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11 Abstract. Realistic simulation of photosynthesis is needed for accurate prediction of the global
12 carbon cycle. In addition to the well-known instantaneous response to changes in temperature,
13 photosynthetic processes acclimate to long-term environmental changes by adjusting the
14 maximum photosynthetic capacities (Vemax and Jmax) and stomatal behaviour The theoretical
15  basis for acclimation can be understood as an outcome of eco-evolutionary optimality (EEO).
16  Here, we have implemented an EEO-based scheme to represent the universal acclimation of
17  photosynthesis to environmental conditions independently of plant functional types in the
18  JULES land surface model. We compare this implementation with two standard configurations
19 of JULES (GL7, UKESM1). We evaluate model performance using daily, monthly and annual
20  site-based observations of gross primary production (GPP) observations at flux towers from
21  the PLUMBER?2 data set. The EEO-based scheme, PJULES, produces better predictions of
22 GPP than either GL7 or UKESM1, both of which substantially underestimate GPP at the higher
23 end of the observed range. Comparison at individual sites shows that PJULES produces more
24 realistic simulations of seasonal and diurnal cycles of GPP. The improvement in the estimation
25  of GPP does not degrade simulated land-surface energy fluxes: predictions of the latent heat
26  flux are similar to those from the UKESM1 and slightly better than those from GL7. The good
27  performance of PJULES shows that a parsimonious model can offer a competitive alternative
28 to more complex parameterisations for simulating land—atmosphere carbon and water

29  exchanges.

30
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31 1. Introduction

32 The land surface plays a critical role in the global climate system, functioning as a carbon sink
33  that currently removes about one-third of the total anthropogenic emissions and thereby
34  slowing the rate of climate change (Friedlingstein et al., 2025; Ruehr et al., 2023). The total
35  amount of carbon fixed through photosynthesis, quantified as gross primary production (GPP),
36 is the dominant flux in the terrestrial carbon cycle and represents a global uptake of
37  approximately 120-150 Pg C yr! (Anav et al., 2015; Beer et al., 2010; Friedlingstein et al.,
38  2025; Jiang and Ryu, 2016). The ability to model GPP realistically is important for quantifying
39  the magnitude and variability of the land carbon sink and its feedback to the climate system

40  (Campbell et al., 2017; Rogers et al., 2017; Ruehr et al., 2023)

41  Land surface models (LSMs) simulate the exchanges of carbon, water, and energy between the
42 land surface and the atmosphere, and are therefore a key component of weather, seasonal,
43  climate and Earth System Models (ESMs) used for environmental prediction (Fisher and
44 Koven, 2020; Lawrence et al., 2019). Most LSMs prescribe key physiological traits that control
45  photosynthesis, including the maximum carboxylation rate (Vecmax) and maximum electron
46  transport rate (Jmax) at standard temperature, as constant parameters that vary between but not
47  within plant functional types (PFTs). Furthermore, different LSMs use varying numbers and
48  definitions of PFTs, each with its own model-specific calibration. These differences in model
49  structure contribute to systematic mismatches in model predictions and disagreements with

50  observations (Canadell et al., 2021).

51 In addition to the instantaneous response of photosynthetic parameters to temperature,
52 experimental and observational evidence has demonstrated that photosynthetic capacity
53 acclimates to growth temperature on a time scale of days to weeks (Carter et al., 2021; Crous,
54  2019; Drake et al., 2015; Dusenge et al., 2020; Reich et al., 2018), leading to systematic shifts
55 in both the magnitude and temperature optimum of carbon assimilation (Kumarathunge et al.,
56  2019; Way and Yamori, 2014; Yamori et al., 2013). Standardised Vemax (Vemax,25) declines under
57  sustained thermal stress (Scafaro et al., 2017), and the ratio of Jmax25 t0 Vemax2s adjusts
58  dynamically in response to prevailing temperatures (Smith and Dukes, 2017). These findings
59  highlight a fundamental limitation of the PFT-based parameterisation approach: fixed
60  photosynthetic parameters do not capture these physiological responses to environmental

61  change.
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62  Some LSMs have included representations of photosynthetic temperature acclimation using an
63  empirical scheme developed by Kattge and Knorr (2007) and updated by Kumarathunge et al.
64 (2019). Both of these schemes have been implemented in the Joint UK Land Environment
65  Simulator (JULES), the LSM used in the UK Earth System Model (UKESM). Implementation
66  of the Kattge and Knorr (2007) scheme in JULES resulted in improvements in simulated GPP
67  and evapotranspiration under current climate, particularly in tropical regions, in high-latitude
68  northern hemisphere forests during summer, and in temperate and boreal evapotranspiration
69  across the northern hemisphere (Oliver et al., 2022). However, the empirical algorithms from
70  Kattge and Knorr (2007) were based on a limited data set, particularly lack in tropical biomes.
71  The Kumarathunge et al. (2019) scheme is based on a larger data set and has improved tropical
72 coverage. Incorporation of this scheme to represent thermal acclimation in JULES produced a
73 further improvement in the simulation of GPP (Oliver et al., 2025). Nevertheless, while these
74  empirical schemes improve model flexibility compared to fixed-parameter approaches, they
75  still use PFT-specific parameterisations, and they do not provide a unified explanation for why

76  plants adjust their thermal responses in the ways observed experimentally.

77  Acclimation is not represented in the two of the most widely used JULES configurations: GL7
78  (Wiltshire et al., 2020) and UKESM1 (Sellar et al., 2019). Both configurations employ the
79  Collatz model (Collatz et al., 1991) with fixed PFT-dependent photosynthetic parameters. The
80 UKESMI configuration extends GL7 by expanding from five to thirteen PFTs and
81  incorporating additional processes including a representation of nitrogen limitation (Wiltshire
82 et al, 2021) and updated representations of plant physiology (Harper et al., 2018), but still

83  retains the underlying static parameterisation of photosynthetic capacity.

84  The limitations of both the standard configurations and the empirical acclimation schemes
85  previously implemented in JULES highlight the need for an alternative approach that can
86  represent photosynthetic responses to environmental change without relying on PFT-specific
87  parameterisations or empirical relationships. Eco-evolutionary optimality (EEO) based
88  approaches have been advocated as a way of providing robust, parameter-sparse models of
89  plant and vegetation processes (Harrison et al., 2021). Here, we test this by implementing an
90  EEO-based scheme for gross primary production, the P-model, in JULES. The original P-
91  model predicts photosynthetic traits directly from environmental drivers at weekly to monthly
92  timesteps (Prentice et al., 2014; Stocker et al., 2020; Wang et al., 2017). However, there is a

93  sub-daily formulation which explicitly separates the instantaneous (sub-daily) and acclimated
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94 responses to environmental drivers and was designed for implementation in LSMs (Mengoli et
95 al, 2022). In this study, implement this sub-daily version in JULES and evaluate the
96  performance of the new scheme (PJULES) in predicting observed GPP and latent heat (LE)
97  from eddy-covariance flux sites against the two standard JULES configurations at annual and
98  monthly timescales, and over seasonal and diurnal cycles. We also perform sensitivity analyses

99  to identify the causes of differences between the three model configurations.
100

101 2 Model description
102 2.1 JULES land surface model

103 JULES (Bestet al., 2011; Clark et al., 2011) is the land surface model used by the UK weather
104  and climate modelling community. JULES simulates the exchange of radiation, heat, water,
105  momentum, and carbon between the land surface and the atmosphere, and represents sub-grid
106  heterogeneity through a tiling approach in which each surface type maintains its own energy
107  budget coupled to a shared soil column. Soil processes are represented using a four-layer
108  scheme (0.1, 0.25, 0.65, and 2.0 m thick) with hydraulic relationships following Van
109  Genuchten (1980) and sub-grid soil moisture heterogeneity optionally parameterised using
110 TOPMODEL (Gedney and Cox, 2003). Leaf-level stomatal conductance and photosynthesis
111 are coupled through CO: diffusion (Cox et al., 1998), with canopy-level scaling achieved via a
112 10-layer canopy radiation model using the two-stream approach of Sellers (1985). Surface
113 exchange follows Monin-Obukhov similarity theory of Beljaars and Holtslag (1991) under
114  stable conditions and the Dyer (1974) forms under unstable conditions. A multilayer snow
115  scheme with up to three layers is used incorporating prognostic thickness, water content,

116  temperature, and grain size, with snow thermal conductivity following Calonne et al. (2011).
117 2.2 JULES Model configurations

118 The two standard configurations of JULES are JULES-GL7 (Wiltshire et al., 2020) and
119  JULES-UKESMI (Sellar et al., 2019). The first configuration follows the JULES Global Land
120 7 (JULES-GL7; Wiltshire et al., 2020), the standard global land configuration used in the sixth
121  phase of the Coupled Model Intercomparison Project (CMIP6) as part of HadGEM3-GC3.1
122 (Williams et al., 2018) and implemented here using JULES vn7.0. JULES-GL7 represents the

123 land surface using five PFTs (broadleaf trees, needleleaf trees, Cs grass, C4 grass, and shrubs)
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124 and four non-vegetated surface types (urban, inland water, bare soil, and ice). Each PFT has
125  different parameter values governing photosynthesis, stomatal conductance, root distribution,

126  canopy structure, and radiative properties (Tables 1 and 2 in Wiltshire et al., 2020).

