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Abstract

In recent years, the Soil-Plant-Atmosphere (SPA) continuum has faced unprecedented
challenges due to anthropogenic modifications and climate change. Understanding the
complex dynamics of this system in response to such changes is crucial for addressing
contemporary environmental concerns. Albert Einstein’s famous quote, "The measure of
intelligence is the ability to change”, resonates deeply throughout this doctoral thesis.

This thesis aims to address the complex issue of SPA interactions by developing a
comprehensive set of models capable of representing the intricate dynamics of this system.
At the core of this research lies the integration of sophisticated descriptions of hydrological
and plant biochemical processes into a novel ecohydrological model, GEOSPACE-1D (Soil
Plant Atmosphere Continuum Estimator model in GEOframe).

Through a combination of theoretical exploration, engineering methodologies, and em-
pirical experiments, this thesis aims to advance our understanding of SPA interactions. The
development of adaptable models, represents a significant contribution to the field. The
thesis emphasizes the practical implications of employing models to analyze experimental
data, thereby enhancing our comprehension of various phenomena.

In conclusion, this thesis provides valuable insights into SPA interactions and lays the
groundwork for future research and applications. By embracing the challenge of under-
standing and modeling the SPA continuum, this work contributes to the ongoing efforts to

address environmental challenges and promote sustainable practices.
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Chapter 1

Introduction

"The measure of intelligence is the ability to change” said Albert Einstein. This pro-
found statement by one of history's greatest minds encapsulates the essence of the research
presented in this doctoral thesis.

This doctoral work is about the fascinating realm of Soil-Plant-Atmosphere continuum
(SPA) interactions, aiming to implement a comprehensive ensemble of models that cap-
ture the intricate dynamics of this system and can t different purposes. In the context of
the SPA system and the hydrological modeling of its physical processes, we embark on a
research through a model that not only simulates these phenomena but, true to Einstein's
wisdom, aims to excel in adaptability.

Within the complex world of the SPA system, vegetated ecosystems cover nearly 30%
of Earth's land surface, spanning approximately 42 million’k{@. B. Bonan, 2008;

Manoli et al., 2014). The vegetated ecosystems are the vital contributors that provide
life and a multitude of ecological, economic, and social services. Moreover, in an era of
widespread direct anthropogenic modi cations of the Earth's system, the inexorable march
of climate change, rising temperatures and rising &els, the SPA continuum faces un-
precedented challenges. Unlocking the secrets of how this continuum responds to these
modi cations and shifts represents a monumental endeavor for science that encompasses
several scienti ¢ disciplines.

Estimating atmospheric turbulent uxes (sensible and latent heat) at the land surface
has long been recognized as a critical process governing energy and mass exchanges among

the hydrosphere, atmosphere, and biosphere (Bowen, 1926; Penman and Keen, 1948; Mon-
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teith, 1965; Priestley and Taylor, 1972). Even if many uncertainties remain on the precise
values, it has been estimated that globally, overland latent heat accounts for 38% of the net
absorbed radiation, and the corresponding evaporated water amounts to 40% of total pre-
cipitation. Transpiration contributes up to 60% of evapotranspiration, though uncertainties

remain regarding vegetation responses to water stress (Mastrotheodoros et al., 2020).

Over the last two decades, the interplay between hydrology and plant dynamics has
increasingly captured the attention of the climate, hydrologic, and ecological communities
(Rodriguez-Iturbe, 2000). This heightened interest has deepened our comprehension of the
hydrologic cycle and the mechanisms that govern the survival and operation of ecosystems

in the face of environmental change (Rodriguez-Iturbe and Porporato, 2007).

The initial description of the SPA system that relied on qualitative concepts such as eld
capacity and available water (Santini, 1992) to analyze the soil-plant connection has sub-
sequently evolved advanced monitoring techniques and modeling approaches which have
ushered in an era of dynamic, and non-linear representations of the SPA system. The re-
cent models try to capture the subtle feedback mechanisms inherent in both the soil and the
atmosphere. Recent studies have underscored the critical signi cance of a comprehensive
grasp of ecosystem-climate feedbacks, especially concerning regional albedo, precipita-
tion, and exchanges of water and energy (Anderegg et al., 2012). While some explorations
into these consequences have already occurred (de Arellano et al., 2012), several crucial
gaps remain due to the vast number of interacting biotic and abiotic processes occurring

across various spatial and temporal scales (Siqueira et al., 2008) of the SPA system.

Therefore, the demand for better models has become increasingly urgent. These mod-
els must be capable of investigate and eventually describing the complex feedback mech-
anisms that regulate the ow of energy, water, and carbon between the biosphere and the
atmosphere within the SPA system. In this ever-changing environment, the development
of adaptable models, like the one we present in this thesis, we believe is of paramount im-

portance aligning perfectly with Einstein's insight that intelligence is fundamentally tied to
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the ability to adapt and change. The system we have developed offers the unique capability
to generate a series of soil-plant-atmosphere models suited to the speci ¢ needs of the end

user.

1.1 Scope and Organisation

This research tries to make a contribution to the eld by integrating advanced descrip-
tions of hydrological and plant biogeochemical processes into a novel ecohydrological
modelling system: GEOSPACE-1D (Soil Plant Atmosphere Continuum Estimator model
in GEOframe). The primary goal of GEOSPACE-1D is to develop tools characterized by
their robustness, reliability, and adaptability for seamless modi cation and scrutiny by ex-
ternal parties. Additionally, we have prioritized objectives such as openness, reusability,
and reproducibility of our research efforts. Achieving these goals necessitated embracing
innovative software engineering practices, as highlighted by Rigon et al., 2022. To meet
these criteria, our initial approach involved moving away from the conventional software
development method, characterized by tightly integrated codes and components packaged
into a single codebase (referred to as a monolithic coding approach). This approach not
only hindered easy maintenance but also resulted in unwieldy and convoluted code, amal-
gamating various scienti c and mathematical concepts. In this effort, we adopted the mod-
ern software development practice that “separates concerns” by adopting object-oriented
programming (OOP) (Gamma et al., 1995) and develops the code using the modelling-by-
component (MBC) approach (Holling, 1978; Rigon et al., 2022).

The research not only focuses on the practical implementation of these models but also
includes a theoretical and conceptual exploration of the underlying processes involved. The
GEOSPACE codes were meticulously crafted to capture the intricate interactions among
soil, plants, and the atmosphere. This design facilitates detailed analysis of their mutual
in uences and feedback mechanisms, including their inherent uncertainties. Moreover,

these codes are engineered to accommodate paradigm shifts as new scienti ¢ knowledge
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emerges.

Given the vastness of the subject matter and the interlinking of its various aspects, the
different components of the study evolved in parallel. For example, simulations performed
using the implemented models often prompted the revision and improvement of theoret-
ical elements. Similarly, in-depth theoretical investigations sometimes have led to re ne
the codes. The experiments conducted atifbele Polytechnique é¢erale de Lausanne
(EPFL) further in uenced and shaped both the theoretical framework and the practical im-
plementations. Throughout this research, a constant theme emerged: an openness to change

and a willingness to embrace paradigm shifts.

The inherent complexity of SPA interactions required an adaptable and exible ap-
proach and, consequently, particular attention was paid to design the codes in an abstract
and generic manner according to the OO principle of "programming to interfaces and not
to concrete classes,” which is at the heart of contemporary OOP (Gamma et al., 1995).
This approach allowed for the exploration of various solutions, as well as the concurrent
or complementary implementation of different methods, without the need to start from
scratch each time when a hypothetical solution reveals inadequate. By adopting this cod-
ing strategy, it was possible to test multiple hypotheses, to iterate ideas and to discover new

insights.

A wide range of interconnected physical phenomena such as heat transfer, evapotranspi-
ration, precipitation, water absorption and in Itration, soil water ow, substance transport,
and gas exchange have been investigated and had at least a basic implementation in the

thesis.

In order to obtain its capabilities GEOSPACE-1D has an open structure that allows
easy incorporation of new classes and methods for extension and improvements (D'Amato
et al., 2024; Rigon et al., 2022). Finally, GEOSPACE-1D coding follows the principle of
"open to extensions, closed to modi cations” (Freeman et al., 2014) and therefore can be

extended with minimal effort and without substantial changes to the components already
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implemented.

The GEOSPACE-1D model underwent its initial testing through the case study "Spikell,”
carried out at théEcole Polytechnique&térale de Lausanne (EPFL) (Benettin, Nehemy,
Asadollahi, et al., 2021; P. Queloz et al., 2015). This study served as a proof of concept
for the model, wherein GEOSPACE-1D was employed to analyze three distinct lysimeter
types with different land covers: a willow, bare soil, and grass. The results demonstrated
excellent performance of the model across all three scenarios both on evapotranspiration
ux and in soil moisture values, validating its effectiveness. Given the performance of the
model, we have pondered which factors exert a greater or lesser in uence on the evap-
otranspiration process. These scienti ¢ questions led to a new eld experiment that was
devised and implemented by the candidate at the ECHO lab's lysimeters of the EPFL cam-
pus in Lausanne. The experiment featured four lysimeters, three with grass and one with
bare soil. To monitor soil conditions, moisture and pressure probes were placed at various
depth, while the lysimeters were exposed to both precipitation and irrigation. The exper-
iment was also carried out under water stress conditions so as to test the GEOSPACE-1D

model in computing evapotranspiration in a water limited case.

Following these introductory remarks, Chapter 2 of the thesis focuses on utilizing suit-
able equations to accurately describe transpiration. By tracing the mathematics of studies
from earlier research to more recent ones, we illustrate our understanding of transpiration
phenomena, particularly under water stress. Furthermore, this chapter offers insights into

modeling solutions, providing a clear pathway and various details for their implementation.

