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Abstract. The soil-plant-atmosphere continuum (SPAC) system is a complex and interconnected network of physical phenom-

ena, encompassing heat transfer, evapotranspiration, precipitation, water absorption, soil water flow, substance transport, and

gas exchange. These processes govern the exchange of energy C21 ,matter, and water within the SPAC system. C22 Modeling

the SPAC system involves multiple disciplines, including hydrology, ecology, and computational science, making a physically-

based approach inherently interdisciplinaryand essential for capturing the complexity of the system. To better understand and5

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 addresses a

specific aspect of the system. Object-oriented programming (OOP) is adopted as the foundational framework for this approach,

providing flexibility and adaptability to accommodate the ever-changing nature of the SPAC system.

The present study introduces In this paper, the Soil Plant Atmosphere Continuum Estimator in GEOframe (GEOSPACE)10

is presented, a new ecohydrological modeling framework in particular its one-dimensional development, GEOSPACE-1D.

C2-C9 GEOSPACE leverages and extends selected components from the GEOframe modeling system, while also integrating

newly developed modules, to comprehensively simulate water transport dynamics in the SPAC system. The framework of

GEOSPACE-1D 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 research15

practices. Instead of relying on a single monolithic model, we propose a component-based modeling approach, where each

component addresses a specific aspect of the system. Object-oriented programming (OOP) is adopted as the foundational

framework for this approach, providing flexibility and adaptability to accommodate the ever-changing nature of the SPAC sys-

tem. By implementing the OOP, GEOSPACE-1D breaks down the complexity of SPAC modeling into smaller, self-contained

structures, each responsible for a specific scientific or mathematical concept. This modular architecture adheres to the "open20

to extensions, closed to modifications" 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

interface. This compartmentalization serves two critical purposes: validating individual processes against analytical solutions

and facilitating the integration of novel processes into the system.25
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The paper emphasizes the significance of modeling the coupling between infiltration and evapotranspiration C23through

two "virtual" simulations based on real-world input data from the ”Spike II” experiment, to explore for accurate hydrological

simulations. It explores the interplay between plant transpiration, soil evaporation, and soil moisture dynamics, highlighting

the need to account for these interactions in SPAC models. The paper concludes by underlining the importance of modularity,

transparency, and openness in SPAC modeling, principles that underlie the development of GEOSPACE-1D and its components.30

Overall, GEOSPACE-1D represents an approach to SPAC modeling, providing a flexible and extensible framework for study-

ing complex interactions within the Earth’s Critical Zone. It is worth recalling that the fundamental premise of GEOSPACE-1D

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 specific needs of the user’s case study.

Copyright statement.35

1 Introduction

The Soil-Plant-Atmosphere Continuum (SPAC) encompasses a wide range of interconnected physical phenomena, including

heat transfer, evapotranspiration, precipitation, water absorption and infiltration, soil water flow, substance transport, and gas

exchange, all of which influence the exchange of energy, matter, and water among these three compartments (Fisher and

Koven, 2020; Blyth et al., 2021; Li et al., 2021). A variety of formulations for the underlying physics of these processes40

are currently debated, including soil-root interactions (Steudle, 2000; Schröder et al., 2008; Manoli et al., 2017), alternative

formulations for plant hydraulics (Verhoef and Egea, 2014b; Silva et al., 2022; Giraud et al., 2023), constraints imposed by

water-limited availability (water stress) and their combinations (Lhomme, 2001; Verhoef and Egea, 2014b), the characterization

of soil properties in the presence of roots (York et al., 2016; Carminati and Javaux, 2020), and coupling plant behavior with

atmospheric transport (Katul et al., 2001; Poggi et al., 2004; Mauder et al., 2020; Finnigan et al., 2009). Additional discussions45

include the statistical description of plant canopies (Kerches Braghiere, 2018; McGrath et al., 2016), individual plant traits

(Mencuccini et al., 2019; Cranko Page et al., 2024), and the interactions between trees, soil microbiology (Cassiani et al.,

2015; Simard et al., 1997), and atmospheric processes (Brunet, 2020). Depending on specific objectives and the temporal and

spatial scales of analysis, various simplifications of these processes are often employed (Anderson et al., 2003; Donovan and

Sperry, 2000).50

Given the complexity of the SPAC domain, numerous modeling approaches have been developed. These include physically

based models (PBM) (Fatichi et al., 2016) and those leveraging statistical learning techniques, such as machine learning