127  The second configuration uses the JULES setup implemented in UKESM1 (Sellar et al., 2019),
128  the UK Earth System Model used in CMIP6, implemented here using JULES vn7.8. This
129  configuration extends the 5-PFT scheme to 13 PFTs, subdividing broadleaf trees into broadleaf
130  deciduous, broadleaf evergreen temperate, and broadleaf evergreen tropical types, needleleaf
131  trees into needleleaf deciduous and needleleaf evergreen, shrubs into deciduous and evergreen
132 shrub types, Cs grassland into Cs natural grass, Cs crop, and Cs pasture, and Cs grassland into
133 Cynatural grass, C4 crop, and Cs pasture (Harper et al., 2016, 2018). The expanded PFT scheme
134 provides a more refined representation of plant physiological diversity allowing, for example,
135  tropical and temperate broadleaf evergreen PFTs to have different photosynthetic temperature
136  responses (Table 1). The UKESMI1 Earth system configuration includes interactive dynamic
137 vegetation via TRIFFID (Cox, 2001), coupled carbon—nitrogen cycling (Wiltshire et al., 2021),
138 and a representation of land use changes (Burton et al., 2019), but these components are
139  disabled in this study to maintain consistency with the offline experimental design used for the
140  GL7 simulations; phenology is prescribed from satellite-derived LAI in all three configurations
141  evaluated here. JULES configurations are designed to be independent of the underlying code
142 version, with different code releases producing the same results for a given configuration
143 (Wiltshire et al., 2020). The use of different JULES code versions (vn7.0 and vn7.8) therefore
144  does not introduce scientific differences. The principal difference between the two
145  configurations is the number of PFTs and the associated parameter sets governing the

146  physiological and radiative properties of vegetation.

147  2.2.1 Photosynthesis in JULES

148  Leaf-level photosynthesis for Cs plants in JULES follows the approach of Collatz et al. (1991),
149  where the net photosynthesis rate is determined by the most limiting of three potential rates:
150  the light-limited rate (W) which depends on the quantum efficiency (a), the Rubisco-limited
151  rate (W.), and the rate limited by transport of photosynthetic products (W) (see Note S1 for
152 detailed description of the calculation of these three limiting rates). Both W, and W. depend on
153 Vemax, the maximum rate of Rubisco carboxylation, which is derived from Vemax standardised

154 at 25°C (Vemax,25), scaled by a temperature response function:

fr(Tc)

155 Vemax = Vemax,2s [1+exp(0,3(Tc_Tupp))][1+exp(0.3(T10w—Tc))]

Eqn.1
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156 where T¢ is canopy temperature (°C), Typp and Tioy, are PFT-dependent upper and lower

157  temperature limits for photosynthesis, and

158 fr(T) = QUre?® Eqn.2

159 with Qqgear = 2.0.

160  The multi-layer canopy scheme (can_rad_mod = 6; Clark et al., 2011) explicitly resolves sunlit
161  and shaded leaves within each of 10 canopy layers, with two-stream radiation transfer and
162 sunfleck penetration. Sunfleck penetration through the canopy is parameterised as:

kp
Cosz

163 fuun = exp (— -2 LAI) Eqn.3

164

165  where k;,= 0.5 and z is the solar zenith angle. The leaf scattering coefficient for PAR ()
166  governs the attenuation of radiation through the canopy via the two-stream radiative transfer
167  scheme, influencing the photosynthetically active radiation (PAR) available to sunlit and
168  shaded leaves in each canopy layer. Leaf nitrogen is assumed to decay exponentially as a

169  function of cumulative leaf area index, with a nitrogen decay coefficient k,, = 0.2 (Wiltshire et

170 al., 2020), such that V.4, 25 at canopy depth L is:

171 Vemaxzs(L) = Negr - o - exp(—ky - L) Eqn4

172

173 Parameters governing leaf-level photosynthesis for both the JULES-GL7 and JULES-
174  UKESMI configurations are defined for each PFT (Table 1). Leaf photosynthesis is calculated
175  as:

176 A =W-B Eqn.5

177  where A4 is the leaf-level gross photosynthesis, W is the smoothed minimum of the three
178  limiting rates (W1, W. and W) and {3 is a soil moisture stress factor (Eqn.S10). The factor {3 is
179 1 when the soil moisture content of the root zone (8: m3 m™=3) is at or above a critical threshold
180  (Herit), which depends on soil texture. When soil water content drops below O, B decreases
181  linearly until 8 reaches the wilting point (where § = 0) (Best et al., 2011). Leaf-level
182  photosynthesis is calculated separately for sunlit and shaded leaves at each of the 10 canopy
183  layers, with sunlit leaves receiving both direct and diffuse radiation and shaded leaves receiving
184  only diffuse radiation. Total canopy GPP is then obtained by integrating over all sunlit and
185  shaded leaf fractions across the 10 layers.
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186  Table 1. Comparison of values for key photosynthesis parameters across different plant
187  functional types in the two standard JULES configurations. In JULES-GL?7 , these are broadleaf
188  tree (BT), needleleaf tree (NT), Cs grass and shrub In JULES-UKESMI, these are broadleaf
189  deciduous tree (BDT), broadleaf evergreen tropical tree (BET-Tr), broadleaf evergreen
190 temperate tree (BER-Te), needleleaf deciduous tree (NDT) and needleleaf evergreen tree
191  (NET), Cs natural grass, Cs crop, Cs pasture, C4 grassland into Cs natural grass, Cs crop, Cs
192 pasture, deciduous shrub (DSH) and evergreen shrub (ESH). The parameters are the extinction
193 coefficient for photosynthetically active radiation, PAR (kpar), quantum efficiency (mol CO;
194  per mol PAR photons) (), the leaf scattering coefficient for PAR (Q), the top leaf nitrogen
195  concentration, kg N/kg C (nn), the lower temperature for photosynthesis (7iow), the upper
196  temperature for photosynthesis (7upp), and the scale factor relating Vemax with leaf nitrogen

197  concentration (7efr).

GL7 UKESM1 kpar o Q 7 Tow Tupp Hest
BT 0.5 0.08 0.15 0.04 0 36 0.0008
BDT 0.5 0.064 0.105 0.046 10 43 0.0008
BET-Tr 0.5 0.064 0.104 0.046 13 43 0.0008
BET-Te 0.5 0.048 0.058 0.046 13 43 0.0008
NT 0.5 0.08 0.15 0.03 -10 31 0.0008
NDT 0.5 0.08 0.083 0.033 -10 26 0.0008
NET 0.5 0.064 0.083 0033 0 32 0.0008
Cs 0.5 0.08 0.15 0.06 0 36 0.0008
grass
C; natural grass 0.5 0.048 0.116 0.073 10 32 0.0008
C; crop 0.5 0.048 0.125 0.073 10 32 0.0008
C; pasture 0.5 0.048 0.116 0.073 10 32 0.0008
Cs 0.5 0.04 0.17 0.03 13 45 0.0004
grass
Cs4 natural grass 0.5 0.04 0.135 0.06 13 45 0.0004
C,4 crop 0.5 0.04 0.136 0.06 13 45 0.0004
C4 pasture 0.5 0.04 0.135 0.06 13 45 0.0004
Shrub 0.5 0.08 0.15 0.03 0 36 0.0008
DSH 0.5 0.064 0.125 0.06 10 40 0.0008
ESH 0.5 0.048 0.073 0.06 0 36 0.0008

198
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199  2.2.2 Stomatal conductance in JULES

200  Stomatal conductance (gs) in JULES is coupled to photosynthesis through the leaf internal
201  concentration of COz (c;). In both JULES-GL7 and JULES-UKESM], ¢; is calculated using
202  the Jacobs scheme (Best et al., 2011; Jacobs, 1994):

203 ¢ =(ca—T") - (1- %‘t) + T Eqn.6

204  where ¢, is the ambient CO: partial pressure (Pa), I'* is the CO. compensation point in the
205  absence of mitochondrial respiration (Pa), dq is the specific humidity deficit at the leaf surface
206 (kg kg™), and fo (dimensionless) and dyeic (kg kg™') are PFT-specific parameters representing
207  the ci/ca ratio at zero humidity deficit and the critical humidity deficit at which stomata close,

208  respectively.

