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Growing plants in space during long-duration missions will be crucial to ensure functions such as food production, air revitalization, and water purification, and requires an in-depth understanding of plant growth and development processes in reduced gravity. In particular, gas exchange at the leaf surface is considerably reduced because of lack or reduction of buoyancy-driven convection, which can translate into reduced biomass production in the long run. To quantify this impaired gas exchange and biomass production, this study formulates a mechanistic model of these variables in low gravity following a chemical engineering approach. The emphasis here is set on short-term physical response of gas exchange at the leaf surface to gravity and airspeed. A mass balance with stoichiometric limitations enables the computation of mass exchange fluxes, and an energy balance relates them to heat transfer fluxes. Leaf surface temperature and biomass production in the form of dry mass and free water mass are then subsequently computed. The validation of this model on sets of independent data from published parabolic flight experiments is presented and a sensitivity study to different parameters highlights the existence of threshold values for gravity, ventilation, light, and stomatal conductance, which dictate the magnitude of changes in leaf surface temperature and photosynthesis rate. These results show that a mechanistic modeling approach coupled to a dedicated experimental approach are key to identify adequate growth conditions for plants

Introduction

Integrated within a bioregenerative life-support systems (LSS), plants ensure three crucial and fundamental interdependent functions for human sustainability and survivability: air revitalization, water recycling, and food production [START_REF] Lasseur | Melissa: The european project of closed life support system[END_REF][START_REF] Anderson | Life support baseline values and assumptions document[END_REF][START_REF] Poughon | Preliminary study and simulation of the melissa loop including a higher plants compartment[END_REF][START_REF] Gros | Recycling efficiencies of c,h,o,n,s, and p elements in a biological life support system based on microorganisms and higher plants[END_REF][START_REF] Wheeler | Carbon balance in bioregenerative life support systems: Some effects of system closure, waste management, and crop harvest index[END_REF][START_REF] Wheeler | Plants for human life support in space: From myers to mars[END_REF][START_REF] Wheeler | Agriculture for space: People and places paving the way[END_REF]. To develop robust and reliable LSS and achieve accurate predictive control systems, plants' behavior and development in non-standard environments (e.g. space conditions with low gravity and high radiation levels) must be thoroughly understood and anticipated to deliver the appropriate quantities and quality of substances for human survival [START_REF] Hézard | Higher Plant Growth Modelling for Life Support Systems: Global Model Design and Simulation of Mass and Energy Transfers at the Plant Level[END_REF][START_REF] Poulet | Plant's response to space environment: a comprehensive review including mechanistic modelling for future space gardeners[END_REF]. Therefore, the approach followed by the MELiSSA (Micro Ecological Life-Support Alternative) project is to develop mechanistic and knowledge-based models of the processes involved in the LSS before implementing predictive models [START_REF] Farges | Dynamic aspects and controllability of the melissa project: A bioregenerative system to provide life support in space[END_REF]. Mechanistic models enable a multilayer and in depth understanding of processes at stake, dividing the analysis into elemental mechanisms at each scale, later integrated back to whole-system variables, while empirical models typically stay at one scale of study, aiming at having a good data fit [START_REF] Thornley | Plant and crop modelling: a mathematical approach to plant and crop physiology[END_REF]. This multi-scale approach enables the study of more phenomena at more than just the macroscopic level, and gives more possibilities to improve and manipulate it. However, the large number of hypotheses made at each level can lead to a poorer fit of the model results, relative to empirical models, to experimentally determined data [START_REF] Thornley | Plant and crop modelling: a mathematical approach to plant and crop physiology[END_REF].

Typical agronomy models are intended for agricultural decision support, e.g. predicting a certain crop's yield under certain environmental conditions [START_REF] Hézard | Higher plants modeling for bioregenerative life support applications: general structure of modeling[END_REF][START_REF] Lopez | L-PEACH: A Computerbased Model to Understand How Peach Trees Grow[END_REF][START_REF] Ordoñez | MELiSSA Higher Plants Compartment Modeling using EcosimPro[END_REF]; they are excellent predictive tools but do not provide a better understanding of plant growth mechanisms and are not adapted for plants grown in controlled environments [START_REF] Mccormack | A method for modeling transpiration in celss[END_REF]. The energy cascade models were specifically developed for controlled-environment agriculture applications in the 1990s, to predict transpiration and biomass production for a large range of environmental parameters on many different candidate species, in particular to help engineers design LSS [START_REF] Mccormack | A method for modeling transpiration in celss[END_REF][START_REF] Volk | An approach to crop modeling with the energy cascade[END_REF], but they still very much rely on empirical equations. Current process-based and mechanistic models of gas exchange and heat balance at the leaf surface are designed for crops growing in 1g and do not include a mechanistic definition of the boundary layer thickness based on the limiting heat and mass transfer kinetics [START_REF] Schymanski | Stomatal Control and Leaf Thermal and Hydraulic Capacitances under Rapid Environmental Fluctuations[END_REF][START_REF] Vialet-Chabrand | Dynamic leaf energy balance: deriving stomatal conductance from thermal imaging in a dynamic environment[END_REF]. These models typically focus on one aspect of the plant (eg. stomatal conductance, heat balance, photosynthesis) but do not link them together. Another main difference is that models needed for LSS will eventually be used for predicting carbon assimilation, transpiration, and biomass production from a wide range of environmental parameters, while existing process-based models often use these parameters to deduce other aspects such as stomatal conductance, or drought response.

When studying plant growth in confined environments with a mechanistic approach, different scales of study are established, in space and time. First of all, scales linked to the type of processes involved: the morphological scale encompassing the whole plant architecture and structure; the organ scale encompassing physical phenomena; and the cell scale encompassing the biochemical phenomena. Hézard et al. [START_REF] Hézard | Higher Plant Growth Modelling for Life Support Systems: Global Model Design and Simulation of Mass and Energy Transfers at the Plant Level[END_REF] used this approach to develop a plant growth model in the form of a holistic mass balance in 1g, based on Farquhar et al. [START_REF] Farquhar | A biochemical model of photosynthetic co2 assimilation in leaves of c3 species[END_REF] photosynthesis model, using the single round leaf approximation, and validated and calibrated on data from lettuce grown in controlled-environment chambers [START_REF] Hézard | Higher Plant Growth Modelling for Life Support Systems: Global Model Design and Simulation of Mass and Energy Transfers at the Plant Level[END_REF].

When looking at the physical phenomena, the organ scale can be divided into leaf, roots, and stem (and fruit as needed). The gas exchange phenomena itself can be studied for three distinct spatial scales, at the leaf level, at the whole plant level, or at the canopy level; and three distinct time scales, a short-term physical response linked to the dynamical behavior (fluid dynamics surrounding the leaf), a mid-term biological response linked to the steady-state behavior (stomatal response), and a long-term growth response linked to biomass production.