Chapter 3 introduces the GEOSPACE-1D model, starting with a discussion on the
fundamental challenges in simultaneously solving the system of equations governing the
SPAC. It also provides a comprehensive analysis of the implementation of algorithms using
an object-oriented programming (OOP) and the generic approach that we already brie y

introduced.

The proof of concept for the model, based on the Spiikell experiment, is presented
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in Chapter 4. This chapter rstly present the "Spikell” experiment highlighting modeling

dif culties encountered in aligning the model with the real case (e.g., introduction of the
seepage boundary condition). The Chapter then provides information on the simulations
carried out on two different vegetative scenarios and a bare soil, under the same environ-
mental conditions. The obtained results illustrate the model's effectiveness across a range
of scenarios, including high transpiration situations observed in willow vegetation, as well

as bare soil conditions where evaporation from the soil is the predominant process.

Chapter 5 details the eld experiment conducted in Lausanne, aimed at investigating
the impact of stress on a prevalent grass vegetation setup. The chapter proceeds to illus-
trate the dataset obtained throughout the various stages of the experiment, culminating in
the application of the GEOSPACE model. The experiment featured two lysimeters planted
with pre-cultivated grass. To monitor soil conditions, probes measuring moisture and pres-
sure were strategically placed at two different depths, and the lysimeters were subjected
to both rainfall and irrigation. This chapter focuses on the initial phase of the experiment,
during which data on soil weight, pressure, moisture, and temperature were collected from
the lysimeters. In the subsequent phase, one lysimeter was sheltered to examine the evapo-
transpiration of grass under conditions of water stress. The outcomes provide insights into
multiple facets related to the in uence of water stress. The application of the GEOSPACE-
1D model underscored the in uence of environmental stresses on the targeted vegetation
species. Furthermore, it highlighted the practical implications of employing models to an-
alyze experimental data, thereby enhancing our comprehension of various phenomena and
it emphasized the critical role of accurately formulating root water uptake. It highlighted

the essential contribution of variables, such as wind, in governing latent heat exchange.

Finally, in Chapter 6, the thesis concludes by presenting the overall ndings and offer-
ing insights into future perspectives. At the end of this thesis, a paper on Digital eARTh
Twin Hydrology systems (DARTHS) (Rigon et al., 2022), co-authored by the candidate, is

presented, which is a side product to this doctoral research.
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The supplementary materials accompanying this thesis, encompassing the content pre-
sented in each chapter, the notebook prepared for simulation and experimental results, as
well as a published paper related to my PhD, are available at the following link:
osf.io/DAmatoPhDThesis/.

In conclusion, this doctoral work, through a blend of theoretical investigations, engi-
neering prowess, and empirical experiments, has hopefully advanced our understanding
and the modelling of the SPAC. We hope also that, by using an adaptive approach and de-
veloping robust codes, the thesis has prepared the way for future explorations, providing a

solid foundation for further studies and applications in the eld.
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This Chapter was submitted to the Ecohydrology Journal at the Special Issues "ECO-
HYDROLOGY OF INLAND AND COASTAL WATERS in honor of Ignacio Rodriguez-
Iturbe”, with the title "Elementary mathematics sheds light on the transpiration budget

under water stress”. The paper has been coauthored by Prof. Riccardo Rigon.

2.1 Abstract

This chapter aims to establish a method to accurately describe transpiration by employ-
ing appropriate physical equations. Although some simpli cations are made, including use
of a simpli ed treatment of turbulence and neglecting of the thermal capacity of transpiring
leaves, it is argued that the chosen scheme has general validity in identifying the primary

mechanisms governing transpiration. To achieve this objective, a traditional treatment in-
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volving ve equations, including the mass budget, is used. Initially, a simpli ed approach
that does not consider the water budget is introduced to outline the general procedure to
explicitly address canopies. Subsequently, the water budget is incorporated to appropri-
ately account for water stress in transpiration. In this context, a novel linearization of
the extended Clausius-Clapeyron equation, incorporating the Kelvin effect, is employed.

It is demonstrated that the well-known Penman formula emerges as one of the solutions
within a system of equations, providing estimates for temperature (T), vapor content in
air (e), and the thermal transport of heat (H). The method, initially conceived for homo-
geneous canopies, is expanded to encompass sun-shade canopy layers. By employing the
water mass balance, the trade-off between atmospheric evaporation demand and the water
delivery capacity of the soil and stem is elucidated. Notably, it is revealed that the pres-
sure potential within leaves is not solely determined by capillarity, but rather represents
the dynamic outcome of the intricate interactions within the soil-plant-atmosphere con-
tinuum. These ndings highlight differences from more simplistic approaches commonly
employed, particularly concerning canopies. Overall, this study presents a methodological
framework to accurately describe transpiration, incorporating key equations and address-
ing the complex dynamics involved in the soil-plant-atmosphere continuum, and suggests

various directions of research in the eld.

2.2 Introduction

Transpiration plays an important role in the hydrological cycle, accounting for an esti-
mated 30% to 60% of the total water budget, depending on the location (Abera, Formetta,
Borga, et al., 2017; Abera, Formetta, Brocca, et al., 2017). However, quantifying transpi-
ration accurately can be challenging due to uncertain measurements and models (Mauder
et al., 2020). In practical assessments, semi-empirical formulations are commonly em-
ployed, but their underlying rationale and limitations are not fully understood by practition-

ers, particularly in traditional engineering hydrology, where the complexities of the Soil-
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Plant-Atmosphere Continuum (SPAC) are often overlooked (Jovanovic and Israel, 2012;

Lawrence Dingman, 2015).

While some researchers have embraced idealizations programmatically and explicitly to
gain an overview of the interactions within the Soil-Plant-Atmosphere Continuum (SPAC)
and explore the ecohydrological dynamics at hillslope and larger spatial scales (Daly et
al., 2004b; Eagleson, 1978; Rodriguez-lturbe and Porporato, 2007), further progress in
understanding transpiration necessitates a de-idealization of models. This de-idealization
is crucial to obtain speci ¢ answers and compare them with experimental data (Cassini,
2021), particularly for distinguishing the behavior of individual plants or stands, which
is in uenced by various factors such as radiation, atmospheric conditions, and soil sta-
tus. Physiological and phenological adaptations enable plants to achieve feasible growth
performances, and the concept of optimality has been invoked in various aspects of the
photosynthetic-transpiration process. This includes the optimality of the water cycle in
the context of ecological webs (Eagleson, 2005; Rodriguez-Iturbe, 2000; Rodriguez-lturbe
and Porporato, 2007), the optimal adaptation of the plant xylem to ensure uniform water
access throughout the canopy (Soriano et al., 2020), and the optimal photosynthesis theory
(Cowan and Farquhar, 1977; G. G. Katul et al., 2009; Medlyn et al., 2011) of which a little

review can be found in R. Dewar et al. (2018) and Joshi et al. (2022).

To effectively explore these theories and to try to eliminate simpli cations, a coherent,
albeit idealised and simpli ed, SPAC mechanics is required. This entails rationalising the

feedback between the system's compartments before further improvements can be made.

The present work aims to examine the processes involved while maintaining the com-
plexity of the interactions and avoiding the obscuring of numerical issues and the number

of parameters.

Our starting point will be the Penman-Monteith approach (PM), which is revised ac-
cording to a path envisioned in Schymanski and Or (2017). However, PM does not account

for the water budget (Bottazzi, 2020) and introduces a bias in the estimation of transpiration
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when plants have limited water availability. This omission was historically corrected using
empirical formulations of stress factors (G. Bonan, 2019; Monson and Baldocchi, 2014)

whose revision within a physically based framework is another goal of this chapter.

After applying the mass budget, the water supply to plants is limited by the decreasing
pressure (increasing suction) values inside the xylem and leaves, as generated by increasing
embolism, and contrasted by the closure of the stomata which try to anticipate it (Sperry
et al., 2003). With the possible exception of Vesala et al. (2017), most of the literature does
not deal properly with these two concurrent actions and distortions can be introduced into
the narrative of the transpiration phenomenon and in parameter estimation which we also

aim to correct.

The achievements of Schymanski and Or (2017) (SO) are a good starting point to an-
alyze the phenomenon of transpiration before introducing more physically accurate gener-
alizations. The SO paper clari ed that the PM formula is actually the solution of a system
of equations that includes the Clausius-Clapeyron equation (CC), the energy budget, the
transport of thermal energy and of vapor enthalpy by turbulence once: rstly, the CC is
linearized around the air temperature; and secondly, one assumes that the water vapor close

to the leaf is at the tension value for the leaf temperature.

The results of the next section can be seen as an extension of Schymanski and Or (2017)
apt to deal with canopies and with a reliable radiation treatment, derived from de Pury and
Farquhar (1997) and Ryu et al. (2011). Furthermore, we provide a more explicit treatment
of radiation that considers the in uence of the canopy, following the methodology outlined

in de Pury; Ryu et al. (1995, 2011).

By introducing the canopy treatment, some modi cations are required to the PM/SO
approach and to the traditional PM solutions that are presented in Section 2 of the chapter.
In Section 3 the issue of transpiration conductance is further discussed, as the explicit or
implicit dependence of conductance on air temperature can affect the form of the PM/SO

solutions. Section 4 incorporates and discusses the inclusion of the water budget and high-
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light some concepts that could have escaped attention with more simpli ed approaches.
Section 5 of this chapter demonstrates how the water budget can be explicitly incorporated
into the PM/SO scheme, highlighting certain aspects of plant behavior that become evi-
dent through hydraulic continuity. In Section 6, we show that a more physically accurate
sun-shade model (de Pury and Farquhar, 1997; Y.-P. Wang and Leuning, 1998) can also
be solved using the SO scheme. Finally, in Section 7 we present our conclusions with a
little discussion concerning open questions that our treatment rises. Additionally, we have
included several appendices that include a step-by-step derivation of the energy budget
for unit leaf area and a discussion of the parameterization of the hydraulic conductivity in

plants.

