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Abstract

Growing plants in space during long-duration missions will be crucial to

ensure functions such as food production, air revitalization, and water purifica-

tion, 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 convec-

tion, which can translate into reduced biomass production in the long run. To

quantify this impaired gas exchange and biomass production, this study formu-

lates 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 mag-

nitude of changes in leaf surface temperature and photosynthesis rate. These

results show that a mechanistic modeling approach coupled to a dedicated ex-

perimental approach are key to identify adequate growth conditions for plants
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in reduced gravity environments.
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1. Introduction

Integrated within a bioregenerative life-support systems (LSS), plants ensure

three crucial and fundamental interdependent functions for human sustainabil-

ity and survivability: air revitalization, water recycling, and food production [1–

7]. 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 [8, 9]. 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 [10]. Mechanistic models enable a multi-

layer 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 [11]. 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 [11].

Typical agronomy models are intended for agricultural decision support, e.g.

predicting a certain crop’s yield under certain environmental conditions [12–14];

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 [15]. The energy cascade models were specifically developed for

controlled-environment agriculture applications in the 1990s, to predict tran-

spiration and biomass production for a large range of environmental parame-

ters on many different candidate species, in particular to help engineers design

LSS [15, 16], but they still very much rely on empirical equations. Current
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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 mech-

anistic definition of the boundary layer thickness based on the limiting heat

and mass transfer kinetics [17, 18]. 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 ex-

isting 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 ap-

proach, different scales of study are established, in space and time. First of all,

scales linked to the type of processes involved: the morphological scale encom-

passing the whole plant architecture and structure; the organ scale encompassing

physical phenomena; and the cell scale encompassing the biochemical phenom-

ena. Hézard et al. [8] used this approach to develop a plant growth model in

the form of a holistic mass balance in 1g, based on Farquhar et al. [19] photo-

synthesis model, using the single round leaf approximation, and validated and

calibrated on data from lettuce grown in controlled-environment chambers [8].

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 pro-

duction.

Buoyancy-driven convection is reduced in low gravity environments, leading

to thicker boundary layers around the leaves, which reduce gas exchange at
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the leaf surface. This phenomenon has been demonstrated in Earth-orbit and

in parabolic flights [20] and can be mitigated by the addition of forced convec-

tion [21]. 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 TS in a bulk air of temperature Tb, it is expressed

as follows:

Gr =
g β ρ2 (TS − Tb)L3

µ2
(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 [22]: 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

exchange model, based on coupled mass and energy balances, including stoichio-

metric 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
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mass transfer kinetics via a boundary layer thickness characterization at the

leaf surface, coupling mass and energy balances. As a result, a new variable ap-

peared 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.
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2. 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 tran-

sient 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 res-

piration, 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 [23]. The symbols and notations used for the model

description are summarized in Table 1. The subscript X refers to dry biomass

and the subscript FX to fresh biomass. The subscript z refers to the compound

z.

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

Name Symbol Unit

Plant chamber height H m

Gravitational acceleration g ms−2

Bulk air temperature Tbulk K

Bulk air total pressure Pbulk Pa

CO2 partial pressure in bulk air pCO2

bulk Pa

H2O partial pressure in bulk air pH2O
bulk Pa

Bulk air relative humidity RH -

Bulk air CO2 mole fraction xCO2

bulk ppm

Air density ρ kgm−3
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Name Symbol Unit

Air kinematic viscosity ν m2 s−1

Molar air specific heat capacity at constant

pressure

Cp J mol−1K−1

Bulk air velocity Vbulk ms−1

Free convection velocity Vfree ms−1

Forced convection velocity Vforced ms−1

Boundary layer thickness δ m

Shear stress at the interface between the fluid

and the solid surface

τ Pa

Friction factor f -

Reynolds number Re -

Transfer coefficient for z kz ms−1

Diffusion coefficient to z Dz m2 s−1

Leaf surface temperature Tleaf K

Leaf area LA m2

Specific leaf area k1 m2 g−1

Leaf characteristic length L m

Leaf conductance for z Gz molm−2 s−1

Boundary layer conductance to z gzBL molm−2 s−1

Stomatal conductance for z gzs molm−2 s−1

Leaf absorbance αleaf -

Temperature in the boundary layer TBL K

Stoichiometric yield for z Yz,X gz g
−1
X

Molar mass of the carbohydrate equivalent MX gmol−1
X

Molar mass of the water MH2O gmol−1
X

Maximum quantum yield YCphoton
molC mol

−1
photon

Dry mass ratio ωX gX g
−1
FX

Dry mass mX g
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Name Symbol Unit