Buoyancy-driven convection is reduced in low gravity environments, leading to thicker boundary layers around the leaves, which reduce gas exchange at the leaf surface. This phenomenon has been demonstrated in Earth-orbit and in parabolic flights [START_REF] Kitaya | The effect of gravity on surface temperatures of plant leaves[END_REF] and can be mitigated by the addition of forced convection [START_REF] Monje | Microgravity does not alter plant stand gas exchange of wheat at moderate light levels and saturating CO2 concentration[END_REF]. The Grashof dimensionless number (Gr) is the ratio between buoyancy and viscous forces and is proportional to gravity. For a vertical surface of length L with a surface temperature T S in a bulk air of temperature T b , it is expressed as follows:

Gr = g β ρ 2 (T S -T b ) L 3 µ 2 (1) 
g is the gravitational acceleration,β is the coefficient of thermal expansion, ρ is the air density, and µ is the air dynamic viscosity.

Hence, in a given growth chamber at standard pressure, the Grashof number will be respectively 0.166 ( 1/6) on the Moon and 0.38 ( 1/3) on Mars, of that on Earth. In future planetary greenhouses, the internal pressure is likely to be reduced to decrease structural constraints, which will affect air density and thus the Grashof number [START_REF] Yamashita | An overview of challenges in modeling heat and mass transfer for living on mars[END_REF]: if the pressure inside a lunar greenhouse is 1/3 of Earth atmospheric pressure, the Grashof number will be 1/54 of that on Earth, which translates to almost negligible natural convection forces. Besides, keeping a homogeneous airflow at each location of a space greenhouse will be challenging, leading to areas where convection is significantly reduced. Hence, it is crucial to have a better understanding of gas exchange phenomena at the leaf surface and how they are linked to convection, in order to predict plant growth in space.

In this study, a chemical engineering approach was used to develop the gas 

Model Presentation

The mechanistic model is based on coupled heat and mass transfers between a solid surface (the leaf surface) and a gas phase with water evaporation in transient regime. In this respect, the guiding equations are issued from a chemical engineering approach. We focused on a dynamic, short-term physical response of the gas exchange at the leaf surface (which differs from a biological or a growth response). For the purposes of the present study we limit the description to the photosynthetic behaviour of the leaf during illuminated periods, neglecting respiration, knowing that other descriptions would have to be developed for other organs and also for dark periods. The leaf being considered as a solid horizontal plate, this results in the assumption that transpiration occurs only on one side of the leaf. First, we defined the stoichiometry of the system; then we defined the mass and heat fluxes associated with this stoichiometry; finally, we defined the kinetics of the system [START_REF] Dussap | Concept of the control system architecture of the MELiSSA loop[END_REF]. The symbols and notations used for the model description are summarized in Table 1. The subscript X refers to dry biomass and the subscript F X to fresh biomass. The subscript z refers to the compound z. Molar air specific heat capacity at constant pressure
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Single-leaf approach

As a first approach, the choice was made to model the plant as a circular single leaf, with a leaf area proportionally increasing with dry biomass production [START_REF] Hézard | Higher Plant Growth Modelling for Life Support Systems: Global Model Design and Simulation of Mass and Energy Transfers at the Plant Level[END_REF].

The single-leaf approach is justified by the fact that upper leaves contribute to most of the gas exchange in a plant, since they are directly under solar radiation and absorb most of it [START_REF] Kichah | Measurement and CFD simulation of microclimate characteristics and transpiration of an Impatiens pot plant crop in a greenhouse[END_REF].

In an actual plant, an effect to be considered is the mutual aerodynamic interference between leaves, which is not considered in the present model. This is characterized with a shelter factor, translating the decreased exposure of the leaf within a canopy to the free stream air velocity, leading to a decrease in heat and mass transfers [START_REF] Schuepp | Tansley Review No. 59 Leaf boundary layers[END_REF][START_REF] Landsberg | Aerodynamic properties of a plant of complex structure[END_REF][START_REF] Thom | Momentum, mass and heat exchange of vegetation[END_REF]. The roughness of the leaves also impacts the transfer; a high roughness is associated with a better transfer because it contributes to the boundary layer separation from the leaf surface [START_REF] Schuepp | Tansley Review No. 59 Leaf boundary layers[END_REF] and leads to turbulent transfer.

Stoichiometry: dry and fresh mass synthesis

The stoichiometric description only focuses on the photosynthetic metabolism of the leaf, i.e. the absorption of CO 2 and the production of glucose units. We considered that the biomass composition is a polymer of glucose, i.e.: CH 1.667 O 0.833 .

As a first approximation, the basic equation relevant for leaf metabolism is as follows [START_REF] Sasidharan | Higher Plant Modelling For Bio-regenerative Life Support Including Metabolic Pathways Description[END_REF]:

CO 2 + 0.833 H 2 O → CH 1.667 O 0.833 + O 2 (2) 
From equation 2, we deduce a molar ratio of 1 at the leaf level between CO 2 uptake, O 2 production and C-molar production of dry mass, which is in accordance with the results obtained by Hézard [START_REF] Hézard | Higher Plant Growth Modelling for Life Support Systems: Global Model Design and Simulation of Mass and Energy Transfers at the Plant Level[END_REF] based on experiments on lettuce growth in controlled environment.

From equation 2, the molar mass of the carbohydrate equivalent is M X = 27 g mol -1 and the yields Y z,X for water absorption (z = H 2 O; eq. 3), CO 2 uptake (z = CO 2 ; eq. 4), O 2 production (z = O 2 ; eq. 5), and carbon content (z = C; eq. 6) in biomass are:

Y H20, X = 0.56 g H2O g -1

X

(3)

Y CO2, X = 1.63 g CO2 g -1 X (4) Y O2, X = 1.19 g O2 g -1 X (5) Y C, X = 0.444 g C g -1 X (6) 
The maximum quantum yield Y C photon is the amount of carbon produced per photon:

Y C photon = 0.054 mol C mol -1 photon (7) 
The dry mass ratio ω X links fresh mass m F X to dry mass m X :

ω X = m X m F X (8) m F X = m X + m H2O (9) 
m H2O is the mass of water in the leaf.

Linking plant morphology to biomass production

The leaf area LA is needed to compute mass transport and heat exchange rates and is proportional to the dry biomass m X and to the specific leaf area, k 1 in m 2 g -1 . k 1 is a species-dependent coefficient and is assessed experimentally to calibrate the model to a given species:

LA = k 1 ω X m X ( 10 
)
ω X is the dry mass ratio introduced in equation 8 and m X is the dry mass.

The characteristic length of the leaf L is the diameter of the round-shaped leaf:

L = 2 LA π (11) 
2.4. Heat and mass transfers

Introducing gravity as a parameter

The bulk air velocity V bulk is defined as the sum of the free buoyancy-driven convection v f ree and the forced convection v f orced :

V bulk = v f ree + v f orced (12) 
The free convection velocity is expressed as a function of gravity. Applying a global mechanical energy balance between two points with different densities and different heights leads to [START_REF] Beek | Transport phenomena[END_REF][START_REF] Bird | Transport phenomena[END_REF]:

1 2 ρ v 2 f ree = g ∆ρ H (13) 
Then:

v f ree = 2 g H ∆ρ ρ (14) 
g is the gravitational acceleration, H is the height of the chamber, ∆ρ is the density gradient between the bulk air and the leaf surface, ρ is the air density at the leaf surface computed with the partial pressures of each gas and the leaf surface temperature.