2.3 Plant transpiration in revised big-leaf/Penman like approach

When dealing with transpiration, the presence of a canopy is usually overlooked, even
though it can be accounted for quite easily. In the following, we rst introduce the canopy
as a whole, according to a version of the so-called big-leaf approach (Deardorff, 1978;
Monteith, 1981). This approach dates back to Monteith; Penman and Keen (1981, 1948)
and one of its treatments can be found in Schymanski and Or (2017). The presence of the
canopy is made dynamical by accounting for its bulk leaf-area index,

The starting equations for the big leaf PM/SO derivation are:

» The Clausius-Clapeyron (CC) equation

MHp0 1 1

e(T)= eTo)e = T % (1)

where:e [Pa] is the water vapor tension at temperaflires, = 611 [Pa] is the water
vapor pressure at the reference temperalgre 273:15[K]; = 2:25 1 [J kg Y
is the enthalpy of vaporization of watdR, = 8:3144is the universal gas constant [Jk

mol 1]; my,o = 18:01528kg mol 1] is the molar mass of water; add[K] is the absolute
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temperature. In this study, Eq. 1 accounts for water vapor generation and is assumed to hold
instantaneously in the vicinity of liquid water under free thermodynamic conditions. The
equation captures the relationship between the saturation vapor pressure and temperature,

providing a fundamental basis for understanding the behavior of water vapor in the system.

» The transport of water vapor into the atmosphere

Er = Ce LCB(el €)= Ce LCF_Je (2)

where: Cg is the transpiration conductance, which is detailed below with its dependence
on the vapor pressure de cit in the atmospherg;= (e 4 (T) €,), L[] is the leaf

area index of the whole canopy;= 0:622[-] is the ratio between the dry and wet air

gas constantsp [Pa] is the atmospheric pressum;[Pa] is the water vapor pressure at

the leaf surface; and, [Pa] is the water vapor pressure in the atmosphere. To simplify
subsequent manipulations, the pressure gap between leaf a@d &ir(g €,), has also

been de ned. We introduce the idealized hypothesis that all leaves of a canopy transpire

equally. The equation obviously returns null transpiration in the absence of a canopy.

* The transport of thermal energy (sensible heat) by turbulence

H=2Cf(L)(Ti Ta):=2Cf(L)T (3)

where: the factor “ 2 ” is required because leaves exchange heat from their two sides;
C= a(5cpu [m s 1]is the heat transport conductance, as derived for instance in Banerjee
et al.; Brutsaert (2017, 1982), with, [Kg m 3] being the air densityC a dimensionless
conductance derived from the analysis of the turbulent behavior in proximity of the leaves,
G [J Kg ! K *]the thermal capacity of air, and[m s *] the module of the mean hori-
zontal wind velocity;T, [ K] is the leaf temperature; ant}, [K] is the air temperature. To

simplify the notation, the temperature gdp, := (T, T,), has also been de ned.
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Eg. 3 returns a null sensible heat exchange in the absence of a canopy. The func-
tion f (L) describes how the canopy acts as a thermal radiator. If we corqidey =
min(L.; 1), this would mean that wheln. > 1 the canopy behaves as a single layer (with
heat exchange surfaces at the top and bottom) and the effects of the multiplicity of leaves
are neglected. A greater ef ciency in dissipating heat can be properly characterized after
appropriate studies, such as those in Muller et al. (2021) and Banerjee et al. (2017), which
include the possibility of a strong coupling of conductances/resistances with atmospheric
instability. The paper by S. Liu et al. (2007) offers a comprehensive list of parameteriza-
tions that could be used for this scope. The maximum ef ciency of thermal dissipation is
obtained when each leaf dissipates as if it were not exchanging heat with the other leaves
and, in this casd,(Lc) = L.

It is important to note that equations 1, 2 and 3 provide a simpli ed representation of
the complex mixing processes that occur at the surface layer. However, they can be viewed
as a zeroth-order approximation that is useful for practical purposes. Given their simplic-
ity, these equations allow for the problem to be treated without relying on complicated
numerical methods while also retaining the core causal relations between the hydrological

guantities and the thermodynamic driving forces.

» The stationary energy budget with radiative feeback

The energy budget in the big-leaf approach is represented in Figure 1. All the leaves in
the canopy are treated in the same way and it is assumed that they share the same values
for any of the variables involved in the budget. The Extended Petri Nets diagram (EPN)
(Bancheri et al., 2019) represents the budget inputs and outputs (as squares) and the energy
variation (as circles). Triangles with arrows exiting from the circle indicate variables that
are affected by the energy content of the system and triangles with arrows entering the
squares indicate variables that controls the uxes, like, for example the leaf area index

controlling radiation and the air temperature controlling the transpiration ux.

15



This budgetis rstly composed by the radiation input that can be expressed, for instance

(de Pury, 1995), as:
RA=Ry0)(1 1) 1 e'' +Rq(0) 1 (1 ek (4)

where:R” is the radiation absorbed by the canopy(0) is the direct sunlight at the
top of the canopy; y, is the albedo for the direct solar radiatidg;s an extinguishing factor
for the direct solar beant; . is the total leaf area index of the canopy; and the quantities
with subscriptd are the analogous ones for the diffuse radiation. Radiation contributions
are null when the canopy vanishes (for more details, see Appendix B).

With the above speci cations, the energy budget for the bulk canopy, as represented in
Figure 1, reads:

RA 2L°|.Iz.'; =H+DbEt+ LSw (5)
R

whereH [W m?] (as in Eq. 3) is the thermal energy exchanged via turbulence between
the plant and the atmospheres 2:26[kJ Kg !]is the latent heat of vaporization for water,
Et (asin Eq. 2) is the transpiration from vegetation. In this formulation it is assumed that
the internal state of the canopy, that is,Titschanges when the radiation uxes change, but
the adaptation to match the inputs is instantaneous. The triangles in the EPN are referred
to as "controllers” of the budget, which are the quantities that regulate the energy uxes.
The S,k is an energy sink that can account for the energy absorbed by photosynthesis
chemistry, which is usually neglected but is obviously of paramount importance in reality.
The parametebis b = 1 for epistomatous leaves (which have stomata on one side) and
b = 2 for amphystomatous leaves (which have stomata on two sides). The numeric factor
"2” in front of the radiative feedback appears because, as seen with Eq. 3, leaves exchange
thermal energy through both their sides. It is debatable how appropriate this representation
of the energy budget is and a different approach for the radiation budget can be found, for

example, in G. B. Bonan et al. (2021). However, the fact that each term of the energy

16



budget vanishes whdn, ! 0 should not be criticized. The presence of radiation feedback
allows leaves not to have excessive temperatures (Bottazzi, 2020) and maintain them in the

natural range (Bernacchi et al., 2009; Gabriel, 2021).

In the equations 1, 2, 3, 5 the water budget is missing, which means that our system
is not water limited, i.e., water free to evaporate is thought to be always available. The
unknown variables in Eq. 5 ar&y, @, Ty andH . Therefore, to nd them we need all four

equations.

Before manipulating the equations to nd the solutions of the system, we consider the
Taylor expansion of the Eq. 1 around the air temperature, as suggested by Penman and
Keen (1948):

e(M=e+ jr, T +0( T3 (6)

where: e, is the vapor tension in air; jr, is the derivative of the Clausius-Clapeyron
equation (Eq. 1) estimated at the air temperalyteandO( T?2) are terms of the Taylor's
expansion higher than 1. For the sake of notational simplicity, in the following we will

denote jr, as , without any further speci cation. That is to say:

L ee R TaTo @)
€

where all the quantities have been previously speci ed.

Thee can be further decomposed in terms of the vapor pressure de cits close to the

leaf and in the air:

e =(a e&)=(a g+ea ) tet T &= a4 ot T (8

where thé' " indicate water vapor tension quantities to be estimated by the CC equation,
the quantities labeled withl" are those relative to the leaves and those marked with the

subscripta are relative to the air.
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Figure 1 — The gure illustrates the Extended Petri Net (EPN) depicting the energy budget
interactions at the plant scale, as described in the text. In the diagram, the circles represents
the energy storage, while squares represent uxes to and from the storage. The budget is non-
capacitive, meaning that changes in the boundary conditions instantaneously affect the water
state within the plant compartments (this characteristic being indicated by representing the
energy storage circle in dashed). Triangles represent variables that control the uxes, which
can be either derived from the state variables controlling the storage or regulated by exter-
nal/environmental conditions. Black dots mark quantities that are supposed to be given as
known time series. The internal energy of the plant systég) (s determined by the radiation

uxes (R #), from which the longwave radiation emitted by the plaRt’() is subtracted. Tran-
spiration E1) and the exchange of thermal energy (sensible heat) with the atmosphgre (
represent the energy exchanged through turbulent transfer. Additionally, various transforma-
tions of the received energy are represente&ky, including the storage of chemical energy
used to form the plant's structure, leaves, and fruits. The variables controlling the energy budget
include the canopy leaf area inddxd), wind velocity (1), and the temperature of the canopy,
which is a byproduct of the plant's internal enerdys() and the water vapor de cit of the air,

a, itself a function of the air temperaturg,, but added here separately for completeness.
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In this way, the pressure gap becomes a function of the temperatur@ gamd the
vapor pressure de cits,; and . The latter, in turn, are functions of the air temperatures
(measured) and temperature of the leaves (unknown). Therefore, there is a dependence of
e on the temperatures of the leaves. The hypothesis actually made by Penman and Keen
(1948) was | = 0, which means that in the stomata the vapor is at “saturation” pressure.
Under this hypothesis we have reduced the unknowns to three because the atmospheric
water pressure de cit, 5 is known, depending on the measudandT,. For a simple
resolution of the system, only one obstacle remains: the feedback Tegftnwhich is non-
linear. However, as per Bottazzi (2020), it can be conveniently linearized by approximating
it as:

R"= T'= T3Ti= TN Ta+Ta)= TT + T/ 9)

Having used this nite difference type of approximation, Eqg. 5 is linear in the temperature
gap and the system of equations 2, 3, 5 can be solved easily in terms of the supposedly

known variables, i.el, a, T, andR,, (drawn as “controllers” in Figure 1).

