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(GPP) at yearly scale in (a) humid, (b) semi-arid and (c) arid sites, where humid is defined as

an aridity index (Al) <2, semi-arid as Al between 2 and 5, and arid as AI>5.

Figure S2. Simulated and observed seasonal cycle of gross primary production (GPP) at all
tropical sites in PLUMBER?2.

Figure S3. Simulated and observed seasonal cycle of leaf area index (LAI) at selected
FLUXNET sites.

Table S1. Characteristics of the PLUMBER?2 sites used in the analyses.

Table S2. Comparison of the performance of PJULES and the JULES-UKESM1 multi-layer
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Table S3. Summary of seasonal model performance and statistical metrics for Gross Primary
Productivity (GPP) in the Northern Hemisphere.

Table S4. Summary of seasonal model performance and statistical metrics for gross primary
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Table S5. Summary of seasonal model performance and statistical metrics for latent heat (LE)
in the Northern Hemisphere.

Table S6. Summary of seasonal model performance and statistical metrics for latent heat (LE)
in the Southern Hemisphere.
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Figure S1. Comparison of RMSE of yearly modelled and observed gross primary production
(GPP) at yearly scale in (a) humid, (b) semi-arid and (c) arid sites, where humid is defined as
an aridity index(Al) <2, semi-arid as Al between 2 and 5, and arid as AI>5.
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Figure S2. Simulated and observed seasonal cycle of gross primary production (GPP) at all

tropical sites in PLUMBER?2.
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Figure S3. Simulated and observed seasonal cycle of leaf area index (LAI) at selected
FLUXNET sites.
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Table S1. Characteristics of the PLUMBER?2 sites used in the analyses. Site code, observation period, geographic coordinates (latitude and longitude),
elevation, data source, default leaf area index (LAI) source, and climatology aridity index (Al).

Site Code Time Period Latitude Longitude Elevation (m) Data Source Default LAI Al

AR-SLu 2010 -33.4648 -66.4598 500 FLUXNET2015 MODIS 2.97
AT-Neu 2002-2012 47.11667 11.3175 970 FLUXNET2015 Copernicus 0.71
AU-ASM 2011-2017 -22.283 133.249 606 OzFlux Copernicus 6.97
AU-Cow 2010-2015 -16.2382 145.4272 86 OzFlux Copernicus 1.19
AU-Cpr 2011-2017 -34.0021 140.5891 76  OzFlux MODIS 6.34
AU-Ctr 2010-2017 -16.1033 145.4469 66 OzFlux MODIS 1.19
AU-Cum 2013-2018 -33.6133 150.7225 200 OzFlux MODIS 1.56
AU-DaP 2011-2017 -14.0633 131.3181 116 OzFlux Copernicus 1.81
AU-DaS 2010-2017 -14.1593 131.388 108 OzFlux MODIS 1.81
AU-Dry 2011-2015 -15.2588 132.3706 191 OzFlux Copernicus 2.32
AU-Emr 2012-2013 -23.8587 148.4746 177 OzFlux Copernicus 3.09
AU-Gin 2012-2017 -31.375 115.65 51 OzFlux MODIS 2.95
AU-GWW 2013-2017 -30.1913 120.6541 504 OzFlux MODIS 5.77
AU-How 2003-2017 -12.4952 131.15 41  OzFlux MODIS 1.45
AU-Lit 2016-2017 -13.179 130.7945 200 OzFlux Copernicus 1.47
AU-Otw 2009-2010 -38.5323 142.8168 54  OzFlux Copernicus 1.42
AU-Sam 2011-2017 -27.3881 152.8778 170 OzFlux Copernicus 1.60
AU-Stp 2010-2017 -17.1507 133.3502 252  OzFlux Copernicus 3.71
AU-TTE 2013-2017 -22.287 133.64 553  OzFlux MODIS 7.20
AU-Tum 2002-2017 -35.6566 148.1517 1200 OzFlux Copernicus 1.30
AU-Wrr 2016-2017 -43.095 146.6545 100 OzFlux MODIS 0.81
AU-Ync 2011-2017 -34.9893 146.2907 125 OzFlux Copernicus 3.97
BE-Bra 2004-2014 51.30917 4.52056 16 FLUXNET2015 MODIS 0.91
BE-Vie 1997-2014 50.30507 5.99805 493 FLUXNET2015 Copernicus 0.70
BR-Sa3 2001-2003 -3.01803 -54.9714 100 FLUXNET2015 MODIS 0.77
BW-Mal 2000 -19.9165 23.56033 929 LaThuile MODIS 4.44
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Table S2. Comparison of the performance of PJULES and the JULES-UKESM1 multi-layer
model across different PFTs.

