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S1 Model description 

To determine the canopy temperature, we developed a model considering the whole canopy as subject to the same 

conditions, with single exchange fluxes of energy and mass (‘big-leaf model’; Tuzet et al., 2003; Bonan, 2019; Amthor, 

1994; Jarvis and McNaughton, 1986), and uniform soil features and water content over the active rooting zone (‘bucket 

filling model’; Rodriguez-Iturbe et al., 1999; Laio et al., 2001; Milly, 1994). For set conditions above the canopy (radiation, 

wind velocity, air temperature, and vapor pressure deficit), the model quantifies the canopy energy and water balances 

(Section S1.1-S1.2), as a function of the canopy water potential. In turn, the canopy water potential was determined by the 

soil water balance and transport of water from the soil, inside the canopy and to the atmosphere (Section S1.3). The whole 

system was forced by the conditions above the canopy and the precipitation input to the soil water balance, which were 

synthetically generated (Section S1.4). All the mathematical symbols are defined in Table S1. The model parameters are 

summarized in Table S2. The model codes, developed in MatLab 2018a, are available at https://zenodo.org/record/4540738. 

S1.1 Canopy conditions 

S1.1.1 Radiation 

To determine the canopy energy balance, a simplified radiation model was used, accounting for visible, near-infrared, and 

longwave radiation separately (Goudriaan and Van Laar, 1994; Leuning et al., 1995). All fluxes were expressed on a per unit 

ground area basis. 

 

Shortwave radiation 

The incoming shortwave radiation at the top of the canopy, 𝑄𝑄0↓, was partitioned into the near infrared (NIR) and visible 

(PAR) components, 𝑄𝑄0,𝑁𝑁𝑁𝑁𝑁𝑁
↓  and 𝑄𝑄0,𝑃𝑃𝑃𝑃𝑁𝑁

↓ , based on the fractions 𝑓𝑓𝑁𝑁𝑁𝑁𝑁𝑁 and 𝑓𝑓𝑃𝑃𝑃𝑃𝑁𝑁 respectively.  

https://zenodo.org/record/4540738
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By integrating the radiation absorbed by each canopy layer within a canopy, assuming constant leaf area density (Goudriaan 

and Van Laar, 1994; Bonan, 2019), the total radiation absorbed by the canopy for component i (with i=NIR, PAR) was 

determined as (Tuzet et al., 2003): 

𝑄𝑄𝑖𝑖↓ = 𝑄𝑄0,𝑖𝑖
↓  (1 − 𝜌𝜌𝑖𝑖) �1 − 𝑒𝑒𝑒𝑒𝑒𝑒�−𝐾𝐾𝑏𝑏𝑏𝑏  �1 − 𝜎𝜎𝑖𝑖  𝐿𝐿𝑃𝑃𝑁𝑁�� , (S1) 

where 𝑄𝑄0,𝑖𝑖
↓  is the solar radiation above the canopy in the corresponding component, 𝜌𝜌𝑖𝑖 is the canopy reflection coefficient, 

𝐾𝐾𝑏𝑏𝑏𝑏  is the extinction coefficient for black leaves, 𝜎𝜎𝑖𝑖  is the leaf scattering coefficient (so that 𝐾𝐾𝑏𝑏𝑏𝑏  �1 − 𝜎𝜎𝑖𝑖  represents the 

effective transmission coefficient), and 𝐿𝐿𝑃𝑃𝑁𝑁  is the canopy leaf area index.  

The canopy extinction coefficient for black leaves depends on the direction of radiation and leaf orientation. Assuming an 

isotropic leaf angle distribution, it can be obtained as (Goudriaan and Van Laar, 1994) 

𝐾𝐾𝑏𝑏𝑏𝑏 =
1

2 cos 𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠
, (S2) 

where 𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠 is the solar zenith angle, determined based on the field latitude, day of the year, and time of the day (Dingman, 

1994).  

The canopy reflection coefficient for PAR (i=PAR) and NIR (i=NIR) was calculated as (Goudriaan and Van Laar, 1994) 

𝜌𝜌𝑖𝑖 = 2𝐾𝐾𝑏𝑏𝑏𝑏�𝐾𝐾𝑏𝑏𝑏𝑏 + 𝐾𝐾𝑏𝑏𝑏𝑏,𝑑𝑑�
−1�1 − �1 − 𝜎𝜎𝑖𝑖��1 + �1 − 𝜎𝜎𝑖𝑖�

−1
. (S3) 

where 𝐾𝐾𝑏𝑏𝑏𝑏,𝑑𝑑 is the extinction coefficient for diffuse radiation.  

The total net shortwave radiation absorbed by the canopy is the sum of the PAR and NIR components,  𝑄𝑄↓ = 𝑄𝑄𝑃𝑃𝑃𝑃𝑁𝑁↓ + 𝑄𝑄𝑁𝑁𝑁𝑁𝑁𝑁↓ . 

 

Thermal (longwave) radiation 

The net absorbed longwave radiation is the difference between the sky downward thermal radiation and the canopy upward 

emissivity (Leuning et al., 1995; Goudriaan and Van Laar, 1994): 

𝐵𝐵𝑠𝑠↓ = ( 𝜀𝜀𝑎𝑎𝜎𝜎𝑇𝑇𝑎𝑎4 − 𝜀𝜀𝑐𝑐𝜎𝜎𝑇𝑇𝑐𝑐4)�1 − 𝑒𝑒𝑒𝑒𝑒𝑒�−𝐾𝐾𝑏𝑏𝑏𝑏,𝑑𝑑   𝐿𝐿𝑃𝑃𝑁𝑁�� ≅ 𝐵𝐵𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟
↓ +  Δ𝐵𝐵↓, (S4) 

where 𝜀𝜀𝑎𝑎 is the apparent emissivity for a hemisphere radiating at temperature 𝑇𝑇𝑎𝑎 (Campbell and Norman, 1998), 𝜀𝜀𝑐𝑐 is the 

canopy emissivity, 𝜎𝜎  is the Stefan-Boltzmann constant, 𝑇𝑇𝑎𝑎  and 𝑇𝑇𝑐𝑐  are the air and canopy temperatures respectively 

(expressed in Kelvin). As in Eq. (S1), the term in square brackets is the result of integrating the fluxes over the whole canopy 

height (Bonan, 2019), although considering the black leaf transmissivity for thermal radiation 𝐾𝐾𝑏𝑏𝑏𝑏,𝑑𝑑 . The simplifying 

assumption was made that the longwave radiation exchange between the bottom of the canopy and the soil surface is 

negligible, because, under closed canopy, the soil temperature is similar to that of the canopy. The apparent emissivity 

depends on the cloud cover as 𝜀𝜀𝑎𝑎 = 𝜀𝜀𝑎𝑎,𝑐𝑐𝑏𝑏𝑟𝑟𝑎𝑎𝑟𝑟(1 − 0.84 𝑓𝑓𝑐𝑐𝑏𝑏𝑐𝑐𝑠𝑠𝑑𝑑) + 0.84  𝑓𝑓𝑐𝑐𝑏𝑏𝑐𝑐𝑠𝑠𝑑𝑑 , where 𝜀𝜀𝑎𝑎,𝑐𝑐𝑏𝑏𝑟𝑟𝑎𝑎𝑟𝑟  is the clear sky emissivity, 

proportional to 𝑇𝑇𝑎𝑎2 (expressed in Kelvin), and 𝑓𝑓𝑐𝑐𝑏𝑏𝑐𝑐𝑠𝑠𝑑𝑑  the cloud cover fraction (Campbell and Norman, 1998).  
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The expansion on the far r.h.s. of Eq. (S4) is based on the linearization of the canopy emittance term, exploiting the binomial 

expansion. There, 𝐵𝐵𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟
↓  is the net isothermal longwave energy absorbed by the canopy (subscript ref) and Δ𝐵𝐵↓  is the 

deviation from that. They were calculated as  

𝐵𝐵𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟
↓ = (𝜀𝜀𝑎𝑎𝜎𝜎𝑇𝑇𝑎𝑎4 − 𝜀𝜀𝑐𝑐𝜎𝜎𝑇𝑇𝑎𝑎4 )�1 − 𝑒𝑒𝑒𝑒𝑒𝑒�−𝐾𝐾𝑏𝑏𝑏𝑏,𝑑𝑑 𝐿𝐿𝑃𝑃𝑁𝑁��
Δ𝐵𝐵↓ = 4 𝜀𝜀𝑐𝑐𝜎𝜎𝑇𝑇𝑎𝑎3 (𝑇𝑇𝑎𝑎 − 𝑇𝑇𝑐𝑐)�1 − 𝑒𝑒𝑒𝑒𝑒𝑒�−𝐾𝐾𝑏𝑏𝑏𝑏,𝑑𝑑 𝐿𝐿𝑃𝑃𝑁𝑁��

. (S5) 

S1.1.2 Wind velocity 

To determine the wind velocity at the top of the canopy of height, ℎ𝑐𝑐, 𝑈𝑈(ℎ𝑐𝑐), we considered the atmospheric bulk wind 

velocity and assumed a logarithmic wind profile above the canopy, including the diabatic corrections, i.e.,  

𝑈𝑈(𝑧𝑧) =
𝑢𝑢∗

𝐾𝐾𝑣𝑣
�𝑙𝑙𝑙𝑙 �

𝑧𝑧 − 𝑑𝑑0
𝑧𝑧𝑀𝑀

� + Ψ𝑀𝑀�. (S6) 

Here, 𝑧𝑧 is the generic height above the ground (set to ℎ𝑐𝑐 to determine 𝑈𝑈(ℎ𝑐𝑐)), 𝑢𝑢∗ the friction velocity, 𝐾𝐾𝑣𝑣 the von Karman 

constant, 𝑑𝑑0 the zero plane displacement (𝑑𝑑0 ≅ 2 3⁄ ℎ𝑐𝑐), 𝑧𝑧𝑀𝑀 the roughness length for the momentum, and Ψ𝑀𝑀 the diabatic 

correction factor for momentum. The diabatic correction factor was determined based on the following empirical functions, 

for unstable (𝐻𝐻 ≥ 0, with 𝐻𝐻 being the sensible heat flux; Eq. S20 below) and stable (𝐻𝐻 < 0) conditions (Campbell and 

Norman, 1998):  

Ψ𝑀𝑀 = �−1.2 𝑙𝑙𝑙𝑙 �1+(1−16𝜁𝜁)1/2

2
� 𝐻𝐻 ≥ 0

6 𝑙𝑙𝑙𝑙(1 + 𝜁𝜁) 𝐻𝐻 < 0
. (S7) 

𝜁𝜁 is the atmospheric stability, accounting for the effects of buoyancy, measured as the ratio of the convective to mechanical 

production of turbulence (Bonan, 2019) 

𝜁𝜁 = −
𝐾𝐾𝑣𝑣𝑔𝑔(𝑧𝑧 − 𝑑𝑑0)𝐻𝐻
𝜌𝜌�𝑎𝑎𝑐𝑐𝑝𝑝𝑇𝑇𝑎𝑎𝑢𝑢∗3

, (S8) 

where 𝐾𝐾𝑣𝑣 is the von Karman constant, 𝑔𝑔 the gravitational acceleration, 𝑧𝑧 the height from the ground, 𝜌𝜌�𝑎𝑎 the molar density of 

air, 𝑐𝑐𝑝𝑝 the heat capacity of air, 𝑇𝑇𝑎𝑎 the air temperature at height 𝑧𝑧 (expressed in Kelvin), and 𝑢𝑢∗ the friction velocity. The latter 

was obtained by rearranging the diabatic profile equation for wind velocity at height 𝑧𝑧 , 𝑈𝑈(𝑧𝑧) , to yield 𝑢𝑢∗ =

 𝐾𝐾𝑣𝑣𝑈𝑈(𝑧𝑧) �𝑙𝑙𝑙𝑙 �𝑧𝑧−𝑑𝑑0
𝑧𝑧𝑀𝑀

� + Ψ𝑀𝑀�
−1

.  