Substituting the expressions of the the terms derived from Eq. 2 and Eq. 3 and Eq. 6

into Eq. 5 results in:

_R* bLCeja LeSw 2. TS 10
2Cf(Lo)+ bCeley +2 Lo T 2

It is easy to observe that any increase in the conduct@pagecreases the temperature
gap and, also, the higher the air temperature, the lower the temperature gap. The thermal

energy exchange is simple to estimate by substituting Eq. 10 into Eq. 3:

RA b L CCEB a Lcsnk 2LC T a4

H=2Cf(L,)
2Cf (L) + bCELCE +2 L, T3

(11)

In turn, Eq. 10 substituted in Eq. 8 gives:
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_ 2Cf(Lo)+2L T 2 N
2Cf(Le)+ bCeles +2 L T2 °

RA Lcsnk 2LC Ta4
2Cf (Lo) + bCELCE +2 Lo T3

(12)

which has a dynamic that is also regulated by air vapor pressure de cit, and:

2Cf(L)+2Lc T 2

P 2Cf(Lo)+ bCeleg +2 L T 2
RO LSk 2L T2

2Cf(L)+ bCeley +2 Lo T 3

ET = CEL

at

(13)

Eq. 13 can be considered a generalization of the Penman-Monteith equation (Brutsaert,
1982). As suclEr, the solution of a system of equations, as well as solutions for the leaf
temperature (from the temperature gap), the air humidity (from the pressure gap), and the
sensible heat transport out (or into) the canopy are obtained. The independent variables
are, besides radiation, the vapor pressure de cit of gjrand those variables hidden in the
parameter€ andCg. Due to turbulent transport, both andCg certainly depend on the
mean wind velocityy, but other dependencies are also important, as explained below. What
is crucial to the derivation is that no hidden dependence on leaf temperature is contained
in the conductances. If this were so, the linearization process would be complicated and
other terms would appear in the solutions, as discussed below. To establish a connection
with the traditional approach, the Penman-Monteith (PM) formula can be derived from Eq
13 by setting (Lc) = 1, b= 1, the factor "2" to 1,Ce = C, and removing the radiative

feedbacks.
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2.4 The expression of conductances and the consistency of previous derivations

In EqQ. 2, itis crucial to consider the conductance of the transpiring surface, taking into
account the entire pathway of water within the soil-plant-atmosphere continuum (SPAC),
which is typically conceptualized as consisting of ve compartments: soil, roots, stem,
leaves, and air. In this simpli ed representation, it is believed that the ux follows a similar
law as expressed in Eq. 2 throughout the system, albeit with varying conductances (Nobel,
1991; Taiz and Zeiger, 2014). By assuming that no water mass accumulates within these
compartments, it can be easily demonstrated that the overall ux of the system, spanning
from soil to atmosphere, can be described using a law of the same form as Eq. 2 where the
total equivalent conductance is determined by taking the inverse of the sum of the inverses
of the individual conductances. This concept exhibits a strict resemblance to the principles
of electric circuitry (G. B. Bonan et al., 2021) and is commonly referred to as the resistance

model of transpiration. Therefore, the transport law Eq. 2 is now understood to have:

1

Ce = |ersl+C os + Coto +gsl+C ! (14)

roots stem air

where the conductance in soil is given by the hydraulic conductivity divided by a char-
acteristic length of the soil-root interactioBs,; = Ks=ls, and, in accordance with the
literature, we have named the conductance of the legqweBhe conductance of the stem,
Cstem, Can be represented as a function of the comprehensive hydraulic condu€tigity

the stem, given bfqem = K=I, wherel denotes the average length of ow paths through

the xylem to the leaves. Whil€,, can be determined using simpli ed assumptions, as
described in Brutsaert (2023). This approach overlooks time lags that have been observed
in plant response during sap- ow experiments (Ferraz et al., 2015; Kume et al., 2008), as
well as phenomena such as water storage, discharge, and re lling (Oliva Carrasco et al.,
2015; Phillips et al., 2009; H. Wang et al., 2019). These factors should be considered in a

more re ned approach but would render the mathematical problem not explicitly solvable.

21



For simplicity, in the following discussion we will focus on the conductivity of the
leaves as it is the primary site of resistance (i.e., the inverse of conductivity) (Soriano et al.,

2020). Additionally, we will examine its relationship with stem conductivity.

The ultimate form ofgs depends on the concurrent processes of transpiration and pho-
tosynthesis, or the water supply and carbon assimilaignwhich is sustained for a wide
range of temperatures, typically ranging from 0 to &)(Bernacchi et al., 2009; Gabiriel,
2021). Photosynthesis also depends on other environmental factors, such as the amount of
incident light, the water potential in the soil, the water pressure de cit ancCtbg con-
centration (Lhomme, 2001), and therefore it is obvious to think @atlepends on all of
these factors. Of primary importance for our derivations, however, igthdgpends upon
temperature (Gabriel, 2021). Generally, optimal temperatures for gross photosynthesis fall

within the range of 15-4@C.

To account for these environmental effects, in the literature there are two main families
of parameterizations of the conductance of leaves (stomata conductgr@gmour et
al., 2010). The Jarvis parameterization (Jarvis et al., 1976) exprgssssa product of
factors, which are dependent on environmental quantities such as photosynthetic active
radiation,P AR, temperature] , vapor pressure de cit,,, leaf water potential |, andC;,
CO, concentration in air. The form of Jarvig is simply the result of complete expression

of the in uence of all the variables without any synergistic interactions:

G5 = Plm fR(PAR)E'ZI'(TI)f (a)fC(Ca;f (1) (15)

Oeff

wheregsmax IS the maximum conductance, without any kind of stress and in well-
watered conditions [m 8], fr(PAR), f+(T)),f ( a),f ( 1), andfc(C,) are appropriate
empirical functions with codomain in [0,1]. For purposes of our subsequent analysis, all
the terms except for the one containing the dependence are grouped i . Other

formulations (e.g., Damour et al.; G. (2010, 1986)) can also contain further dependencies.
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The stress function for each in uencing factor has various forms in the literature as reported
for instance in N. Liu et al.; H. Wang et al.; H. Wang et al. (2019, 2020, 2016). However,
the form of the function for the temperature appearing in Eq. 15 is a bell-gaussian-parabolic

type of curve:
TI Tlow

fr(T) = bj(Tup—-ﬂ)b“

(16)

whereb; = 1Ty Tiow)(Tup  To)® andby = (Typ  To)=(Th  Tiow)- fr(T)) is a
dimensionless conductance varying betweenT, @ind zero aT,, andT,,, the lower and
higher leaf temperature at which the curve meets the abscissa.

The forms of other stress factors in Eq. 15 are presented in Appendix C.

The second type of parameterization fgris due to Ball-Berry-Leuning (BBL) (Ball
etal., 1987; R. C. Dewar, 2002; Leuning, 1990) and it has been modi ed in various ways

since the original paper. For instance, in R. C. Dewar (2002) the form given to it is:

A
O =0+ 0 L (17)
(Cs ) 1+g

where: gz is the Ball-Berry-Leuning conductancey, is the value ofgs at the light
compensation pointg, and e, are empirical coef cients;A,, is the net leafCO, assimi-
lation rate; Cs is theC O, concentration at the leaf surface;is theC O, concentration at
the compensation point; and nally, is the water vapor pressure de cit. An interesting
form of the BBL was obtained in Medlyn et al. (2011), under the hypothesis of optimal
photosynthesis theory, which is:
g An

=16 1+pr 0 (18)
a GCs

where all the symbols have been explained before. Interestingly, Lin et al. (2015) gives
values for theg; variable for various types of vegetation in different locations, as reported
in the Appendix C.

In the above BBL formulas, it is usually assumed tAgtcan be approximated by a
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downward parabola, dependentBntypically represented as follows:

An(T) = Amax DT, Topt)2 (19)

In Eq. 19,A, represents the photosynthetic rate of carbon assimilation measured at leaf
temperaturdl|, Amax denotes the rate at the optimum temperaiigg and the parameter

b controls the sharpness of the parabolic curve. However, it is worth noting that also in
this treatment, the dependence on environmental factors extends beyond this equation. For
example, the three parameters of Eq. 19 exhibit dependencies from theo@@nt as jus-

ti ed in Yamaguchi et al. (2019), light saturation , as in Woods and Turner (1971), and are
relatively resilient to direct water content, as in Cornic and Massacci (1996). Undoubtedly,
achieving a consistent utilization of the BBL formula would necessitate the complete inte-
gration of the water budget and carbon budget, although this aspect is beyond the scope of

the present chapter.