Leaf conductance

The leaf conductance for a given compound z refers to its diffusion ability through the leaf, i.e. through the stomata and through the boundary layer between the leaf surface and the bulk gas. The cuticle and mesophyll conductance was neglected here. An electrical analogy is used to compute the total leaf resistance as the sum of the stomatal and boundary layer resistances, which are in series [START_REF] Lambers | [END_REF][START_REF] Tuzet | A coupled model of stomatal conductance, photosynthesis and transpiration[END_REF]. The leaf conductance G z for the compound z is the inverse of the leaf resistance:

1 G z = 1 g z BL + 1 g z s (15) 
g z BL and g z s are respectively the boundary layer conductance and the stomatal conductance for compound z. Hence:

G z = g z BL g z s g z BL + g z s (16)

Boundary layer model

In chemical engineering literature [START_REF] Bird | Transport phenomena[END_REF][START_REF] Sherwood | Mass Transfer[END_REF], the resistances for momentum, heat and mass transfer between a bulk fluid and a solid surface are represented accounting for a virtual stagnant layer at the interface, the thickness of which characterizes the transfer rates. For a gas phase, the Prandtl and Schmidt numbers are close to unity and the hydrodynamic, heat and mass boundary layer thicknesses are assumed equal and named δ hereafter. The shear stress at the interface between the fluid and the solid surface, τ W , is expressed as a function of the boundary layer thickness δ, of the kinematic viscosity ν, of the bulk fluid velocity V bulk , and of the friction factor f :

τ W = ρ ν V bulk δ = 1 2 f ρ V 2 bulk ( 17 
)
ρ is the air density at the leaf surface.

Hence the boundary layer thickness δ is expressed as a function of the friction factor:

δ = 2 f ν V bulk (18) 
The friction factor is expressed as a function of the Reynolds number Re and the coefficient ζ, with an empirical correlation:

f = ζ √ Re = ζ ν L V bulk (19) 
L is the leaf characteristic length.

Finally the boundary layer thickness is given as a function of bulk conditions and fluid conditions:

δ = 2 ζ ν L V bulk (20) 
The values for the coefficient ζ depend on the assumptions supporting the mechanism of the transfer model, ranging from unity for the surface renewal model [START_REF] Danckwerts | Gas-liquid reactions, new york Edition[END_REF] to 1.33 [START_REF] Schlichting | Fundamentals of boundary layer theory[END_REF]. In the following sections, we consider the simplest 

k z = D z δ (21) 
The diffusion coefficients (in m 2 s -1 ) are taken from Shewood et al. [START_REF] Sherwood | Mass Transfer[END_REF], with P bulk the bulk air total pressure and T bulk the bulk air temperature. D T is the heat diffusion coefficient:

D CO2 = 0.177 P bulk 10 -1 T bulk 317 3/2 (22) D O2 = 0.176 P bulk 10 -1 T bulk 298 3/2 (23) D H2O = 0.242 P bulk 10 -1 T bulk 293 3/2 (24) D T = 0.2207 P bulk 10 -1
T bulk 300

1.81 [START_REF] Schuepp | Tansley Review No. 59 Leaf boundary layers[END_REF] This leads to the following expression for the boundary layer conductance g z BL in mol m -2 s -1 :

g z BL = k z P bulk R T BL (26) 
R is the ideal gas constant and T BL is the estimated temperature in the boundary layer taken as the mean temperature between the bulk air and the leaf surface:

T BL = T bulk + T leaf 2 (27) 

Stomatal conductance

Experimental measurements show that stomatal conductance not only depends on species and cultivar traits, but also on environmental factors, as well as on the time of the day [START_REF] Wheeler | Effects of CO2 on Stomatal Conductance: Do Stomata Open at Very High CO2 Concentrations?[END_REF]. Dozens of stomatal conductance models have been developed in the last 50 years [START_REF] Damour | An overview of models of stomatal conductance at the leaf level[END_REF][START_REF] Buckley | Modelling stomatal conductance in response to environmental factors[END_REF], from empirical models to mechanistic ones, adapted to water-stressed plants [START_REF] Ngao | Intra-crown spatial variability of leaf temperature and stomatal conductance enhanced by drought in apple tree as assessed by the ratp model[END_REF], or linking environmental parameters, or photosynthesis to the stomatal conductance [START_REF] Tuzet | A coupled model of stomatal conductance, photosynthesis and transpiration[END_REF][START_REF] Gao | A model of stomatal conductance to quantify the relationship between leaf transpiration, microclimate and soil water stress[END_REF]. Stomatal conductance modeling is out of the frame of this study, so an average value is taken for stomatal conductance water vapor, that is evaluated for each experimental data set. This modeling choice is justified by the fact that stomatal conductance variations happen over the course of several minutes, while the study here focuses on short (less than a minute) physical responses. The stomatal conductance for CO 2 g CO2 s is proportional to the stomatal conductance for water vapor g H2O s [START_REF] Lambers | [END_REF][START_REF] Farquhar | Stomatal conductance and photosynthesis[END_REF]:

g CO2 s = D CO2 D H2O g H2O s (28) 
D CO2 and D H2O are the diffusion coefficients for CO 2 and water respectively.

Maximum mass fluxes

The approach here follows the one of Hézard et al. [START_REF] Hézard | Higher Plant Growth Modelling for Life Support Systems: Global Model Design and Simulation of Mass and Energy Transfers at the Plant Level[END_REF]. The maximum mass exchange rates for light and CO 2 are computed; they correspond to the mass exchange rates that would be occurring without any metabolic limitations. In a second step, stoichiometric tests determine the limiting rate, be it light-limited or CO 2 -limited. Finally, the real mass exchange rates are computed and used to compute the dry biomass production.

The maximum light absorption rate I max in mol s -1 for a single leaf is computed with the incident light flux I 0 , the leaf absorbance α leaf and the leaf area LA:

I max = α leaf I 0 LA (29) 
In order to determine which rate is limiting, the corresponding maximum CO 2 uptake rate U M ax1 CO2 is expressed as a function of the maximum light absorption rate I max and of the maximum quantum yield Y C photon defined in equation 7:

U M ax1 CO2 = Y C photon I max (30) 
The maximum mass exchange fluxes φ z are driven by the gradients of CO 2 and H 2 O partial pressures between the leaf and the bulk air and depend on the leaf conductance for each compound z, G z :

φ z = G z P bulk ∆p z (31) 
P bulk is the bulk atmospheric pressure and ∆p z is the partial pressure gradient between the leaf surface and the bulk air for the compound z. It is equal to p CO2 bulk -p CO2 leaf for CO 2 and p H2O leaf -p H2O bulk for the water vapor, also known as the vapor pressure deficit (VPD).