(ML) (Pal and Sharma, 2021). Traditional PBM-based land surface models, widely used in hydrology and agronomy, often

employ simplified governing equations, such as the Penman-Monteith equation (Pereira et al., 2015) or the Priestley-Taylor

approach (Formetta et al., 2014). More advanced SPAC models include SVAT (Soil-Vegetation-Atmosphere Transfer) models55

and LSM (Land Surface Models). While SVAT models focus on vegetation-related processes and LSMs cover a broader range

2



of processes, the distinction between these categories is not always clear-cut (Blyth et al., 2021; Fisher and Koven, 2020; Pal

and Sharma, 2021). C19 For a comprehensive model overviews, we recommend Blyth et al. (2021) for LSM comparisons,

Fatichi et al. (2016) for process-based model capabilities, and Bonan et al. (2024) for Earth System modeling perspectives.

Additional valuable references offering complementary perspectives include Overgaard et al. (2006), McDermid et al. (2017),60

Vereecken et al. (2019), Bierkens (2015) and Miralles et al. (2025). These references collectively indicate that achieving a

deeper understanding and accurate modeling of SPAC interactions requires highly interdisciplinary approaches which, in our

assessment, necessitates moving beyond the traditional notion of "model."

To address the implementation challenges arising from the complexity of SPAC processes and the diversity of possible

solutions, the literature advocates dividing software into self-contained, independent components interconnected through a65

supporting software layer. This approach, known as "Modeling by Components" (MBC), has been in use for over forty years

(Holling, 1978) and was initially developed to integrate knowledge across disciplines (Moore and Hughes, 2017). In recent

decades, MBC has gained signi�cant importance within environmental modeling (Argent, 2004; Sera�n, 2019). Notable MBC

implementations in hydrology and meteorology include frameworks as TIME (Rahman et al., 2003), CSDMS (Peckham et al.,

2013), ESMF (Collins et al., 2005), OMS (David et al., 2013), and RAVEN (Craig et al., 2020). A more extensive list can be70

found in Chen et al. (2020).

True MBC systems adopt a service-oriented architecture (SOA) (Richards and Ford, 2020), which facilitates the integra-

tion of heterogeneous data sources. SOA frameworks are inherently scalable, designed to operate across diverse machines

and architectures, and are fundamental to the infrastructure of the Digital Earth.(Rigon et al., 2022; David et al., 2013). By

abstracting computational details, SOA enables users to focus on modeling rather than the complexities of the underlying com-75

putational engines. Despite the advantages of MBC concepts, practical implementation remains challenging. It often requires

programmers to adopt new work�ows and habits. The OMS framework has explicitly addressed these challenges, bridging the

gap between conceptual elegance and practical usability (Lloyd et al., 2011). These frameworks aim to meet broader scienti�c

needs while adhering to good scienti�c practices, as outlined in Rigon et al. (2022).

To our knowledge, no existing SVAT or LSM models implement a true MBC structure, although some exhibit highly modu-80

lar software organization. Beyond leveraging MBC, incorporating internal modularity through Object-Oriented Programming

(OOP) principles is equally important, as emphasized by Rouson et al. (2014) and Gardner and Manduchi (2007). OOP pro-

motes code reuse, improves readability, and enhances ef�ciency and scalability. Moreover, employing appropriate levels of

abstraction, as theorized by Berti (2000), enhances model adaptability and reliability while minimizing the need for modi�ca-

tions to existing code.85

These principles, C19-24 which we have found inadequately implemented in previous modeling efforts, have guided the

development of a new ecohydrological modeling framework within GEOframe, GEOSPACE, the Soil-Plant-Atmosphere Con-

tinuum Estimator in GEOframe, which we present in this paper. This software platform integrates MBC concepts with OOP

principles to transcend traditional modeling paradigms, focusing on the interactions and feedback mechanisms within the

SPAC. C19-C24 The MBC approach maintains complete control over code evolution while creating a uni�ed framework appli-90

cable to eco-hydrological, agro-meteorological, and hydro-climatological communities. In developing GEOSPACE, we have
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prioritized strict adherence to FAIR principles (Findable, Accessible, Interoperable, and Reusable) (Wilkinson et al., 2016) to

ensure openness and availability. Additionally, we address speci�c algorithmic limitations identi�ed in similar software, par-

ticularly regarding inadequate treatment of transitions between saturated and unsaturated conditions and the implementation

of appropriate numerical solvers.C2-C3-C10-C27-C30 The GEOSPACE framework functions as an integral component of the95