Therefore, the parameterization formulation of the temperature stress (Eq. 16) embed a
similar temperature dependence as in Eq. 19, and violate the hypotheses under which the
PM/SO were derived in Section 2.3 because of the dependerigeasf T,. The problem
can be circumvented by taking the Taylor expansion ofGheat rst order, around the air

temperature. Thus, Eq. 2 can be rewritten as:

Et =(Ce( a;Ta; PAR; )+ Cg( aTa,PAR; ;) T )LCF_)( at T)
CE( a;Ta;PAR; ; )LCB a+

(Ce( & Ta, PAR; )L—+ Clg( aTayPAR; ;)Lc=a) T (20)
P fz P

additional term

which introduces an additional term in the denominator for the solutioh fan Eq. 10,
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thus producing the solution:

RA b L CCEE a Lcsnk 2LC T a4

T,= (21)
2Cf(Le)+ bCeles +2 L T 3+ C2( i TaiPAR; Lcs o)

The additional term can be positive for temperatures below optimal temperature and
negative for temperatures above it (H. Wang et al., 2020). Once substituted into equations
3, 8,5the abové@ changes the solutions f&rr, H, e . Notably, aterm at the denominator
dependent on, is now present in Eqg. 21, which complicates the dependence on the water
pressure de cit and could have some relevance under conditions of global warming where

a is foreseen to increase. Because of its form, the additional @drhrings a negative
contribution forT < Ty and a positive contribution fof > Tqp.

The relative effect of stomatal conductance Bn can be quanti ed by the ratio of

Eqg. 21 over Eq. 10:

2Cf (L) + bCeley +2 Lo T8

= 22
2Cf(Le)+ bCeley +2 Lo T 3+ C2( o TaiPAR; )Lcy ) (22)

Tr,

In the conductance formulas, another important factor is the conductanassociated
with thermal energy exchange. Similar@g; , this conductance is in uenced by turbulent
transport. The estimation & typically assumes a similarity between the vegetated land-
scape and the air ow over a rough plane, where the air velocity may exhibit a logarithmic
pro le. Under these assumptions, S. Liu et al. (2007) provides a comprehensive review of
various resistance expressions that can also be applied in this context. The same formulas,

with appropriate parameter modi cations, can also be use@fprin Eq. 14.

2.5 Concepts and equations of water-limited transpiration

The water-limited case can be introduced by considering rst the modi ed Clausius-
Clapeyron formula that accounts for the water-de cit induced depression in the leaves, due

to the Kelvin effect (Bohren and Albrecht, 1998; Vesala et al., 2017). It reads:
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1 V,
e (T)= e (Tier ) EXP M H,0 exp 'RHTZO

1
R T Tref

(23)

where:e (T, ) = 0:611[Pa] is the saturation water vapor pressuré gt = 273:15[K], a
reference temperature; is the (negative) water potential in leaves [P4]; o is the molar
volume of water{8 10 ®m®mol 1); =2:251C [J kg !]is the enthalpy (latent heat)
of vaporization of waterR is the universal gas constant, equal to 8.31446 [} kol 1];
My,o = 18;01528 103 [kg mol 1] is the molar mass of water; arfidis the temperature
[K].

The presence of the new variablein Eq. 23 requires a further equation to be added
to the system used in Section 2.3 to be able to solve the system. This equation is the water
budget of the plant. To keep the problem as simple as possible, it is assumed that the
SPAC can be split into two parts, rather than 5, one including the soil and the stem (and
where, with some loss of accuracy, roots are treated as the stempr#8Rthe leaves with
their stomata and the atmosphergAPSP, is treated as a single equivalent pipe and the
resulting water ux (sap ow) is eventually equalled to the transpiration out of the stomata.
The resulting coupling of the water and the energy budgets can therefore be represented as
in Figure 2.S is the water storage in the pladt, is the water inputs from the stefa; is
the transpiration in mass units. The bridges, i.e., the dashed lines ending with small empty
squares, connect the same variables that are present in both the water and energy budgets

after the appropriate transformation.

It is assumed that the ow in the roots and stems (sap ow) through the xylem occurs
under laminar conditions and it can be estimated as follows (Lin et al., 2015; McDowell

etal., 2008):

Jv=Csp,( x5 s)( s 1) = Cspy( x5 s) (24)

where:J, is the ow that feeds transpiration rate&sp, ( x; s) IS @ generalized form
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of the hydraulic conductance of §Rlependent on the average suction inside the xylem,
«x, and the soll, 5. For the sake of simplicity, in this study thg is assumed either to be
known or that it can be approximated by a simple function ofCsp, (( «; s)) can be

expressed as:

1
|

|
CSP]_( X; S) =

Kol D) 5w KoaKnl ) (25)

where: I, [m] is a characteristic length of the soil-roots interaction; [m?] is the
surface through which the ux of water moves from the soil to roots (usually expressed
as s = R_Vr whereR, is the roots length [m m®] for unit soil volume andvg [m?] is
the root volume); , [kg m 3] is the water densityt [m] is the stem lengthk,.x is the
maximum value possible of specic sap ow [kg s ! Pa!Jand , [m?]is the cross-
sectional area. BotK s andk,,.x K« are hydraulic conductivities but expressed in different
units, as customary of hydrology (the root term) and plant physiology (the xylem term) as

clari ed in the supplementary material

The xylem conductivity decreases when xylem becomes progressively embolized under
increasing tension, proportionally to the distribution of occluded pathways. Water stress in-
duces embolism, freezing-thawing and pathogens causes embolism but no one of the causes
is related to stomatal functions (Tyree and Sperry, 1989). The relationship between relative
hydraulic conductivity and stem tension, which follows a sigmoidal form, see Appendix
D, is well-documented in the literature (Lehnebach et al., 2018; Venturas et al., 2017).
Various methods can be used to measure this relationship independently from stomatal
aperture, such as the centrifuge method, benchtop dehydration, and air injection methods,
or in vivo using optical and acoustic techniques (e.g., microCT, visual optical method for

leaves (Venturas et al., 2017)).

Therefore that when, ! 0 the water ux to the leaves is limited by increasing em-

1The material presented and the notebook prepared for the analysis are available in the supplementary
material on osf.io/DAmatoPhDThesis/.
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Figure 2 — The gure represents the combined water and energy budgets, and their interactions
at plant scale. The red area of the EPN diagram is effectively the energy budget seen in Fig.
1, while the blue area of the diagram represents the water budget. The water budget is in u-
enced by two boundary conditions: the water potential in the sgi} &nd the water potential

in the air ( 4), which is related to the water vapor pressure through the Clausius-Clapeyron
equation €;). Two compartments of the SPAC are distinguished: the soil-root-xy&m )(

and the leaves to aiPgA). The ux between these two storages is represented,byvhich
denotes sap ow, whildEt represents transpiration from leaves to atmosphere. Transpiration
appears in both the water and energy budgets, with the latter considering the transferred wa-
ter mass multiplied by the latent heat of vaporization for water. The red area, encompassing
the energy budget, the internal energy of the plant systég) (s determined by the radiation

uxes (R #), from which the longwave radiation emitted by the plaRt’() is subtracted. Tran-
spiration E7) and the exchange of thermal energy (sensible heat) with the atmosphgre (
represent the energy exchanged through turbulent transfer from the plant to the atmosphere.
Additionally, various transformations of the received energy are representgg bincluding

the storage of chemical energy used to form the plant's structure, leaves, and fruits. The vari-
ables controlling the energy budget include the canopy leaf area ibdgxwind velocity @),

and the temperature of the canopy, which is a byproduct of the plant's internal ekkypy (
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bolism (Sperry et al., 2003) without any action being necessary from the stomata. On the
other hand, the stomatal behavior, as re ectedgbhyis in uenced by a set of feedback
mechanisms associated with the plant's biochemical and water status (Buckley, 2019; Taiz

and Zeiger, 2014).

The potential control of the stomata on the can be understood when equating the

sap ow to evapotranspiratiod, = Er, i.e., by posing:

SPl( ;s) = CPZA( x; s)ke=(8 €)= CPzA( x; s)bc—e (26)
E ? } p | ¢ )

where;

Croa =[G "+ Cyr] (27)

air

ande = g( ;T)),i.e., it being estimated by means of Eq. 23 itis also a function ahd

not only of T\, asin Eq. 1

It is important to note that the conceptual meaning of Eq. 26 is not always fully ex-
plored in the existing literature. Not only can a plant system be viewed as a pipe with
distinct resistances (or conductances) that combine to form an overall resistance, but the
appropriate continuity relationships must also be satis ed pairwise in adjacent plant and
soil components, and especially between soil and roots, stem and leaves, and leaves and
air. As a result, the actual resistances (conductances) and water potential need to be care-
fully adjusted pairwise to ensure coherence, as clearly stated also in Manzoni, Vico, Katul,

et al.; Manzoni, Vico, Porporato, et al. (2013, 2013).

Typically, parameterizations of hydraulic conductivity in soil and stems, and stomatal
conductance are presented independently without ensuring their consistency. As demon-
strated in Manzoni, Vico, Katul, et al. (2013), the left-hand side of Eqg. 26 exhibits a be-
havior illustrated by the continuous gray curve in Figure 3, which displays a maximum

valueE+ as function of ,, depending on the physical structure of the plant. This happens
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Figure 3—The gure illustrates the working point of a plant, depicting the relationship between
leaves' water potential (abscissa) and daily transpiration (ordinate). The gray line represents
the optimal curve obtained using hydraulic conductivity as described dbdtret al. (2015),

while the xylem/leaves behavior is estimated based on the approach outlined in Manzoni, Vico,
Katul, et al. (2013). The stomatal conductance is determined according to Daly et al. (2004b)
for three different values ofs:max . Realistic values were selected, as explained in the sup-
plementary material, although certain crucial parameters such as the cross-sectional area of the
tree or root density had to be assumed. The soil, assumed to be a silt loam, was characterized by
estimating its conductivity using the Van-Genuchten Mualem parameterization. The brownish
curves indicate the limitations on transpiration due to decreasing soil pressure. Despite these
limitations, the curve clearly demonstrates that when the plant xylem behavior is coupled with
soil behavior, the transpiration rate is signi cantly constrained (as reported also in Carminati
and Javaux (2020)). The plant's working point, indicated by red dots, is determined by the in-
tersection of the brownish curves with the dashed bluish curves representing stomatal behavior
as a function of xylem pressure. Each bluish curve corresponds to a hypothetical vadye of
whose de nition is in Eq. 15.
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becaus&€sp, is an increasing function ofy, while the driving force( D) [, IS
a decreasing function. Howevélgp, is also a function of ¢ and when the soil dries, the

gray curves lowers to the brown curves of the Figure 3.