Water vapor partial pressure in bulk air p H2O bulk is computed with the bulk air relative humidity RH and the water vapor saturating pressure at T bulk , P 0 (T bulk ):

p H2O bulk = RH P 0 (T bulk ) (32) 
P 0 (T bulk ) is computed with Antoine's equation, which gives a semi-empirical relationship between temperature T bulk and vapor pressure of pure components [START_REF] Bridgeman | Vapor Pressure Tables for Water[END_REF][START_REF]NIST Chemistry WebBook NIST Standard Reference Database Number 69[END_REF]:

P 0 (T bulk ) = 10 5 10 5.4-1838.675 T bulk -31.737 (33) 
H 2 O partial pressure at the leaf surface p H2O leaf is computed assuming saturation at the surface leaf temperature:

p H2O leaf = P 0 (T leaf ) (34) 
CO 2 partial pressure in bulk air p CO2 bulk is computed with the bulk air CO 2 mole fraction in ppm C CO2 b and the bulk air pressure P bulk :

p CO2 bulk = C CO2 b P bulk (35) 
CO 2 partial pressure at the leaf surface p CO2 leaf is computed from the leaf surface CO 2 concentration [CO 2 ] leaf , the leaf surface temperature T leaf , and the ideal gas constant R:

p CO2 leaf = [CO 2 ] leaf T leaf R (36) 
The maximum mass exchange rates (in mol s -1 ) for water vapor, ϕ H2O , and CO 2 , U M ax2 CO2 , are then computed:

ϕ H2O = G H2O P bulk (p H2O leaf -p H2O bulk ) LA (37) 
U M ax2 CO2 = G CO2 P bulk (p CO2 bulk -p CO2 leaf ) LA (38) 
G H2O and G CO2 are respectively the leaf conductance for water vapor and the leaf conductance for CO 2 , P bulk is the bulk air atmospheric pressure, and LA the leaf area.

The two rates U M axi CO2 | i=1,2 are compared and the lowest rate is set to be CO 2 uptake rate. Then, the light absorption rate is computed with respect to this limiting rate and the quantum yield. This way, the stoichiometric limitations are taken into account within the model.

Finally, the water absorption is computed from the water transpiration ϕ H2O , using the empirical water transpiration to water absorption ratio ω transpi/abs :

U H2O = ϕ H2O ω transpi/abs (39) 
The partial pressures for water vapor p H2O leaf and CO 2 p CO2 leaf at the leaf surface are then:

p H2O leaf = p H2O bulk + P bulk G H2O LA ϕ H2O (40) 
p CO2 leaf = p CO2 bulk - P bulk G CO2 LA U CO2 (41) 

Energy balance

The energy balance in transient state at the leaf surface is [START_REF] Schymanski | Stomatal Control and Leaf Thermal and Hydraulic Capacitances under Rapid Environmental Fluctuations[END_REF][START_REF] Poulet | A physical modeling approach for higher plant growth in reduced gravity environments[END_REF]:

dT leaf dt = E Acc Cp leaf = E Acc m H2O Cp H2O (42) 
T leaf is the leaf surface temperature, Cp leaf is the leaf specific heat capacity, Cp H2O is the liquid water specific heat capacity at constant pressure, heat accumulation into the leaf being mostly due to the water content of the wet mass, and E Acc is defined as follows:

E Acc = E photons -E ray -E conv -E transpi ( 43 
)
E photons is the shortwave energy received from incident radiations of the light source:

E photons = I max N A h c λmax i=λmin γ i λ i ( 44 
)
I max is the maximum light absorption rate, N A is the Avogadro number, h the Planck constant, c is the light velocity, and γ i the percentage of the wavelength λ i . λ min and λ max are respectively the lowest and highest wavelengths of the light source.

E ray is the net longwave energy lost, when the leaf and the surroundings are assimilated to black bodies:

E ray = ε σ (T 4 leaf -T 4 bulk ) LA (45) 
ε is the emissivity (equal for the plant and the surroundings), σ the Stefan-Boltzmann constant, T leaf is the leaf surface temperature, T bulk the bulk air temperature, and LA the leaf area.

E conv is the energy lost by convection in the air:

E conv = C p k t P bulk R T bulk (T leaf -T bulk ) LA ( 46 
)
C p is the molar air specific heat capacity at constant pressure, k t is the heat transfer coefficient defined in equation 21 as a function of the heat diffusion coefficient D t and the boundary layer thickness δ, P bulk is the atmospheric pressure of the bulk air, T leaf is the leaf surface temperature, T bulk the bulk air temperature, and LA the leaf area.

E transpi is the energy lost by transpiration:

E transpi = λ mol ϕ H2O ( 47 
)
λ mol is the water latent heat of vaporization and ϕ H2O the water transpiration rate defined in equation 37.

Biomass production

The model was designed to compute biomass production over time, even if this was not the prime focus of this study. The biomass is split between dry mass m X and water content m H2O :

dm X dt = M X Y CO2, X U CO2 ( 48 
)
dm H2O dt = M H2O (U H2O -ϕ H2O ) (49) 
M X and M H2O are respectively the carbohydrate equivalent and water molar masses, Y CO2, X is the stoichiometric yield for CO 2 , U CO2 is the CO 2 uptake rate, U H2O is the water uptake rate, and ϕ H2O is the water transpiration rate.

Model summary

To sum up, the three differential equations are (combining equations 10, 29, 31, and 48; equations 33, 39, and 49; and equations 42, 44, 45, 46, and 47):

dm X dt = M X Y CO2 X U CO2 = M X Y CO2 X Y C photon α leaf I 0 k 1 ω X m X ( 50 
)
dm w dt = M H2O 1 -ω transpi/abs ω transpi/abs f (T leaf ) (51) 
with ϕ H2O = f (T leaf ) since p H2O leaf is computed with Antoine's equation from T leaf .

dT leaf dt = E Acc m H2O Cp H2O = f 1 (m X ) -f 2 (T 4 leaf ) -f 3 (T leaf ) -f 4 (T leaf ) m H2O Cp H2O (52) 
with f 1 , f 2 , f 3 , and f 4 functions replacing the whole expressions of E photons , E ray , E conv , and E transpi given in equations 44, 45, 46, and 47 respectively.

These equations are solved with the ode45 differential equation solver in Matlab.

They involve three variables: the dry biomass m X and water content m H2O , which determine the leaf's dimensions, and the leaf surface temperature T leaf .

They all need to be initialized at the beginning.

In order to solve these equations, there are seven entry parameters: the stomatal conductance for water vapor g H2O s , the leaf absorbance α leaf , the acceleration of gravity g, the forced convection velocity v f orced , the specific leaf area k 1 , the dry mass ratio ω X , and the transpiration ratio ω transpi/abs .

The rest are environmental parameters: the bulk air temperature T bulk , pressure P bulk , relative humidity RH, and CO 2 content C CO2 b , the light level I 0 , the chamber height H; and species-specific morphological parameters: the dry mass ratio ω X and the transpiration ratio ω transpi/abs . This model works in three steps: first, a mass balance computes the mass exchange rates and partial pressures at the leaf surface, based on stoichiometric limitations; then an energy balance establishes the link between the leaf surface temperature and the mass exchange rates and partial pressures computed in the mass balance; finally, the integration of the differential equations enables the computation of the biomass production and the leaf surface temperature.

Results

Sensitivity study

Among the different entry parameters listed here above, the ones identified as having the greater influence on the final leaf surface temperature are: the stomatal conductance for water vapor g H2O s , the leaf absorbance α leaf , the acceleration of gravity g, and the forced convection velocity v f orced . Additionally, the leaf shape also significantly influences the final leaf surface temperature.

The sensitivity study here focuses on the influence of these parameters on the final leaf surface temperature. Table 2 summarizes the parameters used for the simulations in this study and Table 3 the values of the physical constants.

Please note that what is referred to as "0g" throughout this and the following section corresponds in fact to 0.01 x 9.807 m.s -2 = 0.01g. 