Fresh mass mFX g

Water mass in the leaf mH2O g

Water transpiration to water absorption ratio ωtranspi/abs −

CO2 partial pressure at the leaf surface pCO2

leaf Pa

H2O partial pressure at the leaf surface pH2O
leaf Pa

Water vapor saturating pressure at Tbulk P 0(Tbulk) Pa

CO2 partial pressure at the leaf surface [CO2]leaf molm−3

Partial pressure gradient between the leaf sur-

face and the bulk air for z

∆pz Pa

Incident light flux I0 µmolm−2 s−1

Maximum mass exchange fluxes fo z φz molm−2 s−1

Maximum light absorption rate Imax mol s−1

Maximum CO2 uptake rate UMaxi

CO2
mol s−1

Water transpiration rate ϕH2O mol s−1

Molar water specific heat capacity at constant

pressure and 298.15 K

CpH2O
J mol−1K−1

Shortwave energy from incident light Ephotons W

Net longwave energy Eray W

Convection energy Econv W

Transpiration energy Etranspi W

Avogadro number NA mol−1

Planck constant h J s

Light velocity c ms−1

Percentage of the wavelength λi γi −

Leaf and surroundings emissivity ε −

Stefan-Boltzmann constant σ W m−2K−4

Ideal gas constant R J mol−1K−1

Water latent heat of vaporization λmol J mol−1
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2.1. 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 [8].

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 [24].

In an actual plant, an effect to be considered is the mutual aerodynamic inter-

ference 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 [25–27]. 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 [25] and leads to turbulent

transfer.

2.2. Stoichiometry: dry and fresh mass synthesis

The stoichiometric description only focuses on the photosynthetic metabolism of

the leaf, i.e. the absorption of CO2 and the production of glucose units. We con-

sidered that the biomass composition is a polymer of glucose, i.e.: CH1.667O0.833.

As a first approximation, the basic equation relevant for leaf metabolism is as

follows [28]:

CO2 + 0.833H2O → CH1.667O0.833 +O2 (2)

From equation 2, we deduce a molar ratio of 1 at the leaf level between CO2

uptake, O2 production and C-molar production of dry mass, which is in accor-

dance with the results obtained by Hézard [8] based on experiments on lettuce

growth in controlled environment.

From equation 2, the molar mass of the carbohydrate equivalent is MX =

27 gmol-1 and the yields Yz,X for water absorption (z = H2O; eq. 3), CO2

uptake (z = CO2; eq. 4), O2 production (z = O2; eq. 5), and carbon content

(z = C; eq. 6) in biomass are:

YH20, X = 0.56 gH2O g
−1
X (3)
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YCO2, X = 1.63 gCO2 g
−1
X (4)

YO2, X = 1.19 gO2 g
−1
X (5)

YC,X = 0.444 gC g
−1
X (6)

The maximum quantum yield YCphoton
is the amount of carbon produced per

photon:

YCphoton
= 0.054molC mol

−1
photon (7)

The dry mass ratio ωX links fresh mass mFX to dry mass mX :

ωX =
mX

mFX
(8)

mFX = mX +mH2O (9)

mH2O is the mass of water in the leaf.

2.3. 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 mX and to the specific leaf area, k1 in

m2 g-1. k1 is a species-dependent coefficient and is assessed experimentally to

calibrate the model to a given species:

LA =
k1
ωX

mX (10)

ωX is the dry mass ratio introduced in equation 8 and mX 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

2.4.1. Introducing gravity as a parameter

The bulk air velocity Vbulk is defined as the sum of the free buoyancy-driven

convection vfree and the forced convection vforced:

Vbulk = vfree + vforced (12)
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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 [29, 30]:

1

2
ρ v2free = g∆ρH (13)

Then:

vfree =

√
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.