The basic principles of hydraulics indicate that when the stomata are closed and the
transpiration rateHr) is zero, there is no water ow from the soil and the leaf water
potential ( ;) equals the soil water potential {). When stomata open the transpiration
dynamic is constrained on the brown curves and ideally tends to gain the maximum rate
Manzoni, Vico, Katul, et al., 2013. However, because this rate is quickly drying the soil the
optimal evaporation level and related photosynthetic activity is decreasing itself moving
down from one brown curve to a lower one. Isohydric plants react by closing stomata to
maintain the highest possible photosynthetic activity coherent with the water supply, and
ultimately preventing the disruption of water ow and the plant's demise. The current
understanding suggests that this happens through a complex set of feedback mechanisms
(Buckley, 2019; Eamus and Shanahan, 2002; Sperry et al., 2003) that exploit a safety-
ef ciency trade-off that obviously differs between plant species and, up to a point, between
individuals (Manzoni, Vico, Katul, et al., 2013; Manzoni, Vico, Porporato, et al., 2013).
The action of stomata therefore is not to “decreksé but maintaining a value oE+

according to some plant functioning strategy and the given environmental conditions.

Figure 3 presents a comparison between the shape of the left-hand side of Equation
26, depicted by the brown curves, and the right-hand side, represented using a simpli ed
parameterization of the variabdg as a function of | proposed by Daly et al. (2004a). The
Figure considers hypothetical variations@f; and is illustrated by blue dotted curves.

The intersection of the brown and dotted curves determines the operating point of the plant,
visually represented as a red point. The dotted curves are represented by varying value of
Oeff , @S de ned in Eq. 15 to account for the in uence of the other environmental stresses

that change during the day and through the seasons, thus determining different values of
Qe -

31



The overall result when there is an increase in evaporative demand from the atmosphere
is that the increase in evaporation is less than linear (Sperry et al., 2003).

An implication of the above analysis is that the water potential in plants is not solely
attributed to the presence of micro or nano structures in leaves (as would be expected from
an equilibrium interpretation based on capillarity, as claimed in physiology textbooks, e.g.,
Taiz and Zeiger (2014)), but is primarily determined by the dynamics of water ow.

One other important aspect of the aforementioned Figure 3 is that at ordinary soil suc-
tions the sap ow curves are quite at and the working points return a quite constant sap

ow with varying xylem/leaves pressure.

2.6 Penman-type solutions for the water-limited transpiration case

To obtain the dynamics of transpiration from equations, we can pursue the same strategy

that we adopted in Section 2.3 but linearizing Eq. 23 around the potential of the soil matrix,
|, besides the air temperatuik,. Arguably, such a linearization could introduce errors

but we are more interested here in assessing the functional dependencies between variables
rather than in obtaining accurate numbers. Therefore, the aim is to transform all equations,
including the new Eq. 26, into functions of the temperature gapwhose nal expression
is obtained by solving the energy budget. This implies expressing the water potential gap,

, as a function o  too. The details of the calculations are presented in Appendix E.

Accordingly, Eq. 23 can be approximated in the form:

a(m; 1) Be"' 1T + (28)
with &:= ¢(T,; <) and:

1

T &= _RT2 (29)

a(Ti; (M uo+ k (KVh,0)ro1,. -

S

where it should be recalled that is negative and, therefore, the term in brackets is
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always positive. Furthermore:

- VHzO
RT

e (Mr=1a; = & (30)

With the above approximations of the derivatives of Eq. 23, as has been pursued in Ap-

pendix E, the water potential pressure gap can be estimated as

= ACg o+ BT (31)
with:
1
A = (32)
°C( x; &) Ce oC
and
B = Ce 1+ LCr (33)
PC( x; &) Ce aC

Substituting the various terms in the energy budget, as in the previous sections, results

Ra Celes(1+ ACe)a 2L (T8 LcSw

T =
C+ Celeg( 1+B)+2 L (T3

(34)

an expression which is certainly more complicated than Eqg. 10 but which is of the
same type. After substituting the temperature gap Eq. 34 in Eq. 3, 28, and 88 we obtain,
the water-budget-aware thermal energy transport, transpiration, and pressure gap whose

complete expressions are presented in Appendix E.

The equations derived from Eq. 34 represent a further generalization of the PM equation
that includes the water budget and, to the best of our knowledge, has not been written or
discussed before. The importance of water stress can be quanti ed by evaluating the ratio

between Eq. 34 and Eq. 21.
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2.7 The sun-shade model

The conventional big-leaf approach, although widely used, is often considered insuf-
cient to capture the complexity of the energy budget (de Pury and Farquhar, 1997). In
detailed treatment of the subject, the amount of sunlight that each leaf receives depends
on the position of the leaf within the canopy, the angle of the sun, and the orientation of
the leaf itself. Multilayered models of canopies (Baldocchi and Harley, 1995; Goudriaan,
1977) account for various factors such as leaf angle distribution, leaf density, leaf area
index, and the angle and intensity of the sun. They use mathematical equations to calcu-
late the amount of light that reaches each leaf and the amount of light that is absorbed,

transmitted, or re ected by the leaves.

A good compromise between the approaches, that we will follow in this chapter, is
dividing the canopy into two distinct conceptual layers: the sunlit layer and the shaded layer
(G. B. Bonan et al., 2021). The sunlit layer represents the layer of the canopy where the
leaves receive direct sunlight, while the shaded layer receives indirect or diffuse sunlight, a
concept represented in Figure 4 . It is important to note that these layers are conceptual in

nature, as illustrated in Figure 4 and explained in more detail in Appendix B.

Incoming radiation must be partitioned into two components to account for the distinct
energy budgets of the sun-lit and shaded leaves, as depicted in the energy balance diagram
in Figure 4. Consequently, sun-lit and shaded leaves have different tempefaiuresnd
Tsn, introducing an additional variable compared to big-leaf treatments. However, with
two energy budgets, the system remains solvable. The equilibrium values of water vapor
pressure in the sun and the shaglg, ande,,, are also distinct variables, but their values

can be derived by applying the Clausius-Clapeyron equation twice.

While Figure 4 shows that the only feedback usually implemented between the two
canopy layers is the radiative exchanBgsh (yellow) andRsys (orange) it is worth con-

sidering that other exchanges of energy due to thermal energy transport could also occur,
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even though they are neglected in the present treatment. Additionaly, to include feedbacks

with the terrain is a straightforward extension that can be easily incorporated.

The rst budget refers to the sunlit canopy:
RSun + RShS RSSh = Hsun +b ET;Sun + I—Sun Snk (35)

whereRs,, is the radiation received by the sunlit leaves dngl, is the leaf area index
of the sunlit canopyRsys is the radiative emission of the shaded leaves towards the sunlit

leaves, andRsgy, is the radiative emission of the sunlit leaves towards the shaded ones.

The second budget refers to the shaded canopy:
Rsh  Rshs + Rssh = Hsh + b E 1;5n + LsnSnk (36)

whereRgy, is the radiation received by the shade leaveslaggis the leaf area index of

the canopy in the shade. The two energy budgets must be resolved simultaneously because
of the feedback terms between them, which force an equalization of leaves temperature
via the exchange of longwave radiation. As in Section 2.5, the two energy budgets can be
solved either without the water budget to obtain the energy limited solutions or coupled to

the water budget to obtain the energy and water limited solutions.

The system coupled to the water and energy budgets, however, requires some further
treatment. In fact, Eq. 26 is no longer valid, and should be substituted with two separate

equations:

CJ( X S) j = CEJ' BL]e j (37)

wherej 2 f Sun;Shg and where the total sap owK ,ax IS subdivided as in D.
Kennedy et al. (2019), assigning to each compartment a ow proportional to the respec-

tive leaf area index, that is to say; = CL;=L.. The latter hypothesis assumes that

35



Figure 4 — The photo on the left side of the gure illustrates the rationale behind the Sun-Shade
model. The lighter leaves are those directly hit by sunlight, while darker leaves are illuminated
only by re ected and scattered light. Although not strictly categorized as sunlit and shaded
layers, the distinction between the two sets of leaves in this case is quite evident. In most
cases, the differentiation between the two sets may be less pronounced but still justi able. This
partition leads to a doubling of the elements in the combined water and energy budgets, and
the Extended Petri Net (EPN) shown here directly highlights some key points of the partition.
One notable aspect is the need to introduce a partition factor to divide the sap ow between
shadowed leaves and sunlit leaves. Additionally, the radiation input must be appropriately
divided, which requires further modeling. One possible approach is presented Appendix B. The
fact distinguishing this type of modeling are also the longwave radiation exchanges between the
two leaf compartments. The names used in the EPN graph follow the same nomenclature as in
the previous gures, with updated subscripg&h for shaded leaves ar&lun for sunlit leaves.
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the pathways from roots to leaves mix up the ows and thus we can attribute the same
conductivity values to the xylems that feeds sunlit and shaded leaves (Lehnebach et al.,
2018). After this assumption, the result is that the sun-lit and the shaded leaves constitute
two systems with the only interaction being the radiative longwave exchange. Thus the
scheme used in the derivation of the big-leaf equations with water and energy budgets can

be replicated.

