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Figure S1: Schematics of disturbance types that generate new patches in ED-2.2. Patches are
classified according to the last disturbance type (boxes), and new disturbances that create new
patches are indicated by arrows (the arrow head points to the new disturbance type). The absence
of arrows between some disturbance patches (e.g. from cropland to tree fall) indicate that such
transition is not allowed. Arrows pointing to the same disturbance type indicate generation of new
patches without change in the disturbance type.
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Figure S2: Schematics of ecosystem dynamics in ED-2.2, based on Fig. 5 of Moorcroft et al.
(2001). The diagram shows a simplified case in which only of plant functional type and one
disturbance type exist. Each dashed box corresponds to one patch, and each circle correspond
to one cohort. Changes in the ecosystem structure are represented by arrows: grey arrows are
associated with cohort dynamics, and black arrows are associated with patch dynamics. Every
cohort time step, cohorts can grow in size, some of the cohort population is lost through mortality,
and new cohorts are generated from reproduction. Every patch time step, patch age is increased
linearly due to age, and a fraction of each patch is lost through disturbance, which resets patch age.
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Figure S3: Comparison of budget closure for (a-c) enthalpy and (d-f) water between three different
ED-2 versions: (a,d) ED-2.0.12 (https://github.com/EDmodel/ED2/releases/
tag/rev-12), the first stable version of ED-2.0 (Medvigy et al., 2009) using the current model
code structure; (b,e) ED-2.1 (https://github.com/EDmodel/ED2/releases/tag/
rev-64); (c,f) ED-2.2. Simulations were carried out for a single-patch simulation at GYF for
11 years, without vegetation dynamics (earlier releases did not account for changes in energy and
water when vegetation dynamics was active). Terms are presented as the cumulative contribution
to the change storage. Total storage is the combination of canopy air space, cohorts, temporary
surface water and soil layers. Positive (negative) values mean accumulation (loss) by the combined
storage pool over the time. Pressure change accounts for changes in enthalpy when pressure
from the meteorological forcing is updated, and density change accounts for changes in mass
to ensure the ideal gas law. Canopy air space (CAS) change and vegetation heat capacity (Veg
Hcap) change reflect the addition/subtraction of carbon, water, and enthalpy due to the vegetation
dynamics modifying the canopy air space depth and the total heat capacity of the vegetation due to
biomass accumulation or loss. Storage change is the net gain or loss of total storage, and residual
corresponds to the deviation from the perfect closure. Note that we present the y axis in cube root
scale to improve visualization of the smaller terms.
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Figure S4: Simulated distribution of PFT-dependent leaf area index across tropical South America:
(a) C4 grasses (C4G); (b) Early-successional, tropical trees (ETR); (c) mid-successional, tropical
trees (MTR); (d) late-successional, tropical trees (LTR). Maps were obtained from the final state
of a 500-year simulation (1500-2000), initialized with near-bare ground conditions, active fires,
and with prescribed land use changes between 1900 and 2000. Points indicate the location of the
example sites (Fig. [§): (blue triangle) Paracou (GYF), a tropical forest site; (red circle) Brasilia
(BSB), a woody savanna site. White contour is the domain of the Amazon biome, and grey
contours are the political borders.
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Figure S5: Simulated time series of basal area for near-bare ground simulations for (a,b) Paracou
(GYFE, tropical forest) and (c,d) Brasilia (BSB, woody savanna), using local meteorological forcing
and active fires, colored by the relative contribution of (a,c) plants of different sizes and (b,d) plants
of different functional groups. See Fig. @ for the location of both example sites.
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Soil classes — ED.2.2
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Figure S6: Barycentric diagram of volumetric percentage of soil particle sizes (sand, silt, and clay)
along with the canonical soil texture classes in ED-2.2. Classes are: Sa — sand, LSa — loamy sand,
Sal. — sandy loam, SiLL — silty loam, L — loam, SaCL — sandy clay loam, SiCL - silty clay loam,
CL - clayey loam, SaC - sandy clay, SiC - silty clay, C — clay, Si — silt, CC — heavy clay, CSa -
clayey sand, and CSi — clayey silt.

S6



X 2
R°=0.851
0.8 — RMSE =0.071
0.6
|
a~ 0.4 -
N
0.2 —
X
X Xy x X
| | | | |
0 10 20 30 40

2 -3
@ [Mm™m 7]

Figure S7: Fitted curve (Eq. relating the effective drag coefficient (£ j/P;) with plant area
density (@;). Data points for fitting were extracted from Figure 3a of Wohlfahrt and Cernusca
(2002) using a digitizer tool. Adjusted R? and the root mean square error (RMSE) are shown in
the top right.
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Figure S8: Example for the function F(c;) curve for the RuBP-saturated case for a
mid-successional, tropical broadleaf tree when QPAR:aJk = 100Wm™2, I;, = T. = 301.15K,
we = 0.017 kgw kggilr, u, = 0.25 ms~!, and ¢, = 390 umolc molgilr. Vertical lines shows the
solution and the singularities within the plausible range.
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Table S1: List of subscripts used in the manuscript. Fluxes are denoted by a dotted letter, and
two subscripts separated with a comma: X, ,. This means positive (negative) flux going from
thermodynamic system m (n) to thermodynamic system n (m). Nr is the total number of cohorts,
Ng is the total number of soil (ground) layers, Ny is the total number of temporary surface
water/snowpack layers, and N is the total number of canopy air space layers, currently only used
to obtain properties related to canopy conductance.

Subscript Description

X3 Property at the water’s triple point (73 = 273.16 K)

X, Air above canopy, from the meteorological forcing

Xp, Branch wood of cohort k (k € {1,2,...,Nr})

Xc Size vector (leaves, fine roots, sapwood, heartwood, and non-structural storage)

Xc Carbon component

X Canopy air space (single layer)

Xe; Canopy air space, layer j (j € {1,2,...,Nc})

X4 Non-water component of thermodynamic system

Xej Necromass pools: e, metabolic litter (fast); ey, structural debris (intermediate); e3,
humified/dissolved (slow)

Xy Plant functional type

XFe Soil property at field capacity

Xpr Soil property at critical moisture for fire ignition

X, Soil (ground), layer j (j € {1,2,...,Ng})

X, Structural (heartwood) of cohort k (k € {1,2,...,Nr})

X; Ice

Xiv Ice-liquid phase transition

X; Ice-vapor phase transition

X; Soil layer j (j € {1,2,...,Ng}), for variables that are only defined for soils

Xk Cohort k (k € {1,2,...,Nr}), for variables that are only defined for cohorts

Xy Liquid water

Xy Liquid-vapor phase transition

X, Leaves of cohort k (k € {1,2,...,Nr})

Xid Soil property at critical moisture for leaf shedding (drought-deciduous phenology)

Xin Spectral band: m = 1, PAR; m = 2, NIR; m = 3, TIR

X, Non-structural carbon storage (starch, sugars) of cohort k

X, Runoff (drainage)

X, Property at constant pressure

Xpo Soil property at soil porosity (water saturation)

Xy Disturbance type

X, Roots of cohort k

XRe Soil property at residual soil moisture

Xy, Temporary surface water/snowpack, layer j (j € {1,2,...,Ns})

X, Cohort k (k € {1,2,...,Nr})

Xy Property associated with momentum (forced convection)

X, Patch u (u € {1,2,...,Np})

X Water vapor

X Water component of thermodynamic system (any phase)
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Table S1: (Continued)

Subscript Description

Xwp Soil property at permanent wilting point

X West-East direction

Xx Horizontal direction

Xy South-north direction

X, Vertical direction

Xo Total living tissues (leaves, fine roots, sapwood) of cohort k (k € {1,2,...,Nr})
Xg, Branch boundary layer of cohort k (k € {1,2,...,Nr})

X, Carbon balance of cohort k (k € {1,2,....Nr HQ

Xo Property associated with buoyancy (free convection)

X Soil textural component: k = 0, water; k = 1, sand; k¥ = 2, silt; ¥ = 3, clay
X, Leaf boundary layer of cohort k (k € {1,2,...,Nr})

Xy, Reproductive tissues (seeds, fruits, flowers, cones) of cohort k (k € {1,2,...,Nr})
Xo, Sapwood of cohort k (k € {1,2,...,Nr})

Xoo Fluxes that depend on air above layer a, such as radiation and rainfall

Xz Bare ground equivalent

Xe Pure, fresh snow
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Table S2: List of variables used in this manuscript. For variables used in various thermodynamic
systems, the subscript is omitted (see Table [ST| for a comprehensive list of subscripts). Variable
dimensions are shown in standard units for reference. Units with subscript are specific to a single
substance: kgw means kilograms of water, and kgc means kilograms of carbon, and kgp means
kilogram of non-water material.

Variable Description Units

A Site area -

A Net leaf-level CO; uptake rate molc¢ mljezaf g1
A Mean leaf/branch inclination relative to horizontal plane rad

a Patch age since last disturbance S

B Soil carbon decay rates under optimal conditions 57!

Be Carbon to oven-dry biomass ratio kgc kggil0
Bw Water to oven-dry biomass ratio kgw kggilO
b Slope of the logarithm of the water retention curve -

BA Basal area cm?

C Carbon mass (area-based, extensive) kgc m~2

C Size (carbon mass) vector kgcplant™!
C Empirical coefficients for determining biomass of individual tissues -

c* Expected carbon mass given size, PFT, and demographic density kgem 2
c® Carbon mass needed to bring tissue to allometry given size and PFT kgem ™2

C Carbon flux kgem 257!
Cc*x Carbon flux to necromass pools due to mortality kgem2s~!
c Carbon mixing ratio (intensive) molcmol ™!
D “Dry material” mass (area-based, extensive) kgp m—2

D “Dry material” mass (volume-based, extensive) kgpm 3

d Specific mass of “dry material” (intensive) kgpkg™!
DBH Diameter at breast height cm

D Auxiliary variable for solution of canopy radiation transfer -

0 Sub-surface drainage impediment parameter -

E Average projection of leaves and branches onto the horizontal -

E Leaf-level transpiration rate molcmy ;¢ 57!
& Penalty reduction function for extreme temperatures and soil moistures -

Ein Average photon specific energy in the PAR band Jmol~!

e Leaf elongation factor given environmental constrains -

F Dimensionless function of intercellular carbon dioxide -

faG Fraction of woody biomass that is above ground -

Sctump Clumping factor -

Jai Ratio between stomatal conductance of CO, and water -

foxr Ratio between leaf boundary layer conductance of CO, and water -

fn Fraction of the decay of soil carbon pools that are respired -

fip Fraction of carbon reabsorption before leaf shedding -

fiw Down-regulation factor for photosynthesis due to soil moisture limitation -

Ir Ratio between day respiration and maximum carboxylation -

fr Ratio between fine root and leaf biomass on allometry given size and PFT -

Jrsw Fraction of ground covered by water or snow -

fv Volumetric fraction -
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Table S2: (Continued)

Variable Description Units

fs Fraction of reproduction that is randomly dispersed -

fo Scaling factor between height, sapwood, and leaf biomass on allometry m~!

G Conductance (rate form) ms™!

G Conductance (flux form) kgm~2s~! or
molm—2s~!

g Gravity acceleration ms 2

g Net growth rate kgcplant—!s~!

Gr Grashof number -

H Enthalpy (area-based, extensive) Jm~2

H Enthalpy flux associated with mass flux Wm2

h Specific enthalpy (intensive) Jkg™!

h Specific enthalpy at reference height Jkg™!

A Fire intensity parameter 57!

i Fraction of water in solid phase (ice) -

K Eddy diffusivity m?s~!

Kc Michaelis constant for carboxylation molc mol ™!

Kme Effective Michaelis constant molc mol ™!

Ko Michaelis constant for oxygenation molp, mol~!

kpep Slope of CO;-limited carboxylation rate molmol !

L Obukhov length scale m

l Specific latent heat Jkg 'K™!

iz Specific latent heat of fusion at triple point temperature Jkg 'K™!

liva Specific latent heat of sublimation at triple point temperature Jkg 'K™!

14 Fraction of water in liquid phase -

£ Fraction of living tissues that are lignified -

M Slope of stomatal conductance function -

M Molar mass kgmol !

MCWD Maximum cumulative water deficit mm

m Mortality rate 57!

n Cohort demographic density plantm 2

Nc Number of canopy air space layers -

Nr Number of plant functional types -

Ng Number of soil layers -

Np Number of patches -

No Number of disturbance types B

Ng Actual number of temporary surface water layers -

Ng™* Maximum number of temporary surface water layers -

Nr Number of cohorts -

N7 (canopy) Number of canopy cohorts -

Nu Nusselt number -

@) Open canopy fraction -

o Oxygen mixing ratio molo, mol~!

P Sheltering factor for momentum -

P Atmospheric pressure Pa

Dy Saturation pressure: vapor-ice Pa

Dt Saturation pressure: vapor-liquid Pa
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Table S2: (Continued)

Variable Description Units

Pr Prandtl number -

0 Heat flux (no mass exchange involved) Wm2

o° Downward direct irradiance Wm2

ot Downward hemispheric diffuse irradiance Wm?2

ot Upward hemispheric diffuse irradiance Wm?

o Irradiance emitted by black body Wm 2

Q1o Temperature coefficient for temperature-response function -

gPAR Photon flux absorbed by leaves Wm]jezaf

q Specific heat (intensive) Jkg™!

q°P) Specific heat of oven-dry tissue (intensive) Jkg™!

qp Specific heat at constant pressure (intensive) Jkg™!

R Leaf-level dark respiration rate molcmy ¢S
R Gas constant for typical air Jmol ' K~!

r Decay rate associated with root respiration 57!