S1.1.3 Vapor pressure deficit and air CO2 concentration 

It was assumed that turbulent transport is such that the relative humidity and the air carbon dioxide (CO2) concentration at 

the canopy level are the same as the reference ones, well above the canopy.  
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S1.2 CO2, water vapor, and heat canopy exchanges 

S1.2.1 CO2 assimilation and stomatal conductance 

The stomatal conductance 𝑔𝑔𝑠𝑠  was modeled based on the optimization principle, i.e., assuming that plants maximize 

cumulated net CO2 uptake over a given period, subject to limited water availability. The optimization principle and the 

optimal control theory provide the necessary condition for the stomatal conductance 𝑔𝑔𝑠𝑠  to be optimal as 

𝜕𝜕(𝐴𝐴𝑠𝑠𝑟𝑟𝑛𝑛 − 𝜆𝜆𝑤𝑤𝐸𝐸𝑏𝑏) 𝜕𝜕𝑔𝑔𝑠𝑠 = 0⁄  (Mäkelä et al., 1996), where 𝜆𝜆𝑤𝑤 = 𝜕𝜕𝐴𝐴𝑠𝑠𝑟𝑟𝑛𝑛 ⁄ 𝜕𝜕𝐸𝐸𝑏𝑏 is the marginal water use efficiency, 𝐴𝐴𝑠𝑠𝑟𝑟𝑛𝑛 is the 

net CO2 assimilation rate, and 𝐸𝐸𝑏𝑏  is the transpiration rate (with both rates expressed on a per unit leaf area basis).  

In contrast to other optimization models based on water use efficiency (Katul et al., 2009; Medlyn et al., 2011), here no a 

priori assumption was made on whether photosynthesis is light- or RuBisCO-limited. Rather, the Farquhar model of 

photosynthesis (Farquhar et al., 1980) was approximated by a hyperbolic function, as (Vico et al., 2013) 

𝐴𝐴𝑠𝑠𝑟𝑟𝑛𝑛 = 𝑘𝑘1  
𝑐𝑐𝑖𝑖 − Γ∗

𝑘𝑘2 + 𝑐𝑐𝑖𝑖
− 𝑅𝑅𝑑𝑑, 

(S9) 

 

where 𝑐𝑐𝑖𝑖  is the CO2 concentration at the photosynthetic site (neglecting the mesophyll resistance), Γ∗  is the CO2 

compensation point in the absence of dark respiration, 𝑅𝑅𝑑𝑑 is the respiration rate in the light. The parameters 𝑘𝑘1 and 𝑘𝑘2 are 

related to the photosynthetic parameters as 

𝑘𝑘1 =
𝐽𝐽
4

 

𝑘𝑘2 =
𝐽𝐽
4

 
𝑎𝑎2

𝑉𝑉𝑐𝑐,𝑚𝑚𝑎𝑎𝑚𝑚
. 

(S10) 

Here, 𝐽𝐽 is the electron transport rate, 𝑉𝑉𝑐𝑐,𝑚𝑚𝑎𝑎𝑚𝑚  the maximum carboxylation rate; and 𝑎𝑎2 = 𝐾𝐾𝐶𝐶(1 + 𝑐𝑐𝑂𝑂𝑎𝑎/𝐾𝐾𝑂𝑂), with 𝐾𝐾𝐶𝐶  and 𝐾𝐾𝑂𝑂 

being the Michelis-Menten constants for CO2 fixation and oxygen inhibition, and 𝑐𝑐𝑂𝑂𝑎𝑎 the oxygen concentration in the air. 

The electron transport rate 𝐽𝐽 depends on the light-saturated electron transport rate, 𝐽𝐽𝑚𝑚𝑎𝑎𝑚𝑚, and the available photosynthetically 

active radiation, expressed in μmol m-2 s-1 (obtained from 𝑄𝑄𝑃𝑃𝑃𝑃𝑁𝑁↓  – Eq. S1-S3, assuming a constant conversion factor of 4.6 

μmol J-1). The kinetic parameters (𝐽𝐽𝑚𝑚𝑎𝑎𝑚𝑚, 𝑉𝑉𝑐𝑐,𝑚𝑚𝑎𝑎𝑚𝑚, Γ∗, 𝐾𝐾𝐶𝐶  and 𝐾𝐾𝑂𝑂) are a function of both canopy temperature (Bernacchi et al., 

2001; Medlyn et al., 2002) and water availability (Vico and Porporato, 2008). The day respiration rate, 𝑅𝑅𝑑𝑑, was assumed to 

equal a fraction 𝑓𝑓𝑁𝑁 of 𝑉𝑉𝑐𝑐,𝑚𝑚𝑎𝑎𝑚𝑚 , thus also depending on canopy temperature (and water availability). 

The effects of water availability were considered directly on 𝜆𝜆𝑤𝑤, 𝑉𝑉𝑐𝑐,𝑚𝑚𝑎𝑎𝑚𝑚 and 𝐽𝐽𝑚𝑚𝑎𝑎𝑚𝑚. Following Zhou et al. (2013) and Manzoni 

et al. (2011), 𝜆𝜆𝑤𝑤 was assumed to be a function of the predawn canopy water potential, 𝜓𝜓𝑐𝑐,𝑝𝑝𝑑𝑑, set equal to the predawn soil 

water potential. Considering the predawn canopy water potential as opposed to the instantaneous one was motivated by 𝜆𝜆𝑤𝑤 

not responding instantaneously to canopy water potential. A monotonically-increasing dependence on water availability was 

used to minimize the data needed for a robust relationship (Manzoni et al., 2011): 

𝜆𝜆𝑤𝑤 = 𝜆𝜆𝑤𝑤𝑤𝑤∗
𝑐𝑐𝑎𝑎
𝑐𝑐𝑎𝑎∗
𝑒𝑒𝑒𝑒𝑒𝑒�𝛽𝛽𝑐𝑐𝜓𝜓𝑐𝑐,𝑝𝑝𝑑𝑑�, 

(S11) 
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where 𝜆𝜆𝑤𝑤𝑤𝑤∗  is the marginal water use efficiency under well-watered conditions and at reference atmospheric CO2 

concentration (𝑐𝑐𝑎𝑎∗) and 𝛽𝛽𝑐𝑐 is a fitting parameter describing the change in 𝜆𝜆𝑤𝑤 with water stress. More complex relationships 

have been suggested to match some observations, but they differ markedly only under extreme water stress (Manzoni et al., 

2011) – conditions that are uncommon in most agricultural settings.  

The effects of canopy water potential, 𝜓𝜓𝑐𝑐, on 𝑉𝑉𝑐𝑐,𝑚𝑚𝑎𝑎𝑚𝑚 and 𝐽𝐽𝑚𝑚𝑎𝑎𝑚𝑚 were accounted for via a Weibull-type vulnerability curve, the 

parameters of which were determined by fitting leaf-level measurements (Vico and Porporato, 2008). This approach allows 

accounting for non-stomatal limitations to photosynthesis under water stress – a mechanism necessary to reproduce 

observations (Zhou et al., 2013; Drake et al., 2017). 

For simplicity, canopy water potential and temperature were not included in the optimization directly, but they did affect 

 𝑉𝑉𝑐𝑐,𝑚𝑚𝑎𝑎𝑚𝑚 , 𝐽𝐽𝑚𝑚𝑎𝑎𝑚𝑚 and 𝜆𝜆𝑤𝑤. This is equivalent to assuming that the marginal effect of 𝑔𝑔𝑠𝑠 on 𝑇𝑇𝑐𝑐 and 𝜓𝜓𝑐𝑐 is small with respect to that 

of 𝑔𝑔𝑠𝑠  on 𝐴𝐴𝑠𝑠𝑟𝑟𝑛𝑛  and 𝐸𝐸𝑏𝑏 . It is important to emphasize that these assumptions apply only to the determination of stomatal 

conductance, i.e., all other modules include explicitly the roles of 𝑇𝑇𝑐𝑐 and 𝜓𝜓𝑐𝑐 . 

This stomatal model represents a further development of that of Vico et al. (2013), because it explicitly includes the effects 

of water availability and day respiration, as well as the conductances to leaf boundary layer, and turbulent transport of vapor 

and heat, for more realistic estimates also under water stress and low wind velocity. The leaf boundary layer and turbulent 

transport in the atmosphere can act as further resistances to the vapor and CO2 exchanges with the surrounding atmosphere 

and decreases with wind velocity (see Eq. S13 below). Despite the additional feedbacks included in the model, a closed 

formula for the optimal stomatal conductance 𝑔𝑔𝑠𝑠 can still be obtained, but it is cumbersome and hence not reported here. 

S1.2.2 Minimum leaf conductance 

In parallel to the stomatal conductance, we considered a minimum conductance, 𝑔𝑔𝑚𝑚𝑖𝑖𝑠𝑠, that cannot be controlled by the plant 

(Kerstiens, 1996). 𝑔𝑔𝑚𝑚𝑖𝑖𝑠𝑠 is known to change with water availability, although in ways that are complex, species-specific and 

not fully characterized yet (Duursma et al., 2019). And, while most of the experimental work has focused on the acclimation 

of 𝑔𝑔𝑚𝑚𝑖𝑖𝑠𝑠  to low water availability as opposed to its instantaneous response, responses can occur even over few days 

(Bengtson et al., 1978). As a first approximation, it was assumed that 𝑔𝑔𝑚𝑚𝑖𝑖𝑠𝑠 declines linearly with 𝜓𝜓𝑐𝑐, as  

𝑔𝑔𝑚𝑚𝑖𝑖𝑠𝑠 = 𝑔𝑔𝑚𝑚𝑖𝑖𝑠𝑠,𝑤𝑤𝑤𝑤𝑚𝑚𝑎𝑎𝑒𝑒 �1 −
𝜓𝜓𝑐𝑐
𝜓𝜓𝑐𝑐,0

, 0� (S12) 

where 𝑔𝑔𝑚𝑚𝑖𝑖𝑠𝑠,𝑤𝑤𝑤𝑤 is the minimum conductance under well-watered conditions (𝜓𝜓𝑐𝑐 = 0) and 𝜓𝜓𝑐𝑐,0 is the leaf water potential at 

which the minimum conductance becomes negligible. Given the typically low value of 𝑔𝑔𝑚𝑚𝑖𝑖𝑠𝑠,𝑤𝑤𝑤𝑤 , the exact functional 

dependence of 𝑔𝑔𝑚𝑚𝑖𝑖𝑠𝑠 on 𝜓𝜓𝑐𝑐 and its parameterization bear little consequences on the model outputs. Also, the role of 𝑔𝑔𝑚𝑚𝑖𝑖𝑠𝑠 is 

negligible except under severe water stress, which, however, seldom occurs in most agricultural settings. Its inclusion 

ensures that the model does not return unrealistic results should soil moisture reach an occasional low value during a 

prolonged dry down. 
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While 𝑔𝑔𝑚𝑚𝑖𝑖𝑠𝑠 affects the amount of water lost by the leaves, it cannot be controlled by the plant and is independent of stomatal 

conductance. So, considering in the optimization the total water losses at the leaf level, 𝐸𝐸𝑏𝑏 , as opposed to the part stemming 

from the stomatal aperture only does not affect the resulting optimized stomatal conductance. 