C p 29.3 Jmol -1 K -1
Air kinematic viscosity ν 1.8 10 -5 m 2 s -1

Stomatal conductance for water vapor and leaf absorbance

The leaf surface temperature is computed with the model for three different forced ventilation v f orced values: 0 m s -1 , 0.1 m s -1 , and 1 m s -1 . For each of these airspeed values, three gravity levels are tested: 0g, 1g, and 2g; and for each one, the stomatal conductance for water vapor g H2O s varies from 0.1 to 1.0 mol m -2 s -1 and the leaf absorbance α leaf from 0.5 to 0.9. These results are summarized in Figure 1, Figure 2, and Figure 3. 4. ) (Figure 3). The difference between the three gravity levels decreases with the addition of forced ventilation, even as low as 0.1 m/s: at the lowest leaf absorbance and highest stomatal conductance for water vapor, the leaf surface temperature decreases at 0g at 0.1 m/s (Figure 2).

The results of the the four-way ANOVA test reported in Table 4 show that all four factors (ventilation, gravity, leaf absorbance, and stomatal conductance for water vapor) have a significant effect on the final leaf surface temperature (pvalues lower than 0.05). It also shows that the effect of ventilation is dependent on the gravity level, on the leaf absorbance, and on the stomatal conductance for water vapor; and that the effect on gravity depends on the leaf absorbance, and on the stomatal conductance for water vapor. However there is no interaction between leaf absorbance and stomatal conductance for water vapor (p-value of 0.1207, greater than 0.05). A one-way ANOVA test on the factor gravity and a multiple pairwise comparison (Tukey's HSD test) shows that the groups 1g and 2g are never significantly different, regardless of the ventilation, leaf absorbance, or stomatal conductance for water vapor (Figure 4), but that they are always significantly different from the 0g group. A one-way ANOVA test on the factor ventilation and a multiple pairwise comparison (Tukey's HSD test) reveals that each ventilation group is significantly different from one another and can thus be studied as independent subgroups.

At 1 m/s, a one-way ANOVA test on the factor gravity leads to a p-value of 0.5868, indicating that no gravity group is significantly different at that ventilation, so the final leaf surface temperatures are not statistically significantly different between gravity levels, regardless of the values of α leaf and g H2O s . This is well shown on Figure 1 where the gaps between the three gravity levels are minimal with a ventilation of 1 m/s. At 0 m/s and 0.1 m/s, a multiple pairwise comparison (Tukey's HSD test) shows that the group 0g is significantly different from the two others (1g and 2g), but that there is no statistically significant difference between 1g and 2g, regardless of the values of α leaf and g H2O s .

As expected also, the lowest (respectively highest) temperature increases are found with the combination of the highest (respectively lowest) absorbance and lowest (respectively highest) conductance for all ventilation and gravity levels (Figures 1,2,3). The leaf surface temperature increase is greater for a higher leaf absorbance α leaf value than for a low stomatal conductance for water vapor g H2O s value: at 1 m/s, there is a one-degree gap between the leaf surface temperature at high g H2O s , high α leaf and the leaf surface temperature at low g H2O s , low α leaf (Figure 1). For low airspeed at 0g (Figures 2,3), the influences of stomatal conductance for water vapor are less visible but the slope generated by the influence of leaf absorbance remains the same for the three gravity levels for 

Leaf shape

As detailed in section 2.1, the leaf in the model is assumed to be circular-shaped.

The leaf shape has an effect on its characteristic length, which is a parameter in the boundary layer thickness equation (see equation 18). Here we studied the influence of two different types of leaf shapes with equal surface areas on leaf surface temperature: circular, with the leaf diameter as characteristic length; rectangular, with a width of 2 cm and the characteristic length being the leaf area divided by this width. For these simulations, the leaf absorbance is set to 0.7 and the stomatal conductance for water vapor is set to 0.5; the leaf area is 0.0013 m 2 . The results are given in Figure 5. The leaf surface temperature of the circular-shaped leaf is always lower than that of a rectangular-shaped leaf, regardless of the gravity and ventilation levels (Figure 5). This can be explained by the fact that the characteristic length of a rectangle with a width of 2 cm is larger than the diameter of a disk of the same surface; the resulting boundary layer thickness is thus larger and the direct consequence of a larger boundary layer is a higher leaf surface temperature.

With no ventilation or 0.1 m/s, the difference in the rise of leaf surface temperature for a circular-shaped leaf and that for a rectangular-shaped leaf is larger at 1g and 2g than at 0g (Figure 5). A three-way ANOVA, with up to two-way interactions, was performed on final leaf surface temperatures, the three factors being: ventilation, gravity, and leaf shape. The ratio of the mean squares, F, and the p-values of the test are given in Table 5. All three factors, gravity, ventilation, and leaf shape have a significant effect on the leaf surface temperature. However the interaction terms between leaf shape and ventilation, and between leaf shape and gravity show a p-value far above 0.05, inferring that for some combinations of leaf shape and ventilation or gravity, there is no significant effect on leaf temperature. For each ventilation group, a two-way ANOVA test and a multiple pairwise comparison (Tukey's HSD test) enable the study of these relationships (Figure 6). For the low ventilation cases, the leaf surface temperatures for a circular-and rectangular-shaped leaf are not significantly different in any gravity level (but there is a significant difference between leaf temperatures at 0g and the other two levels) (Figure 6). At 1m/s, the leaf surface temperatures of a circular-and rectangular-shaped leaf are significantly different, regardless of the gravity level (Figure 6).

Model validation using short-term experiments

To validate the robustness of the model, we tried it on data from the literature.

Kitaya et al. [START_REF] Kitaya | The effect of gravity on surface temperatures of plant leaves[END_REF][START_REF] Kitaya | Heat and gas exchanges between plants and atmosphere under microgravity conditions[END_REF] reported on experiments performed in parabolic flights aiming at measuring the leaf surface temperature of barley and sweet potato leaves in two different ventilation settings (0.2 and 1 m/s), and the photosynthesis rate of a barley leaf in different environmental conditions, for two different light settings (250 and 500 µmol m -2 s -1 ). Barley is a rectangular-shaped leaf;

sweet potato is a circular-shaped leaf. Their specific leaf area is different from the one used in the sensitivity study. Environmental parameters differed too, since these experiments took place in a plane. The parameters that differ from the sensitivity study are summarized in Table 6 and7. Incident light flux

I 0 500 µmol m -2 s -1
Initial fresh mass m F X 0.328 g Initial leaf surface temperature T leaf 293.15 K

Temperature trends

Stomatal conductance for water vapor and leaf absorbance were not reported in Kitaya et al. [START_REF] Kitaya | The effect of gravity on surface temperatures of plant leaves[END_REF], therefore we used best estimates on these parameters, which enabled our model to fit their experimental values. The leaf absorbance was set to α leaf = 0.9 for both leaves and the two ventilation settings, which is consistent with values found in the literature [START_REF] Vialet-Chabrand | Dynamic leaf energy balance: deriving stomatal conductance from thermal imaging in a dynamic environment[END_REF][START_REF] Nelson | Analysis of environmental effects on leaf temperature under sunlight, high pressure sodium and light emitting diodes[END_REF]. The variations of the barley leaf surface temperature are a good fit at 2g and at 0g in terms of trends and magnitudes (Figure 7). For the sweet potato leaf, the fit is not as good, although the magnitude of variations is the same (Figure 8).