Re Reynolds number -

Rip Bulk Richardson number -

S Elements of the flux matrix for solving the canopy radiation transfer model -

S Flux matrix for solving the canopy radiation transfer model -

S Above-canopy velocity variance to momentum flux ratio -

SLA Specific leaf area m?, keo!

Sg Soil wetness function for ground evaporation B

S Soil wetness function for drought-deciduous phenology -

s Joint eddy mixing length scale (shear- and wake-driven turbulence) -

T Temperature K

T; Temperature of water triple point K

Ty Zero-energy temperature of supercooled liquid water K

To Zero-energy temperature of supercooled water vapor K

Ty Virtual temperature K

T Temperature coefficient function (Qj¢ function) -

T Penalty reduction function for extreme temperatures -

t Time s

fRunoff Runoff decay time S

TKE (Specific) Turbulent kinetic energy m?s~?2

b Auxiliary variable for solution of canopy radiation transfer -

b Number of leaf sides with stomata B

U Momentum flux kgm~!s72

Ux Horizontal wind speed ms~!

u; Vertical wind velocity ms~!

ur Friction velocity ms™~!

Ve Leaf-level carboxylation rates molcm; s
yRuBP RuBP-saturated carboxylation rates molcm; s
Vg 02 CO;-limited carboxylation rate molcmy ¢ g1
VEAR Light-limited carboxylation rate molcm; s
Vo Leaf-level oxygenation (photorespiration) rate molo, my ¢ s7!
V Volume m3

v Fraction of water in gas phase (water vapor) -
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Table S2: (Continued)

Variable Description Units

w Water mass (area-based, extensive) kgw m 2
114 Water flux kgwm 25!
w Water mass (volume-based, extensive) kgw m3
w Specific humidity (intensive) kgwkg™!
w= Saturation specific humidity (intensive) kgwkg™!
Wmax Cohort water holding capacity of rainfall interception, dew and frost kgw mgezaf A Wood
X Crown area index m,,m~
x* Characteristic dimension for boundary-layer generating obstacle m

Y Auxiliary functions, used only in the sections where they are described -

y Boolean variable controlling fire ignition -

y Auxiliary constants, used only in the sections where they are described -

z Zenith distance rad

z Height (z > 0) or depth (z < 0) m

z* Height above displacement height m

- Height of crown base m

20 Roughness length m

24 Displacement height m

a Probability distribution of gap ages -

B Backscattering coefficient, diffuse irradiance -

B® Backscattering coefficient, direct irradiance -

r CO, compensation point molc mol ™!
Y Growth rate s~

At Time step S

Aw Stomatal conductance control on severe leaf-level water vapor deficit kgwkg ™!
Az Layer thickness m

0;j Kronecker delta (1 if i = j, O otherwise) -

€ Quantum yield -

€ Thermal dilatation coefficient K~!

F Coefficients for generic function of CO, uptake rate (Table -

¢ Dimensionless Obukhov length -

& Dimensionless roughness length -

n Thermal diffusivity of air m?s~!

0 Potential temperature K

6y Virtual potential temperature K

M) Characteristic scale: Virtual potential temperature K

0 Volumetric soil moisture m3,m~3
y Turbulence intensity

K von Kédrmén constant -

» Auxiliary variable for solution of canopy radiation transfer -

A Leaf area index mlszm’2
A Disturbance rate s”

u Inverse of optical depth per unit of plant area index m%,lamm’2
u® Same as above, specific for direct radiation m%lamm_
n Same as above, specific for diffuse radiation m3, m-
v Kinematic viscosity m?s~

=z Cumulative cohort drag area per unit ground area m3,  m 2
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Table S2: (Continued)

Variable Description Units

13 Drag coefficient -

I Total plant area index m3,  m 2
I Clump-corrected, effective total plant area index m%lamm’
o Plant area density m%lamm_
P Density kgm™3

0 Recruitment rate 57!

6 Survivorship fraction following disturbance -

OSB Stefan-Boltzmann constant Wm2K*
oy Standard deviation of wind speed ms™~!

G Scattering coefficient, diffuse irradiance -

c® Scattering coefficient, direct irradiance -

Gr Reflectance coefficient h

Sr Transmittance coefficient -

T Turnover rate (active tissues or non-structural carbon) s—1

Yo Thermal conductivity Wm~ ! K™!
Yy Hydraulic conductivity ms~!

¢ Oxygenase:Carboxylase ratio molo, molC~!
(0% Dimensionless stability function of momentum (eddy flux) -

(0) Dimensionless stability function of heat (eddy flux) -

X Mean orientation factor B

L4 Soil matric potential m

Yy Dimensionless flux profile function of momentum (eddy flux) -

Vo Dimensionless flux profile function of heat (eddy flux) -

Q Branch wood area index m%VOOd m~2
0} Leaf shedding rate s~
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Table S3: List of universal (physical) constants used in ED-2.2. For parameters that can be
constrained and optimized, refer to Tables @ (global) and@] (PFT-dependent).

Symbol  Value Description

Ein 2.17-107> Jmol ! Average photon specific energy in the PAR band

g 9.807 ms > Gravity acceleration

Mc 1.201- 1072 kgmol ! Molar mass of carbon

My 2.897-1072 kgmol~!  Molar mass of dry air

M,, 1.802-10~2 kgmol~'  Molar mass of water

Lirs 3.34-10° Jkg™! Specific latent heat of melting at the water triple point
li3 Lis+1py3 Specific latent heat of sublimation at the water triple point
Ipy3 2.50-10° Jkg~! Specific latent heat of vaporization at the water triple point
0a 0.209 molo, mol~! Reference oxygen mixing ratio

Do 10° Pa Reference pressure for potential temperature

qi 2093 Jkg ' K~! Specific heat of ice

q 4186 Jkg 'K! Specific heat of liquid water

dpd 1005 Jkg 'K ~! Specific heat of dry air at constant pressure

dpv 1859 Jkg 'K ! Specific heat of water vapor at constant pressure

R 8.315 Jmol ' K~! Ideal gas constant

Ty 273.15K Zero degrees Celsius

T3 273.16 K Water triple point

K 0.40 von Kdrmén constant

Pe 1000 kgm 3 Density of liquid water

P 100 kgm 3 Density of fresh snow

OsB 5.67-10°8 Wm~2K~*  Stefan-Boltzmann constant

Tq, 0.57 Wm~!K™! Thermal conductivity of liquid water
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Table S4: List of default values for global parameters used in ED-2.2. Soil carbon parameters x, are
shown as vectors (x,, ;Xe,;Xe, ) corresponding to the fast, intermediate, and slow pools, respectively.
Optical parameters are shown as vectors (xpaR;XNIR; XTIR) corresponding to the photosynthetically
active (PAR), near infrared and thermal infrared bands, respectively. For default PFT-specific
parameters, refer to Table physical constants are listed in Table

Symbol Value Description

Be (11.0;4.5;0.2) yr~! Optimal decay rates of soil carbon pools

Be 0.5 kgc kg};ilO Carbon:oven-dry-biomass ratio

ecold 0.24 Decay parameter for decomposition at cold temperatures
€Dry 0.60 Decay parameter for decomposition at dry conditions

€Hot 12.0 Decay parameter for decomposition at hot temperatures

eWet 36.0 Decay parameter for decomposition at wet conditions

Jai 1.6 Water:CO, diffusivity ratio

for 1.4 Water:CO; leaf-boundary-layer conductance ratio

Jhe (1.0;0.3;1.0) Fraction of decay due to heterotrophic respiration

fip 0.5 Fraction of carbon retained by plants when shedding leaves
T 0.5 yr! Fire intensity parameter

Keys 214.2 umolco, mol~!  Michaelis constant for carboxylation at 15 °C

Kos 0.2725 molg, mol ! Michaelis constant for oxygenation at 15°C

kpep 17949 mola;, mol&l)2 Initial slope for the PEP carboxylase (C4 photosynthesis)

Pr 0.74 Prandt]l number

Qi (Ke) 2.1 Temperature factor for Michaelis constant (carboxylation)
Qi (Ko) 12 Temperature factor for Michaelis constant (oxygenation)

Q10 (9) 0.57 Temperature factor for carboxylase:oxygenase ratio

Tecold 291.15K Temperature threshold for decomposition at cold temperatures
ToHot 318.15 K Temperature threshold for decomposition at hot temperatures
tRunoff 3600 s E-folding Decay time for surface runoff

Wmax 0.11 kgw mfeaf tWood  Water holding capacity

200 0.0l m Roughness length of bare soil

ZFr —0.50 m Soil depth used to evaluate fuel dryness

ATE 0.014 yr*‘ Tree fall disturbance rate

%ry 0.48 Relative moisture threshold for decomposition at dry conditions
Byt 0.98 Relative moisture threshold for decomposition at wet conditions
o, 0.05 m Inverse of the optical depth of temporary surface water

G3g 0.02 Scattering coefficients (thermal infrared) for bare soil

glg"; (0.518;0.435;0.030) Reflectance coefficients (thermal infrared) for pure snow

015 4561 Carboxylase:oxygenase ratio at 15 °C

) 0.190 Flux profile function of momentum at roughness height

S17



(poompiey pue poomdes) sanssn payIu3I| Jo UONILL] -0l 01 01 0’1 01 iy

90UBIONPUOD 1001 dUY 0] 10308} FUI[eIS AL _wmx L 009 009 009 006 006 D

(BYRWIOIS PISO[D) SOULIONPUOD [ENPISTY |-S_wow 10 1°0 10 10 10 MQ

J0)0eJ Suleds ssewolq jes[:poomdeg 28y u 006 006€  006€ 006€ 006€ of

Ayumnyew je uononpoidar 0) UONEBIO[[e UOGIED JO UOT)ORI] _ 0£0 0€°0 0€°0 01 01 o

oner uonejAxoqred:uoneldsay - SI00  S100  SI00 S10°0 Ge0’0 4

Onelr ssewolq Jes[:100I-oul] - 001 001 001 001 001 v

[00d 93e103s Ul paurejal 93eI0)s U0GIEd JO UONIRL] _ 010 01°0 01°0 000 000 ur
sarmeraduwo)

10y Je wsroqelow dre[nsar-umop 0) Iojeuwered Koo _obo o0 0v°0 or'o 0¥°0 10HS

xoput urdwny) - 080 080 08°0 001 001 dumisy
sarmeraduwo)

ploo je wsroqgelow 9jenSaI-umop 03 Iaowered Koo _0%0 a0 00 A 00 1oy

SSBUIOIq PUNOIS-2A0QE JO UONORL] - 0L0 0L°0 0L°0 0L°0 0L°0 ovf
(Adoued)

Anowo[[e  Ssewolq PoOoMIIEaY I0) JUAIOYF0d Jusuodxy - 9Trc 9t 9Ty'C 9ty 9ty )
(Adoued)

Anowo[e  SSEWOIq POOMITEAY 10J JUAIOYJI0d  TUIRIS - I6Cc0 0€Cc0 TLT'O  L¥P9O0 L¥90°0 <
(Adoueo-qns)

Anowo[[e  SSewolq PpoOoMIIEaY I0) JUAOYF0d Juduodxy - ey'Cc TevTt  TeEv'e (4% ¢ (4344 9
(Adoueo-qns)

Anowo[e  SSEWOIq POOMIIEAY 10J JUAIOYJI0d  TUI[eIS - C8C0 TCCO 9910  LT9O0 L2900 0D

Anowoj[e SSewolq Jea| 10y JUAIOYF02 Juauodxyg - SL60  SL60  SL60 SL6'0 SL6'0 5

Anowo[[e ssewolq Jeay 10J JUIOYJ0d SUI[edS - 100 0960 8IvO0 8S1°0 8S1°0 )

POOM 0] OTJEI SSBWOIq-KIP-USAOLIAIEM - S8 G811 e8I eyl S8l Mg

SOABQ[ J0J OTJRI SSEUWIOIq-AIP-USAO:IdIBA _ L0 L0 L0 L0 L0 Mg

ALT ALN dLd DED DY
uonduoseq sun on[eA SyadSLid [oquiAS

@ J[qeL ur umoys a1 sijowered [qO[3 INBJIP puE SJULISUOD JO san[eA YL, (6007 & 32 ASIAPIJA] Se dwes
oy} are ST erodwd) 10J s1ojowered jnejop oy, "A[RA1IOdSaI ‘pareIjul [BWIAY) PUB ‘paIeIjuLIBau ‘(9AndR A[eonayiuisojoyd) o[qrsia
oy} 01 Surpuodsariod ¢(dlly ¢¥INx {dVdx) s10J09A st papraold are x siglowered juopuadop-enoads "(YI ) 291 [edrdon [BuOoISSaINS-91e|
‘(ALIN) 221 1eordox [euorssadons-prua ((YIH) 921 [eo1don [BUOISSAIINS A[IRd {(DH¢))) sseid [eordon €) ‘(D§)) sseid [eordon ¥ are
SLAd UL, ‘1X9) 9Y) Ul paquIdsap pue 7'z-dH Ul pasn (L 4d) 2dA) reuonouny jued uo puadap jey sidjowered jnejop Jo IS :GS d[qeL

S18



QOUBYTWISULI) POOAA
QoueNIWISULT) Jeo|

90UBIOIPAI POOA

Q0UEBIO9AI Jeo]

Q0UBQINISIP [[Bf 921} 01 $931) 95Ie] Jo dIYSIOAIAING

(000°0°100°0°100°0)
(000°0°002°0°050°0)
(001°0°0ST°0°011°0)
(0S0°0°00%'0°001°0)