209 g is then derived from c; and the net assimilation rate via Fick's law of diffusion (von

210  Caemmerer and Farquhar, 1981):

211 g ==& Eqn.7

Ca—Cj

212 where the factor 1.6 accounts for the ratio of diffusivities of water vapour and CO: in air, R is
213 the universal gas constant, and 7j is the leaf temperature (K). The Jacobs scheme implies a
214 linear decrease in ci/c. with increasing humidity deficit, with stomata fully closing when dy >

215 dgerie o when the soil moisture stress factor § = 0.

216

217
218 2.3 PJULES
219  2.3.1 Photosynthesis

220  PJULES is developed on the basis of JULES vn7.0, replacing the multilayer Collatz et al. (1991)
221  leaf-level photosynthesis and the Jacobs stomatal conductance scheme by the big-leaf P-model
222 (Prentice et al., 2014; Wang et al., 2017; Mengoli et al., 2022) (can rad mod = 1, photo model
223 = 3). The P-model is based on the Farquhar et al. (1980) biochemical model of Cs
224 photosynthesis, in which the instantaneous assimilation rate 4 is determined by the lesser of
225  the Rubisco-limited rate of carboxylation (4.), which depends on the maximum rate of Vemax
226  and the effective Michaelis-Menten coefficient (Kmm), and the electron transport-limited rate
227  Aj;, which depends on the quantum efficiency (¢,) and Jmax. Unlike the Collatz et al. (1991)
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228  model, the P-model does not include We and determines A4 as the strict minimum of A, and 4;

229  rather than a smoothed co-limitation.

230 Vemax and Jmax are predicted from the coordination hypothesis (Haxeltine and Prentice, 1996;
231  Maire et al., 2012) determined by environmental conditions rather than prescribed as PFT-

232 specific parameters.

2
_ ®Polabs[(ci + Kmm) [« Ceit2r)]s
233 Viay = ZoretelC o) j{l [c e } Eqn.8

234 Joa = 2Polabs Eqn.9

Creep)
(ci-T%)

235  where @o is the intrinsic quantum yield of photosynthesis (mol CO2 mol™ photons), ['*is the
236  temperature-dependent CO> compensation point (Pa), lass = fAPAR x PPFD, PPFD is incident
237  photosynthetic photon flux density and fAPAR is the fraction of absorbed photosynthetically
238  active radiation derived from satellite observed leaf area index (LAI) using Beer's law (Beer et
239 al, 2010): fAPAR=1-exp(-k-LAI). k = 0.5 is the light extinction coefficient. ¢* is a cost
240  parameter (0.41) for electron transport capacity (Wang et al., 2017).

241 2.3.2 Stomatal conductance

242 The least-cost hypothesis (Prentice et al., 2014; Wright et al., 2003) predicts the optimal y (y =
243 c¢i/lca) by minimising the combined costs of maintaining carboxylation capacity and
244  transpiration (stomate model = 3), replacing the Jacobs scheme described in Sect. 2.2. The

245  optimal intercellular CO: partial pressure is then:

_ ¥C, +T'VVPD

246 Ci:XXCa_W

Eqn.10

247  where ¢, is the ambient atmospheric CO: partial pressure (Pa) and VPD is the vapour pressure
248  deficit (Pa), T'* is the temperature-dependent CO: compensation point (Pa), and

249 & is the optimal stomatal sensitivity.

250
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251 2.3.3 Acclimation scheme

252 PJULES incorporates the acclimation scheme from the sub-daily P-model (Mengoli et al.,
253 2022), which extends the standard P-model framework by explicitly distinguishing between

254  instantaneous and acclimated photosynthetic responses. V.

cmax25°

Jaxos and & are determined at

d da a
y@ @ @

cmax,opt > Jmax,opt opt) are

255  the acclimation timescale. Daily optimal acclimation targets (

256  determined from conditions during a midday window (11:30-12:30 local solar time), when

257  PPFD is highest, and the coordination hypothesis is applied.

258  Daily optimal values are normalised to a 25 °C reference temperature

259 Vc(r:liz)(ZS,opt = chga)x,opt/fV (Tnoon) Eqnl 1
d d
260 ]rglaz(ZS,opt = xglag(,opt/f] (Tnoon) Eqn. 12

261  The temperature response of both quantities follows the basic Arrhenius function:

A 1 1
262 f(T)= exp %(m;)] Eqn.13

263  where AH, is the activation energy (65,330 J mol™* for Vemax (Bernacchi et al., 2001) and 43,900
264 Jmol ™ for Jmax (Bernacchi et al., 2003), R is the universal gas constant (8.314 J mol™ K™), and
265  Tis the surface temperature (K).

266  The acclimated parameters are smoothed using a weighted running mean with a 15-day

267  memory (o= 1/15):

7@  _ g (d-1)
268 Vemaxzs = @WVomaxas 1- a)chax25,opt Eqn.14
G ()] (d-1)
269 ]max25 = "Jmax25 + (1 —a ]max25,opt Eqn~15
270 E@ = i@ 4+ (1 — )4V Eqn.16

271  These acclimated values are updated once daily (at 12:30 pm local time) and held constant
272 within each day. To obtain the instantaneous photosynthetic capacities, they are rescaled to the

273 current temperature 7(2) via the Arrhenius function:

274 chax(t) = Vc(rgzx% 'fV(T(t)) Eqn.17

10



https://doi.org/10.5194/egusphere-2026-2804
Preprint. Discussion started: 28 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

275 Jinax(8) =jr$1(4113(25 'f](T(t)) Eqn.138

276  The instantaneous c;(t) is computed from slowly acclimating (@ together with instantaneous

277  VPD:

_ &aca(®)+T(T(®))+/VPD(8)
278 ¢i(t) = £ 7PD® Eqn.19
279 The A.(t) and A(t) are calculated:

_ ci(O)-T"(1) _ ci()-I" (1)

280 Ac(®) = Ve O 5 4O =JO - or 0 Eqn.20
281 Canopy-level GPP is obtained by applying the big-leaf approach:
282 GPP(t) = fAPAR - minn (Ac(t), A](t)) B Eqn.21

283 A full description of the sub-daily P model is provided in Note S2. All other aspects of the land
284  surface model, including the algorithm to predict  using the same piecewise linear function
285  (see Eq. S10), are unchanged. Table 2 provides a summary of the key structural differences

286  between the three model configurations.

287  Table 2. Description of the three model configurations evaluated in this study.

GL7 UKESM1 PJULES
JULES version vn7.0 vn7.8 vn7.0
Number of PFTs 5 13 2
Photosynthesis scheme Collatz Collatz P model
Temperature response of Venax ~ Qio Qo Arrhenius
Vemar2s Prescribed Prescribed Predicted
Jmax Not defined Not defined Predicted
Stomatal conductance Jacobs Jacobs Predicted
Canopy scheme 10 layers 10 layers Big leaf
Acclimation None None 15-day exponential

moving average

PFT-specific photosynthetic Yes Yes No
parameters
Soil moisture stress (5) Piecewise linear Piecewise linear Piecewise linear

288

289 2.4 Data and evaluation

290  Model simulations were driven by quality-controlled and gap-filled meteorological forcing
291  from the PLUMBER?2 dataset (Ukkola et al., 2022), which compiles half-hourly observations
292 from 170 eddy covariance sites drawn from the FLUXNET2015, La Thuile, and OzFlux

293 collections. The forcing variables used include air temperature (T _air, °C), relative humidity