GEOframe system and it uses some of the components available in GEOframe to simulate the water transport in the contin-

uum SPAC, thus being the ecohydrological model of GEOframe. GEOframe is an open-source, component-based hydrological

modelling system (Formetta et al., 2014; Bancheri et al., 2020). Rather than being a single model, GEOframe is a modular

framework, where each part of the hydrological cycle is implemented in a self-contained building block, an OMS3 component

(David et al., 2013). Models available in GEOframe cover a wide range of processes, including geomorphic and DEM analysis,100

spatial interpolation of meteorological variables, radiation budget estimation, in�ltration, evapotranspiration, runoff generation,

channel routing, travel time analysis, and model calibration. It allows users to build custom modeling solutions to address vari-

ous hydrological challenges. The GEOSPACE framework presented here was developed by composing and extending existing

GEOframe components: WHETGEO (Water Heat and Transport) (Tubini and Rigon, 2022), GEOET (EvapoTranspiration),

and BrokerGEO, to simulate complex soil-vegetation-atmosphere interactions in the Critical Zone. While GEOSPACE builds105

upon existing components in GEOframe, this work contributes three main innovations: (i) the development of GEOET, a new

evapotranspiration module evolved from the established ETP-GEOframe component (Bottazzi, 2020); (ii) the implementation

of BrokerGEO, a new coupler component enabling the dynamic interaction between evapotranspiration and in�ltration pro-

cesses; (iii) the extension of WHETGEO (Tubini and Rigon, 2022) to allow modular and seamless coupling with GEOET

and BrokerGEO. These contributions represent both algorithmic and structural advances over previous models, such as the110

monolithic GEOtop framework (Rigon et al., 2006), and establish GEOSPACE as the ecohydrological core of GEOframe.

This paper is organized as follows: Section 2 provides an overview of the GEOSPACE system and its hierarchical software

architecture. Sections 3, 4, and 6 introduce its main components: WHETGEO, GEOET, and BrokerGEO. Section 5 discusses

the implementation of the stress function, addressing evapotranspiration constraints caused by water scarcity or other envi-

ronmental factors. Each section C8 follows a similar structure and includes a concise overview of the mathematical equations115

employed and relevant software implementation details. Readers less interested in the informatics can skip the latter portions

of these sections. Section 7 presentsausecase,followedC9 two "virtual" simulations based on real input data to showcase the

potential applications and capabilities of the coupled system of GEOSPACE-1D and verify its correct functioning. In addition,

a dedicated subsection describes general model inputs and outputs in detail. Finally, Section 8, which describes the availability

of the code, executables, training materials, fair use conditions, and concludes the paper.120

While this paper does not delve into the rationale behind the implemented physics, which is addressed in other contributions,

it focuses on software organization and the integration of components into a cohesive modeling solution. This approach,

by introducing feedback mechanisms, transcends traditional modeling paradigms to become more than a single model with

boundary conditions (Staudinger et al., 2019). Appendices provide technical details, and supplementary materials include

notebooks for data preparation, output visualization, and video tutorials.125
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2 GEOSPACE-1D System Overview and its perceptual model

The framework presented here, the Soil-Plant-Atmosphere Continuum Estimator in GEOframe (GEOSPACE), is an ecohydro-

logical framework within the GEOframe system. It is designed to simulate interactions within the soil-plant-atmosphere contin-

uum and analyze processes occurring in the Earth's Critical Zone (CZ) (National Research Council et al., 2001). GEOSPACE-

1D models the mass and energy budgets as well as water �ow along a soil column, accounting for water uptake by vegetation130

as evapotranspiration �ux (ET).

As outlined in the Introduction, the framework offers multiple alternatives for simulating key physical processes (e.g., evap-

otranspiration, stress factor computations, soil parameterizations) with varying levels of complexity and detail. This �exibility

allows users to tailor the model to their speci�c case studies, compare different formulations, and easily add new features.

Such modularity enhances the reliability of modeling solutions by enabling the integration of appropriate components. The135

component-based structure of GEOSPACE-1D also improves software robustness and facilitates third-party testing and inspec-

tion. Moreover, the software is open source and adheres to modern software engineering practices (Rigon et al., 2022). The

OMS3 work�ow is recorded in ".sim" �les, ensuring that any deterministic simulation can be precisely replicated. GEOSPACE-

1D prioritizes the development of reliable, robust, and replicable models, as emphasized in Prentice et al. (2015). Its �exibility

allows for varying degrees of realism by selecting or developing components aligned with modeling objectives and advance-140

ments in research.