(000°0:8+°0820°0)
(000°0:002°0°050°0)
(0¥0°0:0ST°0091°0)
(0+0°0°00%°0:001°0)

- 00 00 00 00 00 (Wwor<”2),,9
20UBQIMSIP [[&f 931 0} $221) [[ewWS Jo dIYSIoAIAING - oro 01°0 01°0 §co ¢ o (wor > "2) 4,9
20ueqIMSIpP 21y 0) dIYSIOATAING - 00 00 00 00 00 w9
(A)1[B1I0W JOJ PIPIAU SIASSBIF 10J SAN[BA) AJISUSP POOA c-wo3 060 1.0 €50 020 020 id
PIoIA wmueng - 0800 0800 0800 080°0 ¢s0'0 2
(9oueydoNnpuod
[ejewols) 1ojowered uone[NIoI-UMOp JIOYIP 1M Jed] —lowMpow 9100 9100 9100 9100 9100 my
191BM
pue poom udeaM}aq SUIPUOQ (IIM PALIdosse Jeay Oyrdadg -8 0I'€9 0I'€9 01°€9 01°¢9 01°¢9 Eomwﬂ
Kyunyewr aanonpoidar je Jy3rey jue[d w 081 081 081 Sl S'1 oado wa
pIA yeo[ [edrd4y, w 0ro 0r°o 01°0 S00 ¢00 Y
sSIm] pue sayouelq J0J 9ZIS 9[0€}sqo [ed1dAT, w SO0 SO0 S0°0 SO0 S0°0 ma
Do ST 18 21BI UONBIAXOQIED WNWIXE]N | _S W [owr] SC9 ¢l SL8I SL8I Sl xM%\.,
BIRWIOIS YIIM JBS[ JO SOPIS JO JaquunN _ I I I 1 I q
ArAnoe drjoqelout 10y ploysaiy armeradwa) 104 A SI'8IE  SI'8I¢€  SI'8IE  SI'8IE CI'8I¢ HL
1s01J 03 ssourprey juefd 10§ pjoysay) amyeroduwidy, A S96LT S9°SLT S9CLC  S9°SLT C9°SLT 4
A)1ATIO® dTjoqeIow 10J ploysaIy) amyereduid) pjo) A SI'€8C  SI'€8C  SI'€8C  SI'E8C S1°88¢ PIooL
eaIe Jed] oyroadg ﬁwwx M 99°'6 SO'1IT 2091 0LCC 0L7CC VIS
D, ST e der uonendsar 1001-our] =S 9vCc0  9vCc0  9¥C0 9C0 9vC0 H
SSEWOIq POOM AIP-UAO JO Jedy oyradg " R [ YA KA | L1TI L1TI L1TI L1TI ao@
SSEWOIq Jea] AIp-UdAO JO Jedy oyroadg =391 8Ice  8Ice  8ITE 81C¢ 81CE ao@
uonendsar 1001 uy 10j 10308} dduapuadap armeradway, _0ve or'e or'e ov'e or'e (44) 015
91el UONR[AX0QIed 10} 10308 dduapuadap armeradway, _0re or'e \ard ov'e o'z AQ\C 013
sansst aAnonpoidar Jo ayer sso| |—owr S6°0 S6°0 S60 S6°0 S6°0 Tw
Q0UB)ONPUOD [BIBWO)S 10] J03oe) 29do[S _ 06 06 06 06 L W
(S1001 QUL PUB SIAEBI[) SANSSI} PAYIUSI] JO UONIRL] _ 00 00 00 00 00 Iy
wonduosaq s AT LN dLd DED DYD [0quIAS
T : anfeA ogroads-1.4d

(PanunuoD) :gS a[qeL,

S19



J10)5'} UOILIUSLIO UBIA - 0ro 01°0 01°0 000 000 X
J0joej uonedsar yumoIn AP €€€°0  €€€0  €£€°0 £ee0 £ee0 V2
9JeJ J9A0UIN) JOOI-AUT] TH% €€0 0S°0 01 0¢ 07¢ “
3jel 19A0UIN) FRI0)S 1K L910 910 L9100 €€€°0 €€€°0 2
Jel I9AOUIN JBI] A €0 0S°0 01 07 0'¢C L
uonduosaq sun ar1 Mqusﬁ\wmoﬁuwoo %.HWMU 3148 [oquiAS

(ponunuo)) :¢S 9[qeL

S20



Table S6: List of soil component properties (air, sand, silt, and clay), used to derive most
soil-texture dependent properties. Most parameters are based on Monteith and Unsworth| (2008));
values for silt were unavailable and assumed to be intermediate between sand and clay. The
volumetric fractions of the default soil texture types in ED-2.2 are listed in Table

Soil components

Symbol Air Sand Sit Clay Units Description
q 1010 800 850 900 Jkg 'K~! Specific heat
p 1.200 2660 2655 2650 kgm™3 Bulk density
To 0.025 8.80 587 292 Wm 'K! Thermal conductivity

S21



Table S7: List of volumetric fractions of sand, silt, and clay (fy)) for the default soil texture types
in ED-2.2 (Fig.[S6). Component-specific properties of soils are listed in Table [S6|

Volumetric fractions
Sand  Silt  Clay

Class Description

Sa Sand 0.920 0.050 0.030
LSa  Loamy sand 0.825 0.115 0.060
Sal.  Sandy loam 0.660 0.230 0.110
SiL Silt loam 0.200 0.640 0.160
L Loam 0.410 0.420 0.170

SaCL Sandy clay loam 0.590 0.140 0.270
SiCL  Silty clay loam  0.100 0.560 0.340
CL Clayey loam 0.320 0.340 0.340

SaC  Sandy clay 0.520 0.060 0.420
SiC  Silty clay 0.060 0.470 0.470
C Clay 0.200 0.200 0.600
Si Silt 0.075 0.875 0.050
CC Heavy clay 0.100 0.100 0.800
CSa  Clayey sand 0.375 0.100 0.525
CSi Clayey silt 0.125 0.350 0.525
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Table S8: Coefficients used in Eq. for each limitation and photosynthetic path. The special
case in which the stomata are closed is also shown for reference.

Case C;3 photosynthesis C4 photosynthesis
Closed stomata 0 0 0 1 0 0 0 1

RuBP-saturated Vcrﬁax —Vélljax Iy 1 Kmg 0 VCTaX 0 1
COplimited — VA™ VAT, 1 Kug,  keepVE™ 0 0 1
1 0 1

Light-limited €x gr  — €k qi Lk 217 0 €k Gk
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S1 Boundary conditions for the ecosystem dynamics equations

The boundary conditions for Eq. (2)) and (3) are:

1 . Al
A GOLT: |

gy (Cfoaayl) = /Cf /0 f5f of nFQ’X/Yafq/ dadC
0

. q'=1
Recruit ~~ RS —~ _
Local recruitment Non-local, random dispersal
(S1)
No oo
ngq (Cr,0,1) =Y, { /0 Grynpy Oy da}, (S2)
— =1
Population at new gap < ~ _
Disturbance Survivors
No
Q, (0 l‘) = Ay g Oyda (S3)
q\~> 949 ~q ’
~—— ;l

Probability of new gap z—/_/
Disturbance rates

where Cy, is the size of the smallest individual of PFT f; g is the growth rate for individuals of
PFT f with size Cy, ; 1 is the unity vector for size; o is the recruitment rate, which may depend
on the PFT, size, and carbon balance; f§ f is the fraction of recruits of PFT f that are randomly
dispersed instead of locally recruited; and &y, is size-dependent survivorship probability for a
PFT f following a disturbance of type g (for a complete list of subscripts and variable meanings,
refer to Tables |S1| and . Both gy and my are functions of the plant size and the individual’s
carbon balance. The individual’s carbon balance depends on the environment perceived by each
individual; in turn, the environment perceived by each individual is modulated by both the plant
community living in the same gap and the general landscape environment. Likewise, the disturbance

rates may be affected by the local plant community in the gap and the regional landscape environment.
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S2 Long-term carbon dynamics and relation with carbon balance

S2.1 Leaf phenology

Leaf shedding rates (@, ) depend on the cohort’s life strategy (evergreen or deciduous). In case of
deciduous trees, the rates are modulated by the difference between the fully-flushed leaf biomass
given size (C®, Supplement and the maximum leaf biomass given environmental constrains,
expressed through the leaf elongation factor (e;, ). For cold-deciduous cohorts, ¢;, is determined
either from a prognostic model (Botta et al., 2000; Albani et al., 2006) or prescribed from MODIS-based
estimates or from ground observations (Medvigy et al., 2009). For drought-deciduous cohorts, it

is determined by the following parameterization:

1 . if Slk Z 1
e, =15, Lif0.05<s, <1, (S4)
0 .ifs;, <0.05
1 ’ G [ max [0,% (1) + 5 (24, +2g;0) — o]
Sp= / - dr, (S5
|Zrk| Atg] Jt'—Appen j=iGer) Wiga— \PWp

where z;, is the rooting depth of cohort k (Supplement [ST6)), Ag; is the time scale for changes in
phenology (assumed 10 days), j(z,,) is the soil layer containing the deepest roots of cohort , Wy,
is the soil matric potential at soil layer j, Wj 4 is the soil matric potential below which plants start
shedding leaves (assumed —1.2 MPa), Ww,, is the soil matric potential at the wilting point, and
zg; 1s the depth of soil layer j, (zgy_,, = 0). Leaf shedding occurs whenever soil is drier than the
threshold defined by Wi 4 and drought conditions are deteriorating:

G
0, e JE1]- (S6)
Iy

; max

, At Phen

In addition to the cold-deciduous and drought-deciduous strategies, leaf phenology of tropical
trees can also be represented by an empirical model that is driven by the seasonality of light
availability (Kim et al., 2012); this approach, however, was not used in the model evaluation
because the empirical model requires site-specific parameters to describe the seasonality of leaf

flushing and leaf shedding, and this approach has been tested in only one site so far.
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S2.2 Carbon allocation to living tissues and non-structural carbon

The accumulated carbon balance (Cy,, Eq. @ over the phenology time step Afppe, is used to
update the non-structural carbon storage (Cy,) as well as the changes in carbon stocks of living
tissues (leaves: Cj,; fine roots Cy, and sapwood Cg, ) due to carbon allocation, turnover losses, and
phenology. Changes in living tissues and non-structural carbon are interdependent and described
by the following system of equations (see also Medvigy et al., 2009; Kim et al., 2012):

dG,, 1 ! dCy,
—* = —dr — C, —Y%.Cr. —Y5.Cs, — T, Cny S7

dr Atphen [[AtPhen dr + (f LD O, %k) e — Vi Cre = Yo Loy — Ty Oy (S7)
dc,

dtk = (ylk - le - wlk) Clk7 (SS)
dC,

dtk - (Yrk - Trk) Crk7 (Sg)
dCs

a ~ YoCou (S10)

where ¢, is the elongation factor (Supplement @); /LD is the fraction of carbon retained from
active leaf drop as storage, currently assumed to be 0.5; (7, ; ¥,; Yo, ) are the growth rates of leaves,
fine roots, and sapwood, respectively; (le; Tres ’L'nk) are the background turnover rates of leaves, fine
roots, and non-structural carbon, and are typically assumed constant (Table S5} but see Kim et al.|
2012); and @y, is the phenology-driven leaf shedding rate (Supplement@.

The allocation to living tissues depends on whether the plant carbon balance and environmental
conditions are favorable for growing, and it is proportional to the amount of carbon needed by each
pool to reach the expected carbon stock given size and environmental constrains (Supplement[ST6).
First, let (€3G

Tes C?k> be the biomass increment needed to bring leaves, fine roots, and sapwood,

respectively to the expected carbon stock given the plant size and PFT (Cl'k;C ° 'C(',k> :

rr?

Cjy = max [0,e,, G, = Cy; (1= 17 Atpten) . (S11)
CS? = max [O’C;k —Cr (1= T, Atphen) ] (S12)
Cg, =max [0,C5, —Cq, ], (S13)
Co, = C +C1 +Cg,, (S14)

where Cgk is the biomass increment needed to bring all living tissues to expected biomass given
size and PFT, and Afppey, is the phenology time step (Table[[). Growth rates of leaves (¥;,), fine roots
(7-,) and sapwood (¥5,) are proportional to the amount needed by each tissue to be brought back
to the expected biomass given size and PFT, but also constrained by the amount of non-structural

carbon (C,,) available:
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1 ey, le) .

¥, = max {07 Kben Cgk min [Cakacnk (1—1) +CAk] }a (S15)
e

Y :maX{QK}mc_gkmm [C(Xk7an<1_Tnk)+CAk] }7 (S16)
1 G

Yo, = max{o,mm cg, i [Cas o (1= T) +Ca,] } (S17)

When the cohorts are actively shedding leaves due to phenology, (¥,;¥,;Ys,) are assumed to be
zero. In case carbon balance is sufficiently negative to consume the entire non-structural carbon

pool, carbon stocks of living tissues will be depleted and mortality rates will increase (Supplement
S24).
S2.3 Carbon allocation to structural tissues and reproduction

Growth of structural (Cp,) and reproductive (C,,) tissues are calculated at the cohort dynamics

time step (Afcp, Table[I)), after the biomass of living tissues and phenology have been updated:

Cp, (t) = Cp, (t — Atcp) + Vi, Gy, (1) Atcp, (S18)
Co, (1) =04 i, (1), (S19)
th = @_ Qlk _ynk7 (820)
1 00 iz, <z P or ey >0 s21)
o Atcp | f, . otherwise ’
1 (10 Lifw, >0 )
Tou Atcp | fn . otherwise ’

where z;, is the cohort height (Supplement [S16)); Ziepro is the minimum height for reproduction,

currently defined as the maximum height for grasses and 18 m for tropical trees (based on |Wright
et al., 2005); f, is the fraction of carbon storage allocated for reproduction when trees are above
minimum reproductive height, currently defined as 1.0 for grasses and 0.3 for tropical trees (Moorcroft
et al.L|2001); f;, is the fraction of carbon storage that is kept as storage, currently assumed to be O for
grasses and 0.1 for tropical trees; and @, is the phenology-driven leaf shedding rate (Supplement
[S2.1)). The total reproduction biomass C,, is transferred either to the patches’ seed bank or to the
soil carbon pools. The fraction that is transferred to the soil carbon pools is defined in terms of

a mortality factor (m,, ), by default equivalent to 95% in a month, which accounts for both the

S27



allocation to reproductive accessories (fruits, flowers, or cones), which are eventually lost, and the
seedling mortality rate; the remainder (1 —m,, ) is transferred to the seed bank. Carbon storage C,,

is updated after carbon allocation to structural carbon and reproduction.