2.4.2. 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 conduc-

tance 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 [31, 32]. The leaf conductance Gz for the compound z is the inverse of

the leaf resistance:
1

Gz
=

1

gzBL
+

1

gzs
(15)

gzBL and gzs are respectively the boundary layer conductance and the stomatal

conductance for compound z. Hence:

Gz =
gzBL g

z
s

gzBL + gzs
(16)

2.4.3. Boundary layer model

In chemical engineering literature [30, 33], the resistances for momentum, heat

and mass transfer between a bulk fluid and a solid surface are represented ac-

counting for a virtual stagnant layer at the interface, the thickness of which

characterizes the transfer rates. For a gas phase, the Prandtl and Schmidt
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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, τW , is expressed as a

function of the boundary layer thickness δ, of the kinematic viscosity ν, of the

bulk fluid velocity Vbulk, and of the friction factor f :

τW = ρ ν
Vbulk
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

Vbulk
(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

LVbulk
(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

Vbulk
(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 [34] to 1.33 [35]. In the following sections, we consider the simplest

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

fer coefficients of each compound z in the equivalent stagnant boundary layer

kz are calculated from the thickness of the boundary layer δ and the diffusion

coefficient Dz:

kz =
Dz

δ
(21)

The diffusion coefficients (in m2 s-1) are taken from Shewood et al. [33], with

Pbulk the bulk air total pressure and Tbulk the bulk air temperature. DT is the
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heat diffusion coefficient:

DCO2
=

0.177

Pbulk 10−1

[Tbulk
317

]3/2
(22)

DO2 =
0.176

Pbulk 10−1

[Tbulk
298

]3/2
(23)

DH2O =
0.242

Pbulk 10−1

[Tbulk
293

]3/2
(24)

DT =
0.2207

Pbulk 10−1

[Tbulk
300

]1.81
(25)

This leads to the following expression for the boundary layer conductance gzBL

in mol m-2 s-1:

gzBL = kz
Pbulk
RTBL

(26)

R is the ideal gas constant and TBL is the estimated temperature in the bound-

ary layer taken as the mean temperature between the bulk air and the leaf

surface:

TBL =
Tbulk + Tleaf

2
(27)

2.4.4. 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 [36]. Dozens of stomatal conductance models have been

developed in the last 50 years [37, 38], from empirical models to mechanistic

ones, adapted to water-stressed plants [39], or linking environmental parame-

ters, or photosynthesis to the stomatal conductance [32, 40]. Stomatal conduc-

tance 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 conduc-

tance variations happen over the course of several minutes, while the study here

focuses on short (less than a minute) physical responses. The stomatal conduc-

tance for CO2 g
CO2
s is proportional to the stomatal conductance for water vapor
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gH2O
s [31, 41]:

gCO2
s =

DCO2

DH2O
gH2O
s (28)

DCO2 and DH2O are the diffusion coefficients for CO2 and water respectively.

2.4.5. Maximum mass fluxes

The approach here follows the one of Hézard et al. [8]. The maximum mass

exchange rates for light and CO2 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 CO2-limited. Finally, the real mass exchange rates are computed and used

to compute the dry biomass production.

The maximum light absorption rate Imax in mol s-1 for a single leaf is com-

puted with the incident light flux I0, the leaf absorbance αleaf and the leaf area

LA:

Imax = αleaf I0 LA (29)

In order to determine which rate is limiting, the corresponding maximum CO2

uptake rate UMax1

CO2
is expressed as a function of the maximum light absorption

rate Imax and of the maximum quantum yield YCphoton
defined in equation 7:

UMax1

CO2
= YCphoton

Imax (30)

The maximum mass exchange fluxes φz are driven by the gradients of CO2 and

H2O partial pressures between the leaf and the bulk air and depend on the leaf

conductance for each compound z, Gz:

φz =
Gz

Pbulk
∆pz (31)

Pbulk is the bulk atmospheric pressure and ∆pz is the partial pressure gradient

between the leaf surface and the bulk air for the compound z. It is equal to

pCO2

bulk − p
CO2

leaf for CO2 and pH2O
leaf − p

H2O
bulk for the water vapor, also known as the
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vapor pressure deficit (VPD).