Based on the principles of Tubini et al. (2021), the implementation of the basic equations of GEOSPACE-1D is abstract. The

equations describing the processes inherit from a common interface, following the principle of "programming to interfaces,

not to concrete classes." These equations are organized into libraries that streamline the implementation of partial differential

equations (PDEs), ordinary differential equations (ODEs), and other equation types with �exibility and minimal effort.145

While the ultimate goal is to comprehensively cover all compartments of the SPAC, this paper primarily focuses on water

and energy exchanges between soil, plants, and atmosphere, with a reasonable treatment of canopies. The GEOframe system

already includes a wide array of ODE-based models for some of these exchanges. However, GEOSPACE-1D speci�cally

incorporates PDEs, particularly for the soil compartment. It features a robust implementation of the Richards-Richardson

equation (Tubini et al., 2021; Casulli and Zanolli, 2010) for 1D soil water �ow and extends the Penman-Monteith approach for150

transpiration (Schymanski and Or, 2017; Bottazzi et al., 2021). Additionally, ancillary components have been developed for

radiative transfer based on Ryu et al. (2011) and de Pury (1995), and for coupling the water budget with the energy budget and

solute transport in the soil.

GEOSPACE-1D comprises a coupled model consisting of three primary components: WHETGEO, GEOET, and Bro-

kerGEO. WHETGEO, Water Heat and Transport in GEOframe (Tubini and Rigon, 2022), solves the conservative form of155

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).
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Figure 1. GEOSPACE-1D cycle path: Presented graphically (designed by D'Amato C.) is the cyclic operation of GEOSPACE-1D, high-

lighting the crucial linkage among its three components. This feedback mechanism plays a key role in ensuring the mass and energy balance

throughout the system.

GEOET (GEOframe EvapoTranspiration) is a suite of models that is designed to implement different formulations of ET,

from the simplest Priestley-Taylor (PT) formula (Priestley and Taylor, 1972) to the complex computation of the energy budget

at the canopy scale, as described in D'Amato and Rigon (2025).160

Currently GEOET, in addition to PT, incorporates the Penman-Monteith FAO model (PM-FAO) and the GEOframe-Prospero

model (Bottazzi, 2020; Bottazzi et al., 2021). It is also designed to integrate more complex models that account for plant

hydraulics, being implemented according to D'Amato and Rigon (2025). The presence of multiple models for computing

evapotranspiration within a uni�ed framework enables a comprehensive comparison of models and parameterizations, as they

can leverage common auxiliary components. This possibility also meets the needs of users by offering a selection of modelling165

approaches of different level of complexity, allowing users to choose according to their speci�c needs and available data.

GEOET is also designed to implement the multiple water and environmental stress functionsmentionedin the introduction,

which are currently based on the Jarvis model (Macfarlane et al., 2004) and the Medlyn stomatal conductance model (Medlyn

et al., 2011; Ball et al., 1987; Lin et al., 2015). Furthermore, GEOET models depth growth and root density functionally to

understand soil-plant interactions in the process of root water uptake.170
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Finally, BrokerGEO is the coupler that allows the exchange of data between the other two components in memory, splits

evaporation (Es) and transpiration (El) between the control volumes in which the soil column is discretized.

The operational �ow of the model follows a cyclic pathway, as illustrated in Figure 1. Starting with WHETGEO-1D,

GEOSPACE-1D computes the water suction for each control volume within the soil column. This information, integrated

into the GEOET-StressFactor modules (further described in Section 5), plays a crucial role in determining the reduction in ET175

for each control volume, which is then consolidated into a global water stress factor value.

Furthermore, the GEOET-StressFactor modules incorporate additional reductions in ET associated with environmental vari-

ables, including air temperature, net radiation, and vapor pressure de�cit, when necessary, in accordance with the selected

method. The speci�c manner in which these stress factors are utilized varies depending on the chosen method or ET model, as

detailed in Section 4, with the objective of limiting water abstraction from the soil.180

Subsequently, BrokerGEO is responsible for partitioning the global AET into the soil control volumes using a root function-

ing model. Finally, an iterative process begins, during which WHETGEO, informed by the water evapotranspired from each

control volume, recalculates the soil water potential, ensuring the conservation of both mass and energy budgets.