S2.4 Mortality rates

Following Moorcroft et al. (2001)) and |Albani et al.|(2006), the individual-based mortality rate (1)

of any cohort k is the sum of four terms:

DI DD CF FR
my, = my,’ + my,’ + m +my . (S23)
~~ ~~~ ~N ~~
Aging Carbon starvation Cold/Frost Fire

(Density-Independent)  (Density dependent)

As in Moorcroft et al.| (2001), density-independent mortality is the component attributable to
aging of the cohort, and it depends both on the typical tree fall disturbance rate Atg (Table and

the cohort wood density:

mP' = Ay {1+10.714- (1—&)], (S24)
PLTR
where p;, (gcm_3) is the wood density of cohort k (Table , and prr 1s the wood density for
late-successional, tropical broadleaf trees (Table @
Mortality due to cold or frost is also determined through a phenomenological parameterization
that linearly increases mortality when the monthly mean canopy air space temperature T . falls

below a temperature threshold (Albani et al., 2006):

T.—T,
m< = 3.0 max {O,min (1,1— - Fk)], (S25)

where T, is a cold temperature threshold that represents the plant hardiness to cold, currently
assumed to be 275.65 K for all tropical plants.

Mortality due to fire in ED-2.2 follows the original implementation by Moorcroft et al. (2001),
and assumes that while fire depends on local scale dryness, once it ignites, it can spread throughout
the entire site. Unlike other mortality rates, here we take multiple patches into account (patches
are denoted by subscript u). First, let ALE 50 be the disturbance rate associated with fires affecting

patch u (and creating patch ug), defined as in Moorcroft et al.| (2001):
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Np NTM

MR =T Y Y {[Cu + facu (Cuc, +Cun,)] Vuttu} (S26)
u=1k=1

where Np is the number of patches, N7, is the number of cohorts in patch u, ), is the binary ignition
function, , is the relative area of patch u, and Z = 0.5 yr~! is a phenomenological parameter that
controls fire intensity, and fag,, is the fraction of the tissue that is above ground (Table .

The ignition switch is defined in terms of the dryness of the environment, following the original

formulation by Moorcroft et al.|(2001)), which uses soil moisture to estimate dryness:

0
|if L/ S.dz) >
V= 1 < 8 Z) O (S27)

0 , otherwise

where zp; is the maximum soil depth to consider when assessing dryness and U, is the average
soil moisture below which ignition occurs. Both zp. and U, are adjustable parameters; default
values are zg; = —0.50 m and O, = ¥ (Wg) (P = —1.4 MPa). Once the fire disturbance rate is
determined, mortality rate can be determined from the definition of disturbance rate (c.f. Moorcroft
et al., 2001):

1
mR = 1In , (S28)

e CATLI;I: + (1 — 6;1:) exp (_A‘th:,]'}o AZ‘PD)

where 651; is the survivorship fraction of cohort #; of patch u following fire disturbance; this value
is currently assumed to be zero for all plants in ED-2.2.

Density-dependent mortality rate (ng) is called so because it describes the limitations of
carbon uptake due to competition with other trees to access shared resources such as light and
water. Similarly to Moorcroft et al.|(2001), the density-dependent mortality rate is parameterized

with a logistic function:
mPP (1) = 2 (S29)

C )
L +exp {yz <C§" —ys)l
k

where (y1;y2;y3) = (5.0,20.0,0.2) are the default (but adjustable) parameters for tropical plants;

Cy, 1s the average carbon balance of cohort k over a 12-month period ending at time 7, and 6Zk

is the average carbon balance the cohort would attain if it had no light or water limitation. The
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current implementation includes only light and moisture, although the idea can be extended to any

limiting resource.

S3 Input fluxes for soil carbon pools

Soil carbon is represented by three pools characterized by their typical decay rates: the fast soil
carbon (subscript e;), is comprised by metabolic litter (non-lignified leaf and fine-root litter);
the intermediate soil carbon (subscript e;) represents the decaying structural tissues and lignified
materials, and the slow soil carbon (e3) represents the dissolved soil organic matter. Changes in soil

carbon content of the three pools are described by the following ordinary differential equations:

dcC : . . .

d;l - Ctk,el + Ctlmel - Cel ,c Ce] ,€39 (830)
dC . . . .

dteZ - Ctk,ez + Ctk,e‘z - Cebc - C32763’ (S3 1)
dc, . . .

& = Ceres T Cores = Cose (532)

where (C,MI;C,,“Q) are the influxes from cohorts to fast and structural soil carbon that are due

to maintenance and shedding of living tissues; (th e1§C;,: e

and structural soil carbon that are due to mortality; (C‘e1 7C;C627C;C‘637c) are the effluxes from all soil

) are the influxes from cohorts to fast

carbon pools through heterotrophic respiration; and (Cp, ¢,;Ce,;) are the decay fluxes that are
transported from fast and structural carbon pools to the soil organic matter pool.
Heterotrophic respiration terms are discussed in Section #.8] The transport terms between

cohorts and the fast and the structural carbon pools are defined as:

Crey = (1—4,) [(1- fip) @, C, + 7, Cy + 7, Cr, ], (S33)
Cipe» = £y, (fp @y, Cy, + 7, C, + 7, Cr, ) (S34)
CXo = my [(1—£,) (C+C) + (1 —£1,) (Cop +Chp) +C] +1m, Cop, (S35)
CX,, = my [£, (C,+Cp,) + £, (Cop+Ci)] (S36)

where (£,;£,) are the fraction of soft — leaves and fine roots — and woody — sapwood and
hardwood — tissues that are lignified, and (le; ’crk) are the leaf and fine root turnover rates (Table;
JLp 1s the fraction of carbon reabsorbed by cohorts when shedding leaves (Table @; @y, is the
phenology-driven leaf shedding rate; m;,, is the mortality rate (Supplement; and m,, is the rate

of loss associated with reproduction (reproductive accessories and seedling mortality; Supplement
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S2.3)).

The decay rates that are transported from fast and structural pools to dissolved soil carbon pools
are also determined from the complementary fraction of decay functions, i.e. the fraction of decay
that is not lost through heterotrophic respiration (see Section [4.8)):

C€j7€3 = €j,Cy
fhé’j

(S37)
where the subscript e; corresponds to either the fast (e;) or the structural (e) soil carbon; fhej
is the fraction of decay that is lost through respiration (Table ; and Ceﬁc is the heterotrophic
respiration flux from these soil carbon pools.

S4 Definition of enthalpy as a state function

Enthalpy is an extensive thermodynamic variable, therefore the total enthalpy of any thermodynamic
system consisting of two or more materials is the sum of enthalpies of each material. Likewise,
enthalpy must increase linearly with mass, therefore the total enthalpy of any material (H,) is
defined as H, = X - hy, where X is the mass of this material and /4, is the specific enthalpy of this
material.

For any material other than water (hereafter, dry material), /4, is defined as zero when the dry
material temperature is 0 K; for water, the zero level is also at 0 K, with the additional condition
that water is completely frozen. The specific enthalpy for dry material (h,), ice (h;), liquid water

(hy) and water vapor (h,) are defined as:

ha(T) = ga-T ($38)
——
Heating
m(T)= g;-T (S39)
~—~—
Heating ice
ho(T) = hi(Tye) + Lie(Tie) +q0(T —Ty) (S40)
S~ ——

Ice enthalpy at melting point  Melting ice ~ Heating liquid
hv(T) = hZ(Tév) =+ lZv(Tﬂv) +4qpv (T_TEV) (S41)

Liquid enthalpy at vaporization point ~ Vaporization Heating vapor

where g4, g; and gy are the specific heats for dry material, ice and liquid water, respectively; g,
is the specific heat at constant pressure for water vapor; T;y and 7y, are the temperatures where ice

melted and liquid water vaporized; and /;; and [/, are the latent heat of melting and vaporization,
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respectively. Equation is still valid even when ice sublimates, because /;,(T) = 1;;(T) +
lpy(T) for any temperature 7. By definition (e.g. Dufour and van Mieghem, 1975), the latent
heat associated with phase change is the difference in enthalpy between the two phases at the
temperature in which the phase change happens, therefore, we can determine the dependency of

latent heat on temperature:

algv> (ahv) <ahg>

_ (2 — g —an (342)
<8T , \oT /), \or /), "

al,-,g> (ah,g> <ah,~)

5= =57 ) —|37) =a—a (543)
(aT , \or /), \or),

If we further assume that the transition between ice and liquid phases can only occur at the

water triple point (73), and that the latent heat of fusion /;s3 = ;(73) and vaporization I3 = I;,,(T3)
are known (Table [S3)), we can combine Eq. (S38)-(S41I) to obtain a generic state function for
specific enthalpy h:

H )
h:m—wZdeTﬂLW[lQiTﬂL@(H(T—TEO)JFVCIpv(T—Tvo)], (S44)
D
d=—"— (S45)
D+W
w
we W (S46)
D+W
Ty 41,
T =T — (113—-1—43, (S47)
qe
T3+ 1; l
TV0:T3—q 3+ L3+ zv3, (S48)
4pv

where d and w are the specific mass of other materials and water, respectively, and i, ¢, and v
are fraction of ice, liquid water, and vapor, respectively. Importantly, (S44)) does not contain any
information about the temperature at which the phase changes had occurred, which is necessary
because enthalpy must be a state function (i.e. path-independent).

Temperature 7" and phase fractions (i;/;v) of any thermodynamic system are diagnosed from
enthalpy. In the case of canopy air space, i, and ¢ are all assumed to be zero, and thus v = 1. The
canopy air space temperature 7, is obtained by inverting Eq. and using thatd = 1 —w:

hc+quv Tyo
(1 - W) qpd +W{qpy

T, = (S49)

For other thermodynamic systems, v is assumed to be zero. To obtain the temperature and the
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liquid fraction, we eliminate i from Eq. (S44) by using that i = 1 — ¢, and define two critical values
of specific enthalpy: h;3, the enthalpy when the water is at the triple point temperature (73) but

entirely frozen, and /3, when water is entirely in liquid phase and still at triple point temperature:
hiz=dq.T3+wq T3, (S50)
hiy = hiz +wlis =dqa T3 +wqe (Ts — Tio) - (S51)

Liquid water and ice can coexist when 7" = T3, and this only occurs when h;3 < h < hy3. Therefore,

we obtain 7" and ¢ by comparing the specific enthalpy with £;3 and hy;3:

h .
W , ifh < hi3

T={T Jif iy < h <y, (S52)
h+wq, Ty .
—dqd+€v$ ,if h > hys
0 ,ifh < hj3

/= (h_hvtj)lim Lifhyy <h < hys . (S53)
1 Lifh > hys

S5 Specific heat capacity of the thermodynamic systems

From Eq. (§44)), we must know the mass and specific heats of each material for each thermodynamic
system. For water, specific heat depends on the phase: g; (ice); g, (liquid); g, (vapor at constant
pressure); values are shown in Table The specific heats of dry materials are defined below.

S5.1 Soil

Soil water of layer j is normally expressed in terms of liquid-equivalent volumetric fraction (d;),
thus the bulk density of water in the layer is simply W, = py¥;. Dry soil is a combination of
sand, silt, clay, and air filling any pore space not filled by water, and its bulk density D, for each
layer is based on|Monteith and Unsworth (2008, Section 15.3):

3
Dy, = [Z PrVox (Zgj)] ) (S54)
k=0
Opo — Vg, 2 TP e —
Vox (20.) = J , S55
0 (Zéj) {fVK(l _19[30) K#O ( )
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where k indices 0, 1, 2, 3 correspond to air, sand, silt, and clay, respectively; pi (Table and Vyi
(Table are the specific gravity and the reference volumetric fraction of each component, and zg,
is the depth of soil layer j. The volumetric soil content depends on the following texture-dependent
variables: fy, , the soil texture-dependent, volumetric fraction of each soil component excluding
water and air; Up,, the total porosity or maximum soil moisture and g, is the residual water
content, defined in Supplement In reality, the volumetric fraction of air is not constant and
depends on soil moisture; nevertheless, the total air mass is three orders of magnitude less than the
solid materials, thus the contribution of varying air in the pore space to changes in specific heat is
negligible. To reduce the maximum error associated with this assumption, we use the volumetric
fraction corresponding to halfway between the minimum and maximum soil moisture.