At low ventilation for both leaves, the leaf surface temperature increase during the 0g phases has a significantly steeper slope than the decrease over the 2g phase (5.5 fold for the barley leaf at 0.2 m/s, 3.25 for the sweet potato leaf at 0.2 m/s). At 1 m/s, the sweet potato leaf surface temperature has a stable temperature throughout the gravity phases and for the barley leaf, the slope in the 0g phase is 2-fold that of the 2g phase. This is consistent with the results from the sensitivity analysis on the leaf shape: the sweet potato leaf that is circular-shaped has a lower temperature increase and decrease than the barley leaf, which is rectangular-shaped. Results with the highest ventilation

(1 m/s) showing little variations in the leaf surface temperature throughout the gravity phases are also consistent with the sensitivity analysis results presented in Figure 1, showing insignificant variations between the gravity levels at 1 m/s.

The model presented here has thus enabled us to accurately identify the values of stomatal conductance for water vapor, for two types of leaf shapes in two different ventilation settings, over a short-time dynamic response.

Photosynthesis rate

In Kitaya et al. [START_REF] Kitaya | Heat and gas exchanges between plants and atmosphere under microgravity conditions[END_REF], barley leaf net photosynthesis rate is reported for two different light settings during parabolic flight experiments. The value of stomatal conductance for water vapor that enabled a good fit between the model and the experimental values was g H2O s = 0.018 mol m -2 s -1 at 500 µmol m -2 s -1 and g H2O s = 0.013 mol m -2 s -1 at 250 µmol m -2 s -1 . Simulation results and experimental data from Kitaya et al. [START_REF] Kitaya | Heat and gas exchanges between plants and atmosphere under microgravity conditions[END_REF] are reported in Figure 9. At both light levels, the model estimations are within 10% of the experimen-tal data reported by Kitaya et al. [START_REF] Kitaya | Heat and gas exchanges between plants and atmosphere under microgravity conditions[END_REF]. At 250 µmol m -2 s -1 , they are respectively 90%, 104%, and 107% of the reported values at 0g, 1g, and 2g; at 500 µmol m -2 s -1 , they are respectively 109%, 107%, and 93% of the reported values at 0g, 1g, and 2g. The simulated values show the same trends for both light levels with a difference between the photosynthesis rate at 0g and that at 1g being one order of magnitude greater than that between 1g and 2g. This is also the case for experimental data at 250 µmol m -2 s -1 , but not at 500 µmol m -2 s -1

(the difference between photosynthesis rates at 0g and 1g, and between that at 1g and 2g is of the same order of magnitude). This shows that the model can accurately predict orders of magnitude for a leaf photosynthesis rate in various gravity levels. almost always statistically different). This is especially true for lower ventilation settings. In the same way, there is a ventilation threshold, under which leaf surface temperatures, and gas exchange, are significantly affected by low gravity levels. This is in accordance with the findings of Kitaya et al. [START_REF] Kitaya | The effect of gravity on surface temperatures of plant leaves[END_REF] in their study of air current velocity effects on sweet potato leaves and a canopy of tomato seedlings in 1g. They advocated a minimum ventilation of 0.2 m/s in the vicinity of the leaves and of 1 m/s above the plant canopy for optimal gas exchange. However, these values should be tailored for different plant species, canopy sizes, and leaf shapes. Finding the lowest ventilation setting for optimal gas exchange is a critical point for large-scale food production because this would prevent energy waste of excessive fan power, as well as lower the risk of mechanical stress induced by high convection around the plants [START_REF] Mitchell | Bioregenerative life-support systems[END_REF][START_REF] Mitchell | Influence of mechanical stress on auxin-stimulated growth of excised pea stem sections[END_REF].

Airspeed

The values of stomatal conductance for water vapor found for the two parabolic flight experiments reported by Kitaya et al. [START_REF] Kitaya | The effect of gravity on surface temperatures of plant leaves[END_REF][START_REF] Kitaya | Heat and gas exchanges between plants and atmosphere under microgravity conditions[END_REF] are larger for higher airspeed. This is not in accordance with the findings of Schymanski et al. [START_REF] Schymanski | Wind increases leaf water use efficiency[END_REF]. They found that transpiration rate and stomatal conductance for water vapor decreased with increasing wind speeds, when stomatal conductance for water vapor stays under 0.4 mol m -2 s -1 . Indeed, then, the dominant process to remove heat from incoming shortwave and longwave energy is the sensible heat flux and not the transpiration flux. However, this is true for a constant leaf-air temperature gradient. In the case of the parabolic flight experiments reported here, the leafair temperature gradient was greater at low airspeed (between +4 and +5 K for barley and between +7 and +8 K for sweet potato) than at high airspeed (around -1 K for barley and around +2 K for sweet potato). This means that at low airspeed the sensible heat flux was greater than at high airspeed and that necessarily the latent heat flux was lower at low airspeed, which translates into a smaller stomatal conductance for water vapor. It should be noted that the smallest stomatal conductance for water vapor value (0.0602 mol m -2 s -1 ) was found for the sweet potato leaf at an airspeed 0.2 m/s, which corresponds to the greatest leaf-air temperature gradient (+ 7 to +8 K), while the largest value of stomatal conductance for water vapor (0.442 mol m -2 s -1 ) was found for the barley leaf at an airspeed 1 m/s, which corresponds to the smallest leaf-air temperature gradient (-1 K).

Stomatal conductance for water vapor

At 0g and low airspeed, the effects of stomatal conductance for water vapor on leaf surface temperature are significantly greater for larger values of g H2O s (see Figure 3), indicating that, in these conditions, well-watered plants (high g H2O s ) will have a much higher leaf surface temperature, indicating impaired gas exchange, than well-watered plants in higher gravity levels, whereas this difference between gravity levels will be minimal for plants under drought-condition (low g H2O s

). This can be explained by the fact that gas exchange is limited during a drought, because of the lower stomatal conductance for water vapor and thus the effects of other environmental parameters (gravity, ventilation) are of lower magnitude. This analysis not only shows that gravity and ventilation both play a significant role in final leaf surface temperature, but also that plant water status needs to be accounted for. The absence of water stress is one of the main assumptions for plants grown in controlled environments, particularly in bioregenerative life-support systems, so this is an important result for future plant growth in space.

Light

In lower light settings, the reported experimental net photosynthesis rate is not significantly different among the different gravity levels (Figure 9), 9% higher at 1g and 2g than at 0g, whereas at high light settings (500 µmol m -2 s -1 ) it is 36 to 63% higher at 1g and 2g than at 0g. This can be explained by the fact that at low light, photosynthesis is limited by incoming light and thus the magnitude of changes resulting from lower gravity levels is much lower. This effect is less visible on simulation results, where net photosynthesis rate is respectively at low and high light, 26% and 34% greater at 1g than at 0g, and 30% and 39 % greater at 2g than at 0g. This discrepancy in the results could be explained by the fact that the model does not include the respiration rate and so the simulation results are actually a gross photosynthesis rate and not the net photosynthesis rate as reported by Kitaya et al. [START_REF] Kitaya | Heat and gas exchanges between plants and atmosphere under microgravity conditions[END_REF].