11
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294  (RH, %), air pressure (Pa), and downwelling shortwave radiation (W m2). Peat bog, wetland,
295  irrigated and C4-dominated sites were excluded from the analysis, resulting in a final dataset
296  of 130 sites spanning a wide range of climate zones and vegetation types. Site records covered
297  from 1 to 21 years during the period 1992-2018 (Table S1). Sites with hourly data were
298  resampled to half-hourly resolution within JULES. LAI was prescribed as an ancillary input
299  derived from global satellite products available in PLUMBER?2, including estimates from
300 MODIS and the Copernicus Global Land Service. PFT fractions were derived from MODIS
301 land cover products. The full 134-site dataset was used to evaluate model performance at
302  monthly and annual timescales A subset of seven sites was used to assess the seasonal and
303  diurnal cycles of simulated GPP and LE. These sites represent a range of climate and vegetation
304  types (Table 3), including evergreen boreal forest (FI-Hyy), boreal mixed forest (RU-Fyo),
305  temperate deciduous broadleaf forest (US-UMB), temperate mixed forest (BE-Vie), tropical
306 forest (GF-Guy), temperate grassland (CH-Cha), and temperate managed grassland (DE-Gri).
307  For the sub-daily timescale analysis, we used data from week 34 (21-27 August) in 2014 for
308 these seven sites, for comparability with Mengoli et al. (2022). For the seasonal cycle analysis,
309  the evaluation period was January 2011 to December 2014 for most sites, but only for 2011,
310 2012, and 2014 at US-UMB and 2007, 2009, 2013, and 2014 at GF-Guy because of data
311  availability and quality.

312

313 Model performance at monthly and yearly time scales was evaluated against observed GPP
314  derived using the nighttime partitioning method (GPP_NT_VUT_REF) and latent heat flux
315 (LE_F _MDS). For the seven sites selected for seasonal and diurnal evaluation, observational
316  uncertainty was characterised using the 5th and 95th percentile confidence interval of the
317 nighttime partitioning estimate (GPP_NT VUT 05 and GPP_NT CUT 95). For LE,
318  observational uncertainty was characterised using the 25th and 75th percentile estimates of the
319  energy-balance-corrected latent heat flux (LE_CORR 25 and LE_CORR _75). These corrected
320  estimates were not available for US-UMB, GF-Guy, and CH-Cha.

321

322 Model performance was evaluated using the coefficient of determination (R?) and root-mean-
323 square error (RMSE), computed with scikit-learn (Pedregosa et al., 2011) in Python 3.9. R?
324  was calculated as 1 — SS_res/SS_tot, where SS_res is the residual sum of squares between
325  modelled and observed values, and SS_tot is the total sum of squares relative to the observed

326 mean. RMSE was calculated as the square root of the mean squared difference between
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327  modelled and observed GPP, providing a measure of absolute prediction error in the same units
328  as the data.
329

330  Table 3. Characteristics of the sites used for the seasonal and diurnal cycle analyses.

Site name Site ID  Latitude Longitude Elevation MAT  MAP Seasonal cycle
(m) °C)  (mm)
Hyytidla FI-Hyy  61.85°N 24.29°E 181 3.5 711  Jan 2011-Dec
2014
Vielsalm BE-Vie 50.31°N 6.00°E 490 8.2 916  Jan 2011-Dec
2014
Univ. of Michigan US-UMB 45.56°N 84.71°W 234 5.5 800  2011,2012,
Biological Station 2014 (Jan—Dec)
French Guiana GF-Guy 5.28°N 52.93°W 40 26.0 3000 2007, 2009,
2013,2014
(Jan—Dec)
Chamau CH-Cha 47.21°N 841°E 393 10.0 1100 Jan 2011-Dec
2014
Grillenburg DE-Gri  50.95°N 13.51°E 385 8.4 877  Jan 2011-Dec
2014
Fyodorovskoye RU-Fyo 56.46°N 32.92°E 270 39 730 Jan2011-Dec
2014
331
332

333 2.5 Sensitivity Analysis

334 A sensitivity analysis was conducted at Cs grass-dominated sites to isolate the contribution of
335 individual PFT-specific parameters to differences in simulated GPP between PFTs. In each
336  experiment, the land surface was prescribed as 100% Cs grass or 100% broadleaf tree cover,
337  removing the influence of mixed tile fractions. We examined three PFT-specific parameters:
338  the top leaf nitrogen concentration (n10), the leaf scattering coefficient (Q), and the light
339  extinction coefficient. In each experiment, a single parameter was substituted from its default
340  grass value to the corresponding broadleaf tree value, while all other parameters were held

341  constant. Four model configurations were evaluated: (1) a control run using default C3 grass
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342  parameters; (2) grass parameters with tree nio; (3) grass parameters with tree Q; and (4) grass

343  parameters with tree extinction coefficient.

344

345 3. Results

346 3.1 Evaluation of simulated gross primary production

347  Comparison of observed and modelled GPP at monthly and annual timescales shows that the
348  PJULES performs better than both multi-layer configurations (Fig. 1). At the monthly scale
349  (Fig.la), PJULES has an R? of 0.62 and an RMSE 0of 2.24 g C m 2 d"!, compared to R? values
350  0of0.53 and RMSE of2.54 g Cm ™ d! for both multi-layer configurations. The regression slope
351  (0.81) of PJULES is considerably closer to the 1:1 line than those of the multi-layer models
352 (0.54), indicating that the latter systematically underestimate GPP across the observed range.
353  Differences in model performance between the three configurations are more pronounced at
354  the annual scale (Fig.1b): PTJULES has an R? of 0.50 and an RMSE of 1.38 g C m2 d"!, while
355  the both multi-layer configurations show a decline in explanatory power (JULES-GL7: R? =
356  0.20, JULES-UKESMI1: R? = 0.17) and higher RMSE values (JULES-GL7: 1.78 gCm2d;
357 JULES-UKESMI: 1.81 g C m? d!'). However, the JULES-UKESMI configuration has a
358  regression slope that is marginally closer to the 1:1 line than JULES-GL7. Overall, increasing
359  the number of PFTs does not result in improved performance.

360
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361  Figure 1. Correlation of observed and modelled (a) monthly and (b) yearly gross primary
362  production (GPP, g C m2 d!) across all 134 PLUMBER? sites for the PJULES, GL7 and
363 UKESMI configurations.

PJULES GL7 UKESM1
a 7 7 7
(a) y=081x+0.12 s y = 0.54x + 0.52 s y = 0.54x + 0.41 s
20 R2=0.62 S R2=0.53 S 1 R2=0.52 S
= RMSE = 2.24 L RMSE = 2.54 o RMSE = 2.54
© / ,
b
> 6
-
£ o
= &
[T
o
T
(<]
=
) =0.83x + 0.06 ~ =0.53x +0.53 ~ =0.57x +0.29
y =0.85x ! / y=0.53x + 0. / y=0.57x .
20 R2=0.50 i 1 R2=0.20 i 1 R2=0.7
= RMSE = 1.38 o RMSE = 1.78 L RMSE = 1.81
_|° 2 a
~
) - V4 B B
L 15
> 0 . .
E o ‘#
£ o 101 " . .
o o _ ﬁ‘
—_ ()
3 . ’
2 5 P E o
W L J ’,‘
7a%a @ o] [
0 1 T T T T T T T T T T
0 5 10 15 20 0 5 10 15 20 O 5 10 15 20
Observed GPP (gC m~2d™1) Observed GPP (gC m—2d™1) Observed GPP (gC m~2d™1)
—_— a - — —e—————
0.02 0.04 0.06 0.08 0.10 012 014
364 Point Density

365  The performance of all three model configurations declines with increasing aridity (Fig. 2),
366  such that the underestimation of GPP increases progressively. Nevertheless, PJULES
367  outperforms both multi-layer configurations at humid sites (Fig. 2a) at the monthly scale (R? =
368 0.66, RMSE=2.15gCm=2d", slope = 0.89). JULES-GL7 (R>=0.54, RMSE=2.54 g C m™
369 d, slope = 0.57) and JULES-UKESMI1 (R? = 0.53, RMSE =2.56 g C m2 d!, slope = 0.59)
370  show similar performance at these sites. PJULES also performs better (R* = 0.46, RMSE =
371  1.57gCm2d", slope = 0.72) at semi-arid sites (Fig. 2b) than either JULES-GL7 (R?= 0.39,
372 RMSE=1.66 gCm?2d",slope =0.51) or JULES-UKESM1 (R>=0.47, RMSE = 1.56 g C
373 m2d", slope = 0.55). The improved performance of JULES-UKESM1 compared to JULES-
374  GL7 for semi-arid sites at the monthly timescale is also characteristic of arid sites (Fig. 2c¢),
375  where it outperforms (R? = 0.31, RMSE = 0.86 g C m2 d, slope = 0.32) both JULES-GL7
376 (R*=0.19, RMSE =0.93 gC m2d, slope = 0.28) and PJULES (R?=0.08, RMSE=0.99 g
377  Cm2d", slope =0.23).
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378  Comparisons at the annual scale are consistent with the pattern shown at the monthly timescale
379  (Fig. S1): performance declines progressively with increasing aridity across all three
380  configurations. Indeed, at both arid (Fig. Slc). and semi-arid (Fig. S1b) sites all three
381  configurations have negative R? values and low explanatory power. PJULES performs
382  reasonably well at humid sites (Fig. S1a), with an R?=0.42, RMSE=1.42 g Cm2 d " and slope
383  =0.8, which are better than both JULES-GL7 and JULES-UKESM 1with a slope around 0.5.