Specific heat of dry soil of layer j (¢q4q;) is also determined following Monteith and Unsworth
(2008), as the weighted average of the specific heats of the four components (Table [S6):

3
Z (P Voxax)
Gag, = "5 (356)

Z PKVOK
k=0

S5.2  Vegetation

In ED-2.2, vegetation biomass of the different tissues is usually expressed in kgcm™2; for the
energy budget, however, we must account for the total internal mass (kgm~2) because internal
energy is also stored in non-carbon material, including the interstitial and intracellular water of
leaves and above ground wood. Internal water is considered a plant functional trait that remains
constant throughout the simulations, although it can be different for different plant functional types.

The extensive mass of the vegetation tissue (Dy,) for any cohort k is given by:

Dy, = Dy, + Dy, (S57)
1

D, = B—Cclk (1+Bwi), and (S58)
1

Dbk = B_CfAG Cbk (1 —l—BWb) , and (S59)

where B¢ = 2.0 is the conversion from carbon to oven dry biomass, following|Baccini et al.| (2012);
n, s the demographic density of cohort k (plantm~2); Cy, and Cy, are the carbon biomass of leaves

and wood for each cohort (kgc m™2), respectively; Dy, and Dy, are the extensive internal mass
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leaves and wood, respectively; fag is the fraction of woody biomass that is above ground (assumed
0.7 for all tree PFTs); and By; = 0.7 (Forest Products Laboratory, 2010) and By; = 1.85 (Kursar
et al., 2009) are the water to oven-dry mass ratios for leaves and wood.

The vegetation specific heat excluding intercepted water (g, ) is based on the Gu et al. (2007)
parameterization and determined by the weighted average of leaves and wood specific heats, which

in turn are weighted averages of the specific heat of the oven-dry materials and water:

(OD)

(OD)
1 q; " +Bwiqe q,  +Bwpqe Bond
=— |D) ——+——+D -+ Ag™" S60
thk D[k lk 1+BW[ + bk 1+BW[7 + qb ( )

where ql(OD) and qlgOD) are the specific heats of oven-dry leaves and wood, respectively. The default

values are taken from Forest Products Laboratory| (2010) and |Jones|(2014) and assumed the same
for all PFTs (Table ; and Aq?ond is a term included by [Gu et al.| (2007) and |[Forest Products
Laboratory| (2010) to represent the additional heat capacity associated with the bonding between
wood and water (Table . Although ql(,OD) and Aq?ond are both functions of temperature in Gu
et al.| (2007), we further simplified them to constants in ED-2.2, using their original equations at
15 °C (Table[S3). In addition, using g, as the specific heat for water is equivalent to assuming that

internal water does not freeze.

S5.3 Canopy air space

The specific heat at constant pressure of the canopy air space (g.) is determined similarly to the

vegetation and soils, as the weighted average between dry air and water vapor:

qpe = (1 =We) Gpa +Weqpv, (S61)

where g,,4 and g, are the specific heats of dry air and water vapor at constant pressure (Table .

S6 Canopy-Air-Space Pressure

Canopy-air-space pressure p. is assumed to remain constant throughout the integration time step
(AtThermo)- At the end of the time step, the air pressure above canopy p, is updated using the
meteorological forcing, at which time p. and A, are also updated. To determine p., we combine

three assumptions:

1. Both canopy air space and the air above are a mix of two perfect gases, dry air and water

vapor (Dufour and van Mieghem, 1975)):
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1 1 R
p=pR {Md( w)+Mww} P, (S62)

i1 M
) 559

where R is the universal gas constant, and M, and M,, are the molar masses of dry air and
water (Table [S3); and Ty, is the virtual temperature, which is the temperature that pure dry

air would be at if pressure and density were the same as the observed air:

2. pcinstantaneously changes when p, is updated, and this update does not involve any exchange
of mass or energy. This is equivalent to assuming that potential temperature of the canopy
air space 6, and air aloft 6, do not change when pressure is updated, even if enthalpy and
temperature change. Potential temperature, approximated to the potential temperature of dry

air, is defined as:

R

Mg,

o—T (@) it (S64)
p

where py is the reference pressure level and g,y is the specific heat of dry air at constant
pressure (Table [S3)).

3. The layer between canopy air space depth 7. and reference height of the air aloft z, is in

hydrostatic equilibrium:

d
Z

where g is the gravity acceleration (Table [S3).

Combining these three assumptions defining 6y, = 6(7y,) yields:

Madpd

R R
; (566)

_ Mf‘//’d G (za—7Zc) Mydpa
Pc = | Pa —
quOV

where ) is the virtual potential temperature averaged between z, and Z.. Once pressure is

updated at the biophysics time step, temperature and enthalpy are also updated using Eq. (S64))
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and Eq. (S44)), respectively. Because canopy air pressure is known at all times, canopy air density
pc can be determined diagnostically using Eq. (S62)).

S7 Soil thermal and hydraulic properties

Most of the soil hydraulic properties in ED-2.2 are derived from LEAF-3 (Walko et al., 2000) and
use the soil classification based on the United States Department of Agriculture (e.g. Cosby et al.,
1984)). Soils in tropical forests often fall under the Clay class of the USDA classification, even
though their sand, silt, and clay fractions often vary significantly from the average values of this
class. To avoid large deviations from observations, we further split the original Clay class into
four categories, named as Clayey sand, Clayey silt, Clay, and Heavy Clay, as shown in Fig. [S6]
the default fractions of each component for the default soil texture types in ED-2.2 are listed in
Table In addition to the standard classes, the model can derive site-specific properties based on
the actual clay, silt, and sand fractions, which can be provided directly by the user.

The main hydraulic properties follow the parameterization by (Cosby et al.|(1984), shown here

for reference:

Bpo = 0.0505 — 0.0142 fyy, , —0.0037 fir,,. (S67)
Wo, = —0.01- L2177 158 frygpg =063 fVClw, (S68)
b=3.10—0.3" i, +15.7 firy,. (S69)
Yy, =6.817 x 1076 . 10~ *00F 120 Psana =00 freny (S70)

where fyy,,, and fy,,, are the volumetric fraction of sand and clay, respectively; Upo (m%v m~3) is
the volumetric soil porosity (maximum soil moisture possible), Wp, (m) is the soil matric potential
at porosity, b is the slope of the logarithmic water retention curve, and Y\(II,) °) (kgwm 25~ 1) is the
soil hydraulic conductivity at bubbling pressure, assumed to occur when soil moisture ¥ = Jp,.

Soil hydraulic conductivity is defined after Brooks and Corey|(1964), with an additional correction

term applied to hydraulic conductivity to reduce conductivity in case the soil is partially or completely

frozen:
b
¥ = Wp, (19:;0) ; (S71)
2b+3
Yy = [10—70—@} Yy, (%) , (S72)

where Wp, and Yy, are the soil-texture dependent, matric potential and hydraulic conductivity at
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bubbling pressure, assumed to be the same as porosity (Jp,); and ¢ is the fraction of liquid water
of soil moisture.

Additional reference points are determined using the above equations combined with Eq.
and (S72)). The permanent wilting point ¥, and residual soil moisture Ug. are defined as the soil

moisture when soil matric potential is equivalent to —1.5 and —3.1 MPa, respectively:

1

¥ b
ﬂwpzﬁpo-(—fgg_lgg) , (S73)

1

Y b
ﬁRezﬁPO-(—ﬁ’iﬁlgg) , (S74)

where g is the gravity acceleration and py is the density of liquid water (Table [S3). The field

capacity Op, is defined as the soil moisture at which the soil hydraulic conductivity is 0.1 kgwm~2day !

1
1.16-1072 %3
—) : (S75)

7»9FC = 19?0 : (
Y‘lI"Po

Soil thermal conductivity at soil layer j (Yng) is a function of the soil texture and soil moisture,

and is determined using the de Vries weighted average of conductivities of each constituent of the

soil (e.g. Parlange et al., |1998):

3Y,
L | (sarra) Yol Yo -

_ x=0
Yo, = 3 o, : (S76)
ST RSV FRRY Y
Kg’oKﬂQﬁYQK) K<Zg’)]+ 5
Bpo — B¢ K =0
Vie (zg;) = {V,]?ry(lg—]ﬂpo) <20’ (S77)

where Vi (zg j) is the volumetric fraction for soil components air, sand, silt, and clay (x =0,1,2,3,
respectively) at soil layer j; Yq, is the thermal conductivity for air, sand, silt, and clay (Table [S6)),
respectively; Y, is the thermal conductivity of water (Table ; VEry is the dry matter volumetric
fraction; and Up, is the soil porosity. In Eq. (S76), the weights are the product between the
volumetric fraction and a function that represents both the ratio of the thermal gradient of the
soil constituents and the thermal gradient of water and the shape of each soil constituent (Camillo

and Schmuggel [1981); in ED-2.2 we assume all particles to be spherical.
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S8 Thermal and hydraulic properties of temporary surface water

The fraction of ground covered by the temporary surface water ( frsw) is determined following Niu
and Yang (2007), with the same coefficients used in the Community Land Model (NCAR-CLM
Oleson et al., [2013)):

0 if Ng =0
= NS o s \—1.0 ) S78
TTSW =9 anh [22{;;(;/ (&) 1 if N5 > 0 (578
leinWSj
Ps=—N (S79)
’ Z]JYiMS,

where Ng is the number of temporary surface water layers, z;; (m) is the vertical position of the
temporary surface water layer j; Ws; (kg m~2) is the water mass of temporary surface water layer
J» 202 1s the bare soil roughness (Table ; P 1s the fresh snow density (Table .

The thermal conductivity of each temporary surface water layer (YQsj) is a function of the layer
temperature 7; and bulk layer density, and is found using the same parameterization as LEAF-2
(Walko et al., 2000):

Yo, = o

N W5j+ (WYj)2+ (W5j>3 -exp (ysTy,) (S80)
yity2 Az, Y3 Az, Y4 Az, P\sis;),

where (yo;y13y2;¥3;y435) = (1.093 x 107%;0.03;3.03 x 1074, —1.77 x 1077;2.25 x 1077;0.028)

are empirical constants.

S9 Optical properties of vegetation, soil, and temporary surface

water.

The inverse of the optical depth per unit of plant area index () for a radiation beam coming from
any given angle of incidence Z is determined from the same parameterization described by Sellers
(1985)) and Oleson et al.|(2013)):

cos”Z
E(27Xk>,

w(Z, xx) = (S81)
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where E(Z, ;) is the average projection of all leaves and branches onto the horizontal, defined
after (Goudriaan| (1977):

E(Z,xx) =Y, +Y, cosZ, (S82)
Yy, = 0.5—0.633 y —0.33 %%, (S83)
>, =0.877(1-2Y3,), (S84)

where Z is 0 when the beam is coming from the zenith and 7 when coming from the nadir (Fig.d]in
the main text); and ¥y is the mean orientation of leaves and branches, a PFT-dependent parameter
that ranges from -1 (vertical leaves) to +1 (horizontal leaves), with O corresponding to spherically
distributed leaves (Table . Equation (S82) is valid only when —0.4 < y; < 0.6, which is the
case for most plants in the wild (Goudriaan, |1977), and also all plant functional types in ED-2.2.
In the case of direct radiation, u,? = /,L(ZQ, X ), where Z© is the solar zenith angle, whereas all
angles between 0 and 7 /2 contribute equally to downward diffuse radiation. In the case of upward
radiation, the actual angles are between /2 and 7; in practice, the contribution of each angle is
similar to the downward hemisphere except for the sign, hence the negative sign on the left-hand
side of Eq. in the main text. The contribution of all different zenith angles is represented by

I, which is the average across all possible angles (Sellers, [1985)):

z | Y Y
/ 82 Gnzdz = — {1 4+ <#>} (S85)
E(Z, ) Y, Y, Y1, +Y,

The scattering parameters G, B and Bn?k for each band m and cohort k are found using the
same formulation as the Community Land Model (CLM, Oleson et al., 2013)), which is mostly
derived from Goudriaan| (1977) and Sellers (1985). The scattering coefficient is defined as:

Gmk = GR,y + ST (S86)

where ¢z . and g7, are the PFT- and spectral-band-dependent reflectance and transmittance, respectively
(Table[S5)). The cohort parameters are found by taking the weighted average of the PFT-dependent,

leaf (gLeaf, gTeaf) and branchwood (gWOOd

ST 00“1) properties, using fclump, Ax and € as weights,
respectively.

Both the bulk diffuse backscattering f3,,x and forwarding scattering 1 — 3, contain contribution
from reflectance and transmittance because leaves and branches are not perfectly horizontal; therefore
the fraction depends on the mean leaf and branch inclination relative to the horizontal plane (Ay),

which is related to the leaf orientation by the same approximation used by (Oleson et al.|(2013)):
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1
Bk = 2Q [ngk + Lyt (ngk - ngk) cos’ Ak} ) (S87)
cos Ay ~ J;"". (S88)

For direct radiation, backscattering 8 n?k and single-scattering albedo gn?k are the same as Sellers
(1985)) and [Oleson et al.| (2013), and are determined by taking the limit G,z — O of Eq. (46) and

(47) in the main text, assuming isotropic scattering of leaves and branches, and the projected area

from Eq. (S82):

® :“k+“k gmk

) (S89)
mk — ok
E ®
mk /2 EZ7, 20 cosZ sinZdZ
Gk ) E(Z°, ) cosZ+E(Z Xi) cosZ®
511 - (S90)
_ Ylk“k 1+(Ylk+Y2k> Hy
201 +szuk) by s

The effective ground scattering coefficient g, is the weighted average of the exposed soil
scattering and the combined backscattering of temporary surface water and soil scattering of

irradiance transmitted through the temporary surface water:

Gn0 = (1= frSW) R + STSW SRy (14 G130y SRg) » (S91)

where frsw is the fraction of ground covered by temporary surface water, ¢g,,, is the reflectance of
the top soil layer; and ¢g,,. and ¢r,, are the reflectance and transmittance of the temporary surface
water, respectively. Soil reflectance is a function of the soil color and volumetric soil moisture at
the topmost layer, determined from the same parameterization and soil color classes as in Oleson
et al.[|(2013):

Gk, = min [gR +0.11 - 0.40 0, _, K" ] (S92)

where g,%: and Qlle),i are the soil color-dependent reflectance for dry and saturated soils, respectively.