S1.2.3 Canopy boundary layer conductances 

The leaf boundary layer conductances to heat and vapor per unit leaf area (𝑔𝑔𝐻𝐻,𝑏𝑏𝑏𝑏 and 𝑔𝑔𝑣𝑣,𝑏𝑏𝑏𝑏  respectively) were quantified as 

(Campbell and Norman, 1998): 

𝑔𝑔𝐻𝐻,𝑏𝑏𝑏𝑏 = 1.4 ∙ 0.135 �
𝑈𝑈(ℎ𝑐𝑐)
0.7 𝑑𝑑𝑏𝑏

 , 

𝑔𝑔𝑣𝑣,𝑏𝑏𝑏𝑏 = 1.4 ∙ 0.147�
𝑈𝑈(ℎ𝑐𝑐)
0.7 𝑑𝑑𝑏𝑏

 , 

(S13) 

where 𝑑𝑑𝑏𝑏  is the leaf width (in m; the coefficient 0.7 transforms it in the leaf characteristic dimension) and 𝑈𝑈(ℎ𝑐𝑐) is the wind 

velocity at canopy height (in m s-1; Eq. S6). 

S1.2.4 Aerodynamic bulk conductance 

A further conductance, the aerodynamic bulk conductance (per unit ground area), 𝑔𝑔𝐻𝐻,𝑎𝑎, is needed to describe the turbulent 

transport of heat and mass from outside the leaf boundary layer to the bulk atmosphere. This conductance was determined as 

(Webber et al., 2016; Campbell and Norman, 1998) 

𝑔𝑔𝐻𝐻,𝑎𝑎 = 𝐾𝐾𝑣𝑣2𝜌𝜌�𝑎𝑎𝑈𝑈(𝑧𝑧)

�𝑏𝑏𝑠𝑠�𝑧𝑧−𝑑𝑑0𝑧𝑧𝑀𝑀
�+Ψ𝑀𝑀��𝑏𝑏𝑠𝑠�

𝑧𝑧−𝑑𝑑0
𝑧𝑧𝐻𝐻

�+Ψ𝐻𝐻�
, (S14) 

where 𝑧𝑧𝑖𝑖 is the roughness length for momentum (for i=M) and heat (for i=H), and Ψ𝑖𝑖 is the corresponding diabatic correction 

factor. The diabatic correction factor for momentum (i=M) is given in Eq. (S7). From that, the diabatic correction factor for 

heat (i=H) can be determined as (Campbell and Norman, 1998)  

Ψ𝐻𝐻 = �
Ψ𝑀𝑀
0.6

𝐻𝐻 ≥ 0
Ψ𝑀𝑀 𝐻𝐻 < 0

. (S15) 

S1.2.5 Total canopy conductances 

The total canopy conductance to water vapor (per unit ground area) was calculated as the series of stomatal and cuticular 

conductance, leaf boundary layer conductance, and aerodynamic bulk conductance. The minimum and stomatal 

conductances were assumed to operate in parallel, so that the net conductance is 𝑔𝑔𝑠𝑠𝑐𝑐 = 𝑔𝑔𝑚𝑚𝑖𝑖𝑠𝑠 + 𝑔𝑔𝑠𝑠 and it converges to 𝑔𝑔𝑚𝑚𝑖𝑖𝑠𝑠 

during drought (as suggested by Duursma et al., 2019). This net conductance occurs in series with the leaf boundary layer 
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conductance. Assuming that both the abaxial and adaxial side of the leaf transpire at the same rate, the total leaf-level 

conductance to vapor per unit leaf area is  

𝑔𝑔𝑣𝑣,𝑏𝑏 =
𝑔𝑔𝑠𝑠𝑐𝑐  𝑔𝑔𝑣𝑣,𝑏𝑏𝑏𝑏

𝑔𝑔𝑠𝑠𝑐𝑐 + 𝑔𝑔𝑣𝑣,𝑏𝑏𝑏𝑏
 (S16) 

The total conductance to water vapor (per unit ground area), 𝑔𝑔𝑣𝑣,𝑐𝑐, is given by the series of the leaf-level conductance, and 

aerodynamic conductance, 𝑔𝑔𝐻𝐻,𝑎𝑎, 

𝑔𝑔𝑣𝑣,𝑐𝑐 =
𝐿𝐿𝑃𝑃𝑁𝑁𝑔𝑔𝑣𝑣,𝑏𝑏  𝑔𝑔𝐻𝐻,𝑎𝑎

𝐿𝐿𝑃𝑃𝑁𝑁𝑔𝑔𝑣𝑣,𝑏𝑏 +  𝑔𝑔𝐻𝐻,𝑎𝑎
, (S17) 

where 𝐿𝐿𝑃𝑃𝑁𝑁  scales up the leaf-level conductances to the canopy, exploiting the big-leaf approximation.  

The total canopy conductance to heat (per unit ground area), 𝑔𝑔𝐻𝐻,𝑐𝑐 , is instead the series of the leaf boundary layer and 

aerodynamic bulk conductances, i.e.,  

𝑔𝑔𝐻𝐻,𝑐𝑐 =
𝐿𝐿𝑃𝑃𝑁𝑁𝑔𝑔𝐻𝐻,𝑏𝑏𝑏𝑏  𝑔𝑔𝐻𝐻,𝑎𝑎

𝐿𝐿𝑃𝑃𝑁𝑁𝑔𝑔𝐻𝐻,𝑏𝑏𝑏𝑏 + 𝑔𝑔𝐻𝐻,𝑎𝑎
 (S18) 

S1.2.6 Canopy energy balance 

The canopy energy balance can be written as (Campbell and Norman, 1998) 

 𝑄𝑄↓ + 𝐵𝐵𝑠𝑠↓ = 𝐻𝐻 + 𝜆𝜆𝐸𝐸𝑇𝑇, (S19) 

where  𝑄𝑄↓ and 𝐵𝐵𝑠𝑠↓ are the net incoming shortwave and longwave radiations respectively, 𝐻𝐻 is the sensible heat loss, and 𝜆𝜆𝐸𝐸𝑇𝑇 

is the latent heat loss, with 𝐸𝐸𝑇𝑇 being the transpiration rate (per unit ground area) and 𝜆𝜆 the latent heat of vaporization for 

water. The sensible heat loss depends on the temperature difference between the canopy and the air, as 

𝐻𝐻 = 𝑐𝑐𝑝𝑝𝑔𝑔𝐻𝐻,𝑐𝑐  (𝑇𝑇𝑐𝑐 − 𝑇𝑇𝑎𝑎). (S20) 

The canopy transpiration rate (per unit ground area), 𝐸𝐸𝑇𝑇, is given by  

𝐸𝐸𝑇𝑇 = 𝑔𝑔𝑣𝑣,𝑐𝑐
𝑒𝑒𝑠𝑠(𝑇𝑇𝑐𝑐) − 𝑒𝑒𝑎𝑎(𝑇𝑇𝑎𝑎)

𝑃𝑃𝑎𝑎
≅ 𝑔𝑔𝑣𝑣,𝑐𝑐[𝑠𝑠𝑠𝑠(𝑇𝑇𝑐𝑐 − 𝑇𝑇𝑎𝑎) + 𝐷𝐷] (S21) 

where 𝑒𝑒𝑠𝑠(𝑇𝑇𝑐𝑐) is the saturated vapor pressure at canopy temperature, 𝑒𝑒𝑎𝑎(𝑇𝑇𝑎𝑎) is the air vapor pressure, 𝑠𝑠𝑠𝑠 = ∆ 𝑃𝑃𝑎𝑎−1, with ∆ 

being the slope of the saturation vapor pressure versus temperature function and 𝑃𝑃𝑎𝑎  (kPa) the atmospheric pressure 

(Campbell and Norman, 1998), and 𝐷𝐷  is the air vapor pressure deficit. The expression on the far r.h.s. was obtained 

exploiting Penman’s linearization of the saturated vapor pressure curve and is line with the use of Penman Monteith equation 

for the calculation of canopy temperature.  

Substituting Eq. (S4), (S20) and (S21) in Eq. (S19), the canopy energy balance reads  

𝑄𝑄𝑃𝑃𝑃𝑃𝑁𝑁↓ + 𝑄𝑄𝑁𝑁𝑁𝑁𝑁𝑁↓ + 𝐵𝐵𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟
↓ + Δ𝐵𝐵↓  = 𝑐𝑐𝑝𝑝𝑔𝑔𝐻𝐻,𝑐𝑐(𝑇𝑇𝑐𝑐 − 𝑇𝑇𝑎𝑎) + 𝜆𝜆𝑔𝑔𝑣𝑣,𝑐𝑐𝑠𝑠𝑠𝑠(𝑇𝑇𝑐𝑐 − 𝑇𝑇𝑎𝑎) + 𝜆𝜆𝑔𝑔𝑣𝑣𝑐𝑐𝐷𝐷, (S22) 
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where 𝑄𝑄𝑁𝑁𝑁𝑁𝑁𝑁↓  and 𝑄𝑄𝑁𝑁𝑁𝑁𝑁𝑁↓  were obtained via Eq. (S1). Rearranging the terms, the canopy temperature 𝑇𝑇𝑐𝑐  can be obtained 

explicitly as  

𝑇𝑇𝑐𝑐 = 𝑇𝑇𝑎𝑎 +
𝑄𝑄𝑃𝑃𝑃𝑃𝑁𝑁↓ + 𝑄𝑄𝑁𝑁𝑁𝑁𝑁𝑁↓ + 𝐵𝐵𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟

↓ − 𝜆𝜆𝑔𝑔𝑣𝑣,𝑐𝑐𝐷𝐷
𝑐𝑐𝑝𝑝𝑔𝑔𝐻𝐻,𝑐𝑐 + 𝜆𝜆𝑔𝑔𝑣𝑣,𝑐𝑐𝑠𝑠𝑠𝑠 + 4 𝜀𝜀𝑐𝑐𝜎𝜎𝑇𝑇𝑎𝑎3�1 − 𝑒𝑒𝑒𝑒𝑒𝑒�−𝐾𝐾𝑏𝑏𝑏𝑏,𝑑𝑑  𝐿𝐿𝑃𝑃𝑁𝑁�� 

. (S23) 

S1.3 Soil water balance and water transport along the soil-plant-atmosphere continuum (SPAC) 

S1.3.1 Soil water balance 

To limit parameter and computational requirements, we characterized plant available water by the soil water potential, 

averaged over the rooting zone, 𝜓𝜓𝑠𝑠, i.e., we neglected any potential inhomogeneity in root and soil water distribution in the 

soil volume where most of the plant roots are located. In turn, 𝜓𝜓𝑠𝑠 is linked to the soil moisture, 𝑠𝑠 (ranging from 0 for oven-

dry soils to 1 for saturated soils) as (Clapp and Hornberger, 1978)  

𝜓𝜓𝑠𝑠 = 𝜓𝜓𝑠𝑠,𝑠𝑠𝑎𝑎𝑛𝑛 𝑠𝑠−𝑏𝑏 , (S24) 

where 𝜓𝜓𝑠𝑠,𝑠𝑠𝑎𝑎𝑛𝑛 is the soil water potential at air entry and 𝑏𝑏 is an empirical exponent. Both parameters depend on soil texture.  