384  Figure 2. Comparison of monthly modelled and observed gross primary production (GPP) at
385  the monthly scale across different aridity classes: (a) humid (aridity index, Al, < 2), (b) semi-
386  arid (Al between 2 and 5) and arid (Al >5).
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388  Evaluation of the seasonal cycle of GPP in the northern hemisphere (Fig. 3a) shows that
389  PJULES has a better performance than either of the multi-layer configurations in summer (JJA),
390  autumn (SON) and winter (DJF). It overestimates GPP in JJA by only 6% (8.17 vs 7.71 g C
391 m? d'), compared to the JULES-GL7 and JULES-UKESMI configurations which
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392 underestimate GPP in summer by 36% and 38% respectively. PJULES slightly overestimates
393  GPP in autumn by 2% (3.04 vs 2.98 g C m2 d '), while JULES-GL7 and JULES-UKESM1
394  underestimate GPP in SON by 34% and 37% respectively. All three configurations
395  underestimate GPP in winter, but the underestimation in PJULES is only 14% (0.95 vs 1.11 g
396 C m2d"') compared to 43% in JULES-GL7 and 55% in JULES-UKESMI1. While the two
397  multi-layer configurations also underestimate GPP in spring, PJULES shows a large
398  overestimation of GPP by 33% (5.08 vs 3.81 g C m2 d'). The tendency for the P-model to
399  overestimate GPP during the early part of the year has also been observed in standalone
400  simulations (e.g. Zhou et al., 2025). The observed seasonal cycle of GPP is more muted in the
401  Southern Hemisphere sites (3.33-6.36 g C m2 d!) than in the Northern Hemisphere sites
402  (1.11-7.71 g C m2 d") (Fig.3b; Table S4). PJULES is close to the 1:1 line in all seasons,
403  whereas both multi-layer configurations underestimate GPP across all seasons. Consistent with
404  seasonal biases in the Northern Hemisphere, PJULES shows the smallest overestimation in

405 MAM (5.17vs 495 gCm2d", 4%) and the largest in SON (5.60 vs 4.97 g Cm2d™", 13%).

406  Figure 3. Comparison of seasonal mean gross primary production (GPP) for (a) sites in the
407  Northern Hemisphere and (b) sites in the Southern Hemisphere. Colours represent different
408 model configurations: PJULES (brown), JULES-GL7 (tan), and JULES-UKESM1 (blue).
409  Symbols represent the four seasons: March-April-May, MAM (diamonds), June-July-August,
410 JJA (circles), September-October-November, SON (triangles), and December-January-
411  February, DJF (squares). The dashed black line indicates the 1:1 relationship between modelled
412 and observed GPP.
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414  Comparison of the seasonal cycle at individual flux tower sites (Fig. 4) provides further
415  confirmation that PJULES performs better than the JULES-GL7 and JULES-UKESMI
416  configurations, both of which consistently underestimate the observed GPP. The tendency for
417  PJULES to green-up too early and hence overestimate GPP during spring can be clearly
418  observed at the four temperate forest sites (US-UMB, BE-Vie, RU-Fyo and FI-Hyy). PJULES
419  simulates GPP that closely matches the observations during the first part of the year (up to day
420  200) at the tropical forest site (GF-Guy), whereas the JULES-GL7 and JULES-UKESM1
421  configurations considerably underestimate GPP. All three configurations show an increase in
422  GPP after day 200, which in the case of PJULES results in a considerable overestimation of
423 GPP compared to the observations, which show a general reduction over the second part of the
424  year. The JULES-GL7 and JULES-UKESMI configurations underestimate GPP at other
425  tropical sites (Fig. S2). PJULES reduces this persistent low bias, although in some cases this
426  results in an overestimation of GPP during some part of the year (Fig. S2). PJULES performs
427  better overall than the two multi-layer configurations at the two grassland sites (CH-Cha, DE-
428  Gri). However, all three configurations fail to capture the mid-summer drop in observed GPP

429  at DE-Gri.

430  Figure 4. Mean seasonal cycle of gross primary production (GPP) at selected FLUXNET sites,
431  representing tropical forest (GF-Guy) boreal forest (FI-Hyy, RU-Fyo), mixed forest (BE-Vie),
432  temperate forest (US-UMB) and grassland (CH-Cha, DE-Gri).
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434

435  PJULES tracks the observed diurnal cycle reasonably well at the boreal, mixed and temperate
436  forest sites (Fig. 5). In contrast, the two multi-layer configurations tend to underestimate GPP
437  during most of the day, particularly at US-UMB and RU-Fyo. PJULES has an R* = 0.89 and
438 RMSE = 3.6 umol m™2 s™! at US-UMB, compared to JULES-GL7 (R? = 0.50, RMSE = 7.6
439  pumolm™?s')and JULES-UKESMI (R?=0.67, RMSE = 6.2 pmol m2 s™"). Similarly, PJULES
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440  hasanR?*=0.80 and RMSE =4.3 pmol m 2 s™* at RU-Fyo, considerably outperforming JULES-
441 GL7 (R*=0.40, RMSE = 7.3 umol m2 s™') and JULES-UKESM1 (R? = 0.38, RMSE = 7.4
442  umol m™2 s™'). PJULES also captures the observed diurnal GPP dynamics at BE-Vie more
443 accurately (BE-Vie: R? = 0.91, RMSE = 2.5 pmol m™ s7) than either of the multi-layer
444  configurations (JULES-GL7: R? = 0.77, JULES-UKESM1: R? = 0.70). The degradation in
445  performance between JULES-GL7 and JULES-UKESMI1 again confirms that additional
446  complexity in terms of number of PFTs does not result in improved performance. Differences
447  Dbetween the three configurations are smallest at the boreal forest site (FI-Hyy), although the P-
448  model still shows better performance (R?=0.91, RMSE =2.0 pmol m 2 s™") than either JULES-
449  GL7 (R*=0.81, RMSE = 2.8 umol m2 s') or UKESM1 (R? = 0.78, RMSE = 3.1 pmol m2
450  s'). However, UKESMI has the best performance at the tropical forest site, GF-Guy (R? =
451 091, RMSE = 3.6 pmol m2 s™'), outperforming both the PJULES (R? = 0.79, RMSE = 5.7
452  pumolm™2s™')and JULES-GL7 (R*=0.79, RMSE = 5.7 pmol m2 s™') configurations. PJULES
453  performs well at one of the grassland sites (CH-Cha) with an R? =0.86, RMSE = 5.0 pmol m™
454 s, whereas the R? for JULES-GL7 is only 0.72 and that for JULES-UKESM1 only 0.62. All
455  three configurations perform poorly at the DE-Gri grassland site, with R? ranging from —0.95
456  (PJULES) to 0.16 (JULES-UKESM1).