The temporary surface water reflectance G, depends on the liquid fraction, snow grain size
and age, impurities, and the direction of incoming radiation, but here we simply assume a linear
interpolation of soil reflectance at saturation and pure snow reflectance (g,?ms; Table , assumed

constant for each band:
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SRns = S long (Sl = S - (S93)

Following |Verseghy|(1991)) and Walko et al.| (2000), the transmissivity of intercepted irradiance

for PAR and NIR is solved following Beer’s law, with a direction-independent extinction coefficient:

— — f 1,2
oo = {0 () irme) (594)
0 ,ifm=73

where [, = 0.05m is the inverse of the optical depth per unit of temporary surface water depth,
defined here to be the same coefficient used by Verseghy| (1991) and Walko et al. (2000), and the
additional fT_slw term accounts for the clumping of the temporary surface water, when the water
does not cover all ground. Temporary surface water is assumed to be opaque for the TIR band
(m = 3), following Walko et al. (2000).

S10 Solving the two-stream linear system of canopy radiation
in ED-2.2.

Because we assume that the optical properties are constant within each layer, it is possible to find
an analytical solution for the full profile of direct and diffuse radiation. First, let 0, Qﬁlk, and
Qﬂdc be the solution for band m and interface k immediately beneath the cohort (i.e. at I1=11,),
and Q(?'nk, ngk, and ngk be the solution for band m and interface kK immediately above the cohort

(i.e. at IT = 0), as shown in Fig. @ The direct radiation profile within each layer is simply given

by:
) ) I
Qi = 0, EXP (——é)a (S95)
My
05, = Oy (596
Opivrt1) = Con(ena) (S97)

where Qra(w a) is the above-canopy, incoming direct radiation for band m and serves as the top
boundary condition. Because the value at interface N7 + 1 is known, it is possible to determine all
levels by integrating the layers from top to bottom.

For the diffuse components, an analytic solution can be found by defining two auxiliary variables
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o = Qik +of I oandQ = Q QILk By subtracting (adding) Eq. (46) from (to) Eq. @7)), and
using Eq. (S93)-(S97)) we obtain

o’ 1—(1=2Bm) Guk ~—  (1=2B%) Gk

G - 1Pt (2l (599
dQ_k — Gmk Smk ~0 (1 — gmk)

IR = — _ S99
dIt Ty Ot 5 e > Ontern) * T O (599

By differentiating Eq. (S98) and Eq. (S99) and substituting the first derivatives by Eq. (S99) and

Eq. (S98), we obtain two independent, second-order ordinary differential equations:

¢ + Q ( ﬁ) Q (5100)
dHZ - mk k CXp ”]? k ik
COp f
_m — 4K —— S101
a2 Sonk Qi T Kyuie XP < .“1?), (S101)
where
My
1—(1-2 1-2B%7 sm Q.
Kn—:k _ |: ( _Bmk) Gmk + @Bmk:| @(k‘i'l), (5103)
Hy I«Lk My
l—¢u) (1=2B% gka
o= — |48 JU=2By) 1 | el (S104)
Hi My L%

The solution of Eq. (SI00)-(STIO0T) is the combination of the homogeneous and the particular

solution, and can be determined analytically:

(T +— A s I 24
ka (H) = Xk exp ( Hmk H) +xmk €xp (‘I’%mk H) + EXp\ — ,IJQ +2 ka
k

2
L= b
(S105)
. - N . - Ky I
O, (I1) =x " exp (=6 1) +x " exp (456, IT) + A e (S106)
[y M
where x|, x"F, x "~ and x_F are coefficients to be determined. We can reduce the number of

coefficients to two by differentiating Eq. (SI03)-(ST06) and comparing them to Eq. (S98)-(S99),
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and using the fact that they must be equal for any IT, uk®, Kk, and Q;lk We call these parameters
Xm(2k—1) and X ok), k € {1,2,...,Nr}. By further recalling the definition of Q;k and Q;k, we
obtain the profile of downward and upward diffuse irradiances:

o 3 - 3 I .
Qﬁ,k (IT) = Xm(2k—1) D exp (=g 1) +Xp(2k) B,y €XP (+56m I1) + PF exp (__IJQ) + Qr’nk’
k

(S107)
O (1) =1 Dpesp (4t 1) 5ty P (1) + 2y exp () + 08
‘ (S108)
where
= = (Ko & o) (S110)

.
2 (1-2,m°)

To determine all vector elements (xm(Zk,l),xm(zk)) k€ {1,2,...,Ny,Nr + 1} we need three
independent systems of 2 Ny + 2 equations (one system of equations for each spectral band). For
ke{1,2,...,Nr}, the solution must meet the boundary conditions for all middle interfaces (Fig. ,
with one additional boundary condition for upward radiation coming out of the ground (Line 1),

and another for incoming downward radiation from above the canopy (Line 2 N7 + 2):

Line 1: QT,Ll — Gm0 (Qik—i_ ng) - (1 - ng) Q;%O =0
Line 2k: ngk—Qi(k+1) =0  ke{1,2,... K=Nyp}
Line 2k + 1: ngk—Qm(kH) =0  ke{l1,2,.... K=Nr}
: .l N
Line 2N + 2: Q0m<NT+1) _Q,n(ow) =0
(S111)

where G is the ground (soil and temporary surface water) scattering coefficient (Section , Q:m
is the ground black body emission, and Q'i(w’a) is the above-canopy, downward diffuse radiation
for the band. For the top boundary condition, it is also assumed that Iy, +1 = 0; Uy, | =
I; Q,:Z(NT+]) = 0; Guny+1) = 1 (no absorption or emission); and By, 41) = Bn?(NT-H) =0 (all

irradiance is transmitted). Because ¢, y,41) = 1 creates singularities for Di( we use the

Nr+1)°
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limit G, (n;+1) — 0, so that B:n—(NTH) =1 and D;(NTH) = 0. Substituting Eq. (S95)-(S97) and
Eq.(ST07)-(ST08) into Eq. (STTT) yields
S Xm = Ym, (S112)

where X, = (xm1 T ,xm(ZNT+1),xm(2NT+2)) are the constants from Eq. (S107) and Eq. (S108));
Sy is a (2N7 +2) x (2Nr 4 2) sparse matrix with following non-zero elements:

%}

)= ( ml ngB ) p(_%mlﬁl)

m(1, -
Su(12) = (Ppy gmoDml) exp (+24n1 11 )
Sm(2k2k 1) = BZk ke (1,2,...,Nr+1)
Sm(2k,2k) = Dy i ke (1,2,...,Nr+1)
Sm(2k2k+1) = D;(Hl) exp (=% 1) ks 1)) k€ (1,2,...,Nr) S113
Sm(2k2k+2) = =B, 1) EXP (2 Mues1y) ke (1,2,...,Np) > (S113)
Sm(2k+1,2k—1) =P ke (1,2,...,Nr+1)
Sm(2k+126) = Pt ) ke (1,2,...,Nr+1)
Sm(2k412k+1) = ~B, 1) EXP (= 1) Mnes1)) k€ (1,2,...,Nr)
Sm(2k+2,2k+2) = D,J,rl(kﬂ) exp (+54n(er 1) Dns1)) k€ (1,2,...,Nr)
and y,, = (ymly))m% e 7ym(2NT+1)7ym(2NT+2))’ where
yml—ngQm1+(l_gm0 ( )—([) Qmopml) exp( 5113)
H .
ym(Zk):p:n_(k+1 CXp( k+l) p+k+Q’ (k+1) Qr’nk 7k€(1727"'7NT)
Ym(2k+1) =P, m(k—+1) eXp( ﬂkL) - mk+Q’ (k+1) Q:lk 7k€ (1727"'7NT)

— o' '
Ym(2Nr+2) = Qm(oo,a) _‘b;(NT+1) N Qm(NT+1)
(S114)

S11  Overview of the momentum transfer model

The momentum transfer model must first quantify two characteristic scales associated with the
vertical structure of the vegetation, namely the displacement height (z;) and the roughness length
(zo). The displacement height is defined according to |Shaw and Pereira (1982) and represents the
effective height of the mean drag from all cohorts and soil surface. The roughness length is defined

after Raupach| (1994, 19935)) and represents the limit above the displacement height below which the
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typical logarithmic-based, surface layer wind profile is no longer valid. When the patch contains
cohorts, we determine z; and zg by adapting the model proposed by [Massman| (1997). This model
is convenient because it does not assume fixed vegetation structures, therefore it can be determined
and updated based on the demography of each patch. In ED-2.2, we use the discrete form of the
original formulation, assuming that cohorts are dispersed uniformly in their patch space, such that
the leaf and branch area indices are homogeneous in the horizontal plane for any given patch. The
canopy environment is split in a fixed vertical grid with N¢ layers spanning from the ground to the
maximum vegetation height.

In the original formulation by Massman| (1997), the displacement height is normalized by the
canopy height; in ED-2.2 we apply a correction to scale the height with the effective canopy depth

(Z¢) while accounting for the contribution from all cohorts including the tallest cohort (z;, ):

1 N Ene —E;
a=741-—Y) {exp (—2 L)AZQ} , (S115)
in j=1 ésfc

20 = (Zc — za) €Xp (—K”%—i—lf/@), (§116)

where x is the von Karman constant (Table ; Azcj =Zc; —Zcj is the layer thickness (z, = 0);
Efe is the vegetated surface drag coefficient, which is related to the ratio of the wind speed at
the top cohort and the surface (Albini, 1981); E; is the cumulative cohort drag area per unit of
ground area at layer j; and yJ is the flux profile function of momentum at the roughness height
(see Supplement [S12.1)), here approximated to 0.190 as in Raupach| (1995).

Following Massman| (1997), &, & ; and Z, are defined as:

2
Este =2 [)’1 +y2exp <y33ch>} ; (S117)
J gC il (DC il
Bey= Y —p Ay (S118)
j/:1 Cj/
Nr 0 Jif 7z, < Zej g O 2y > Z¢;
Oc; = szl Iy , otherwise ’ (S119)

min (ch- ’Z’k> —max <Zr;7zcj,1>

where &, is the leaf-level drag coefficient due to cohorts at layer j; and (y1;y2;y3) = (0.320;0.264;15.1)
are empirical constants (Massman, 1997). The sheltering factor for momentum (P;) accounts for
the effects of adjacent leaves interfering in the viscous flow of air. The plant (leaves and wood)

area density function at layer j (@) is calculated assuming that the leaf and branch-wood area
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indices of individual cohorts are evenly distributed between the height of the crown bottom z, and
the cohort height z; , as determined by the allometric equations (see Supplement@.

Wohlfahrt and Cernuscal (2002) pointed out that the drag coefficient & and the shelter factor
‘P are not completely separable, and provided a functional form of the combined ratio instead of
describing & and P independently. The function used in ED-2.2 is an adaptation of the original
fit as a function of plant area density function (Wohlfahrt and Cernuscal, 2002), using a logistic

function to reduce the number of parameters (Fig. [S7):

éc’j Y5
Pe; 1 +exp (ye @;)

where (y4;y5;¥6) = (0.086;1.192;0.480).
In case no above-ground vegetation exists (i.e. a patch with no cohorts), we assume that the
roughness height zog is the bare soil roughness zg, plus any snow or water standing on top of the

ground zo;:

200 = 20g (1 — frsw) + zosfTsW: (S121)

the default values of zg, and zo, are available in Table[S4]

S12 Derivation of conductances

S12.1 Canopy air space conductance

To obtain the conductance at the top of the canopy air space, we solve the surface layer model
that is based on the Monin-Obukhov similarity theory (Monin and Obukhov, 1954} Foken, [2006).
First, we define the momentum (Ua,c) and buoyancy (Ga,c) fluxes between the free atmosphere and
the canopy air space at the top of the canopy air space. Following (Monteith and Unsworth, |2008)),

these fluxes can be represented either by the gradient or the eddy flux form:

. ou -
Uge = PCKUa_Z = Pl Uy, (S122)
. 0 o

®a,c = _pcKG)cha_GZV = —Pcqp, ”29{}7 (§123)

where Ky and Kg are the eddy diffusivities of momentum and buoyancy, respectively; uy is the

horizontal wind speed, u; is the vertical velocity; 6y is the virtual potential temperature; and g,
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is the specific heat of the canopy air space (Supplement [S5.3). The eddy diffusivities of enthalpy,
moisture and CO, are assumed to be the same as the buoyancy, a common assumption based on
observations (Stull, [1988)).