Consequently, there are threshold values for gravity, ventilation, light, and stomatal conductance for water vapor, which dictate the magnitude of changes in leaf surface temperature and photosynthesis rate. Light levels and values of stomatal conductance for water vapor determine the maximum gas exchange rates; they are limited by ventilation under a certain threshold value; and they are further limited under a certain gravity threshold level.

Sensitivity to leaf shape

The effect of leaf shape on leaf surface temperature for a given surface area is the most significant for the highest ventilation (1 m/s) because this is the case where gas exchange is the largest, hence the magnitude of changes due to leaf shapes are largest too. Similarly the difference in leaf surface temperature between a rectangular-shaped and a circular-shaped leaf is not significant at 0g and low ventilation.

The study here was made on a 2-cm wide leaf because the width of the barley leaf used in the experiments reported by Kitaya et al. was approximately 2 cm.

This resulted in a larger characteristic length for the rectangular-shaped leaf than for the circular-shaped one. The sensitivity to different leaf shapes could be further studied with equal characteristic length and equal surface area, for a more thorough analysis of leaf shape influence on leaf surface temperature.

Model use

Practically, since this model fits experimental data on dynamic response, it could be used to identify needed parameters like stomatal conductance for water vapor with short-time experiments. The steps to use this model for plant growth and gas exchange predictions in reduced gravity environments would be as follows:

• define environmental plant growth conditions along with the species and cultivar to be grown;

• grow plants of interest in these environmental conditions in 1g;

• perform leaf surface temperature and net photosynthesis measurements;

• use the model to identify the stomatal conductance for water vapor in different ventilation and light settings;

• use the model with these values of stomatal conductance for water vapor to predict plant growth in different gravity environments. The fact that the model presented here can fit experimental data obtained in a plane (i.e. reduced total pressure and low relative humidity), with different lighting and ventilation settings, as well as different initial leaf surface temperature, shows its robustness for a wide range of environmental parameters. The sensitivity study to a large spectrum of leaf absorbance and stomatal conductance for water vapor, in three widely spread ventilation settings, also shows that this model is broadly applicable.

Potentialities of the model

Despite ample evidence of impaired photosynthesis rates and gas exchange in microgravity environments [START_REF] Kitaya | The effect of gravity on surface temperatures of plant leaves[END_REF][START_REF] Kitaya | Heat and gas exchanges between plants and atmosphere under microgravity conditions[END_REF][START_REF] Kitaya | The effect of gravity on surface temperature and net photosynthetic rate of plant leaves[END_REF][START_REF] Monje | Canopy photosynthesis and transpiration in micro-gravity: Gas exchange measurements aboard mir[END_REF], little effort has been made to model these variables in low gravity and predict their behavior in non-terrestrial conditions. The results presented here show strong evidence that a mechanistic modeling approach to gas exchange and plant growth in reduced gravity environments will enable a better understanding of the intricate relationships between the different parameters involved but also enable us to identify adequate conditions for plant growth in space.

This emphasizes the main difference between our approach compared to previous work on plant growth and gas exchange modeling: for life-support systems, we need to use mechanistic models to deeply understand mechanisms involved in physical, chemical, and biological processes and to later predict how much biomass can be harvested, how much CO 2 can be scrubbed and how much O 2 can be produced, and how much water can be recycled. Typical models addressing plants' leaf surface temperatures in 1g, energy balances, and gas exchange use experimental measurements of these parameters to deduce stomatal conductance for water vapor [START_REF] Vialet-Chabrand | Dynamic leaf energy balance: deriving stomatal conductance from thermal imaging in a dynamic environment[END_REF] or make use of semi-empirical parameters with Farquhar et al. [START_REF] Farquhar | Stomatal conductance and photosynthesis[END_REF] photosynthesis model [START_REF] Schymanski | Stomatal Control and Leaf Thermal and Hydraulic Capacitances under Rapid Environmental Fluctuations[END_REF][START_REF] Schymanski | Wind increases leaf water use efficiency[END_REF] or Jarvis stomatal model [START_REF] Ngao | Intra-crown spatial variability of leaf temperature and stomatal conductance enhanced by drought in apple tree as assessed by the ratp model[END_REF].

The focus here was set on leaf surface temperature, which is a good indicator of transpiration rate and water status in the leaf, as detailed in equation 52, and directly related to gas exchange at the leaf surface. However, as shown in part 3.2.2, this mechanistic model can also predict with a good accuracy the order of magnitude of the photosynthesis rate in various gravity and light levels. To increase the precision of this prediction, the respiration rate should be included into the model; it was not the focus here, since the scope of this study was the short-term physical response of the leaf's photosynthetic activity and dynamic behaviour. Nevertheless, this paves the way for longer term response predictions, such as the biological and growth responses of a leaf, linked to steady-state behaviour and biomass production. Eventually, these types of mechanistic models could allow the computation of carbon dioxide uptake rate and water transpiration rate in reduced gravity conditions, such as weightlessness, Lunar or Martian conditions.

  exchange model, based on coupled mass and energy balances, including stoichiometric and kinetics limitations. This model focuses on a short-term dynamic physical response of gas exchange phenomena at the leaf surface. The first step consisted in expanding the initial plant growth model developed by Hézard et al. (a plant growth model based on a mass balance in 1g) to include gravity as an entry parameter. This led to refining the definition of the limiting heat and mass transfer kinetics via a boundary layer thickness characterization at the leaf surface, coupling mass and energy balances. As a result, a new variable appeared in the system: the leaf surface temperature, linked to the transfer rates. This study explores the necessary adjustments to model gas exchange at the leaf surface in reduced gravity environments and proposes a new model linking biomass production, leaf surface temperature, and gas exchange. The model is validated on independent sets of data from parabolic flights. The sensitivities to different parameters are studied.

mechanistic interpretation of the surface renewal model: ζ = 1 .

 1 The transfer coefficients of each compound z in the equivalent stagnant boundary layer k z are calculated from the thickness of the boundary layer δ and the diffusion coefficient D z :
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 123 Figure 1: Leaf surface temperature after 20 seconds with a ventilation of 1 m/s

Figure 4 :

 4 Figure 4: Average leaf surface temperature after 20 seconds, over all values of ventilation, leaf absorbance and stomatal conductance, for three different groups of gravity. The letters indicate the results of the multiple pairwise comparison. The error bars indicate the variability across the different values of ventilation, leaf absorbance and stomatal conductance.

the three 3

 3 airspeed values, about +1.5 degree regardless of the value of g H2O s . With no ventilation, leaf surface temperature decreases at 1g for α leaf = 0.6 and g H2O s = 0.7..1.0 and for α leaf = 0.5 and g H2O s = 0.4..1.0; and at 2g for α leaf = 0.7 and g H2O s = 0.8..1.0, for α leaf = 0.6 and g H2O s = 0.5..1.0 and for α leaf = 0.5 and g H2O s = 0.3..1.0.

Figure 5 :

 5 Figure 5: Leaf surface temperature for a circular and a rectangular leaf in three gravity levels. Top: ventilation of 1 m/s; Middle: ventilation of 0.1 m/s; ventilation of 0 m/s. The solid/dotted lines are the circular/rectangular leaf temperatures.