457

458
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Figure 5. Comparison of simulated gross primary production (GPP) by the PJULES, JULES-
GL7 and JULES-UKESMI configurations for a single week in August 2014 at selected
FLUXNET sites. The sites are organised by latitude from the tropics (top) to the boreal zone

(bottom).
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Site mean GPP is underestimated by both PJULES and JULES-GL7 when considering the four
C3 PFTs in the GL7 configuration (Table 3). However, PJULES generally demonstrates closer
agreement with observations and lower error metrics. At the needleleaf tree (NT) sites, where
the observed mean GPP is 4.11 g C m2 d™!, the PJULES value is much better (3.53 g C m™2
d™') than JULES-GL7 (2.23 g C m2 d!) and the PJULES RMSE (1.38 g C m2 d') is
substantially lower than JULES-GL7 (2.18 g C m™ d'), indicating significantly better
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471  performance. At broadleaf tree (BT) sites, where the observed mean GPP is 4.78 gC m2 d ™!,
472 PJULES simulates 4.13 g C m2 d ™ compared to 3.07 g C m2d ! for JULES-GL7. The RMSE
473  values for the two configurations are similar (1.90 and 2.09 g C m2 d!, respectively), but
474  PJULES has a smaller systematic bias. At the shrub sites, PTULES (3.43 g C m2 d™) is closer
475  to observations (3.86 g C m2d ™) than JULES-GL7 (2.61 gCm2d™), and the RMSE (1.02 g
476  Cm™2d")is also lower than JULES-GL7 (1.25 g C m? d™"). The underestimation of GPP at
477  Cs grass sites (3.07 g C m2d ™) is smaller in JULES-GL7 (2.32 g C m2 d') than in PJULES
478 (2.29 gCm2d"). JULES-GL7 also has a smaller RMSE compared to PTJULES (1.16 vs 1.36
479 g Cm?2d"), showing somewhat better representation of this PFT. The systematic differences
480 between PJULES and JULESGL7, with PJULES showing better performance for sites
481  dominated by woody plants and JULES-GL?7 for C; grassland reflects fundamental differences
482  in parameterization between these two vegetation types.

483

484  PJULES performs better than JULES-UKESMI1 in 6 out of 7 C3 PFTs represented in the
485 UKESMI configuration in terms of both mean GPP and RMSE (Table S2). The exception is
486  tropical broadleaf evergreen tree, where JULES-UKESM1 underestimates (7.05 g C m2 d")
487  butis closer to the observed site mean value (7.89 g C m2d ") than PJULES (8.85gCm2d™).
488  However, PJULES has a slightly better RMSE than JULES-UKESM1 (1.50 vs 1.60 g C m™2
489  d™). JULES-GL7 had better performance for Cs grass than PJULES (Table 3) but in the
490 UKESMI configuration where Cs grass sites are separated into Cs grass and Cs crop, this
491  advantage disappears: both models show similar performance for C3 grass with the same RMSE
492 values (1.36 g C m2 d™) although PJULES had a marginally smaller mean bias.

493

494
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495  Table 3. Summary of site mean gross primary production (GPP) and variability across all sites
496  for the four Cs plant functional types (PFTs) considered in the JULES-GL7 configuration:
497  Dbroadleaf tree (BT), needleleaf tree (NT), Cs grass and shrub.

PFT Mean GPP RMSE

Obs PJULES GL7 PJULES GL7
BT 4.78 4.13 3.07 1.90 2.09
NT 4.11 3.53 2.23 1.38 2.18
C; grass 3.07 2.29 2.32 1.36 1.16
shrub 3.86 3.43 2.61 1.02 1.25

498  Sensitivity analyses (Fig. 6) show that the differences in simulated GPP between grass and tree
499  largely reflect the differences in parameter values used for nio and Q. Replacing the light
500 extinction coefficient (grass value with that of trees) had no significant effect on simulated GPP
501  (p=0.93), confirming that differences in canopy light attenuation between PFTs are negligible
502  at Cs grassland sites. Substituting the Q parameter, which affects leaf-level CO: assimilation,
503  resulted in a small but statistically significant reduction in mean GPP (-0.05 g C m2d!, p
504  <0.001). The largest effect on GPP was produced by substituting the top-leaf nitrogen
505  concentration (n10) with the tree equivalent, which resulted in a significant reduction in
506  simulated GPP from a mean value of 3.14 g C m2 d in the control to 2.58 g C m2 d! (mean
507  difference =-0.56 g C m2d", p <0.001), closely approaching the Reference Pure Tree mean
508 of 249 g C m2 d!' (Fig. 8). This confirms that nio, through its control on Vemax2s, is the
509  dominant parameter driving the GPP difference between grass and tree simulations in the GL7
510  scheme.
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511  Figure 6. Sensitivity test of GPP to PFT parameterizations. The control represents the original
512 pure grass setup, while the reference shows the potential productivity of a pure tree setup.
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514

515 3.2 Evaluation of latent heat flux

516  Comparison of observed and modelled LE across monthly and yearly timescales for all three
517  configurations (Fig. 7) shows that PJULES has similar explanatory power to JULES-UKESM1
518  but produces more realistic fluxes than JULES-GL7. At the monthly scale (Fig. 7a), PJULES
519  has an R? of 0.68 and RMSE of 18.96 W m2, close to the values for JULES-UKESM1 (R? =
520 0.69, RMSE = 18.18 W m2) and better than GL7 (R? = 0.64, RMSE = 19.15 W m2). The
521  regression slopes indicate a systematic tendency to underestimate LE at higher observed values,
522 although PJULES (0.82) is marginally closer to the 1:1 line than either UKESM1 (0.78) or the
523 JULES-GL7 (0.76) configuration. Differences between the three configurations at the yearly
524  scale are small but consistent. PTJULES and JULES-UKESM1 show similar explanatory power
525  (R?=0.64 and 0.65, respectively), and both are better than JULES-GL7 (R? = 0.52) (Fig.7b).
526  The same pattern is seen in the RMSE values: JULES-UKESM1 has the lowest RMSE (11.97
527 W m™), PJULES is intermediate (12.21 W m™2) and JULES-GL?7 has the highest RMSE (13.26
528 Wm?).

529
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530  Figure 7. Correlation of observed and modelled (a) monthly and (b) yearly latent heat (LE)
531  values of all studied sites, for the PJULES, GL7 and UKESM1 configurations.
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534

535  As is the case with simulated GPP, PJULES performance for LE degrades with increasing
536  aridity. PJULES has a slope of 0.88 at humid sites (Al < 2) and is closest to the 1:1 line at the
537 monthly time scale (Fig. 8a), while JULES-GL7 (slope=0.76) and JULES-UKESMI1
538  (slope=0.81) underestimate LE to a greater extent, consistent with their more pronounced
539  underestimation of GPP at these sites (Fig. 2a). At semi-arid and arid sites, however, the multi-
540 layer configurations have slopes closer to one despite their continued underestimation of GPP
541  (Fig. 2b, 2c), while the PJULES slopes increase to 1.02 at semi-arid and 1.14 at arid sites,
542  indicating a tendency towards LE overestimation under water-limited conditions (Fig. 8b-c).
543  This suggests that the multi-layer models exhibit a degree of decoupling between carbon
544  assimilation and water fluxes under water limitation: PJULES shows the opposite pattern at
545  arid sites, with GPP underestimated and LE overestimated, which is unlikely to result from

546  stomatal limitation alone and may instead reflect an overestimation of bare soil evaporation.
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Figure 8. Comparison of monthly modelled and observed latent heat flux (LE) at the monthly
scale across different aridity classes: (a) humid (aridity index, Al, < 2), (b) semi-arid (Al
between 2 and 5) and arid (Al = 5).
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Seasonal mean LE is relatively well reproduced in sites in both hemispheres in all of the
configurations, with R? values of 0.61-0.66 and RMSE of 18.30-19.51 W m2 in the Northern
Hemisphere sites and 0.58—0.66 and 21.83-23.88 W m™ in the Southern Hemisphere sites
(Tables S5-S6, Fig. 9). All three configurations have LE values above the observed mean in
all seasons in the Northern Hemisphere. PJULES has a large positive bias in JJA (76.48 W
m~2), but JULES-GL7 and JULES-UKESMI are closer to observations (68.32 W m2) with
values of 69.53 and 68.71 W m 2 respectively. The overestimation of both GPP and LE in JJA
in PJULES suggests a coupled response in which the optimality-based scheme drives both
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559  carbon and water fluxes in the same direction. This coupling is expected from the underlying
560  equations linking photosynthesis and stomatal conductance; however, the response is non-
561 linear, such that the substantial improvement in GPP under PJULES does not result in an
562  overestimation of ET. This is not seen in the multi-layer configurations, where the LE is close
563  to observed values but observed GPP (7.20 g C m2 d!) is considerably underestimated. This
564 s likely due to the soil moisture stress factor (B) causing an overly strong constraint on
565  assimilation as well as the lack of acclimation (GL7: 4.64 g C m2d'; UKESM1 4.50 gCm™
566  d). All three configurations underestimate LE in the Southern Hemisphere sites, with the
567  largest bias again in summer (DJF). However, the PJULES estimate (91.18 W m™2) is closer to
568  the observed mean value of 91.30 W m2 than either JULES-GL7 (77.04 W m2) or JULES-
569 UKESMI (86.33 W m™).