The most effective way to determine the dynamics of the soil moisture is via the soil water balance over the active rooting 

zone, of depth 𝑍𝑍𝑟𝑟 (Rodriguez-Iturbe et al., 1999; Vico and Porporato, 2011): 

𝑙𝑙𝑍𝑍𝑟𝑟
𝑑𝑑𝑠𝑠
𝑑𝑑𝑑𝑑

= 𝑃𝑃 + 𝐼𝐼 −  𝐸𝐸𝑇𝑇𝑑𝑑 − 𝐿𝐿𝑄𝑄 , (S25) 

where 𝑠𝑠 is the soil moisture, 𝑃𝑃 is the input via (effective) precipitation, 𝐼𝐼 is the irrigation, if any, 𝐸𝐸𝑇𝑇𝑑𝑑 is the cumulated daily 

losses via evapotranspiration, and the term 𝐿𝐿𝑄𝑄 combines losses via surface runoff and percolation below the rooting zone. 

This balance is to be interpreted at the daily time scale, so that inputs and outputs are idealized as occurring instantaneously 

in time. The dependence on time of the terms in Eq. (S25) is not explicitly indicated for notational clarity. 

Irrigation, if any, was assumed to be demand-based, i.e., irrigation is applied when soil moisture reaches a pre-set level (the 

intervention point, �̃�𝑠). Each irrigation application provides a fixed amount of water, equal to 𝑙𝑙𝑍𝑍𝑟𝑟(�̂�𝑠 −  �̃�𝑠), where  �̂�𝑠 is the 

level of moisture restored by each irrigation application (target level) (Vico and Porporato, 2011). The soil moisture 

intervention point and target level were set to correspond to specific soil water potentials (as per Eq. S24), 𝜓𝜓�𝑠𝑠  and 𝜓𝜓�𝑠𝑠 

respectively, thus considering the role of soil texture. These parameters define the timing and amount of irrigation 

applications. A stress avoidance irrigation is performed when the intervention point 𝜓𝜓�𝑠𝑠 is equal or less negative than the soil 

water potential at which incipient stomatal closure occurs; whereas, more negative 𝜓𝜓�𝑠𝑠  correspond to deficit irrigation 

(English, 1990). The irrigation technology employed dictates the minimum water depth provided by each irrigation 

application, with more sophisticated approaches able to provide also smaller water depths; and cheaper, more commonly 

employed technologies delivering larger water depths at each application (see, e.g., Vico and Porporato, 2011 and references 
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therein). The target level 𝜓𝜓�𝑠𝑠 thus depends on both the irrigation strategy, which sets 𝜓𝜓�𝑠𝑠, and the irrigation technology, which 

sets the depth of each application.  

The losses via evapotranspiration were assumed to be dominated by losses via transpiration, in line with the focus on the 

anthesis phase, when canopies are closed and soil water evaporation becomes negligible (Wei et al., 2017). The cumulated 

daily losses via evapotranspiration were determined by cumulating the losses via canopy transpiration, 𝐸𝐸𝑇𝑇 (Eq. S21), during 

the day. The model was run only once per day, under the conditions likely resulting in the highest canopy temperatures (see 

Section 2.3 in the main text). To scale up the estimated losses via evapotranspiration at the daily scale, we assumed 

evapotranspiration rate followed a parabolic diurnal evolution. Hence, the total daily losses via evapotranspiration were 

determined as  

𝐸𝐸𝑇𝑇𝑑𝑑 =
2
3
𝐸𝐸𝑇𝑇 (𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑛𝑛 − 𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑖𝑖𝑠𝑠𝑟𝑟), (S26) 

where 𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑛𝑛 − 𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑖𝑖𝑠𝑠𝑟𝑟 is the day length, i.e., the time between sunrise and sunset. 

Finally, in line with the daily interpretation of the water balance in Eq. (S25), losses via surface runoff and deep percolation 

below the rooting zone, 𝐿𝐿𝑄𝑄, were assumed to occur instantaneously when soil moisture exceeds a threshold 𝑠𝑠1 , slightly 

above the soil field capacity. Hence, soil moisture dynamics is effectively upper-bounded by 𝑠𝑠1.  

S1.3.2 Soil-plant-atmosphere continuum 

The soil water balance was coupled to a minimalist description of the soil-plant-atmosphere continuum (SPAC), to 

determine the leaf water potential. Water moves along the SPAC as driven by gradients of total water potential, from the soil 

to the leaf, and then to the atmosphere. Based on the electric analogy, the water flow was modulated by a series of 

resistances (or conductances): soil to root conductance; root to leaf (i.e., xylem) conductance; and leaf to the atmosphere 

(i.e., stomatal) conductance. These conductances depend on soil features and plant traits, and decline with decreasing water 

potential. Details on these dependencies and parameter values are summarized in Manzoni et al. (2013).  

S1.4 Environmental conditions above the canopy 

The model requires solar radiation, air temperature and humidity in the bulk atmosphere, at height 𝑧𝑧 > ℎ𝑐𝑐, as well as the 

daily precipitation totals. To systematically explore different climatic scenarios, these environmental conditions were 

synthetically generated, as described next.  

S1.4.1 Solar radiation 

The total incoming shortwave solar radiation, 𝑄𝑄0↓ , was set to a realistic and constant value. Clear sky conditions were 

assumed for the entire anthesis period, thus likely leading to an overestimate of 𝑇𝑇𝑐𝑐  and a conservative estimate of the 

potential for heat damage.  
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S1.4.2 Precipitation 

Daily precipitation was idealized as a marked Poisson process, i.e., with exponentially distributed interarrival times, 

𝜏𝜏𝑝𝑝 (Rodriguez-Iturbe et al., 1999): 

𝑒𝑒𝜏𝜏𝑝𝑝�𝜏𝜏𝑝𝑝� = 𝜆𝜆𝑝𝑝 𝑒𝑒−𝜆𝜆𝑝𝑝 𝜏𝜏𝑝𝑝  ,      𝜏𝜏𝑝𝑝 ≥ 0, (S27) 

where 𝜆𝜆𝑝𝑝 is the average frequency of precipitation occurrence.  

Each precipitation was assumed to occur instantaneously at the daily time scale (i.e., the temporal structure of precipitation 

was ignored). Each event provides a random amount ℎ𝑝𝑝, assumed to be exponentially distributed  

𝑒𝑒ℎ𝑝𝑝�ℎ𝑝𝑝� =
1
𝛼𝛼𝑝𝑝

 𝑒𝑒
− 1𝛼𝛼𝑝𝑝

 ℎ𝑝𝑝  ,      ℎ𝑝𝑝 ≥ 0, (S28) 

with 𝛼𝛼𝑝𝑝 corresponding to the average precipitation depth. 

With this model of precipitation, the average total annual precipitation is 365𝛼𝛼𝑝𝑝𝜆𝜆𝑝𝑝. 

S1.4.3 Air temperature 

Since the focus was on the warmest part of the day, we interpreted 𝑇𝑇𝑎𝑎 as the daily maximum temperature. The day-to-day 

fluctuations of 𝑇𝑇𝑎𝑎 were described as an Ornstein-Uhlenbeck process (Benth and Benth, 2007). The rate of air temperature 

change was thus expressed as 
𝑑𝑑𝑇𝑇𝑎𝑎
𝑑𝑑𝑑𝑑

= −
1
𝜏𝜏𝑇𝑇𝑎𝑎

�𝑇𝑇𝑎𝑎 − 𝜇𝜇𝑇𝑇𝑎𝑎� + �𝑘𝑘3𝜂𝜂𝑛𝑛 (S29) 

where 𝜏𝜏𝑇𝑇𝑎𝑎 is the relaxation time (i.e., 𝜏𝜏𝑇𝑇𝑎𝑎
−1 is the mean-reversion rate of the process); 𝜇𝜇𝑇𝑇𝑎𝑎 is the long-term average maximum 

daily temperature; 𝑘𝑘3  is the diffusion parameter, quantifying the noise ‘size’; and 𝜂𝜂𝑛𝑛  is a Gaussian white noise (with 

vanishing mean, unit variance and an autocorrelation with a sharp peak in zero and dropping to zero for any lag greater than 

0; Ridolfi et al., 2011). With these assumptions, 𝑇𝑇𝑎𝑎  has a Gaussian distribution, with mean 𝜇𝜇𝑇𝑇𝑎𝑎  and standard deviation 

�𝜏𝜏𝑇𝑇𝑎𝑎𝑘𝑘3 2� �
1
2�
. 

S1.4.4 Wind velocity and relative humidity 

Wind velocity and relative humidity above the canopy were assumed to be constant during the simulations.  

S1.5 Numerical simulations 

For each climate and irrigation scenario, and soil type, we ran 501 simulations, each lasting 21 days (the duration of the 

heading period under current climatic conditions; Mäkinen et al., 2018). The initial conditions for soil water content and air 

temperature for each 21-day simulation were set equal to the final conditions for the previous 21-day simulation, i.e., the 
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simulations were concatenated. In such a way, the conditions at the beginning of each period are fully stochastic and reflect a 

long period of operation of all the hydrological processes, including the previously-occurred conditions – an aspect 

particularly important for the soil water balance. For the first simulation, the initial soil water potential was set at 𝜓𝜓�𝑠𝑠  and 

initial air temperature at 𝜇𝜇𝑇𝑇𝑎𝑎, but this simulation was excluded from the analyses to limit the influence of these arbitrary 

choices. 

The model was solved via nested numerical iterations (Fig. 1 in the main text). For each day, air temperature and 

precipitation inputs were generated as detailed in Section S1.4. The 𝑇𝑇𝑐𝑐 at the previous time step was used to determine the 

diabatic corrections and hence the aerodynamic conductance and the wind velocity, while  𝜓𝜓𝑐𝑐 at the previous time step was 

used to estimate the aerodynamic and boundary layer conductances, the soil-to-leaf, and optimal stomatal conductances (Eq. 

S6-S8, S12-S18). Then, the resulting water demand (driven by 𝑔𝑔𝑠𝑠, 𝑇𝑇𝑐𝑐 ,  𝜓𝜓𝑠𝑠, and D) was compared with the water supply 

through the soil, root, and plant (driven by the series of soil to root to plant conductances, and the difference in water 

potential between the soil and the canopy). The  𝜓𝜓𝑐𝑐 for which the supply was equal to the demand was calculated and used in 

the subsequent iteration, when the values of conductances were updated. Once convergence on  𝜓𝜓𝑐𝑐 was reached (i.e., when 

the absolute difference in  𝜓𝜓𝑐𝑐 between two subsequent steps was smaller than 𝜓𝜓𝑐𝑐,𝑛𝑛𝑐𝑐𝑏𝑏𝑟𝑟𝑟𝑟), the iterative loop on  𝜓𝜓𝑐𝑐 was exited, 

and the 𝑔𝑔𝑠𝑠 value corresponding to such 𝜓𝜓𝑐𝑐 was used in the canopy energy balance, to obtain a new estimate of 𝑇𝑇𝑐𝑐. This whole 

cycle was repeated till convergence was reached also on 𝑇𝑇𝑐𝑐 (with tolerance 𝑇𝑇𝑐𝑐,𝑛𝑛𝑐𝑐𝑏𝑏𝑟𝑟𝑟𝑟), unless a pre-set number of iterations 

𝑀𝑀𝑎𝑎𝑒𝑒𝑖𝑖𝑛𝑛𝑟𝑟𝑟𝑟  was reached. 

Once 𝑇𝑇𝑐𝑐 was determined, the mid-day losses via transpiration were calculated and scaled up to the daily level (Eq. S26), and 

the daily soil moisture balance was updated, including any input via precipitation or irrigation. The new soil moisture 𝑠𝑠 was 

used to determine the soil water potential for the subsequent day. 
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Table 1: List of symbols. 