Eventually, for the sun-lit leaves temperature gap, we have:

Rs Celsp ! 1+ _(AsC: a 2L sTa" LsSw, 2Lsn TS,
T =

S

C+Celsp 1( 1o+ Bg)+2 L sT3
(38)

And, for the shaded leaves:

. Rsh Celsnp * 1+ _AsnCe a 2L gnTa® LepnSwe, 2LsTE

Sh

C+ Celsnp ( 14 +Bsn)+2 L T3
(39)

The equations presented above are not yet the solutions because Eq. 38, and conse-
quentlyT ., depends offs,, Which in turn depends of , , creating a mutual depen-
dence between the two equations. Both temperature equations are quartic polynomials and
they can be simultaneously solved using appropriate formulas or numerical methods for
approximation. The key point of this chapter is that the coupled water and energy bud-
get of the sun-shade model can be solved and provide the temperature gaps as veri able
guantities. Extending this approach to multi-layer models is straightforward, but it relies
heavily on the ability to partition the water ux between the leaf layers, as demonstrated in

the sun-shade model.
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2.8 Discussion and conclusions

The procedures outlined in the previous section are undoubtedly approximations and
idealizations, a common practice in scienti ¢ endeavors where models and theories in-
herently simplify reality for speci ¢ purposes (Cassini and Redmond, 2021). This chapter
serves as a progressive extension of Penman's work, pushing his approach to its limits while
introducing a methodology that facilitates the gradual removal of simpli cations to better
align with empirical results. This approach shows that the system of equations available
remains numerically solvable without introducing additional variables. Although certain
simpli cations have been made, including the use of a simpli ed treatment of turbulence
and the neglect of the thermal capacity of transpiring leaves, it is argued that the chosen

scheme has general validity in identifying the primary mechanisms governing transpiration.

This chapter also opens the door for further studies aimed at exploring new and poten-
tially more accurate parameterizations of stomatal conductance. Currently, these parame-
terizations suffer from biases due to a lack of recognition of the integrated nature of the
energy and water budgets, as well as the omission of relevant thermodynamic terms in the
CC equation. Additionally, it is crucial to acknowledge the need for improved consistency
between the parameterizations of xylem hydraulic conductivities and stomatal behavior,
aligning them with the objectives outlined in the mass continuity equations. The initial
section of the chapter involved a reanalysis of the big-leaf approach, which necessitated
a thorough consideration of radiation and the introduction of the leaf area index variable,

denoted a% ¢, as a comprehensive representation of the canopies.

Subsequently, the major innovation we made was the introduction of the water budget
in the Penman approach. A key element was the modi ed Clausius-Clapeyron equation
(Eq. 23), which is not typically considered in other approaches. The second extension, with
the water budget included, was the consideration of a sun-shade model, which can be seen

as a representative example of a possible multi-layer model. Introducing the water budget
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made it necessary to discuss the coordination of stomatal dynamics with the constraints
imposed by the plant body and the soil, a topic that has been overlooked in the literature
despite being previously raised by some researchers (Manzoni, Vico, Katul, et al., 2013;
Manzoni, Vico, Porporato, et al., 2013). This coordination generates the plant's operational
point, ,, which represents the values of xylem and leaf pressures at which the plants
operate. Approaches that use a modi ed Richards equation (Bohrer et al., 2005; Chuang
et al., 2006; Manoli et al., 2014) instead of relying on a stationary water budget, as we
have done in this chapter, certainly contain the correct thermodynamics but do not reveal

the trade-off between atmospheric demand and plant physiology so clearly.

The turbulent transport of latent and sensible heat constitutes two of the ve main
equations used in the model. In a re ned approach, the formulas employed, which rely
on zeroth-order approximations, could be replaced with new parameterizations to achieve
more realistic yet still manageable results. For example, the suggestions put forth in Poggi
et al. (2004) could be implemented as a next step. The chapter, in fact, introduces a system-
atic approach to re ne the basic equations when their outcomes are unsatisfactory, particu-
larly in the presence of experimental data. Among the simplifying assumptions made, we
considered the energy budget to be stationary and approximated the Stefan-Boltzmann law
using Taylor's expansion with air temperature. While these simpli cations can be removed,
it should be noted that as long as the de-idealization does not alter the relationships between
the hydrological variables used introducing new variables, then the conceptual deductions

made in this chapter remain valid.

We have demonstrated that the Jarvis-type stress includes a dependence on temperature,
which, in principle, could invalidate the derivation of the Penman equation. However, a
solution to this issue has been identi ed by reevaluating the temperature gap between the

canopy and the air.

It has also been observed that the absence of temperature dependence (and other depen-

dencies) in the Ball-Berry-Leuning (BBL) type stress is apparent. However, while the BBL
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can be seen as demonstrating that photosynthetic activity is proportional to stomatal open-
ing, it actually serves as a pathway to couple the water and energy budgets with the carbon
budget. Certainly the BBL cannot be considered effective in isolating the environmental
dependencies on stomatal mechanics when an engineering shortcut is needed, as even if not
explicitly, it depends on environmental variables such as temperature, dependence which is
inherent in théA,, term, the net lealC O, assimilation rate (Eq. 50).

An important aspect for eld surveyors is that the procedure used to nd the explicit
solution for the water and energy budgets relies on determining the dependencé&ef
andH on the temperature gap. This suggests that if the temperature gap between leaves
and the air has been measured, it can be used directly in the intermediate formulas or, for
the competing formulations that return different temperature gaps, these can eventually be
compared to the measurements.

As a result of our mathematical derivation, it can be argued that leaf water potential
is in uenced by the dynamics of plants, the dryness of the soil and air, rather than solely
to capillary effects due to the smallness of leaf veins, as some plant physiology textbooks
suggest (Taiz and Zeiger, 2014). From another perspective, this chapter can be seen as a
systematic template for the implementation of a coupled energy and water budget model.

An evident enhancement of the theory arises from the explicit coupling of the plant
with a suitably complex model of in Itration, such as the one outlined in Tubini and
Rigon (2022). Although this approach is commonly employed in land surface models
(D. Kennedy et al., 2019), it introduces further inquiries regarding the interactions between
roots and soil, which are beyond the scope of our current discussion. Moreover, incorporat-
ing this addition requires venturing beyond the comfort zone of employing simple, closed

mathematical expressions and embracing the use of numerical methods.
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This Chapter is going to be submitted to the Geoscienti ¢ Model Development Journal
with the title A component based modular treatment of the soil-plant-atmosphere contin-
uum: the GEOSPACE-1D model”. The work has been coauthored by Ing. Ni€abini

and Prof. Riccardo Rigon.

3.1 Abstract

The soil-plant-atmosphere continuum (SPAC) system is a complex and interconnected
network of physical phenomena, encompassing heat transfer, evapotranspiration, precip-
itation, water absorption, soil water ow, substance transport, and gas exchange. These
processes govern the exchange of energy, matter, and water within the SPAC system. To
better understand and model SPAC interactions, interdisciplinary approaches are essential
due to the inherent complexity of the system. Instead of relying on a single monolithic
model, we propose a component-based modeling approach, where each component ad-
dresses a speci ¢ aspect of the system. Object-oriented programming (OOP) is adopted
as the foundational framework for this approach, providing exibility and adaptability to
accommodate the ever-changing nature of the SPAC system.

The Solil Plant Atmosphere Continuum Estimator model in GEOframe (GEOSPACE)
is presented in this chapter. The model is a tool designed to facilitate robust, reliable and
transparent simulations of SPAC interactions. It embraces the principles of open-source
software and modular design, aiming to promote open, reusable, and reproducible research
practices. By implementing the OOP, GEOSPACE breaks down the complexity of SPAC
modeling into smaller, self-contained structures, each responsible for a speci ¢ scienti c or
mathematical concept. This modular architecture adheres to the "open to extensions, closed
to modi cations” philosophy, enabling easy model extension without disrupting existing
components. Equations are implemented in an abstract manner, emphasizing the use of
common interfaces over concrete classes—a hallmark of contemporary OOP. GEOSPACE-

1D adopts a generic programming framework, where distinct classes adhere to a common
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interface. This compartmentalization serves two critical purposes: validating individual
processes against analytical solutions and facilitating the integration of novel processes

into the system.

The model overview reveals that GEOSPACE, as part of the GEOframe system, fo-
cuses on simulating SPAC interactions within the Earth's Critical Zone. It employs three
major components: WHETGEO for water, heat, and transport modeling; GEOET for evap-
otranspiration calculations; and BrokerGEO as a coupler between these components. Each
component has a distinct functional role and is designed to be modular and easily ex-
tensible. WHETGEO, for instance, solves the Richards-Richardson equation using the
Newton-Casulli-Zanolli algorithm, while GEOET offers multiple evapotranspiration mod-
els for users to choose from. BrokerGEO is the coupler that allows the exchange of data
between the other two components in memory and manages the partitioning of evapotran-

spiration into soil control volumes.