Water vapor partial pressure in bulk air pH2O
bulk is computed with the bulk air rel-

ative humidity RH and the water vapor saturating pressure at Tbulk, P 0(Tbulk):

pH2O
bulk = RH P 0(Tbulk) (32)

P 0(Tbulk) is computed with Antoine’s equation, which gives a semi-empirical

relationship between temperature Tbulk and vapor pressure of pure compo-

nents [42, 43]:

P 0(Tbulk) = 105 10
5.4− 1838.675

Tbulk−31.737 (33)

H2O partial pressure at the leaf surface pH2O
leaf is computed assuming saturation

at the surface leaf temperature:

pH2O
leaf = P 0(Tleaf ) (34)

CO2 partial pressure in bulk air pCO2

bulk is computed with the bulk air CO2 mole

fraction in ppm CCO2

b and the bulk air pressure Pbulk:

pCO2

bulk = CCO2

b Pbulk (35)

CO2 partial pressure at the leaf surface pCO2

leaf is computed from the leaf surface

CO2 concentration [CO2]leaf , the leaf surface temperature Tleaf , and the ideal

gas constant R:

pCO2

leaf = [CO2]leaf Tleaf R (36)

The maximum mass exchange rates (in mol s-1) for water vapor, ϕH2O, and

CO2, UMax2

CO2
, are then computed:

ϕH2O =
GH2O

Pbulk
(pH2O
leaf − p

H2O
bulk )LA (37)
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UMax2

CO2
=
GCO2

Pbulk
(pCO2

bulk − p
CO2

leaf )LA (38)

GH2O and GCO2 are respectively the leaf conductance for water vapor and the

leaf conductance for CO2, Pbulk is the bulk air atmospheric pressure, and LA

the leaf area.

The two rates UMaxi

CO2
|i=1,2 are compared and the lowest rate is set to be CO2

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 ϕH2O,

using the empirical water transpiration to water absorption ratio ωtranspi/abs:

UH2O =
ϕH2O

ωtranspi/abs
(39)

The partial pressures for water vapor pH2O
leaf and CO2 p

CO2

leaf at the leaf surface

are then:

pH2O
leaf = pH2O

bulk +
Pbulk

GH2O LA
ϕH2O (40)

pCO2

leaf = pCO2

bulk −
Pbulk

GCO2 LA
UCO2 (41)

2.5. Energy balance

The energy balance in transient state at the leaf surface is [17, 44]:

dTleaf
dt

=
EAcc
Cpleaf

=
EAcc

mH2O CpH2O
(42)

Tleaf is the leaf surface temperature, Cpleaf is the leaf specific heat capacity,

CpH2O is the liquid water specific heat capacity at constant pressure, heat ac-

cumulation into the leaf being mostly due to the water content of the wet mass,

and EAcc is defined as follows:

EAcc = Ephotons − Eray − Econv − Etranspi (43)

Ephotons is the shortwave energy received from incident radiations of the light
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source:

Ephotons = ImaxNA h c

λmax∑
i=λmin

γi
λi

(44)

Imax is the maximum light absorption rate, NA is the Avogadro number, h the

Planck constant, c is the light velocity, and γi the percentage of the wavelength

λi. λmin and λmax are respectively the lowest and highest wavelengths of the

light source.

Eray is the net longwave energy lost, when the leaf and the surroundings are

assimilated to black bodies:

Eray = 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, Tleaf is the leaf surface temperature, Tbulk the bulk air

temperature, and LA the leaf area.

Econv is the energy lost by convection in the air:

Econv = Cp kt
Pbulk
RTbulk

(Tleaf − Tbulk)LA (46)

Cp is the molar air specific heat capacity at constant pressure, kt is the heat

transfer coefficient defined in equation 21 as a function of the heat diffusion coef-

ficient Dt and the boundary layer thickness δ, Pbulk is the atmospheric pressure

of the bulk air, Tleaf is the leaf surface temperature, Tbulk the bulk air temper-

ature, and LA the leaf area.

Etranspi is the energy lost by transpiration:

Etranspi = λmol ϕH2O (47)

λmol is the water latent heat of vaporization and ϕH2O the water transpiration

rate defined in equation 37.
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2.6. 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

mX and water content mH2O:

dmX

dt
=

MX

YCO2, X
UCO2

(48)

dmH2O

dt
= MH2O (UH2O − ϕH2O) (49)

MX and MH2O are respectively the carbohydrate equivalent and water molar

masses, YCO2, X is the stoichiometric yield for CO2, UCO2 is the CO2 uptake

rate, UH2O is the water uptake rate, and ϕH2O is the water transpiration rate.