Variable Description Units 

𝑎𝑎2 
Combination of the Michelis Menten constants for CO2 fixation and 

oxygen inhibition 
μmol mol-1 

𝐴𝐴𝑠𝑠𝑟𝑟𝑛𝑛 Net CO2 assimilation rate (per unit leaf area) μmol m-2 s-1 

𝑏𝑏 Exponent of soil water retention curve - 

𝐵𝐵𝑠𝑠↓ Net incoming longwave radiation W m-2 

𝐵𝐵𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟
↓  Net isothermal longwave energy absorbed by the canopy W m-2 

𝑐𝑐𝑎𝑎∗  Reference CO2 concentration in the bulk atmosphere μmol mol-1 

𝑐𝑐𝑖𝑖 CO2 concentration at the photosynthetic site μmol mol-1 

𝑐𝑐𝑂𝑂𝑎𝑎 Oxygen concentration in the bulk atmosphere mmol mol-1 

𝑐𝑐𝑝𝑝 Heat capacity of air J kg-1 K-1 

𝑑𝑑0 Zero plane displacement m 

𝑑𝑑𝑏𝑏 Leaf width m 

𝐷𝐷 Vapor pressure deficit mol mol-1 

𝑒𝑒𝑎𝑎(𝑇𝑇𝑎𝑎) Air vapor pressure at air temperature 𝑇𝑇𝑎𝑎 mol m-2 s-1 

𝑒𝑒𝑠𝑠(𝑇𝑇𝑐𝑐) Saturation vapor pressure at canopy temperature 𝑇𝑇𝑐𝑐 mol m-2 s-1 

𝐸𝐸𝑇𝑇 Instantaneous evapotranspiration rate (per unit ground area) mol m-2 s-1 

𝐸𝐸𝑇𝑇𝑑𝑑 Daily evapotranspiration rate (per unit ground area) m s-1 

𝐸𝐸𝑇𝑇𝑏𝑏  Instantaneous evapotranspiration rate (per unit leaf area) mol m-2 s-1 

𝑓𝑓𝑐𝑐𝑏𝑏𝑐𝑐𝑠𝑠𝑑𝑑  Cloud cover fraction - 

𝑓𝑓𝑁𝑁𝑁𝑁𝑁𝑁 Fraction of total radiation in the NIR waveband  - 

𝑓𝑓𝑃𝑃𝑃𝑃𝑁𝑁 Fraction of total radiation in the PAR waveband  - 

𝑓𝑓𝑁𝑁 Ratio between 𝑅𝑅𝑑𝑑 and 𝑉𝑉𝑐𝑐,𝑚𝑚𝑎𝑎𝑚𝑚 - 

𝑔𝑔 Gravitational acceleration m s-2 

𝑔𝑔𝐻𝐻,𝑎𝑎 Aerodynamic bulk conductance (per unit ground area) mol m-2 s-1 

𝑔𝑔𝐻𝐻,𝑏𝑏𝑏𝑏 Leaf boundary layer conductance to heat (per unit leaf area) mol m-2 s-1 

𝑔𝑔𝐻𝐻,𝑐𝑐 Total canopy conductance to heat (per unit ground area) mol m-2 s-1 

𝑔𝑔𝑚𝑚𝑖𝑖𝑠𝑠 Minimum conductance (i.e., conductance that cannot be controlled by the mol m-2 s-1 



13 
 

plant; per unit leaf area) 

𝑔𝑔𝑚𝑚𝑖𝑖𝑠𝑠,𝑤𝑤𝑤𝑤 Minimum conductance under well-water condition (per unit leaf area) mol m-2 s-1 

𝑔𝑔𝑠𝑠 Stomatal conductance (per unit leaf area) mol m-2 s-1 

𝑔𝑔𝑠𝑠𝑐𝑐 Sum of stomatal and minimum conductance (per unit leaf area) mol m-2 s-1 

𝑔𝑔𝑣𝑣,𝑐𝑐 Total canopy conductance to water vapor (per unit ground area) mol m-2 s-1 

𝑔𝑔𝑣𝑣,𝑏𝑏𝑏𝑏 Leaf boundary layer conductance to water vapor (per unit leaf area) mol m-2 s-1 

𝑔𝑔𝑣𝑣,𝑏𝑏  Leaf-level conductance to water vapor (per unit leaf area) mol m-2 s-1 

𝐺𝐺𝑆𝑆,𝑟𝑟𝑟𝑟𝑟𝑟 Reference canopy conductance (per unit ground area) mmol ∙ m-2 ∙ s-1 

𝐺𝐺𝑠𝑠 Canopy conductance (per unit ground area) mmol ∙ m-2 ∙ s-1 

ℎ𝑐𝑐 Canopy height m 

ℎ𝑝𝑝 Precipitation event depth m 

𝐻𝐻 Sensible heat flux W m-2 

𝐼𝐼 Irrigation application m d-1 

𝐽𝐽 Electron transport rate μmol m-2 s-1 

𝐽𝐽𝑚𝑚𝑎𝑎𝑚𝑚  (𝐽𝐽𝑚𝑚𝑎𝑎𝑚𝑚,25) Maximum electron transport rate (and reference value at 25 °C) μmol m-2 s-1 

𝑘𝑘1 Parameter of the hyperbolic photosynthetic model (Eq. S10) μmol m-2 s-1 

𝑘𝑘2 Parameter of the hyperbolic photosynthetic model (Eq. S10) μmol mol-1 

𝑘𝑘3 Diffusion parameter of air temperature (noise ‘size’) °C2 d-1 

𝐾𝐾𝑏𝑏𝑏𝑏 Extinction coefficient for black leaves - 

𝐾𝐾𝑏𝑏𝑏𝑏,𝑑𝑑 
Extinction coefficient for black leaves, under diffuse light and longwave 

radiation 
- 

𝐾𝐾𝐶𝐶  Michelis-Menten constants for CO2 fixation  μmol mol-1 

𝐾𝐾𝑂𝑂 Michelis-Menten constants for oxygen inhibition mmol mol-1 

𝐾𝐾𝑠𝑠𝑎𝑎𝑛𝑛 Soil hydraulic conductivity at saturation m d-1 

𝐾𝐾𝑣𝑣 Von Karman constant - 

𝐿𝐿𝑃𝑃𝑁𝑁  Leaf area index m2 m-2 

𝐿𝐿𝑄𝑄 Surface runoff and deep percolation below the rooting zone m d-1 

𝑚𝑚 Slope of surface conductance to water pressure deficit [ln(kPa)]-1 

𝑀𝑀𝑎𝑎𝑒𝑒𝑖𝑖𝑛𝑛𝑟𝑟𝑟𝑟  Maximum iteration number - 
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𝑙𝑙 Soil porosity - 

𝑃𝑃 Daily total precipitation m d-1  

𝑃𝑃𝑎𝑎 Air pressure kPa 

𝑃𝑃𝐶𝐶𝐻𝐻𝑆𝑆 Fraction of days during which 𝑇𝑇𝑐𝑐 exceeded 𝑇𝑇𝑛𝑛ℎ - 

 𝑄𝑄↓ Total net shortwave radiation absorbed by the canopy  W m-2 

𝑄𝑄0,𝑖𝑖
↓  Solar radiation above the canopy (i=NIR, PAR) W m-2 

𝑄𝑄𝑖𝑖↓ Total radiation of the component (i=NIR, PAR) W m-2 

𝑅𝑅𝑑𝑑 Respiration rate in the light μmol m-2 s-1 

𝑅𝑅𝐻𝐻 Relative air humidity - 

𝑠𝑠 Soil moisture - 

𝑠𝑠𝑠𝑠 Slope of the vapor pressure vs. temperature curve kPa K-1 

𝑠𝑠1 
Soil moisture above which runoff and percolation below the active 

rooting zone occur instantaneously 
- 

𝑑𝑑 Time d 

𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑖𝑖𝑠𝑠𝑟𝑟, 𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑟𝑟𝑛𝑛 Time of sunrise, time of sunset hr 

𝑇𝑇𝑎𝑎 Air temperature °C 

𝑇𝑇𝑐𝑐 Canopy temperature °C 

𝑇𝑇𝑐𝑐,𝑛𝑛𝑐𝑐𝑏𝑏𝑟𝑟𝑟𝑟  Canopy temperature tolerance for the numerical simulations °C 

𝑇𝑇𝑛𝑛ℎ Threshold above which crop heat stress occurs during the anthesis period °C 

𝑢𝑢∗ Friction velocity m s-1 

𝑈𝑈(𝑧𝑧) Mean wind velocity at height 𝑧𝑧 m s-1 

𝑉𝑉𝑐𝑐,𝑚𝑚𝑎𝑎𝑚𝑚  (𝑉𝑉𝑐𝑐,𝑚𝑚𝑎𝑎𝑚𝑚,25) Maximum carboxylation rate (and reference value at 25 °C) μmol ∙ m-2 ∙ s-1 

𝑧𝑧 Height from the ground m 

𝑧𝑧𝑀𝑀 Roughness length for the momentum m 

𝑧𝑧𝑈𝑈 Height of wind measurement m 

𝑍𝑍𝑟𝑟 Active rooting depth m 

𝛼𝛼𝑝𝑝 Average precipitation event depth m 

𝛽𝛽𝑐𝑐 
Fitting parameter of the marginal water use efficient response function to 

water stress 
- 
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𝛤𝛤∗ CO2 compensation point in the absence of dark respiration mol mol-1 

Δ Slope of the vapor pressure vs. temperature curve mol mol-1 K-1 

Δ𝐵𝐵↓ Deviation of absorbed longwave energy from the isothermal case W m-2 

𝜀𝜀𝑎𝑎 
Apparent longwave emissivity for a hemisphere radiating at temperature 

𝑇𝑇𝑎𝑎 
- 

𝜀𝜀𝑎𝑎,𝑐𝑐𝑏𝑏𝑟𝑟𝑎𝑎𝑟𝑟  Clear sky emissivity - 

𝜀𝜀𝑐𝑐 Longwave canopy emissivity  - 

𝜁𝜁 Atmospheric stability - 

𝜃𝜃𝑠𝑠𝑠𝑠𝑠𝑠 Solar zenith angle rad 

𝜆𝜆 Latent heat of vaporization for water J kg-1 

𝜆𝜆𝑝𝑝 Average precipitation frequency day-1 

𝜆𝜆𝑤𝑤 Marginal water use efficiency mol mol-1 

𝜆𝜆𝑤𝑤𝑤𝑤∗  
Marginal water use efficiency under well-watered condition and 

reference air CO2 concentration 
mol mol-1 

𝜇𝜇𝑇𝑇𝑎𝑎 Long-term average air temperature  °C 

𝜌𝜌�𝑎𝑎 Molar density of air mol m-3 

𝜌𝜌𝑖𝑖 Canopy reflection coefficient for PAR (i=PAR) and NIR (i=NIR)  - 

𝜎𝜎 Stefan-Boltzman constant W m-2 K-4 

𝜎𝜎𝑖𝑖 Leaf scattering coefficient for PAR (i=PAR) and NIR (i=NIR) - 

𝜏𝜏𝑝𝑝 Precipitation interarrival time d 

𝜏𝜏𝑇𝑇𝑎𝑎 
Relaxation time (i.e., 𝜏𝜏𝑇𝑇𝑎𝑎

−1 is the mean-reversion rate of the Ornstein-

Uhlenbeck process) 
d 

𝜓𝜓𝑐𝑐,0 Leaf water potential at which minimum conductance becomes negligible MPa 

𝜓𝜓𝑐𝑐 Canopy water potential MPa 

𝜓𝜓𝑐𝑐,𝑝𝑝𝑑𝑑 Predawn canopy water potential MPa 

𝜓𝜓𝑐𝑐,𝑛𝑛𝑐𝑐𝑏𝑏𝑟𝑟𝑟𝑟  Canopy water potential tolerance for the numerical simulations MPa 

𝜓𝜓𝑠𝑠 Soil water potential MPa 

𝜓𝜓�𝑠𝑠 Irrigation intervention soil water potential MPa 

𝜓𝜓�𝑠𝑠 Target soil water potential for irrigation MPa 
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𝜓𝜓𝑠𝑠,𝑠𝑠𝑎𝑎𝑛𝑛 Soil water potential at saturation MPa 

Ψ𝑖𝑖 Diabatic correction factor (i= H for heat; i=M for momentum) MPa 

   

Table S2: List of parameters. 