PFT Observations PJULES PJULES UKESM1 UKESMI1
mean Mean RMSE  mean RMSE
Broadleaf Deciduous 4.299 3.67 1.672 2.646 2.016
Broadleaf Evergreen Temperate 5.059 4.956 1.213 2.904 2.517
Broadleaf Evergreen Tropical 7.887 8.852 1.502 7.047 1.597
C3 Crop 3.546 2.674 1.495 2.345 1.496
C3 Grass 2.921 2.026 1.355 2 1.364
Needleleaf Evergreen 4.031 3.498 1.285 2.162 2.155
Shrub Deciduous 4.248 4.138 0.965 3.454 0.794

Table S3. Summary of seasonal model performance and statistical metrics for Gross Primary
Productivity (GPP) in the Northern Hemisphere.

Season Observed Mean GPP Model Mean GPP R? RMSE
MAM 3.95 PJULES 5.09 0.39 2.65
GL7.0 3 0.5 2.42
UKESMI1 2.83 0.47 2.47
JJA 7.2 PJULES 7.65 0.3 3.63
GL7.0 4.64 0.09 4.2
UKESMI1 4.5 0.06 4.23
SON 3.21 PJULES 3.34 0.53 1.92
GL7.0 2.09 0.5 1.98
UKESM1 2.05 0.49 2
DIJF 1.72 PJULES 1.62 0.7 1.39
GL7.0 0.96 0.67 1.43

UKESM1 0.95 0.67 1.48







Table S4. Summary of seasonal model performance and statistical metrics for gross primary
production (GPP) simulations in the Southern Hemisphere.

Season Observed mean GPP Model Mean GPP  R? RMSE
MAM 4.95 PJULES 5.17 0.47 1.96
GL7.0 2.97 0.21 2.52
UKESM1 3.44 0.16  2.47
JIA 3.33 PJULES 3.69 0.62 1.45
GL7.0 2.22 0.56 1.67
UKESM1 2.43 0.39 1.86
SON 4.97 PJULES 5.60 0.31 2.82
GL7.0 3.14 046  2.68
UKESM1 3.32 036 2.73
DJF 6.36 PJULES 6.64 0.05 3.32
GL7.0 3.74 020 3.22
UKESM1 4.33 0.18  3.10

Table S5. Summary of seasonal model performance and statistical metrics for latent heat (LE)
in the Northern Hemisphere.

Season Observed mean LE Model Mean LE R? RMSE
MAM 38.26 PJULES 48.16  0.31 20.53
GL7.0 48.5 0.28 21.16
UKESM1 46.93 0.36 19.81
JJA 68.32 PJULES 76.48  0.14 27.47
GL7.0 69.53 0.27 25.57
UKESM1 68.71 0.28 25.12
SON 27.93 PJULES 32.65 0.55 15.09
GL7.0 32.13 0.55 15.19
UKESM1 31.66 0.6 14.36
DJF 13.04 PJULES 14.88  0.54 10.9
GL7.0 15.13 0.51 11.17

UKESM1 1429  0.58 10.5




Table S6. Summary of seasonal model performance and statistical metrics for latent heat (LE)
in the Southern Hemisphere.

Season Observed mean LE Model Mean_LE R? RMSE
MAM 68.03 PJULES 64.82 0.55 24.06
GL7.0 52.94 0.42 26.42
UKESM1 60.67 0.57 23.54
JJA 43.35 PJULES 37.69 0.5 20.42
GL7.0 34.81 0.44 22.15
UKESM1 37.6 0.47 21.15
SON 62.48 PJULES 61.91 0.6 21.74
GL7.0 53.96 0.66 19.67
UKESM1 59.28 0.67 19.9
DJF 91.3 PJULES 91.18 0.42 25.42
GL7.0 77.04 0.34 26.58

UKESM1 86.33 0.54 22.56




Note S1. Photosynthesis in JULES

The gross photosynthesis rate (W) for Cs plants is based on the biochemical formulations of
Collatz et al. (1991). The gross photosynthetic rate is determined by the smoothed minimum
of three potentially limiting rates: the Rubisco-limited rate (W), the light-limited rate (#1), and
the rate of transport of photosynthetic products (W-).

The rate of photosynthesis limited by the carboxylation capacity of Rubisco is calculated as:

We = Vemax (5o Eqn.S1

Ci+Kc(140,/Kp)

Vemax (mol CO2 m s7!) represents the maximum rate of carboxylation of Rubisco, and ¢; (Pa)
is the leaf internal CO; partial pressure. The variable I' (Pa) denotes the CO, compensation
point in the absence of mitochondrial respiration, while O, (Pa) stands for the partial pressure
of atmospheric oxygen. Additionally, K. and K, (Pa) are the Michaelis-Menten parameters for
CO; and O, respectively.