2.7. 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):

dmX

dt
=

MX

YCO2X
UCO2

=
MX

YCO2X
YCphoton

αleaf I0
k1
ωX

mX (50)

dmw

dt
= MH2O

1− ωtranspi/abs
ωtranspi/abs

f(Tleaf ) (51)

with ϕH2O = f(Tleaf ) since pH2O
leaf is computed with Antoine’s equation from

Tleaf .

dTleaf
dt

=
EAcc

mH2O CpH2O
=
f1(mX)− f2(T 4

leaf )− f3(Tleaf )− f4(Tleaf )

mH2O CpH2O
(52)

with f1, f2, f3, and f4 functions replacing the whole expressions of Ephotons,

Eray, Econv, and Etranspi given in equations 44, 45, 46, and 47 respectively.

These equations are solved with the ode45 differential equation solver in Mat-

lab.

They involve three variables: the dry biomass mX and water content mH2O,

which determine the leaf’s dimensions, and the leaf surface temperature Tleaf .

They all need to be initialized at the beginning.
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In order to solve these equations, there are seven entry parameters: the stomatal

conductance for water vapor gH2O
s , the leaf absorbance αleaf , the acceleration

of gravity g, the forced convection velocity vforced, the specific leaf area k1, the

dry mass ratio ωX , and the transpiration ratio ωtranspi/abs.

The rest are environmental parameters: the bulk air temperature Tbulk, pres-

sure Pbulk, relative humidity RH, and CO2 content CCO2

b , the light level I0,

the chamber height H; and species-specific morphological parameters: the dry

mass ratio ωX and the transpiration ratio ωtranspi/abs.

This model works in three steps: first, a mass balance computes the mass ex-

change 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.
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3. Results

3.1. 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 gH2O
s , the leaf absorbance αleaf , the ac-

celeration of gravity g, and the forced convection velocity vforced. 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.

Table 2: Environmental parameters and initialization values for the sensitivity analysis.

Name Symbol Value Unit

Plant chamber height H 0.3 m

Bulk air temperature Tbulk 293.15 K

Bulk air total pressure Pbulk 101300 Pa

Bulk air relative humidity RH 0.5 -

Bulk air CO2 mole fraction xCO2

bulk 700 ppm

Dry mass ratio ωX 0.09 gX g
−1
FX

Water transpiration to water ab-

sorption ratio

ωtranspi/abs 0.9 −

Specific leaf area k1 0.0044 m2 g−1

Incident light flux I0 400 µmolm−2 s−1

Initial fresh mass mFX 0.3 g

Initial leaf surface temperature Tleaf 295.15 K
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Table 3: Physical constants.

Name Symbol Value Unit

Avogadro number NA 6.02 1023 mol−1

Planck constant h 6.63 10−34 J s

Light velocity c 3 108 ms−1

Leaf and surroundings emissivity ε 0.97 −

Stefan-Boltzmann constant σ 5.670 10−8 W m−2K−4

Ideal gas constant R 8.314 J mol−1K−1

Water latent heat of vaporization λmol 4.0788 104 J mol−1

Molar water specific heat ca-

pacity at constant pressure and

298.15 K

CpH2O
75.327 Jmol−1K−1

Molar air specific heat capacity at

constant pressure and 298.15 K

Cp 29.3 Jmol−1K−1

Air kinematic viscosity ν 1.8 10−5 m2 s−1

3.1.1. Stomatal conductance for water vapor and leaf absorbance

The leaf surface temperature is computed with the model for three different

forced ventilation vforced 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 gH2O
s varies from 0.1 to 1.0

mol m-2 s-1 and the leaf absorbance αleaf from 0.5 to 0.9. These results are

summarized in Figure 1, Figure 2, and Figure 3.
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Figure 1: Leaf surface temperature after 20 seconds with a ventilation of 1 m/s

Figure 2: Leaf surface temperature after 20 seconds with a ventilation of 0.1 m/s
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Figure 3: Leaf surface temperature after 20 seconds with a ventilation of 0 m/s