Symbol Value Unit Source 

Crop parameters 

𝐶𝐶𝑑𝑑 0.3  - (Katul et al., 2004; crop canopies) 

𝑑𝑑0 2/3 ℎ𝑐𝑐 m (Jones, 1992) 

𝑑𝑑𝑏𝑏 0.04 m  

𝑓𝑓𝑁𝑁 0.01 -  

𝑔𝑔𝑚𝑚𝑖𝑖𝑠𝑠,𝑤𝑤𝑤𝑤 1.73×10-2 mmol ∙ m-2 ∙ s-1 
(Duursma et al., 2019; mean value for 

wheat) 

ℎ𝑐𝑐 0.6 m  

𝐽𝐽𝑚𝑚𝑎𝑎𝑚𝑚,25 132 μmol ∙ m-2 ∙ s-1 (Wullschleger, 1993; wheat) 

𝐾𝐾𝑐𝑐 405 μmol mol-1  

𝐾𝐾𝑂𝑂 278 mmol mol-1  

𝐿𝐿𝑃𝑃𝑁𝑁  2 mleaf
2 mground

-2  

𝑇𝑇𝑛𝑛ℎ 30 °C (Saini and Aspinall, 1982) 

𝑉𝑉𝑐𝑐,𝑚𝑚𝑎𝑎𝑚𝑚,25 83 μmol ∙ m-2 ∙ s-1 (Wullschleger, 1993; wheat) 

𝑍𝑍𝑟𝑟 0.3 m (Jackson et al., 1996) 

𝛽𝛽𝑐𝑐 -1.26 MPa-1 

(Manzoni et al., 2011; median value for 

forbs and grasses in mesic and wet 

climates) 

𝜆𝜆𝑤𝑤𝑤𝑤∗  981 mol mol-1 

(Manzoni et al., 2011; median value for 

forbs and grasses in mesic and wet 

climates) 

𝜓𝜓𝑐𝑐,0 -3 MPa  

Environmental conditions 

𝑐𝑐𝑎𝑎∗  400 μmol mol-1  
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𝐶𝐶𝑂𝑂𝑎𝑎 210 mmol mol-1   

𝑘𝑘3 32.6 °C2 d-1 (Rigby and Porporato, 2008) 

𝑅𝑅𝐻𝐻 40% -  

𝑃𝑃𝑎𝑎 101 kPa  

𝑄𝑄0↓ 800 W m-2  

𝑈𝑈(𝑧𝑧𝑈𝑈) 4 m s-1  

𝑧𝑧𝑀𝑀 0.13 ℎ𝑐𝑐 m (Jones, 1992) 

𝑧𝑧𝑈𝑈 2 m  

𝛼𝛼𝑝𝑝 8.2 (baseline scenario) mm  

𝜆𝜆𝑝𝑝 0.2 (baseline scenario) d-1  

𝜇𝜇𝑇𝑇𝑎𝑎 25 (baseline scenario) °C  

𝜏𝜏𝑇𝑇𝑎𝑎 0.81 d (Rigby and Porporato, 2008) 

Soil parameters 

𝑏𝑏 

4.38 (loamy sand) 

4.90 (sandy loam)  

5.39 (loam) 

- (Laio et al., 2001) 

𝑙𝑙 

0.42 (loamy sand) 

0.43 (sandy loam) 

0.45 (loam)  

- (Laio et al., 2001) 

𝐾𝐾𝑠𝑠𝑎𝑎𝑛𝑛  

1.0 (loamy sand) 

0.8 (sandy loam)   

0.2 (loam) 

m d-1 (Laio et al., 2001) 

𝑠𝑠1 

0.57 (sandy loam),  

0.62 (loamy sand)  

0.72 (loam) 

- (Laio et al., 2001) 

𝜓𝜓�𝑠𝑠 -0.07 MPa  

𝜓𝜓�𝑠𝑠 -0.01 MPa  

𝜓𝜓𝑠𝑠,𝑠𝑠𝑎𝑎𝑛𝑛 

-1.7×10-4 (loamy sand) 

-7×10-4 (sandy loam) 

-1.43×10-3 (loam) 

MPa (Laio et al., 2001) 
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Energy balance parameters 

𝑓𝑓𝑐𝑐𝑏𝑏𝑐𝑐𝑠𝑠𝑑𝑑  0.1 (i.e., clear sky) -  

𝑓𝑓𝑁𝑁𝑁𝑁𝑁𝑁 0.55 - (Campbell and Norman, 1998) 

𝑓𝑓𝑃𝑃𝑃𝑃𝑁𝑁 1-𝑓𝑓𝑁𝑁𝑁𝑁𝑁𝑁  - (Campbell and Norman, 1998) 

𝐾𝐾𝑏𝑏𝑏𝑏,𝑑𝑑 0.8 - (Campbell and Norman, 1998) 

𝜀𝜀𝑎𝑎,𝑐𝑐𝑏𝑏𝑟𝑟𝑎𝑎𝑟𝑟  
9.2 10−6𝑇𝑇𝑎𝑎2 , with 𝑇𝑇𝑎𝑎  in 

Kelvin 
- 

(Swinbank equation; Campbell and 

Norman, 1998) 

𝜀𝜀𝑐𝑐 0.97 - (Campbell and Norman, 1998) 

𝜌𝜌𝑖𝑖 
0.057 (i=PAR) 

0.389 (i=NIR) 
- (Leuning et al., 1995) 

𝜎𝜎𝑖𝑖 
0.2 (i=PAR) 

0.8 (i=NIR) 
- 

(Leuning et al., 1995; Goudriaan and Van 

Laar, 1994) 

Numerical simulation parameters 

𝑀𝑀𝑎𝑎𝑒𝑒𝑖𝑖𝑛𝑛𝑟𝑟𝑟𝑟  15 -  

𝑇𝑇𝑐𝑐,𝑛𝑛𝑐𝑐𝑏𝑏𝑟𝑟𝑟𝑟  0.1 °C  

𝜓𝜓𝑐𝑐,𝑛𝑛𝑐𝑐𝑏𝑏𝑟𝑟𝑟𝑟  0.001 MPa  
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S2 Model behaviour 

The temporal evolution of key model variables during a soil moisture dry down, assuming constant air temperature at 25 °C, 

is presented in Fig. S1; and the dependences on soil moisture in Fig. S2. All the variables were largely independent of soil 

moisture under well-watered conditions. Conversely, as soil moisture decreased, the canopy-to-air temperature difference 

𝑇𝑇𝑐𝑐 − 𝑇𝑇𝑎𝑎 and the marginal water use efficiency 𝜆𝜆𝑤𝑤 increased. At the same time, maximum carboxylation rate 𝑉𝑉𝑐𝑐,𝑚𝑚𝑎𝑎𝑚𝑚, net CO2 

assimilation rate 𝐴𝐴𝑠𝑠𝑟𝑟𝑛𝑛 , total leaf-level conductance to water vapor 𝑔𝑔𝑣𝑣,𝑏𝑏 declined; and the leaf, root and soil water potentials 

(𝜓𝜓𝑏𝑏 ,  𝜓𝜓𝑟𝑟  and 𝜓𝜓𝑠𝑠) rapidly became more negative.  

 

Figure S1: Temporal evolution of the key model variables during a dry down with  𝑻𝑻𝒂𝒂 = 𝟐𝟐𝟐𝟐 °C: a) canopy temperature difference 
𝑻𝑻𝒄𝒄 − 𝑻𝑻𝒂𝒂, b) maximum carboxylation rate 𝑽𝑽𝒄𝒄,𝒎𝒎𝒂𝒂𝒎𝒎, c) marginal water use efficiency 𝛌𝛌𝐰𝐰, d) total leaf-level conductance to water vapor 
𝒈𝒈𝒗𝒗,𝒍𝒍, e) net CO2 assimilation rate 𝑨𝑨𝒏𝒏𝒏𝒏𝒏𝒏, f) leaf, root, and soil water potentials, 𝝍𝝍𝒍𝒍,  𝝍𝝍𝒓𝒓  and 𝝍𝝍𝒔𝒔. The black horizontal line in a) 
corresponds to 𝑻𝑻𝒄𝒄 − 𝑻𝑻𝒂𝒂 = 𝟎𝟎. 
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Figure S2: Dependence of the key variables on soil moisture 𝒔𝒔 : a) canopy temperature difference 𝑻𝑻𝒄𝒄 − 𝑻𝑻𝒂𝒂 , b) maximum 
carboxylation rate 𝑽𝑽𝒄𝒄,𝒎𝒎𝒂𝒂𝒎𝒎, c) marginal water use efficiency 𝝀𝝀𝒘𝒘, d) total leaf-level conductance to water vapor 𝒈𝒈𝒗𝒗,𝒍𝒍, e) net CO2 
assimilation rate 𝑨𝑨𝒏𝒏𝒏𝒏𝒏𝒏, f) leaf, root, and soil water potentials, 𝝍𝝍𝒍𝒍,  𝝍𝝍𝒓𝒓  and 𝝍𝝍𝒔𝒔. The black horizontal line in a) corresponds to 𝑻𝑻𝒄𝒄 −
𝑻𝑻𝒂𝒂 = 𝟎𝟎. 
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S3 Additional results 

S3.1 Water fluxes 

Evapotranspiration was the dominant loss from the soil water balance, with deep percolation and runoff playing a secondary 

role in all climatic and irrigation scenarios (Fig. S3, S4). Larger average precipitation totals (Fig. S3 far right), larger more 

intermittent precipitation events and irrigation applications (Fig. S4 pink and blue hues) increase the extent and variability of 

losses via runoff and deep percolation, although their quantitative role remains secondary when compared to cumulated 

evapotranspiration (compare panels in Fig. S3 and S4).  

There was a large variability of the cumulated soil water fluxes relative to cumulated precipitation across the 500 simulated 

21-day anthesis. The ratio of cumulated evapotranspiration and cumulated deep percolation and runoff over cumulated 

precipitation can exceed 1, when there was a net reduction in the soil water storage from the beginning to the end of the 21-

day anthesis.  