Figure 6 :

 6 Figure 6: Average leaf surface temperatures over 20 seconds for two different leaf shapes and three gravity levels. Top: ventilation of 1 m/s; Middle: ventilation of 0.1 m/s; ventilation of 0 m/s. The letters indicate the results of the multiple pairwise comparison between all cases across the two factors, leaf shape and gravity level. The error bars indicate the variability over a time span of 20 seconds.

  For the barley leaf, values of stomatal conductance for water vapor that enabled a good fit between the model and the experimental values was g H2O s = 0.1675 mol m -2 s -1 at 0.2 m/s and g H2O s = 0.442 mol m -2 s -1 at 1 m/s. For the sweet potato leaf, values of stomatal conductance for water vapor that enabled a good fit between the model and the experimental values was g H2O s = 0.0602 mol m -2 s -1 at 0.2 m/s and g H2O s = 0.166 mol m -2 s -1 at 1 m/s. The results of these simulations are presented in Figures 7 and 8 and are compared to the values reported by Kitaya et al. [20].

Figure 7 :

 7 Figure 7: Leaf surface temperature change over the course of 40 seconds for a barley leaf, in a 2g phase followed by a 0g phase. Top: with a forced ventilation of 0.2 m/s; bottom: with a forced ventilation of 1 m/s. Data reported by Kitaya et al. [20] in solid line; simulation results from this model in diamond markers.

Figure 8 :

 8 Figure 8: Leaf surface temperature change over the course of 40 seconds for a sweet potato leaf, in a 2g phase followed by a 0g phase. Top: with a forced ventilation of 0.2 m/s; bottom: with a forced ventilation of 1 m/s. Data reported by Kitaya et al. [20] in solid line; simulation results from this model in diamond markers.

Figure 9 :

 9 Figure 9: Net photosynthesis rate of a barley leaf in three different gravity settings. Top: 500 µmol m -2 s -1 ; bottom: 250 µmol m -2 s -1 . Model results are in dark grey; experimental results reported by Kitaya et al. [45] are in light grey.

4. 4 .

 4 Concluding remarks 4.4.1. Validation in non-standard conditions

  

Table 1 :

 1 Summary of the symbols and notations used in the model.

	Name	Symbol	Unit
	Plant chamber height	H	m
	Gravitational acceleration	g	m s -2
	Bulk air temperature	T bulk	K
	Bulk air total pressure	P bulk	P a
	CO 2 partial pressure in bulk air	p CO2 bulk	P a
	H 2 O partial pressure in bulk air	p H2O bulk	P a
	Bulk air relative humidity	RH	-
	Bulk air CO 2 mole fraction	x CO2 bulk	ppm
	Air density	ρ	kg m -3

Table 2 :

 2 Environmental parameters and initialization values for the sensitivity analysis.

	Name	Symbol	Value	Unit
	Plant chamber height	H	0.3	m
	Bulk air temperature	T bulk	293.15	K
	Bulk air total pressure	P bulk	101300	P a
	Bulk air relative humidity	RH	0.5	-
	Bulk air CO 2 mole fraction	x CO2 bulk	700	ppm
	Dry mass ratio	ω X	0.09	g X g -1 F X
	Water transpiration to water ab-	ω transpi/abs	0.9	-
	sorption ratio			
	Specific leaf area	k 1	0.0044	m 2 g -1
	Incident light flux	I 0	400	µmol m -2 s -1
	Initial fresh mass	m F X	0.3	g
	Initial leaf surface temperature	T leaf	295.15	K

Table 3 :

 3 Physical constants.

	Name	Symbol	Value	Unit
	Avogadro number	N A	6.02 10 23	mol -1
	Planck constant	h	6.63 10 -34	J s
	Light velocity	c	3 10 8	m s -1
	Leaf and surroundings emissivity		0.97	-
	Stefan-Boltzmann constant	σ	5.670 10 -8 W m -2 K -4
	Ideal gas constant	R	8.314	J mol -1 K -1
	Water latent heat of vaporization	λ mol	4.0788 10 4	J mol -1
	Molar water specific heat ca-	C p H 2 O	75.327	Jmol -1 K -1
	pacity at constant pressure and			
	298.15 K			
	Molar air specific heat capacity at			
	constant pressure and 298.15 K			

Table 4 :

 4 Ratio of the mean squares, F, and p-values of the four-way ANOVA test on all four factors and their two-way interactions.

	Factors and Interactions	F	p-value
	Ventilation	13563.07	0.0000
	Gravity	5688.41	0.0000
	Leaf Absorbance	5208.68	0.0000
	Stomatal Conductance for H 2 O	2616.68	0.0000
	Ventilation*Gravity	1181.57	0.0000
	Ventilation*Leaf Absorbance	7.4	0.0000
	Ventilation*Stomatal Conductance for H 2 O	120.66	0.0000
	Gravity*Leaf Absorbance	8.41	0.0000
	Gravity*Stomatal Conductance for H 2 O	39.33	0.0000
	Leaf Absorbance*Stomatal Conductance for H 2 O	1.3	0.1207
	As expected, the lowest leaf surface temperature increase occurs for cases at
	2g in all ventilation settings (Figures 1, 2, 3). With no ventilation at 0g, the
	leaf surface temperature increases for all values of leaf absorbance (α leaf ) and
	stomatal conductance for H 2 O (g H2O s		

Table 5 :

 5 Ratio of the mean squares, F, and p-values of the three-way ANOVA test on all three factors and their two-way interactions.

	Factors and Interactions redF p-value
	Ventilation	265.31	0.0000
	Gravity	105.82	0.0000
	Leaf Shape	36.78	0.0000
	Ventilation*Gravity	20.31	0.0000
	Ventilation*Leaf Shape	0.14	0.8713
	Gravity*Leaf Shape	0.11	0.8914

Table 6 :

 6 Environmental parameters and initialization values for the leaf surface temperature experiment.

	Name	Symbol	Value	Unit
	Bulk air temperature	T bulk	299.15	K
	Bulk air total pressure	P bulk	91170	P a
	Bulk air relative humidity	RH	0.15	-
	Specific leaf area barley leaf	k 1	0.0061	m 2 g -1
	Specific leaf area sweet potato	k 1	0.0057	m 2 g -1
	leaf			
	Irradiance at the leaf surface	Irr	260	W m -2
	Conversion factor from W m -2	Conv	5 10 -6	mol J -1
	to mol m -2 s -1 for incandescent			
	lamp			
	Incident light flux	I 0	Irr x Conv µmol m -2 s -1
	Initial fresh mass	m F X	0.328	g
	Initial leaf surface temperature	T leaf	303.25	K
	barley leaf at 0.2 m/s			
	Initial leaf surface temperature	T leaf	298.15	K
	barley leaf at 1 m/s			
	Initial leaf surface temperature	T leaf	306.35	K
	sweet potato leaf at 0.2 m/s			
	Initial leaf surface temperature	T leaf	301.15	K
	sweet potato leaf at 1 m/s			

Table 7 :

 7 Environmental parameters and initialization values for the photosynthesis rate experiment.

	Bulk air temperature	T bulk 293.15	K
	Bulk air total pressure	P bulk 91170	P a
	Bulk air relative humidity	RH	0.65	-
	Bulk air CO 2 mole fraction	x CO2 bulk	380	ppm
	Specific leaf area barley leaf	k 1	0.0061	m 2 g -1
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