A four-way ANOVA with up to two-way interactions was performed on these

final leaf surface temperatures, the four factors being ventilation, gravity, leaf

absorbance, and stomatal conductance for water vapor. The ratio of the mean

squares, F, and the p-values of the test are given in Table 4.
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Table 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 H2O 2616.68 0.0000

Ventilation*Gravity 1181.57 0.0000

Ventilation*Leaf Absorbance 7.4 0.0000

Ventilation*Stomatal Conductance for H2O 120.66 0.0000

Gravity*Leaf Absorbance 8.41 0.0000

Gravity*Stomatal Conductance for H2O 39.33 0.0000

Leaf Absorbance*Stomatal Conductance for H2O 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 (αleaf ) and

stomatal conductance for H2O (gH2O
s ) (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 (p-

values 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
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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.

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.

A one-way ANOVA test on the factor ventilation and a multiple pairwise com-

parison (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 venti-

lation, so the final leaf surface temperatures are not statistically significantly

different between gravity levels, regardless of the values of αleaf and gH2O
s . This

is well shown on Figure 1 where the gaps between the three gravity levels are
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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 αleaf and gH2O
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 αleaf value than for a low stomatal conductance for water vapor

gH2O
s value: at 1 m/s, there is a one-degree gap between the leaf surface tem-

perature at high gH2O
s , high αleaf and the leaf surface temperature at low gH2O

s ,

low αleaf (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

the three 3 airspeed values, about +1.5 degree regardless of the value of gH2O
s .

With no ventilation, leaf surface temperature decreases at 1g for αleaf = 0.6

and gH2O
s = 0.7..1.0 and for αleaf = 0.5 and gH2O

s = 0.4..1.0; and at 2g for

αleaf = 0.7 and gH2O
s = 0.8..1.0, for αleaf = 0.6 and gH2O

s = 0.5..1.0 and for

αleaf = 0.5 and gH2O
s = 0.3..1.0.

3.1.2. 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 m2. The results are given in Figure 5.
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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.
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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 di-

rect 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 temper-

ature 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.

Table 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

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).
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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.
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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).

3.2. Model validation using short-term experiments

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

Kitaya et al. [20, 45] 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 photosynthe-

sis rate of a barley leaf in different environmental conditions, for two different

light settings (250 and 500 µmolm-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 and 7.
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Table 6: Environmental parameters and initialization values for the leaf surface temperature

experiment.

Name Symbol Value Unit

Bulk air temperature Tbulk 299.15 K

Bulk air total pressure Pbulk 91170 Pa

Bulk air relative humidity RH 0.15 -

Specific leaf area barley leaf k1 0.0061 m2 g−1

Specific leaf area sweet potato

leaf

k1 0.0057 m2 g−1

Irradiance at the leaf surface Irr 260 W m−2

Conversion factor from W m−2

to molm−2 s−1 for incandescent

lamp

Conv 5 10−6 mol J−1

Incident light flux I0 Irr x Conv µmolm−2 s−1

Initial fresh mass mFX 0.328 g

Initial leaf surface temperature

barley leaf at 0.2 m/s

Tleaf 303.25 K

Initial leaf surface temperature

barley leaf at 1 m/s

Tleaf 298.15 K

Initial leaf surface temperature

sweet potato leaf at 0.2 m/s

Tleaf 306.35 K

Initial leaf surface temperature

sweet potato leaf at 1 m/s

Tleaf 301.15 K
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Table 7: Environmental parameters and initialization values for the photosynthesis rate

experiment.

Bulk air temperature Tbulk 293.15 K

Bulk air total pressure Pbulk 91170 Pa

Bulk air relative humidity RH 0.65 -

Bulk air CO2 mole fraction xCO2

bulk 380 ppm

Specific leaf area barley leaf k1 0.0061 m2 g−1

Incident light flux I0 500 µmolm−2 s−1

Initial fresh mass mFX 0.328 g

Initial leaf surface temperature Tleaf 293.15 K

3.2.1. Temperature trends

Stomatal conductance for water vapor and leaf absorbance were not reported

in Kitaya et al. [20], therefore we used best estimates on these parameters,

which enabled our model to fit their experimental values. The leaf absorbance

was set to αleaf = 0.9 for both leaves and the two ventilation settings, which

is consistent with values found in the literature [18, 46]. For the barley leaf,

values of stomatal conductance for water vapor that enabled a good fit between

the model and the experimental values was gH2O
s = 0.1675molm-2 s-1 at 0.2

m/s and gH2O
s = 0.442molm-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 gH2O
s = 0.0602molm-2 s-1 at 0.2 m/s

and gH2O
s = 0.166molm-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].
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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.
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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.