The Monin-Obukhov similarity theory is based on the Buckingham’s II-theory (Stull, 1988)),
which requires as many fundamental scales as fundamental dimensions. The fundamental dimensions
are the canopy air density (p.) and three characteristic scales, namely the friction velocity (u*),
characteristic virtual temperature gradient (6);), and the diffusivity-corrected Obukhov length £
(Panofsky, [1963):

U —
ut = % =/ | g, (S124)

1 O .0,
_Ku*pqp =— ;* , (S125)
[— 1 Ua7c 9]/0 u* - (eva +9VL-)”*2

- Pro,,. g K 2Kkg65

0y =

) (S126)

where K is the von Kdrmén constant, g is the gravity acceleration, and Pr = Ky /Kg is the turbulent
Prandtl number (Table [S3}{S4). Another important dimensionless quantity is the bulk Richardson

number Rig, defined as:

28 (2" —z20) (6y, — 6y,)
(6y, +6y)uz

where z* = z, — z4, z4 1S the reference height, z,; is the displacement height, and z( is the roughness

Rip =

(S127)

scale; both z; and z( are determined by the momentum transfer model based on Massman| (1997
(Supplement [STI)). The bulk Richardson number is informative on whether the layer between the
canopy air space and the reference height z, is unstable, neutral, or stable.

To determine the three remaining unknowns (u*; Gﬁ; L), we start from the general definition of

dimensionless length scale { and two particular cases:

{(z) =24, (S128)
C
* 2 9*
¢r = ZZ = {o+ kRip (%) 2, (S129)
VvV, — Y.
Hh=2= j—oé (S130)

where 7* = z, — z4, where z, (m) is the reference height above canopy, typically the height where
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the meteorological forcing measurements would be located in an eddy covariance tower; z, is the
displacement height (Eq. [STT3); zo (m) is the roughness length (Eq. [ST16); k is the von Kdrmén
constant (Table [S3), Rip is the bulk Richardson number (Eq. [SI27); u, is the wind speed at the
reference height z,; and 6y, and 6y, are the virtual temperature at the reference height and the
canopy air space, respectively.

By choosing an appropriate combination of factors, Monin and Obukhov| (1954)) have shown
that the dimensionless gradients of wind and temperature (here based on virtual potential temperature
and the accounting for the Prandtl number) can be written as a function of the characteristic scales
and dimensionless stability functions for momentum (¢y) and heat (¢g), which can be thought
as correction factors for the logarithmic wind profile under non-neutral conditions (Monteith and
Unsworth, 2008):

a%(%) ZKLC(Pu(C), (S131)
2 () - s

Following Panofsky| (1963)), if we define the flux profile functions for momentum (yy;) and
heat (yp):

[Sl=eu (L) .,
WU(C)—/O Tdé, (S133)
w@@):/ogl_"’T@ide’, (S134)

and integrate Eq. (ST31)-(ST32) between {y, where wind is assumed to be zero, and any reference
level { using the Leibniz integration rule, we obtain the horizontal wind and virtual potential

temperature profile functions:

(@)= (2 ) - w &)+ w )] (5135)
o (§) =5+ [ (2 ) = ve )+ v @) (5136)

If we substitute Eq. (ST35)-(S136) for the specific case when § = {* into Eq. (S129), we obtain

an equation where the only unknown is {*:
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¢ :
[lﬂ (?) —yy (&) +wy (Co)]
0

C*

«_Rig(
&= Pr (z*—z0>
In (g) — VYo (&%) ++vo (%)

The flux profile functions used here are the same as described by Beljaars and Holtslag| (1991).

(S137)

These functions are the Businger-Dyer flux profile equations for the unstable case (Businger et al.,
1971)), but they are modified for the stable case to avoid the underestimated flux between the canopy

air space and the air above canopy under stable conditions:

21n [%} +1In [HYTZ(Q} —2arctan[Y({)]+5 ,ifRip <0
y18+y2 (£—8) exp(—yad) + 222 if Rig >0’
21n [ L E)] if Rig < 0

ys . . )
1= (1-2¢) "+ (§— 2 ) exp(-38) +122 | ifRig>0

wu (€)= (S138)

Ve (0) = " (S139)
V4

Y(§)=v1-ysC, (S140)

wherey = (— 1; —%; 5;0.35; %; 13) are empirical and adjustable parameters. Equation (S137/)) cannot

be solved analytically, therefore {* is calculated using a root-finding technique. Once {* is
determined, we can find u* using Eq. (S133), and define the canopy conductance G, (ms~!) using

Eq. (S136) as the starting point, similarly to|Oleson et al.| (2013)):

o _ Ku” (S141)

Ge = v, —6v.  pr [m (%) ~vo (£)+ Yo (&)|

S12.2 Derivation leaf and wood boundary layer conductances

Following Monteith and Unsworth| (2008)), convection can be of two types: forced convection,
which depends on mechanic mixing associated with the fluid velocity; and free convection, which
is due to buoyancy of the boundary layer fluid. Although convection is often dominated by either
forced or free convection, in ED-2.2 we always assume that the total conductance is a simple

combination of forced and free convection conductances as if they were parallel:

Goy, = Gprs + G, (S142)
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where x; can be either the leaf (A;) or the branch wood (B;) boundary layer. For each convective
regime, we define the conductance in terms of the Nusselt number Nu, a dimensionless number

that corresponds to the ratio between heat exchange through convection and conduction:

N
Gy, = 18 (S143)

x*

where 1), is the thermal diffusivity of canopy air space and x* is the characteristic size of the
obstacle. For leaves, the characteristic size xik is a PFT-dependent constant corresponding to the
typical leaf width , whereas for branch wood the typical size xgk is assumed to be the typical
diameter of twigs (Table[S5).

Free convection is a result of the thermal gradient between the obstacle surface and the fluid,
and this is normally expressed in terms of the Grashof number Gr, a dimensionless index that
relates buoyancy and viscous forces. In ED-2.2 we use the same empirical functions as Monteith
and Unsworth| (2008)), using flat plate geometry for leaves and horizontal cylinder geometry for

branch wood:

1 1
Nuf"*? = max | 0.50Gr; ,0.13Gr] |, (S144)
—_——— ——
L Laminar Turbulent |
Nu(Free) _ 2 3
ug"™) = max | 0.48Gr7 ,0.09Gr} |, (S145)
—_———— ——
L Laminar Turbulent
3
€ xX
Gry, = &g (%) T, —T), (S146)

vé

where €. is the thermal dilatation coefficient for the canopy air space and V. is the kinematic
viscosity of the canopy air space; x; represents either the leaf (1;) or wood (B) surface; and g is
the gravity acceleration. Like in Monteith and Unsworth| (2008), thermal diffusivity and dynamic

viscosity (both in m?s~!) are assumed to be linear functions of the canopy air space temperature:

Ne=1.89-107°[140.007 (T. — Tp)] (S147)
Ve =1.33-107°[1 +0.007 (T. — Tp)], (S148)

where the first term on the right hand side are the reference values at temperature 7y = 273.15 K.
Under the assumption that canopy air space is a perfect gas, thermal dilatation is & = T,~! (Dufour
and van Mieghem, |1975)).
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For forced convection the flow of air through the object at different temperature causes the
heat exchange, therefore Nusselt number is written as a function of the Reynolds number Re, a
dimensionless index that relates inertial and viscous forces. Like in the free convection case, we
use the same empirical functions as Monteith and Unsworth (2008) and the same shapes as the free

convection case:

Nui Y = max | 0.60Re}>, 0.032Re)? |, (S149)
B Lanxlrinar Turl;lrllent
Nu}j‘:"“ed) = max | 0.32+0.51Re}*?, 0.24Re |, (S150)
L Lar?ﬁrnar Turglient
U, X5
Rey, = ——% (S151)

C

where u;, is the wind speed experienced by the cohort &, and x; represents either the leaf (A;) or
wood () surface.

The wind profile within the canopy air space is determined in two steps. Above the tallest
cohort, we assume that the wind can be determined from the similarity theory; from Eq.
we define {.; = { (z;), and use wind profile function from the similarity theory (Eq. [S135) to
determine the wind speed at the top of the vegetated layer Uy, = U (CcNC). Within the canopy,
we estimate the wind speed reduction using the wind profile as a function of cumulative drag (Z;
Albini, |1981; Massman, 1997); the wind speed experienced by the cohort is the average wind

between the layers where the bottom (Z;,) and top (z;,) of the crown are located:

—

le; = liey, €XP (—HN%—;“’) (S152)
SIC

e, j®)
4, =max |025ms ™!, ——C 'y <ucj,AzC].,) : (S153)
26,0 —2e;0 530 '

where ¢ ik and c;(k) are the canopy air space layers corresponding to the bottom and top of

the cohort’s crown. The minimum wind speed of 0.25ms™!

is imposed to avoid conductance
to become unrealistically low and to account for some mixing due to gusts when the mean wind
is very weak. Once the heat conductance is determined, we use the same vapor to heat ratio as

Leuning et al.[(19935)) to calculate the water vapor conductance:
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Gway, = 1.075Gy,, (S154)

where x; represents either the leaf (A;) or wood (B;) surface. Similarly, we define the CO,
boundary layer conductance for leaves using the ratio of diffusivities and convection between water
and CO; (fg; . Table[S4), following|Cowan and Troughton! (1971):

Gwa, = fo1Gen,.- (S155)

S12.3 Derivation of surface conductance

The total resistance between the surface and the canopy air space is a combination of the air
resistance if the surface were bare, and the resistance due to the presence of the vegetated canopy,
assuming that these resistances are serial and thus additive (as mentioned by Walko et al., 2000);

using that conductance is the inverse of resistance:

11 1
Gste GBare GVeg ’

(S156)

where Ggy. is the total surface conductance, Gpare 1S the bare-ground equivalent conductance, and
Gveg 1s the conductance associated with vegetation presence. The bare ground conductance Ggare
can be approximated to be G, (Eq. see also Sellers et al.l [1996). Two methods have been
implemented conductance due to vegetation presence, one based on the Simple Biosphere Model
(SiB-2, [Sellers et al., [1996) (G%;Bg), and one based on Massman and Weil (1999) (GI\\,@?%), which
incorporates the second-order closure method that accounts for the amount of shear in the sub-layer
above the canopy and the geometric attributes that define the drag of air. Results in the main text

used the SiB-2 based vegetation conductance.

S12.3.1 SiB-2 based vegetation conductance

In the SiB-2 based approach, we assume that the total resistance due to vegetation presence (inverse
of conductance Gveg) is equivalent to the total contribution of diffusivity from ground to the top of

vegetated layer:
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1 | Ne pr

—a = dzr~ ) —Az.., (S157)

GE o Ko @™ Ly, 5

200 = 205 fTsw + 20¢ (1 — frsw) , (S158)
where j=1,2,...,Nc are the discrete vertical layers used to describe the canopy air space, Az; is

the thickness of canopy air space layer j, the index zpz is combined contribution to roughness from
the temporary surface water (zo;) and bare-ground (zog), frsw is the fraction of ground covered
by temporary surface water, Kg is the eddy diffusivity for heat, KUCJ- is the eddy diffusivity for
momentum of canopy air space layer j, Pr = Ky Kg l'is the Prandtl number (Table Businger
etal.l|1971). We further assume that Kch is proportional to u;, the horizontal wind speed at canopy
air space layer j, and that Y is the scaling factor, i.e. Kch = Yy ux (Sellers et al.l [1986), and that
within the vegetated layer the winds are determined through Eq. (S152). Therefore, Eq.

becomes

1 Ne |: Pr (ECNC - E‘Cj>:|
e =Y | exp (e T | (S159)
G%}e]?g J; Yy ue, P Este

where sy is the drag coefficient of vegetated surfaces (Eq.[S117)) and Ec; is the cumulative cohort
drag area per unit of ground area at layer j (Eq.[STIS). If we assume that Yy is constant and the

wind profile is continuous, and combine Eq. (S122), Eq. (S124)), Eq. (S131)), and Eq. (S133)) at the
dimensionless length scale { (ZCNC) = Z:CNC (Eq.|S128)), Yy can be estimated as:

(s 1
n:K“% <) . (S160)

d
Uene 1— CCNC aié’U (CCNC )

S12.3.2 Second Order Closure of Turbulent Transport from the Surface to Canopy

MW99
GVeg

from the shear in the sub-layer above the canopy and the geometric attributes of the canopy that

The method of Massman and Weil| (1999) is a second-order closure method that derives

define the drag of fluid. Massman and Weil| (1999) base their method on some key simplifications
to the the turbulent kinetic energy (TKE) budget equation: (1) no horizontal variability exists
within any given patch (horizontal homogeneity); (2) the turbulent flow has proportional isotropy,

i.e., the variance in each of the three wind directions is proportional to TKE.
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1
TKE = — {ij-l—cz +02}, (S161)
2 —— )

Uy Uy

o2,
o, = ulid, (S162)
o, = ulul, (S163)

where uy = 4 /u)% + ug is the horizontal wind along the direction of the mean wind, and u(, is the
departure from the mean wind in any of the wind directions. With the horizontal homogeneity and
proportional isotropy assumptions, it is possible to derive an analytical solution to the TKE budget,
and ultimately obtain an analytical solution for the vertical profile of standard deviation of wind
speed (Eq. 10 of Massman and Weil, |1999)):

o _ "
3 (_CNC =, j)

\/gy <ECNC - Ec‘j) ’

Ou(2c;) = Sy yu™ { Yrexp | — 2 +Y,exp | — 7 7
(S164)
y= (248 +82) ", (S165)
|
Y= ——336 2o (S166)
337y — 3 8
YZ:)%—YI, (S167)

where E, is the cumulative drag profile (Eq. [S118); &s. is the vegetated surface drag coefficient
(Eq. ; and (SMX;SM},;SMZ) = (2.40;1.90;1.25) are adjustable parameters that represent the
ratio between above-canopy velocity variance and the momentum flux, taken from Raupach et al.
(1991) as in Massman and Weil (1999); and the u; subscript represents one of the wind directions
(4, uy, or u;). In addition, the empirical 3 represents a joint eddy mixing length scale for both
shear- and wake-driven turbulence. A sensitivity study of  using the ED-2.2 model implementation
found that this parameter should be between 0.01 and 0.03 (Knox,|2012])) to ensure that the turbulence
intensity (iy = 0y, /ux) is stable over the canopy depth as it approaches the soil surface. These
values of (3 are also similar to the value of 0.05 found by Massman and Weil| (1999). Depending
on the the magnitude of Ess. and the choice of f3, it is possible that Eq. yields negative
(non-physical) values of oy,; to avoid unrealistic solutions, 3 is dynamically set in ED-2.2. The
model assigns an initial guess of = 0.03 and, in case the solution is non-physical, it iteratively

reduces the parameter until 6,, becomes positive.
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Similar to the heat conductance between leaves, branches and the canopy air space (Section
[S12.2)), the conductance between ground and canopy air space is related to the Nusselt number
(Nu), following Eq. (S143). To account for the effects of both free (buoyant) convection and forced
(mechanic) convection, the Nusselt number is parameterized as a function of the Reynolds (Re) and
the Prandtl (Pr) numbers, with an additional modification to account for turbulence intensity (1y/)
(Sauer and Norman, |1995; Massman and Weil,|1999). To ensure that the conductance encompasses
the entire canopy air space, we use the average turbulence intensity (17) between the soil surface
and the canopy air space depth (z.):

1 ¥ oy, (z,
oLy ( ,)AZCJ_’ (S168)
L)
GAW = 20/ (1 +27) x?—cRe"‘ P uy(zn) | (@), (5169)
Veg Ux (Zfl)

where (b1;b2) = (—1/2;—2/3) (Sauer and Norman, 1995); and xy,, is the mixing length scale for
vegetated surface, and z is the roughness length scale (Eq. [ST16).