570  Figure 9. Comparison of seasonal mean latent heat (LE) for (a) sites in the Northern
571  Hemisphere and (b) sites in the Southern Hemisphere. Colours represent different model
572 configurations: PJULES (brown), GL7 (tan), and UKESM1 (blue). Symbols denote the four
573 seasons: JJA (circles), MAM (diamonds), SON (triangles), and DJF (squares). The dashed
574  black line indicates the 1:1 relationship between modelled and observed LE.
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576  The seasonal cycle of LE is well captured across most sites, with smaller differences between
577  the three configurations than for GPP (Fig. 10). The match to the observed seasonal cycle and
578  timing is best for the extratropical forest sites (RU-Fyo, BE-Vie) and the CH-Cha grassland
579  site. PTJULES produces a close match to observations at the tropical forest site (GF-Guy) for

580  the first part of the year but shows a slight overestimation in the second half of the year, when
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581  GPP was also overestimated. In contrast, the multi-layer configurations underestimate LE
582  throughout the year. All three configurations overestimate LE at the US-UMB and FI-Hyy sites
583  during early spring (approximately day 50—150). This corresponds to the period when PJULES
584  overestimates GPP, but the multi-layer configurations do not show an overestimation in GPP
585  (Fig.4) again pointing to the decoupling between carbon assimilation and water fluxes. The
586  mid-summer drop in observed LE at the DE-Gri grassland site is not captured by any of the

587  three configurations.

588  Figure 10. Mean seasonal cycle of latent heat (LE) at each of the selected FLUXNET sites
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590

591  The diurnal cycle of LE is generally well reproduced across the seven sites, with all three
592  models capturing the midday peak in surface evapotranspiration (Fig.11). At most temperate
593  and boreal sites (BE-Vie, RU-Fyo, FI-Hyy, CH-Cha), differences among models are small.
594  However, PJULES overestimates peak daytime LE at US-UMB, while the multi-layer
595  configurations track the observed midday values more closely (GL7: R>=0.85; UKESM1:
596 R>=0.82; PJULES: R?>=0.69). PJULES produces a good agreement with observations at GF-
597  Guy (R*=0.88, RMSE=60.1 W m?), better than both JULES-UKESM1 (R*=0.84, RMSE=70.6
598 W m?), and JULES-GL7 (R?>=0.77, RMSE=83.2 W m2) estimates of peak LE. PJULES also
599  achieves the best fit to observed LE at DE-Gri (R*>=0.75, RMSE=30.1 W m™), although the
600  simulation of the diurnal cycle at this site was as poor as the other two configurations.

601
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602  Figure 11. Comparison of observed and simulated latent heat (LE) by PJULES the GL7 and
603  UKESMI1 model for a single week in August 2014 at each of the selected FLUXNET sites.
604  The sites are organised by latitude from the tropics (top) to the boreal zone (bottom).
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607 4. Discussion

608  PJULES performs better overall than either of the JULES multi-layer configurations. The
609  improvements in simulated GPP produced by PJULES are not accompanied by a degradation
610 in LE, suggesting that the optimality-based approach produces a more physically consistent
611  representation of surface carbon and water fluxes. The marginal performance gain from
612  expanding from 5 to 13 PFTs in the JULES standard configurations suggests that additional
613  structural complexity does not translate into improved predictive skill, a challenge widely

614  recognised in land surface modelling (Blyth et al., 2021; Fisher and Koven, 2020; Raoult et al.,
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615  2025). The consistently stronger performance of PJULES across most vegetation types and
616  time scales indicates that the optimality-based approach offers a promising and parsimonious
617  alternative to parameter-intensive multi-layer configurations. Moreover, because the EEO-
618  based approach does not rely on static parameters derived from observations, it is naturally
619  better suited for climate change applications where environmental conditions may move

620  beyond the range of current observations.

621  Model performance declined with increasing aridity across all three configurations. PJULES
622  achieved the best performance at humid sites, while the two multi-layer models greatly
623  underestimated GPP. The performance of PJULES was also better at semi-arid sites, although
624  the differences between the three configurations were smaller. However, JULES-UKESM1
625  performed better than PJULES at arid sites. The overall degradation of model performance
626  under high aridity reflects the use of the § function in the JULES framework. In this framework,
627  soil moisture stress is applied through a universal piecewise linear B function of volumetric
628  water content (Clark et al., 2011) . Vegetation is assumed to not be stressed when soil moisture
629 is above field capacity (—0.033 MPa), but GPP declines linearly towards zero at the wilting
630  point below this threshold (Best et al., 2011; Cox et al., 1999). This function is applied across
631  all ecosystems regardless of their climatic context (Harper et al., 2021). This is inconsistent
632  with observed ecosystem behaviour: plants adapted to more arid climates use water more
633  conservatively when soil moisture is high, but maintain GPP down to lower critical soil
634  moisture thresholds than humid ecosystems (Bassiouni et al., 2020; Fu et al., 2024; Stocker et
635  al., 2018). Furthermore, even in relatively humid European ecosystems, the observed soil
636  matric potential threshold at which plant water stress begins is approximately 0.71 MPa (Fu et
637 al, 2022), considerably more negative than the threshold used in JULES. Since PJULES uses
638  the S parameterization from the JULES framework, the optimality-based stomatal scheme
639  operates on a soil moisture signal that does not reflect the adaptive water-use strategies of
640  water-limited vegetation, limiting its ability to simulate the progressive GPP decline that

641  characterises arid ecosystems.

642  Mengoli et al. (2025) proposed an alternative way to incorporate soil moisture stress in an EEO
643  context. Based on an analysis of eddy-covariance flux data from 67 sites spanning the full
644  aridity gradient, they showed that the response of GPP to soil moisture stress varies
645  systematically with climatic aridity rather than vegetation type. Both the maximum light-use

646  efficiency under well-watered conditions and the critical soil moisture threshold below which
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647  GPP declines decrease with increasing aridity. In humid ecosystems, the critical threshold (y)
648  of relative soil moisture has a median of approximately 0.6, meaning GPP begins to decline
649  even when soils are still moderately moist. This threshold decreased to around 0.3 at semi-arid
650  sites and below 0.1 at arid sites. Applying these aridity-dependent functions to the sub-daily P
651  model reduced RMSE by an average of 69.3% at arid sites and 47.3% at semi-arid sites relative
652  to simulations with no soil moisture correction and also showed improvement at all arid sites
653  and the majority of semi-arid and humid sites compared to the moisture stress function
654  developed for the standard P-model by Stocker et al. (2020). This approach offers a promising
655  way of improving the soil moisture stress function in PJULES.

656  PJULES consistently overestimated GPP during spring (MAM) in the Northern Hemisphere,
657  with simulated values exceeding observations by 33% on average. This early-season high bias
658  was also evident at the site level, particularly at the temperate deciduous forest (US-UMB),
659  boreal needleleaf (FI-Hyy) and mixed forest (RU-Fyo), where PJULES predicted an early onset
660  of the growing season relative to observations. This spring overestimation reflects a well-
661  documented phenomenon, previously identified across numerous temperate and boreal sites by
662  Stocker et al. (2020) and in global simulations (Zhou et al., 2025). One possible explanation is
663  that the resumption of photosynthetic capacity after winter inhibition requires sustained
664  temperatures above a critical threshold and shows a lag relative to instantaneous air
665  temperatures (Luo et al., 2023; Mékela et al., 2004, 2008; Tanja et al., 2003). This delayed
666  recovery is primarily expressed through a reduction in @o: under low winter temperatures and
667  high irradiance, vegetation accumulates photoprotective pigments that suppress @o through
668  sustained non-photochemical quenching (Ensminger et al., 2004; Verhoeven, 2014). Although
669  PJULES accounts for the instantaneous temperature dependence of @o following Bernacchi et
670  al. (2003), it does not represent the lagged recovery of @o following cold acclimation. As spring
671  temperatures rise, PJULES therefore immediately predicts higher GPP based on favourable
672  atmospheric temperature, while actual photosynthetic capacity recovers more slowly, a
673  mismatch that likely contributes to the observed MAM overestimation. Luo et al. (2023)
674  addressed this by introducing a multiplicative cold-acclimation temperature modifier that
675  scales P model GPP based on a dynamically delayed minimum air temperature. The results
676  show areduction in early spring GPP overestimation by 22% across temperate and boreal forest