The rate of photosynthesis limited by the amount of absorbed photosynthetically active
radiation (PAR) is:

W = a(l — )y (i) Eqn.S2

cj+2T

Here, o (mol CO> mol!' PAR) defines the quantum efficiency of photosynthesis, and ®
represents the leaf scattering coefficient for PAR. Ipar (mol m? s') is the incident

photosynthetically active radiation.

The rate limited by the transport of photosynthetic products (triose phosphate utilization) is

calculated as:
VVe = O-SVI:maX Ean3

To account for the smooth transition between these three limiting states, 17) is calculated by

solving two nested quadratic equations. First, I/}, of the Rubisco- and light-limited rates is

determined by finding the smaller root of:
LW — Wy (W, + W) + W W = 0 Eqn.S4

where 1 = 0.83 serves as a co-limitation coefficient.



The gross photosynthesis rate (W) is calculated as the smoothed minimum of W, and the W,

by finding the smaller root of:
BW? —W(W, + W,) + WoW, =0 Eqn.S5
where 3, = 0.93 is the second co-limitation coefficient.

The biochemical parameters Vcmax, Kc, Ko, and I are strongly dependent on the canopy (leaf)

temperature (7c, in °C).

The CO2 photorespiration compensation point (I') is defined as:

Oa

[= - Eqn.S6
where T represents the Rubisco specificity for CO» relative to Oa, calculated as:

T = 2600 - Q) Eqn.S7
with Q10,5 = 0.57.

Finally, the Michaelis-Menten parameters are calculated as:

K. =30 Qpyre?” Eqn.S8
K, =3 x 10% - Q210725 Eqn.S9

10ko

where the temperature dependence constants Q1¢, and Q1 are assigned values of 2.1 and

1.2, respectively.

The dimensionless moisture stress factor (B) is related to the mean soil moisture concentration
in the root zone (0), as well as the critical (6..4;) and wilting point (6w) concentrations. It is

calculated as follows:

2= (for By < 0 < Oerir) Eqn.S10

Ocrit—0w

0 (for6<8é,)

B =

The critical threshold (8..;) in this model corresponds to a matric potential of -33 kPa (Cox et
al., 1999).



The total fluxes at the canopy scale are derived by aggregating the corresponding leaf-level

fluxes across all vertical layers, weighted by the leaf area of each respective layer.

Therefore, the gross photosynthetic rate for a given individual canopy layer (4;) is calculated
by multiplying the leaf-level assimilation rate (41;) by the leaf area increment of that specific

layer (dL.):
Ai = Al,idLC Eanll

The total canopy-level photosynthesis (Aqta) 1S then obtained by summing the contributions

from all n layers within the canopy:
Atoral = Xi=1 4i Eqn.S12

Since the model configuration accounts for canopy light penetration (sunflecks) and explicitly
distinguishes between sunlit and shaded foliage, the layer-specific photosynthesis (4i) is
partitioned accordingly. It is computed as the area-weighted average of assimilation by sunlit

(Asun,i) and shaded (A1) leaves, driven by the sunlit fraction (fs.x,i) of that layer:

4; = fsun,iAsun,i + (1 - fsun,i)Ash,i Eqn.S13

Note S2. Sub-daily P-model description

The sub-daily P model (Mengoli et al., 2022) builds on the P model framework (Prentice et
al., 2014; Wang et al., 2017; Stocker et al., 2020) by explicitly separating the instantaneous
and acclimated responses of photosynthetic responses to environmental variation. Acclimated
variables are acclimated Vemax25 (Vemax25,acclim) and Jmax25 (Jmax25,acclim) the

optimal stomatal parameter &.

To simulate the instantaneous response, gross photosynthesis is calculated as the minimum of
the Rubisco-limited rate and the light-limited rate, following the Farquhar—von Caemmerer—

Berry model of C; photosynthesis (FvCB: Farquhar et al., 1980). The Rubisco-limited rate,

representing the rate of CO» fixation determined by the amount and catalytic activity of

Rubisco, is given by:



(-

Ac = Vemax % @ +K Eqn.S14
And the light-limited rate is given by:

_ 1y G-
A=y Eqn. S15

where Vemax represents the maximum rate of Rubisco carboxylation, J represents the
electron-transport rate and ¢, is the leaf-internal CO; partial pressure. Here, instantaneous c; is

mainly determined by two variables, the current leaf-to-air vapour pressure deficit (VPD) and
the acclimated optimal stomatal parameter & (Eqn. S28). & is kept constant over the diurnal

cycle, since this is a trait that adjusts on acclimation timescales rather than responding

instantaneously to short-term fluctuations in environmental drivers. I' is the photorespiratory
CO: compensation point, and K is the effective Michaelis—Menten coefficient of Rubisco.

The electron transport rate J is calculated as:

4qq
= ®olabs Eqn. S16
2
i

¢,(T) is given by:

¢,(T) = é x (0.352 4+ 0.022 - T - 0.00034 - T?) Eqn. S17
where @) is the intrinsic quantum efficiency and T is temperature (K).