S13 Phase equilibrium (saturation) of water vapor

The partial pressure of water vapor at phase equilibrium (p~) is solely a function of temperature,
following the Clapeyron equation (Dufour and van Mieghem, 1975; Murphy and Koop, 2005).
Whether the phase equilibrium of water vapor refers to ice-vapor (p;;) or liquid-vapor (p7,) transitions
also depends on the temperature, and in ED-2.2, we use the law of minimum:

p~(T) = min [pi (T), pyy (T)]- (S170)

Both p7; and p7; are defined after the parameterization by (Murphy and Koop, 2005), which
have high degree of accuracy (< 0.05%) between 123 K and 332 K, and thus includes all the range

of near-surface temperatures solved by ED-2.2:

_ 723.2

P (T) = exp |9.550426 — % +3.53068 In (T) — 0.007283327T |, (S171)

P (T) = exp{Y; (T) + Y (T) tanh [0.0415 (T — 218.8)]}, (S172)
6763.22

Y) (T) = 54.842763 — —4.2101n(T) +0.000367T, (S173)
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1331.22

Y>(T) =53.878 — —9.44523 In(T) +0.014025T. (S174)

Importantly, Eq. and Eq. yield the same value (within 4.1-107%% accuracy) at the
water’s triple point, which guarantees continuity of Eq. (ST70).

The saturation specific humidity w= is obtained using Eq. and the definition of specific
humidity:

M, p=(T)

Mq(p—p=(T)|+ M, p=(T)’ (S175)

W (T,p) =

where M, and M,, are the molar masses of dry air and water, respectively (Tab [S3)).

S14 Solver for the CO, assimilation rates and transpiration

Variables wy, , ngax, Ry, O, Ko,» Kc;» Tk, and Kyvg, are functions of leaf temperature and canopy
air space pressure, and thus can be determined directly. In constrast, nine variables are unknown
for each limitation case as well as for the case when the stomata are closed: Ej, Ak, VCk, Vok, Clys
Car Wi Gwlk, and GClk. To solve the remaining unknowns, we first substitute Eq. and either
Eq. (83), Eq. (83) or Eq. into Eq. and write a general functional form for Ay, similarly to

Medvigy (2006), that is a function of only one unknown, ¢y, :

_ FkAClk+F?_

Ag(e) = Ry, S176
« (cr) F e+ /D k ( )

where parameters / depend on the limitation and the photosynthetic pathway, as shown in Table[S§]
We then combine Eq. and Eq. (ST33) to eliminate Gc;, and ¢ A,» and write an alternative

equation for éWlk:

fo1Gwa, A
Gwa, (cc—c1,) — for Ax

To eliminate c;, and w;,_from Eq. (89), we use Eq. and Eq. (73). Then, we eliminate Gy,
by replacing the left hand side of Eq. (89) by the alternative Eq. (SI77), yielding to the following
function F(c;, ) for which we seek the solution F(c;,) = 0:

Gy, = (S177)
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Fley) = Filey,) Faley) Faley) — 1, (S178)

G? . A
(fGl — for 7k ) Ak =Gy, (cc—cy)

Gwa
Fi(e,) = Ve e : (S179)
G —T})— fy A
Foley) = M (cc—T0) ~ far Ak , (S180)
Gy, (cc—ci) + (for — fon) Ax
— G —c;)— f A
Fyle,) = 1+Wc wi, wa, (cc—ci.) — forAx S181)

Awg Gy, (cc—cy) + (for— fen) A

For the limitation cases in which Eq. does not depend on ¢;,, Eq. is reduced to
a quadratic equation. For the other cases, Eq. becomes a fifth-order polynomial, which
cannot be solved algebraically. Nevertheless, Eq. is still convenient because it highlights
the range of plausible solutions, corresponding to the singularities associated with /| and F, —
the singularities associated with F3 requires c;, to exceed c., which could be only achieved with
negative leW or Ay < —Mj, and none of them are meaningful. Function Fj is singular when
Ay = 0; from Eq. (S177), this would éWlk to be 0, unless ¢;, = c.. Function 3 is singular when
Ay = G¢, (cc—cy,); from Eq. (ST77), this happens only when ¢;, = c. or at limGW]k ... The
singularities for when ¢, # ¢;, are obtained by substituting Eq. into Eq. (74), and by taking

the limGWlk 0 (Ak) and limGWlk oo (Ak):

: PM—F}
(Cmax>2+GC)LkaD+FE—F]E (GClch—i_Mk) Cmax F]]?—F]]? (GC/’LkCC—i-Mk) —0
l A i ~ = 0.
‘ GC/IkFI(cj ‘ GC/lkFE
(S183)

From Eq. (SI83) up to two roots are possible, but normally only one is plausible. In case both

values are greater than c., we use c. as the upper boundary, because c. is also a singularity;
min
b

no viable solution for this limitation, and we assume that the stomata must be closed. Once the

otherwise the root between ¢/ and c, is selected. If none of them are in this range, then there is

boundaries are defined, we seek the solution in the }ciﬁn;c}fax
possible solution, as illustrated in Fig.

Once all cases are determined, the solution is determined by a law of minimum (Collatz et al.,
1991/ {1992; Moorcroft et al., [2001)):

[ interval, where there is only one
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Ay = min (ARUP AJSL 4PAR) (S184)
E, = EF, (S185)
where L« is the limiting case chosen in Eq. (S184). When available light or ¢;_is near or below

their compensation point, it is possible that none of the limiting cases yields a viable solution. In

this case, we assume that photosynthesis cannot occur and that stomata are closed.

S15 Soil moisture limitation on photosynthesis

The stomatal conductance equation by Leuning|(1995) was developed using well-watered seedlings,
therefore it does not consider soil moisture limitation, which can be important in seasonally dry

ecosystems. To account for soil water stress, we define a phenomenological scaling function fy,,:

1 1
= = — S186
Fwiy N Demand - M, A Ex ( )
Supply Gr Cr, Wy,
Ng
W= X [pe (9 — D) W5 Az, . (S187)
J=J
max |min (W, + S0 g ) gy | —w
Ty 8j 2 y TFc |, T'Wp Wp (5188)
8 8 ‘IIFC - lPWp 7

where Grk (m? kga1 s~1) is a PFT-dependent scaling parameter related to fine root conductance
(Table ; ng ( plantmfz) is the demographic density of cohort k; C;, (kgc m~2) is the fine root
biomass per individual; Ay (m?m~2) is the leaf area index of cohort k; ng (kgw m~2) is the
available water for photosynthesis integrated from soil layer j to surface; jO is the deepest soil
layer that the cohort k can access water; zg; and Az, are the depth and thickness of soil layer j; py
(kgwm_3) is the density of liquid water; ¥g. and Uw, (m3m~3) are the volumetric soil moistures
at field capacity and at permanent wilting point, ¥, (m) is the matric potential of layer j, g and
Wwp (m) are the matric potentials at field capacity and wilting point, ‘ng (unitless) is a factor that

represents the reduction of available water due to force needed to extract the water.
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S16 Allometric equations

In ED-2.2, size is defined by a suite of dimensions, including tree height z; and rooting depth z,,
which directly affect the cohort access to light and water, and the carbon stocks in different tissues.
Most allometric equations use the diameter at the breast height (DBH, cm) as the size-dependent
explanatory variable. The only time DBH becomes the dependent variable is when the code
calculates the growth of structural tissues (Afcp): structural carbon stocks are updated based on
the cohort’s net carbon balance, and DBH is calculated to be consistent with the updated structural
carbon stocks. In this supplement, we present the allometric equations of ED-2.2 for tropical PFTs;
the temperate counterparts have been previously described in |Albani et al.| (2006) and Medvigy
et al.[|(2009).

The height of any cohort k (z,) and the height at the bottom of the crown (z;, ) are based on
Poorter et al.| (2006)) allometric equation for moist forests in Bolivia. We included two modifications
to the original equation: (1) a maximum height of z, = 35 m (Moorcroft et al., 2001)) is imposed
to avoid excessive extrapolation of the allometric equations for carbon stocks; (2) we impose that
the equivalent z; for grasses is fixed at 1% of the total height, to avoid numeric singularities while

assuming that most of the grass vertical profile has leaves.

2, = min {35.0, 61.7 [1 —exp (—0.0352 : DBH2~694>} } (S189)
_ max (0.05,0.01z, ) , if cohort k is grass (S190)
3y, = .
“ | max (0.05,z;, —0.312}.9%8) _if cohort k is tree

Maximum leaf biomass (Cl‘k, kgm~?2), corresponding to the state when leaves are fully flushed,
is derived from the allometric equations presented by (Cole and Ewel| (2006)) and |Calvo-Alvarado

et al. (2008) for several commercial species in Costa Rica:

C
Cp = n;, Co, DBH, (S191)

where ny, (plantm™2) is the plant demographic density, and Cy; and Cj; are the PFT-dependent
coefficients (Tab [S5)).

Maximum root biomass (C,‘k, kgmfz) and maximum sapwood biomass (C;k, kgmfz) are
determined from Cl'k using the same functional form as|Moorcrotft et al.| (2001), whose formulation

of sapwood biomass was was based on the pipe model by Shinozaki et al.| (1964a,b):
C;k :frkcl.ka (8192)

S60



SLA
C = 2,CL, (S193)

[/ ka

where f,, and f; are PFI-dependent parameters, currently assumed to be the same as in the
original ED-1 (Moorcroft et al., 2001, Table@); SLA (Table@ is the specific leaf area, determined
from |[Kim et al. (2012) fit of specific leaf area as a function of leaf turnover rate, using the
GLOPNET leaf economics dataset (Wright et al., 2004).

Total structural (heartwood) biomass (Cy,, kgc m~2) is based on Baker et al. (2004) equation
of above-ground biomass, which is in turn based on the allometric equation by (Chave et al.|(2001)
for French Guiana. This allometric equation was used instead of the allometric equation based on
Chambers et al.| (2001) because in ED-2.2 the function relating C;, and DBH; must be bijective
(i.e. given n,, each DBHy is associated with a single value of Cj, and vice versa), which cannot
be attained with the polynomial fits of higher order. Structural biomass was assumed to be the
difference between above-ground biomass and the biomass of leaves and 70% of the total sapwood,

corresponding to the above-ground fraction. The estimate was fitted against DBH, yielding to:

[ ny Con, DBH ", if DBH; < DBHcyi

Cp, = c . , (S194)
ny, Cop DBH | if DBH; > DBHcyi¢

where DBHcyj; is the minimum DBH that results in z;, = 35.0 m, and the coefficients Coy, C11, Cop,
Csy, are defined for each PFT (Table [S5).
The size-dependent rooting depth (z,,) is defined from an exponential function that allows tree

depths to reach 5 m once trees reach canopy size (z;, = 35 m):

zr, = —1.114 DBH 2. (S195)

The maximum rooting depth is shallow compared to [Nepstad et al. (1994) results, however it
produces a rooting profile similar to other dynamic global vegetation models, and reflects that little
variation in soil moisture exists at very deep layers (Christoffersen, 2013)).

Leaf area index (Ay, mfeafm’z) is determined from leaf biomass and specific leaf area:

Ax = SLALCy,, (S196)

where n; (plantm™2) is the demographic density of cohort k.
No allometric equation was found for wood area index (€2, m%chd m~2) for evergreen forests.
We assumed the same allometric equation for temperate zone by Hormann et al. (2003) for trees,

and imposed maximum area at DBHcy, similarly to Cj, :
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= {0 if cohort k 1s grass . (5197)

1 0.0096 min (DBH, DBHCrit)2'0947 if cohort £ is tree

Crown area index (X;, mg,,, m ) is also based on Poorter et al.| (2006), but re-written so it
is a function of DBHy. Like in the previous cases, crown area was capped at DBHcyj, and local

crown area was not allowed to exceed 1.0 or to be less than the leaf area index:

X, = min {1.0, max [Ak,nk 1.126 DBH“’SZ} } (S198)
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