The chapter emphasizes the signi cance of modeling the coupling between in Itration
and evapotranspiration for accurate hydrological simulations. It explores the interplay be-
tween plant transpiration, soil evaporation, and soil moisture dynamics, highlighting the
need to account for these interactions in SPAC models. The chapter concludes by underlin-
ing the importance of modularity, transparency, and openness in SPAC modeling, principles
that underlie the development of GEOSPACE and its components. Overall, GEOSPACE
represents a promising approach to SPAC modeling, providing a exible and extensible
framework for studying complex interactions within the Earth's Critical Zone. It is worth
recalling that the fundamental premise of GEOSPACE is not to create a single soil-plant-
atmosphere model, but to establish a system that allows the creation of a series of soil-

plant-atmosphere models, adapted to the speci ¢ needs of the end user's case study.
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3.2 Introduction

The general concept that unites scientists in the study and modeling of the SPAC sys-
tem is its inherent complexity (Blyth et al., 2021; Li et al., 2021). The SPAC, in fact,
involves a wide range of interconnected physical phenomena such as heat transfer, evap-
otranspiration, precipitation, water absorption and in Itration, soil water ow, substance
transport, and gas exchange (Fisher and Koven, 2020), that in uence the exchange of en-
ergy, matter, and water between the three compartments. Currently, various formulations of
the physics of processes are being debated, including soil-roots interactions (Manoli et al.,
2017; Schoder et al., 2008; Steudle, 2000), alternative formulations for plant hydraulics
(Giraud et al., 2023; Silva et al., 2022; Verhoef and Egea, 2014), alternative formulations
of water stresses and their combination (Lhomme, 2001; Verhoef and Egea, 2014), dis-
cussions about the meaning and characterization of soil properties in the presence of roots
(Carminati and Javaux, 2020; York et al., 2016), different coupling of plant behavior with
atmospheric transport (Finnigan et al., 2009; G. Katul et al., 2001; Mauder et al., 2020;
Poggi et al., 2004), individual characteristics of plants (Cranko Page et al., 2024; Mencuc-
cini et al., 2019), statistical description of canopies (Kerches Braghiere, 2018; McGrath
et al., 2016), and interaction among trees and microbiology in the soil (Cassiani et al.,
2015; Simard et al., 1997) and atmosphere (Brunet, 2020). Furthermore, depending on the
speci ¢ objectives and temporal and spatial scales of analysis, various simpli cations of
the processes can be envisioned (Anderson et al., 2003; Donovan and Sperry, 2000). As a
consequence, achieving a better understanding and accurate modeling of SPAC interactions
requires the adoption of highly interdisciplinary approaches, and the traditional notion of

“model” should be abandoned.

To address these challenges, we propose a general computer framework that allows for
the integration of various modeling solutions with minimal effort. We leverage the Object

Modeling System (OMS) infrastructure (David et al., 2013) and apply a carefully designed
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object-oriented engineering approach, building incrementally on previous efforts such as
WHETGEO (Tubini and Rigon, 2022) and incorporating and refactoring tools developed
in GEOframe for estimating evapotranspiration (Bottazzi et al., 2021). The philosophy of
our modeling approach have been comprehensively reviewed in Rigon et al., 2022 and, for
a more in-depth exploration of the conceptual approach, we encourage readers to refer to

that work.

The core of our approach can be described as modeling by components (MBC), the
software is divided into self-consistent, independent parts (Argent, 2004; Sera n, 2019).
Each component is designed to solve a single, simple task, and the SPAC system can be
implemented in a exible manner by interchanging the components that compose a "mod-
eling solution” using an appropriate scripting language. Within the components, various
methods and programming styles are available to model the complexity of the system, but

we adopt an OOP strategy as described in Gamma et al., 1995 and in Berti, 2000.

There are numerous models available for computing water transport along the SPAC.:
some of these models are physically based (PBM) (Fatichi et al., 2016), while others utilize
statistical learning techniques (machine learning, ML) (Pal and Sharma, 2021). Traditional
land surface models (LSMs) based on PBM, commonly used in hydrology and agronomy,
often employ simpli ed versions of the governing equations such as the Penman-Monteith
equation (Pereira et al., 2015) or Priestley-Taylor equation (Formetta, Antonello, et al.,
2014). More accurate SPAC models fall under the umbrella of soil-vegetation-atmosphere
models (SVAT) or LSM, with the former focusing primarily on vegetation-related processes
and the latter encompassing a wide range of processes, although a clear separation of con-
cerns cannot always be drawn. A comprehensive review of such models is provided in

Blyth et al., 2021; Fisher and Koven, 2020; Pal and Sharma, 2021.

To our knowledge, none of the cited modeling efforts follow a component-based struc-
ture, although some may have a highly modular software organization, which may limit

their extensibility. GEOSPACE is a system that implements mass and energy conservation
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of the SPAC, offering multiple alternatives for the same physical processes (e.g., evapo-
transpiration and stress factor computations, soil parameterizations, etc.) that can vary in
complexity and level of detail. This allows users to choose the model that best suits their
speci c case study, compare different modeling formulations, or simply add new features to
enhance the reliability of their modelling solutions by incorporating suitable components.
The component-based structure of GEOSPACE is also designed to increase the software's
robustness and facilitate testing and inspection by third parties. Additionally, the soft-
ware is open source and adheres to modern software engineering practices (Rigon et al.,
2022). OMS3 work ow is recorded in appropriate (.sim) les, and any simulation without
stochastic elements can be replicated exactly. GEOSPACE has been developed with a focus
on creating reliable, robust, and replicable models, as mentioned in Prentice et al., 2015.
Realism can be achieved to varying degrees by selecting or developing the appropriate

components based on modeling objectives and advancements in research knowledge.

The development of GEOSPACE adopts OOP (Gardner and Manduchi, 2007; Rouson
et al., 2014). One of the widely used concepts, initially introduced by Gamma et al., 1995,
is the principle of "open to extensions, closed to modi cations” (Freeman et al., 2008).
This principle allows for easy extension of the code internally, with minimal changes to
the existing implemented classes. Building upon the ideas presented in Tubini et al., 2021,
the implementation of the basic equations in GEOSPACE is abstract, meaning that the
eguations describing the processes inherit from a common interface, following the principle
of "programming to interfaces and not to concrete classes.” These equations are organized
into libraries that facilitate the implementation of partial differential equations (PDES),
ordinary differential equations (ODES), or other equation types with great exibility and

minimal effort.

LSMs encompass ve main modeling domains: surface and canopy exchanges, soil and
snow physics, water bodies, biogeochemistry, and plant physiology and vegetation dynam-

ics. While covering all of these compartments is our ultimate ambitious goal, our primary
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focus in this chapter is on the exchanges of water and energy between the soil, plants,
and the atmosphere, with a reasonable treatment of canopies. GEOframe, the underlying
framework, already provides an extensive set of ODE-based models for some of these ex-
changes. However, GEOSPACE is speci cally designed to utilize PDEs, particularly for
the soil compartment. In fact, GEOSPACE incorporates a robust implementation of the
Richards-Richardson equation (Tubini et al., 2021) for 1D soil water ow, along with an
extension of the Penman-Monteith-like approach (Bottazzi et al., 2021; Schymanski and
Or, 2017) for transpiration. Ancillary components have also been developed for the treat-
ment of radiation based on the work by (Ryu et al., 2011) and de Pury, 1995, and for

coupling the water budget with the energy budget and solute transport in the soil.

Accordingly, the chapter is organised as follows: Section 2 provides a general overview
of the GEOSPACE system and its hierarchical software organization. Its three main parts,
WHETGEO, GEOET and BrokerGEO are introduced in section 3, 4, and 6. These sec-
tions contain a brief summary of the equations used and a part where the informatics is
discussed. Section 5 discusses the implementation of the stress function, i.e. evapotranspi-
ration limiters due to water scarcity or other environmental factors. Any of these section(s)
contain information about the mathematics implemented in the rst part and relevant soft-
ware implementation details in the second part. Therefore, readers less interested in the
implementation parts can skip the second parts of these sections. Section 7 presents a use
case and discusses it. Section 8 illustrates where to nd the code, the executables, the train-
ing material, the fair conditions of use, and nally, the conclusion. This chapter does not
discuss the rational behind the physics implemented in the rst part, because this aspect
is being pursued in other contributions. Instead, we mainly focus on the software organi-
zation and the connection of the parts. Which in turn, build a comprehensive modelling
solution, that by introducing feedbacks, is more than the single parts plus some boundary

conditions Staudinger et al., 2019. Additionally, various appendices were provided with es-
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sential technical details. Furthermore, supplementary matedatssisting of Notebooks

for input data preparation, and video tutorials are also provided.

3.3 GEOSPACE System Overview and its perceptual model

GEOSPACE is the ecohydrological model within the GEOframe system, designed to
simulate the interactions within the soil-plant-atmosphere continuum, and analyze the pro-
cesses that occur in the Earth's Critical Zone (CZ) (National Research Council et al., 2001).
It models the water ow along a column of soil considering the amount of water taken from
vegetation as evapotranspiration ux (ET). GEOSPACE comprises a coupled model con-
sisting of three primary components: WHETGEO, GEOET, and BrokerGEO.

WHETGEO, Water Heat and Transport in GEOframe (Tubini and Rigon, 2022), solves
the conservative form of Richardson-Richards equation using the Newton-Casulli-Zanolli
algorithm (Casulli and Zanolli, 2010), and also implements a numerical solution to solve
the transport equation adopting the algorithm presented in Casulli and Zanolli (2005).

GEOET (GEOframe EvapoTranspiration) is a suite of models that is designed to imple-
ment different formulations of ET, from the simplest Priestley-Taylor (PT) formula (Priest-
ley and Taylor, 1972) to the complex computation of the energy budget at the canopy scale
described in D'Amato and Rigon, 2024. Currently, GEOET besides PT, the Penman-
Monteith FAO model (Allen et al., 1998, PM-FAO) and the GEOframe-Prospero model
(Bottazzi, 2020; Bottazzi et al., 2021) implements some more complex models, which in-
clude a more complex treatment of plants hydraulics, are under implementation according
to D'Amato and Rigon, 2024. The presence of multiple models for calculating evapo-
transpiration within a uni ed framework enables a comprehensive comparison of models
and parameterizations, as they can leverage common auxiliary components. This possibil-
ity also caters to user requirements by offering a selection of modeling approaches with

varying complexities, empowering users to choose based on their speci ¢c needs and avail-

1The material presented and the notebook prepared for the analysis are available in the supplementary
material on osf.io/DAmatoPhDThesis/.
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