Temperature sensitivities for I'* and K are taken from Farquhar et al. (1980) and Bernacchi et

al. (2001). F*(T) is calculated from the CO2 compensation point at 25°C (I5) as:

(T-250E, patm

5"€Xp R-298(T+273.15) Pa(0)

r'm=r, Eqn. S18

where F*25= 4.332 Pa, Ea,r* = 37830 J mol ! is the activation energy for I'*, R = 8.314 J mol”

U1 the universal gas constant (Farquhar et al., 1980). P is surface air pressure and

P(O) is the partial pressure of oxygen.



K is calculated from the Michaelis-Menten constants for carboxylation (K¢) and oxygenation

(Ko):

P(O)

K= KC(1 + K_) qu’l S19

The temperature dependencies of K¢ and Kq are given by:

- . (T-25)Eakc
Ke(T) = Keas'®XP pogeraaras) Eqn. 520
and
Ko(T) = Ko 25-EXP o) Zako Eqn. S21

R-298(T + 273.15)

where K¢ 25 is the Michaelis—Menten constant for Rubisco carboxylation at 25 °C and Ko 25
at 25 °C is the Michaelis-Menten constant for Rubisco oxygenation at 25 °C. K¢ 25 and
Ko,25 are set to 39.97 Pa and 27 480 Pa, respectively. Ea k¢ and Eg ko are the activation

energies for K¢ and Ko, set to 79 430 and 36 380 J mol !, respectively.

Net photosynthesis rate is calculated as:

Anet= A - Ry Eqn. S22
where leaf dark respiration (Rq) is estimated as:

Rg= 0.015 X Veray Eqn. S23

The instantaneous values of Vemax and Jmax are adjusted for the current leaf temperature

(Tins) using standard Arrhenius equations:

Eac o Tins-298.15

V. T:...) =V im X eX
emax (Tins) cmax25,acclim X €XP( R Tins X 298.15

) Eqn. S24

Tins - 298.15

Tins X 298.15) Eqn. 525

E.
jmax(Tins): Jmax25,acclim X eXp(%’J X



where Ea ¢ = 65330 mol'1 is the activation energy for Vecmax (Bernacchi et al., 2001), and

Ea,j=439001J mol'1 is the activation energy for J;max (Bernacchi et al., 2003).

The Vemax25,acclim and Jmax25,acclim values were calculated by applying the inverse

form of the Arrhenius equation to Vemax,opt and Jmax,opt at the acclimated temperature

(Tacel):

_ Eac o 298.15-T,
chaxZS,achim(Tach) - chax,opt>< eXp(? X m) Eqn. S26

Ea) o, 298.15-Tocq )

jmax25,acc|im(TaCC|) = jmax,optx exp( R Tocel % 298.15 Eqn. S27

where Vemax and Jmax represent the Vemax and Jmax at the average midday (11:30-12:30

local solar time, corresponding to the period of peak irradiance) environmental conditions

during the previous 15 days as well as the Taccl.

Vemax,opt and Jmax,opt are determined using two optimality principles. According to the
coordination hypothesis, plants adjust their photosynthetic capacities so that 4; is
approximately equal to A¢ under typical/average daytime conditions, ensuring efficient use of
available light. The least-cost hypothesis predicts that cj adjusts in response to ambient CO»
partial pressure (cg), vapor pressure deficit (VPD), temperature, and atmospheric pressure,

thereby determining the value of the stomatal parameter (&) that balances carbon assimilation

and water loss (Eqn. S31). A higher & reduces the sensitivity of c¢j to changes in VPD. This

balance minimises the combined costs of carboxylation and water transport required to

sustain a given assimilation rate:

£= /B<1*f6+r]r* ) Eqn. S28

B is the unitless cost ratio at 25 ‘C for maintaining carboxylation and water transport, set to

146 following Wang et al. (2017). n* is the unitless ratio of the viscosity of water at a given

temperature relative to its viscosity at 25 °C (Huber et al., 2009).

From the equation above, we can derive Vemax,opt, Jmax,opt and ci,opt:



2
Polabsl(Ciopt + K) + (Ciopt +2r') 3
V = 0% oh 1-[c" —F——] Eqn. S29
CMBCOPE (g gpe + 27) (Ciopt-T) a
_ 49glaps
jmax,opt - 1 P Eqgn. S30
2
- [C*(Ci,opt + 2/;*) 3
\ (Ci,opt-7)
where c¢j opt is the leaf-internal CO, partial pressure corresponding to the optimal
environmental conditions at which Vemax,opt, /max,opt are determined.
_ EC,+ T VVPD
Ciopt = BTN Eqn. S31

where c* is a cost factor for electron transport capacity and has been estimated as 0.41 +

0.112 from observed Jmax. Vmax ratios (Wang et al., 2017).