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

35



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.

3.2.2. Photosynthesis rate

In Kitaya et al. [45], barley leaf net photosynthesis rate is reported for two dif-

ferent 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 gH2O
s = 0.018molm-2 s-1 at 500 µmolm-2 s-1 and

gH2O
s = 0.013molm-2 s-1at 250 µmolm-2 s-1. Simulation results and experi-

mental data from Kitaya et al. [45] are reported in Figure 9.
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Figure 9: Net photosynthesis rate of a barley leaf in three different gravity settings. Top: 500

µmolm-2 s-1; bottom: 250 µmolm-2 s-1. Model results are in dark grey; experimental results

reported by Kitaya et al. [45] are in light grey.

At both light levels, the model estimations are within 10% of the experimen-
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tal data reported by Kitaya et al. [45]. At 250 µmolm-2 s-1, they are respec-

tively 90%, 104%, and 107% of the reported values at 0g, 1g, and 2g; at 500

µmolm-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 µmolm-2 s-1, but not at 500 µmolm-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.
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4. Discussion

4.1. Sensitivity to gravity, airspeed, stomatal conductance for water vapor, and

light

4.1.1. Gravity

Data reported in Figures 1, 2, and 3 indicate that there is a gravity threshold,

above which leaf surface temperatures, and thus gas exchange, are not statis-

tically significantly different (temperatures at 1g and 2g are never statistically

different regardless of the ventilation level, but temperatures at 0g and 1g are

almost always statistically different). This is especially true for lower ventila-

tion 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. [20] 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 opti-

mal 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 [47, 48].

4.1.2. Airspeed

The values of stomatal conductance for water vapor found for the two parabolic

flight experiments reported by Kitaya et al. [20, 45] are larger for higher airspeed.

This is not in accordance with the findings of Schymanski et al. [49]. 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 molm-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
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gradient. In the case of the parabolic flight experiments reported here, the leaf-

air 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 molm-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 molm-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).

4.1.3. 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 gH2O
s (see

Figure 3), indicating that, in these conditions, well-watered plants (high gH2O
s

) will have a much higher leaf surface temperature, indicating impaired gas ex-

change, than well-watered plants in higher gravity levels, whereas this difference

between gravity levels will be minimal for plants under drought-condition (low

gH2O
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.
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4.1.4. 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 µmolm-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 re-

spectively 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. [45].

Consequently, there are threshold values for gravity, ventilation, light, and stom-

atal 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.

4.2. 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
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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.

4.3. 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.

4.4. Concluding remarks

4.4.1. Validation in non-standard conditions

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 temper-

ature, shows its robustness for a wide range of environmental parameters. The

sensitivity study to a large spectrum of leaf absorbance and stomatal conduc-

tance for water vapor, in three widely spread ventilation settings, also shows

that this model is broadly applicable.
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4.4.2. Potentialities of the model

Despite ample evidence of impaired photosynthesis rates and gas exchange in

microgravity environments [20, 45, 50, 51], little effort has been made to model

these variables in low gravity and predict their behavior in non-terrestrial con-

ditions. The results presented here show strong evidence that a mechanistic

modeling approach to gas exchange and plant growth in reduced gravity envi-

ronments will enable a better understanding of the intricate relationships be-

tween 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 previ-

ous 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 CO2 can be scrubbed and how much O2

can be produced, and how much water can be recycled. Typical models address-

ing plants’ leaf surface temperatures in 1g, energy balances, and gas exchange

use experimental measurements of these parameters to deduce stomatal con-

ductance for water vapor [18] or make use of semi-empirical parameters with

Farquhar et al. [41] photosynthesis model [17, 49] or Jarvis stomatal model [39].

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 re-

sponse predictions, such as the biological and growth responses of a leaf, linked

to steady-state behaviour and biomass production. Eventually, these types of
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mechanistic models could allow the computation of carbon dioxide uptake rate

and water transpiration rate in reduced gravity conditions, such as weightless-

ness, Lunar or Martian conditions.
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