Irrigation exceeded the cumulated precipitation, in particular under larger but more intermittent precipitation (Fig. S5). This 

precipitation scenario also led to a higher variability in cumulated irrigation inputs, especially under higher long-term 

average air temperatures. Also the median number of irrigation applications per 21-day period increased from 1 at long-term 

air average temperature of 20 °C and for the baseline precipitation scenario at 25 °C, to 2 in the more intermittent 

precipitation at 25 °C and at 30 °C. Given the short duration of the period considered, it is not possible to discern smaller 

differences in the number of irrigation applications and hence irrigation frequencies across climatic regimes. 
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Figure S3: Distribution of the ratios of 21-day cumulated evapotranspiration (cum ET; top) and runoff and deep 
percolation (cum LQ; bottom) to cumulated precipitation (cum P), for four average annual precipitation totals (500, 
700, 900, 1100 mm; colors), for long-term average air temperature 𝝁𝝁𝑻𝑻𝒂𝒂 = 𝟐𝟐𝟐𝟐 °C. The precipitation scenarios are the 
same as those in Fig. 4 in the main text, i.e., average precipitation depth 𝜶𝜶𝒑𝒑 was kept at 15 mm, while average 
precipitation frequency 𝝀𝝀𝒑𝒑 changed within each group of 4 boxes from left to right, from 0.091 to 0.137, 0.183, and 
0.228 d-1. While in all cases 500 21-day simulations were run, ratios were not defined (and hence not included) when 
no precipitation was recorded over the 21-day period (from left to right, in 18, 8, 2, and 1 % of the simulations). The 
horizontal dark lines are the median values; the boxes extend from the first to the third quartile; whiskers cover the 
whole range.  
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Figure S4: Distribution of the ratios of 21-day cumulated evapotranspiration (cum ET; top) and runoff and deep 
percolation (cum LQ; bottom) to cumulated precipitation (cum P), under three long-term average air temperatures 
𝝁𝝁𝑻𝑻𝒂𝒂 (x-axis) and different precipitation and irrigation scenarios (colors). The climatic and irrigation scenarios are as 
in Fig. 5 in the main text: in each group of 4 boxes, from left to right, Rbaseline and Rintermittent represent rainfed 
cropping, respectively under baseline precipitation (𝜶𝜶𝒑𝒑=8.2 mm; 𝝀𝝀𝒑𝒑=0.2 d-1) and more intermittent precipitation 
(𝜶𝜶𝒑𝒑=23.5 mm; 𝝀𝝀𝒑𝒑=0.07 d-1); Ibaseline and Iintermittent refer to stress avoidance irrigation, under the same precipitation 
regimes of the corresponding rainfed cases. While in all cases 500 21-day simulations were run, ratios were not 
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defined (and hence not included) when no precipitation was recorded over the 21-day period (between 1 and 2 % of 
the simulations for the baseline precipitation scenario; and between 21 and 25 % of the simulations for the more 
intermittent precipitation scenario). The horizontal dark lines are the median values; the boxes extend from the first 
to the third quartile; whiskers cover the whole range.  
 

 

Figure S5: Distribution of the ratios of 21-day cumulated irrigation (cum I) to cumulated precipitation (cum P), 
under three long-term average air temperatures 𝝁𝝁𝑻𝑻𝒂𝒂  (x-axis) and different precipitation scenarios (colors). The 
climatic and irrigation scenarios are as in Fig. 5 in the main text and Fig. S4: in each pair of 2 boxes, from left to 
right, Ibaseline and Iintermittent represent stress avoidance irrigation, respectively under baseline precipitation (𝜶𝜶𝒑𝒑=8.2 
mm; 𝝀𝝀𝒑𝒑=0.2 d-1) and more intermittent precipitation (𝜶𝜶𝒑𝒑=23.5 mm; 𝝀𝝀𝒑𝒑=0.07 d-1). The number of datapoints for each 
box is the same as Fig. S4. The horizontal dark lines are the median values; the boxes extend from the first to the 
third quartile; whiskers cover the whole range. 
 

S3.2 Effects of air temperature variability 

We tested different air temperature variability by altering the diffusion parameter (noise ‘size’) 𝑘𝑘3 , to which the air 

temperature variance is proportional (Section S1.4.3). The patterns of 𝑇𝑇𝑐𝑐  and P𝐶𝐶𝐻𝐻𝑆𝑆  were independent of 𝑘𝑘3  for rainfed 

conditions, but their medians and variance increased with increasing 𝑘𝑘3 under irrigation (Fig. S6, Table S7).  



25 
 

 

Figure S6: Distribution of the mean canopy temperature during anthesis, 𝑻𝑻𝒄𝒄,𝒎𝒎𝒏𝒏𝒂𝒂𝒏𝒏 (top) and percentage of days during which 𝑻𝑻𝒄𝒄 >
𝑻𝑻𝒏𝒏𝒕𝒕, 𝑷𝑷𝑪𝑪𝑪𝑪𝑪𝑪 (bottom) under three noise ‘sizes’ 𝒌𝒌𝟑𝟑, corresponding to half of the baseline (left), baseline (center) and 1.5 times the 
baseline (right). Long-term average air temperature was kept at 𝝁𝝁𝑻𝑻𝒂𝒂=25 °C. Precipitation and irrigation scenarios are as in Fig. 5 
in the main text: in each group of 4 boxes, from left to right, Rbaseline and Rintermittent represent rainfed cropping, under baseline 
precipitation (𝜶𝜶𝒑𝒑=8.2 mm; 𝝀𝝀𝒑𝒑=0.2 d-1) and more intermittent precipitation (𝜶𝜶𝒑𝒑=23.5 mm; 𝝀𝝀𝒑𝒑=0.07 d-1) respectively; Ibaseline and 
Iintermittent refer to stress avoidance irrigation, under the same precipitation regimes of the corresponding rainfed case. For each 
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climatic scenario, 500 21-day simulations were run. The horizontal dark lines are the median values; the boxes extend from the 
first to the third quartile; whiskers cover the whole range. 

 

Figure S7: Distribution of mean canopy temperature during anthesis, 𝑻𝑻𝒄𝒄,𝒎𝒎𝒏𝒏𝒂𝒂𝒏𝒏 (top), and percentage of days during which 𝑻𝑻𝒄𝒄 >
𝑻𝑻𝒏𝒏𝒕𝒕, 𝑷𝑷𝑪𝑪𝑪𝑪𝑪𝑪 (bottom), for three soil types: from left to right, loamy sand, sandy loam (baseline), and loam. Rbaseline and Rintermittent 
represent rainfed cropping, under baseline precipitation (𝜶𝜶𝒑𝒑=8.2 mm; 𝝀𝝀𝒑𝒑=0.2 d-1) and more intermittent precipitation (𝜶𝜶𝒑𝒑=23.5 
mm; 𝝀𝝀𝒑𝒑=0.07 d-1) respectively. For each precipitation scenario and soil type, 500 21-day simulations were run. The horizontal dark 
lines are the median values; the boxes extend from the first to the third quartile; whiskers cover the whole range.  
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S3.3 Effects of soil texture 

Soil texture determines the soil water storage capacity, the losses below the rooting zone, and the ability of the plant to take 

up water. Despite these potential roles of soil texture on soil and water plant dynamics, soil texture had no effect on median 

and variance of 𝑇𝑇𝑐𝑐,𝑚𝑚𝑟𝑟𝑎𝑎𝑠𝑠 and 𝑃𝑃𝐶𝐶𝐻𝐻𝑆𝑆, although the differences induced by the precipitation regime remained (Fig. S7, Table S8). 

 

S3.4 Effects of solar radiation, wind velocity, and air relative humidity 

We tested the sensitivity of 𝑇𝑇𝑐𝑐 to radiation  𝑄𝑄0↓, wind velocity 𝑈𝑈, and relative humidity 𝑅𝑅𝐻𝐻, at different soil moistures (Fig. 

S8). Higher  𝑄𝑄0↓ led to higher 𝑇𝑇𝑐𝑐. Lower 𝑈𝑈 enhanced canopy temperature at low soil moisture. High 𝑅𝑅𝐻𝐻 slightly increased 𝑇𝑇𝑐𝑐 

at high soil moisture.  

 

Figure S8: Canopy temperature,  𝑻𝑻𝒄𝒄, as a function of soil moisture, s, as obtained for three levels of shortwave radiations  𝑸𝑸𝟎𝟎
↓  (top), 

wind velocity 𝑼𝑼 (center), and relative humidity 𝑹𝑹𝑪𝑪 (bottom), as specified in the legends. All the other parameters are as in Table 
S2. 
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S4 Statistical tests 

We tested whether medians and variance of 𝑇𝑇𝑐𝑐,𝑚𝑚𝑟𝑟𝑎𝑎𝑠𝑠 and 𝑃𝑃𝐶𝐶𝐻𝐻𝑆𝑆 differed between pedoclimatic scenarios, by means of Mood 

median test and Brown-Forsythe test of equal variance. Results are summarized in Table S3 to S8.  

 

Table S3: Statistical tests of the effects of average annual precipitation totals at different long-term average air temperature, 𝝁𝝁𝑻𝑻𝒂𝒂 
(columns), based on 500 simulations. For each test, the test statistics (top) and p value (bottom) are reported. The degrees of 
freedom (df) are specified for each type of test. Data are summarized in Fig. 4 in the main text.  

  20 °C 25 °C 30 °C 

 

 

𝑇𝑇𝑐𝑐,𝑚𝑚𝑟𝑟𝑎𝑎𝑠𝑠 

Test on equal 

median 

df=3 

232.02  

<0.001 

213.78 

<0.001 

177.49 

<0.001 

Test on equal 

variance 

df=[3, 1996] 

42.36 

<0.001 

19.38 

<0.001 

7.97 

<0.001 

 
Table S4: Statistical tests of the effects long-term average air temperatures for different average annual precipitation totals (from 
500 to 1100 mm; columns), based on 500 simulations. For each test, the test statistics (top) and p value (bottom) are reported. The 
degrees of freedom (df) are specified for each type of test. Data are summarized in Fig. 4 in the main text. 

  500 mm 700 mm 900 mm 1100 mm 

 

 

𝑇𝑇𝑐𝑐,𝑚𝑚𝑟𝑟𝑎𝑎𝑠𝑠 

Test on equal 

median 

df=2 

568.62 

<0.001 

571.73 

<0.001 

692.34 

<0.001 

785.34 

<0.001 

Test on equal 

variance 

df=[2,1497] 

4.25  

<0.05 

12.66  

<0.001 

13.70 

<0.001 

45.82 

<0.001 
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Table S5: Statistical tests of the effects of precipitation patterns and irrigation at different long-term average air temperatures, 
based on 500 simulations. For each test, the test statistics (top) and p value (bottom) are reported. The degrees of freedom (df) are 
specified for each type of test. Data are summarized in Fig. 5 in the main text.  