677  sites. This approach could provide a way to further improve the performance of PJULES.
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678  PJULES performance varied across tropical sites with RMSE ranging from 0.68 to 3.71 g C
679 m2 d'. All three configurations of JULES show similar seasonal trends that diverge from
680  observations at tropical rainforest sites, suggesting a common structural limitation rather than
681  model-specific issues. PJULES systematically underestimated GPP at BR-Sa3, but
682  overestimated GPP and GF-Guy and AU-Cow, where the P-model substantially overestimates
683  GPP. This may reflect the quality of the LAI product. The PLUMBER?2 data for GF-Guy and
684  AU-Cow used Copernicus LAI, while BR-Sa3 relies on MODIS LALI. Previous studies have
685  shown that Copernicus systematically overestimates LAI by approximately 2 units in tropical
686  forest regions compared to MODIS, while the two products show better agreement in sparse
687  vegetation and semi-arid regions (Jiang et al., 2020). This systematic difference propagates
688  directly into fAPAR and hence GPP. Thus, the overestimation of GPP by PJULES at AU-Cow
689  probably reflects inflated LAI inputs, while the underestimation at BR-Sa3 reflects the well-
690  documented tendency of MODIS to underestimate LAI in tropical forests where clouds cause

691  data gaps and degradation in the satellite retrievals (Morton et al., 2014; Saleska et al., 2003).

692  There are systematic differences between PJULES and JULES-GL7 across PFTs. PTJULES not
693  only achieved lower RMSE but also produced higher simulated mean GPP for broadleaf trees,
694  needleleaf trees and shrubs, but JULES-GL7 produced higher simulated mean GPP and lower
695  RMSE in Cj grasslands than PJULES. Since PJULES does not differentiate between tree and
696  grass PFTs, these different patterns presumably result from differences in PFT-specific
697  parameterisation in the multi-layer scheme. Substituting tree for grass top leaf nitrogen content
698  (mp) resulted in a reduction in simulated C; grassland GPP from 3.14 to 2.58 g C m2 d,
699  showing that nj, through its control on Vemax2s, is the dominant parameter driving GPP
700  differences between grass and tree PFTs in JULES-GL7. This suggests that a better
701  representation of nitrogen-carbon coupling, based on a firmer theoretical basis of the linkages
702  between nitrogen uptake, photosynthesis and biomass production (Stocker et al., 2025), should

703  be incorporated in the multi-layer configurations to improve performance.

704  Beyond the finding that improvements in GPP under PJULES are not accompanied by any
705  degradation in LE performance, the results show that LE can remain close to observations even
706  where GPP is substantially underestimated in JULES-GL7 and JULES-UKESM. This
707  systematic divergence between GPP and LE performance points to a structural feature of the
708  JULES evapotranspiration scheme, whereby non-stomatal evaporative pathways buffer LE

709  even as stomatal conductance and carbon assimilation are suppressed. One such compensation
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710  pathway arises because stomatal closure raises surface temperature, which increases the
711  saturated vapour pressure at the surface, thereby generating greater soil evaporation. The
712 underestimation of GPP in the multi-layer configurations at humid sites is mirrored by a
713 corresponding underestimation of LE, suggesting that the two fluxes remain broadly coupled.
714  The optimality-based stomatal scheme in PJULES produces a more physically consistent
715  representation of both carbon and water fluxes under well-watered conditions. However, the
716  multi-layer configurations substantially underestimate GPP at semi-arid sites yet have LE
717  slopes close to one, while PJULES reproduces GPP more accurately but has LE slopes
718  exceeding 1.0. All three configurations simulate GPP slopes of approximately 0.2 at arid sites
719  but all produce LE slopes at or above 1.0, indicating that LE is largely maintained
720  independently of carbon assimilation even under severe water limitation. This reduced
721  coupling between plant transpiration and total ET suggests that the representation of
722  evapotranspiration and its component fluxes in JULES may be a source of bias. While global
723  observations indicate transpiration is about 62% of total terrestrial evaporation (Miralles et al.,
724 2025), transpiration represents only 42% of total evapotranspiration in the standard JULES
725  configuration, and the rest is from evaporation from the soil or intercepted water (Van den
726  Hoof et al., 2013). The B soil moisture stress function is applied directly to leaf-level
727  photosynthesis in all the JULES configurations, which suppresses both GPP and, through the
728  coupled A4-gs scheme, stomatal conductance and transpiration. However, soil evaporation is
729  driven primarily by the availability of energy at the soil surface and the moisture content of the
730  topsoil layer, both of which are independent of stomatal function. As a result, total LE can be
731  buffered by these non-stomatal pathways even as GPP and transpiration are suppressed by soil

732 moisture stress, although the magnitude of this compensation is unclear.

733 LAl is likely to play an important role in modulating the partitioning of LE more generally
734 across all three configurations. In arid and semi-arid ecosystems, a greater fraction of incoming
735  radiation reaches the soil surface because LAI is low and canopy shading reduced. This would
736  sustain or even increase soil evaporation even as transpiration declines under water stress
737  (Harper et al., 2021). Furthermore, reduced transpiration increases soil water availability
738  through greater infiltration, which can in turn sustain higher rates of soil evaporation. In
739  contrast, intercepted water evaporation decreases with lower LAI as the canopy water storage
740  capacity is reduced, meaning that the two non-stomatal components of LE respond in opposing

741  directions to changes in vegetation cover (Van den Hoof et al., 2013). The net effect on total
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742  LE therefore depends on the relative magnitude of these two processes and will vary not only

743  with vegetation cover but also with soil texture and atmospheric evaporative demand.

744  The current evaluation is based on historical FLUXNET observations. Future climate
745  projections indicate substantially higher temperatures under high-emission scenarios, which
746  would provide a more stringent test of the robustness of PTJULES under warmer and high CO;
747  conditions. A further limitation of the current study is the absence of C4 vegetation in the
748  PJULES configuration. C4 plants account for between 19-23% of global GPP (Luo et al., 2024;
749  Still et al., 2003) and dominate tropical savannahs and grasslands where warming is projected
750  to be most pronounced. The implementation of a C4 photosynthesis pathway in PTULES would

751  therefore be an important step towards a more complete global assessment.
752 5. Conclusion

753  This study evaluated PJULES compared to JULES-GL7, and JULES-UKESMI across
754  FLUXNET sites within the PLUMBER?2 framework. PJULES demonstrated consistently better
755  performance with improvements in GPP simulation unaccompanied by degradation in LE,
756  suggesting a more physically consistent representation of surface carbon and water fluxes. The
757  marginal performance gain from expanding from 5 to 13 PFTs for the two multilayer JULES
758  configurations suggests that increased model complexity does not necessarily translate into
759  improved predictive skill. Extension of the evaluation to future climate scenarios and
760  implementation of Cs photosynthesis in PJULES represent important priorities for
761  strengthening the global applicability of these configurations.

762  Code and data availability

763  The JULES land surface model is developed and maintained in the Met Office Science

764 Repository Service (MOSRS; https://code.metoffice.gov.uk). The model code is freely

765  available to any researcher who registers for a MOSRS account. JULES vn7.0 was used for
766  the GL7 configuration and JULES vn7.8 for the UKESM1 configuration. Model

767  documentation is available at https://jules-lsm.github.io/vn7.0/ and https://jules-

768  Ism.github.io/vn7.8/ (last access: 11 May 2026). The P-model implementation described in
769  this paper is held in the JULES branch main/branches/dev/wenyaogan/r24333 pmodel at
770  revision @25369. The site-level simulations were performed with the Rose suites u-dl036
771  (revision @241004, for vn7.0) and u-do08S5 (revision @3 11374, for vn7.8), available from
772 the MOSRS roses-u repository (https://code.metoffice.gov.uk/trac/roses-u). Access to the
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773  branch and the suites requires a MOSRS account, for which any researcher may register free
774  of charge. The primary dataset underlying this study the PJULES model output together with
775  the analysis code and scripts required to reproduce all results and figures presented in this
776  paper is openly archived at https://doi.org/10.5281/zenod0.20344326 (Gan, 2026). The

777  PLUMBER?2 forcing and evaluation data used to drive and evaluate the simulations are

778  available from the NCI National Research Data Collection at

779  https://doi.org/10.25914/5fdb0902607¢1(Ukkola et al., 2020).
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