = (116f)

2  For the top vertical layer i = N, the coefficients a;_, . remain same as terms in equa-

= tion 119 same except
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a6 =0

— p_m ) t+1
n (qsat(T;st}n,i) - SiT;eruln) g;;uln,iALSlmri

AZZ'
 (rer(Th) - ST i A
AZi
Ziie)
o s
Az

where qf@j} is prescribed atmospheric water vapor pressure.

For soil surface layer i = 0, the water vapor balance is given by

qg” = hyo [qsat(Tg) +50 (Tg” - Tg)]

~haosoTo™ + 5™ = heo [aar(T5) = 50T

The non-zero coefficients a; . for i = 0 are thus given as

Qoo = —hgso
A5 = 1

B2 = hso [Gsar (T ) = 50T0 ]

Sunlit leave temperature

(117a)

(117b)

(118)

(119a)
(119b)

(119¢)

The discretized equation 105c at an internal vertical layer (i.e. 0 <i < N) is given by
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Cei F+1 t t+1 t+1 t+1 t+1
E (Tfsun,i - Tfsun,i) =Rng,, -2 (Tl’sun,i - 61’ ) Sbhi — A [qsat,fsun,z‘ —4; ] Stsun,i

= Rng,,, - 2 (Tt+1 - 6§+1) Sbh,i

Cfsun,i

t n+1 n t+1
-A [qsut,é’sun,i + Ssun,i (Tf,sun - Tf,sun) —4q; ] Stsun,i

x  Thenon-zero coefficients a;_3 . of equation 109 for 0 <i < N are thus given as

az; =0

t+1
a3 = =20, Qi

a33=0

azs =0

_ t+1
A35 = /\glsun,i

a36=0

t+1

CL,i t+1

azy7 = (_) + Zcpgbh,i + Asiglsun,i
At

azg =0

s = R”;;’O * (&) Tiau A (qS”t(Tt+1 B SiTt+1 )g;:uln,i

At Isun,i ~— Isun,i Isun

w Shaded leave temperature

(120)

(121a)
(121b)
(121¢)
(121d)
(121e)
(121f)
(121g)
(121h)

(121i)

=  The discretized equation 105d at an internal vertical layer (i.e. 0 <i < N) is given by

Cli (el ¢ t+1 t+1 t+1 t+1
At (Tfshd,i - Tt’shd,i) = Rngpg -2 (Tfshd,i - 0; )8bh,i -A [qsat,é’shd,i -4 ]gt’shd,i

t+1 t+1
= Rngg -2 (Tt’;hd,z‘ -6, )gbh,i
t mn+1 n t+1
-A [qsut,t’shd,i + Sshd, i (Tf,shd - Tt’,shd) —4q; ] 8tshd,i
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w  The non-zero coefficients a;_4 . of equation 109 for 0 <i < N are thus given as

a4 =0 (123a)
Q4 = =20,80% (123b)
a3 =0 (123¢)
44 =0 (123d)
Qs = —Agiw (123e)
(g =0 (123f)
as7 =0 (123g)
Qg = (%) + 20, + ASiglhn (123h)

Bu= Ryt (5 Thih, - A (qun(Thih) - L) i, (1230)
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