  20 °C 25 °C 30 °C 

  Effect of 

precipitation 

pattern 

Effect of 

irrigation 

Effect of 

precipitation 

pattern 

Effect of 

irrigation 

Effect of 

precipitation 

pattern 

Effect of 

irrigation 

  

Rainfed Irrigated 

Baseline 

precipita

tion 

More 

intermitt

ent 

precipita

tion 

Rainfed Irrigated 

Baseline 

precipita

tion 

More 

intermitt

ent 

precipita

tion 

Rainfed Irrigated 

Baseline 

precipita

tion 

More 

intermitt

ent 

precipita

tion 

  Rbaseline 

vs 

Rintermittent 

Ibaseline 

vs 

Iintermittent 

Rbaseline 

vs 

Ibaseline 

Rintermittent

vs 

Iintermittent 

Rbaseline 

vs 

Rintermittent 

Ibaseline 

vs 

Iintermittent 

Rbaseline 

vs 

Ibaseline 

Rintermittent 

vs 

Iintermittent 

Rbaseline 

vs 

Rintermittent 

Ibaseline 

vs 

Iintermittent 

Rbaseline 

vs 

Ibaseline 

Rintermittent

vs 

Iintermittent 

 

 

𝑇𝑇𝑐𝑐,𝑚𝑚𝑟𝑟𝑎𝑎𝑠𝑠 

Test on equal 

median 

df=1 

32.40 

<0.001 

0.02 

0.90 

153.66 

<0.001 

345.74

<0.001 

12.54 

<0.001 

0.78 

0.38 

360.00

<0.001 

484.42 

<0.001 

26.90 

<0.001 

0.00 

1.00 

467.86

<0.001 

602.18

<0.001 

Test on equal 

variance 

df=[1,998] 

18.49 

<0.001 

0.99 

0.32 

323.56 

<0.001 

500.80 

<0.001 

4.85 

<0.05 

0.06 

0.81 

374.00

<0.001 

483.39 

<0.001 

9.93 

<0.05 

0.00 

1.00 

246.36 

<0.001 

327.12 

<0.001 

 

 

𝑃𝑃𝐶𝐶𝐻𝐻𝑆𝑆 

Test on equal 

median 

df=1 

23.11 

<0.001 

2.32 

0.13 

354.53 

<0.001 

512.98 

<0.001 

13.00 

<0.001 

0.71 

0.40 

478.33 

<0.001 

558.39 

<0.001 

8.83 

<0.01 

0.79 

0.37 

499.48

<0.001 

563.33

<0.001 

Test on equal 

variance 

df=[1,998] 

41.06 

<0.001 

2.20 

0.14 

513.44 

<0.001 

782.66 

<0.001 

4.38 

<0.05 

0.04 

0.84 

488.02 

<0.001 

588.32 

<0.001 

1.36 

0.24 

3.60 

0.06 

89.60 

<0.001 

82.91 

<0.001 
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Table S6: Statistical tests of the effects of long-term average air temperatures for different precipitation patterns and irrigation, 
based on 500 simulations. For each test, the test statistics (top) and p value (bottom) are reported. The degrees of freedom (df) are 
specified for each type of test. Data are summarized in Fig. 5 in the main text. 

  Rainfed Irrigated 

  
Baseline 

precipitation 

More 

intermittent 

precipitation 

Baseline 

precipitation 

More 

intermittent 

precipitation 

 

 

𝑇𝑇𝑐𝑐,𝑚𝑚𝑟𝑟𝑎𝑎𝑠𝑠 

Test on equal 

median 

df=2 

664.62 

<0.001 

534.93 

<0.001 

984.26 

<0.001 

980.21 

<0.001 

Test on equal 

variance 

df=[2,1497] 

2.68 

0.07 

0.11 

0.89 

19.2 

<0.001 

24.02 

<0.01 

 

 

𝑃𝑃𝐶𝐶𝐻𝐻𝑆𝑆 

Test on equal 

median 

df=2 

583.21 

<0.001 

457.37 

<0.001 

934.60 

<0.001 

909.45 

<0.001 

Test on equal 

variance 

df=[2,1497] 

36.57 

<0.001 

19.66 

<0.001 

238.00 

<0.001 

336.63 

<0.001 
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Table S7: Statistical tests of the role of air temperature variance on median and variance of canopy temperatures, for different 
rainfall patterns and management combinations, based on 500 simulations. For each test, the test statistics (top) and p value 
(bottom) are reported. The degrees of freedom (df) are specified for each type of test. Data are summarized in Fig. S6. 

  Rainfed Irrigated 

  
Baseline 

precipitation 

More 

intermittent 

precipitation 

Baseline 

precipitation 

More 

intermittent 

precipitation 

 

 

𝑇𝑇𝑐𝑐,𝑚𝑚𝑟𝑟𝑎𝑎𝑠𝑠 

Test on equal 

median 

df=2 

3.38 

0.18 

2.13 

0.35 

11.20 

<0.01 

7.98 

<0.05 

Test on equal 

variance 

df=[2,1497] 

0.17 

0.85 

0.81 

0.45 

33.14 

<0.001 

23.48 

<0.001 

 

 

𝑃𝑃𝐶𝐶𝐻𝐻𝑆𝑆 

Test on equal 

median 

df=2 

3.86 

0.14 

3.67 

0.16- 

327.75 

<0.001 

295.70 

<0.001 

Test on equal 

variance 

df=[2,1497] 

19.22 

<0.001 

28.83 

<0.001 

64.26 

<0.001 

64.82 

<0.001 
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Table S8: Statistical tests of the role of soil texture on canopy temperature mean and variance, based on 500 simulations. For each 
test, the test statistics (top) and p value (bottom) are reported. The degrees of freedom (df) are specified for each type of test. Data 
are summarized in Fig. S7. 

  
Baseline 

precipitation 

More 

intermittent 

precipitation 

 

 

𝑇𝑇𝑐𝑐,𝑚𝑚𝑟𝑟𝑎𝑎𝑠𝑠 

Test on equal 

median 

df=2 

2.50 

0.29 

1.46 

0.48 

Test on equal 

variance 

df=[2,1497] 

0.33 

0.72 

1.10 

0.33 

 

 

𝑃𝑃𝐶𝐶𝐻𝐻𝑆𝑆 

Test on equal 

median 

df=2 

2.12 

0.35 

1.45 

0.49 

Test on equal 

variance 

df=[2,1497] 

0.07 

0.94 

1.90 

0.15 

 

S5 Methodological considerations 

S5.1 Modeling assumptions and their implications 

The model developed does not explicitly take into account the vertical dimension, i.e., the canopy was approximated by a big 

leaf and the soil moisture balance was represented via a bucket-filling model.  

The big-leaf approximation scales up the leaf-level carbon and water fluxes to the canopy, assuming that the entire canopy is 

subject to the same conditions and behaves in the same way. Hence, sunlit and shaded leaves cannot be distinguished. This 

could underestimate the effects of solar radiation and the temperature of sunlit leaves. Indeed, 𝑇𝑇𝑐𝑐 simulated by a big-leaf 

model was around 1 °C higher than the simulated temperatures for shaded leaves but lower than those of sunlit leaves (Dai et 

al., 2004). Yet, we considered solar radiation at the top of the canopy, thus effectively representing sunlit leaves. Further, the 

big-leaf approximation cannot capture the effects of the wind velocity profile within the canopy, leading to canopy layers 
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nearer to the ground to be warmer than the higher ones. These are also the layers where solar radiation is lower, thus 

potentially balancing out the effects of the simplifications implicit in the big-leaf framework.  

The bucket-filling model assumes uniform soil moisture conditions over the active rooting zone, thus potentially 

underestimating the soil water availability near the soil surface soon after the rainfall event and deeper in the profile later in 

the dry down. Hydraulic redistribution and, in general, the plant’s ability to take up water at different depths limit the effects 

of such simplification on the modeled soil moisture (Guswa et al., 2002) and hence on the model results. Neglecting lateral 

flows is generally adequate in most agricultural contexts, where fields are flat and horizontally homogeneous. We also 

assumed instantaneous (at the daily time scale) runoff and deep percolation when soil moisture reached the threshold 𝑠𝑠1 – 

just above soil field capacity. Because soil hydraulic conductivity is a highly non-linear function of soil moisture (Clapp and 

Hornberger, 1978), the soil drains quickly above 𝑠𝑠1. Indeed, this simplified approach leads to soil moisture dynamics similar 

to those obtained including runoff as saturation excess and assuming deep percolation to be proportional to the soil hydraulic 

conductivity (e.g., Laio et al., 2001; not shown). The small quantitative contributions of losses via runoff and deep 

percolation to the soil water balance (Fig. S3 and S4) lend further support to the choice of a simplified description of these 

processes. The advantage of considering instantaneous losses above 𝑠𝑠1 is that the soil moisture balance can be integrated 

with a daily time step – in line with that of the canopy temperature model – without significant numerical errors. 

While the model is capable of simulating the diurnal cycle and the whole growing season, we limited the analyses to the 

warmest part of the day and the crop’s most sensitive developmental stage, anthesis. Similarly, the model can accommodate 

the temporal evolution of environmental conditions beyond air temperature fluctuations and precipitation occurrence, but we 

set them constant and interpreted them as averages (for 𝑅𝑅𝐻𝐻 and 𝑈𝑈) and maximum (for  𝑄𝑄0↓ ) during the simulation period. We 

also assumed clear skies, thus potentially overestimating canopy temperatures when compared with cloudy conditions. 

Taken together, these assumptions could lead to an overestimate of 𝑇𝑇𝑐𝑐 and hence of the frequency of canopy temperature 

exceeding the threshold for potential damage.  

S5.2 Alternative approach to estimating canopy conductance 

The soil moisture-canopy conductance relation emerging from the stomatal optimization model coupled with the SPAC (Eq. 

S9-S18) was compared with an empirical model of canopy conductance determined based on eddy covariance data. The 

dependence of canopy conductance to water vapor on 𝐷𝐷 was shown to be well approximated as (Oren et al., 1999) 

𝐺𝐺𝑠𝑠 = 𝐺𝐺𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟 ∙ [1 −𝑚𝑚 ∙ ln(𝑃𝑃𝑎𝑎  𝐷𝐷)], (S30) 

where 𝑃𝑃𝑎𝑎 is the air pressure (in kPa); the intercept parameter 𝐺𝐺𝑆𝑆,𝑟𝑟𝑟𝑟𝑟𝑟 is the reference surface conductance rate (mmol m-2  s-1), 

corresponding to the canopy conductance at D =10-2 mol mol-1; and the slope parameter 𝑚𝑚 ([ln(kPa)]-1) represents the 

sensitivity of canopy conductance to D. Both 𝐺𝐺𝑆𝑆,𝑟𝑟𝑟𝑟𝑟𝑟 and 𝑚𝑚 increase with soil water availability (Novick et al., 2016). For 

crops, a linear regression of the data presented by Novick et al. (2016) yielded 
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𝐺𝐺𝑠𝑠,𝑟𝑟𝑟𝑟𝑟𝑟 = 552 𝜃𝜃 + 259, (S31) 

𝑚𝑚 = 0.57 𝜃𝜃 + 0.13, (S32) 

where 𝜃𝜃 is the volumetric soil water content, related to the soil moisture 𝑠𝑠 as 𝜃𝜃 = 𝑙𝑙 𝑠𝑠, with 𝑙𝑙 being the soil porosity. 

During a dry down, the predicted canopy conductance obtained with the empirical approach (Eq. S30-S32) and the 

mechanistic model used in this work (Eq. S9-S18) were similar at air temperature 𝑇𝑇𝑎𝑎 =20 °C. But the empirical model 

provided a higher value of conductance at 𝑇𝑇𝑎𝑎 = 15 °C and a lower one at  𝑇𝑇𝑎𝑎 = 25 °C and 30 °C (Fig. S9). These 

discrepancies underline the importance of including mechanistically all the temperature dependences, unless site- and crop-

specific data are available to correctly determine the canopy conductance empirically. 

 

 
Figure S9: Canopy conductance 𝑮𝑮𝒔𝒔 (mol m-2 s-1) as a function of soil moisture 𝒔𝒔, based on the upscaling of the leaf-level optimal 
stomatal conductance (in blue) and the empirical model based on eddy covariance data (Eq. S30-S32; in red) for different air 
temperatures (a, b, c, d correspond to 𝑻𝑻𝒂𝒂 = 𝟏𝟏𝟐𝟐,𝟐𝟐𝟎𝟎,𝟐𝟐𝟐𝟐,𝟑𝟑𝟎𝟎  °C respectively). To avoid extrapolations, the range of soil moisture 
considered corresponds to that for which data on 𝑮𝑮𝒔𝒔 are available in Novick et al. (2016). 
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