2.1 General notes about the software organization of GEOSPACE-1D

The macro conceptual structure of GEOSPACE-1D is mirrored in a hierarchy of software entities. At a higher level are the185

OMS3 components (David et al., 2013, 2014). OMS3 is a component-based environmental modeling framework that empowers

developers to create distinct components for individual modeling concepts. These components can be, in principle executed

and tested independently, thus establishing what could be called a secondary level of concern. A graphical example of a

component is illustrated in Figure 2. Each input parameter is sourced from a reader component or another component if derived

from some modelling, while each output parameter is handled by a writer component. This setup facilitates straightforward190

management of data formats, streamlining the process for ease of use. Leveraging the modularity of OMS3, GEOSPACE-1D

components integrate at runtime by connecting them with the OMS3 DSL language based on Groovy (https://groovy-lang.org,

last accessed: December 19, 2024). A standard operational con�guration of the GEOSPACE-1D OMS3 components during

runtime is depicted in Figure 3, with simpli�cation achieved by omitting all input/output connections for clarity.

The GEOSPACE-1D system depicted in Figure 3 consists of three main interconnected parts, each comprising a set of related195

components. WHETGEO actually has multiple variants, each distinguished by unique capabilities outlined in Tubini and Rigon

(2022). More intricate is the GEOET, comprising �ve distinct components, each tasked with speci�c functions such as stress

factor estimation, roots modeling, soil evaporation estimation, and transpiration computation using, in this case, the Prospero

model. Alternatively, a single component can replace the latter two and the one estimating the total evapotranspiration by em-

ploying, for instance, the Priestley-Taylor formula to estimate comprehensive evapotranspiration values. BrokerGEO employs200

two components in its connector role. The arrows denote variable �ow among components, with thickness re�ecting the volume

of exchanged variables. C4-C20 For a comprehensive understanding of the complete work�ow, we direct readers to examine

the simulation con�guration �les provided in the supplemental material, particularly thegeospace1D_ProsperoPM.sim

�le. These .sim �les, a standard feature of the OMS framework, serve as executable documentation that precisely records the
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Figure 2. A pictorial representation of the Prospero OMS3 component with most of its inputs and outputs.

model work�ow, component connections, and parameter settings. The supplemental material also includes a concise presenta-205

tion with accompanying slides that provide detailed guidance on interpreting .sim �le structure, component relationships, and

execution sequence, offering valuable insights for both new users and those seeking to modify existing simulations.

OMS3, beyond the components, offers essential services, including tools for calibration and implicit parallelization of com-

ponent runs. Further insights into the framework are available in the Supplemental material.

Deeper within the software, written in Java programming language, it is organized intopackages that encapsulate cohesive210

functional modules. The names of the packages formed are as follows:

r it.geoframe.blogspot. modelname . packagename

and are designed from being confused with that of other models in the literature that implement the same classes. The site

https://geoframe.blogspot.com/ is the blog where all the news and material about GEOframe are posted and the

uniqueness of the URL guarantees that the name of the packages and classes are unique over the web. The contents of these215

packages are illustrated, for each of the three compartments, in the following sections.

A few software engineering choices were made and are characteristics “patterns" of the programming in GEOframe. Classes

represent the �ner programming level. In fact, internally, GEOSPACE-1D is coded with the Java language by organizing the

various classes between interfaces and abstract classes. This adheres to the object-oriented principle "program to interfaces, not

concrete classes," facilitating the creation of scalable and maintainable software solutions. As stated earlier, re-usability of the220

Java code is one of the prerogatives of the model. Therefore, we have adopted a generic programming approach (Berti, 2000)

of decoupling the concrete data representation from the algorithm implementations, by balancing it with speci�c approaches to

improve the computational ef�ciency of the software. Because of these special programming structures, “patterns", are often
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Figure 3. Here is an illustration of a simpli�ed con�guration in GEOSPACE-1D, focusing on component organization. We have omitted

the components responsible for �le I/O. One of the components, WHETGEO, exempli�es the various possibilities, differing in whether

they account for the in�uence of the energy budget on �ow. C4-C20 The simulations, as described in the text, begin with the WHETGEO

component and progress according to the directional �ow indicated by the arrows. The thickness of each arrow represents the number of

variables exchanged between components, providing a visual indication of data transfer magnitude between system elements. For getting the

complete information about the work�ow, please refers, for instance to thegeospace1D_ProsperoPM.sim which can be found in the

supplemental material.
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used. In particular the so calledFactory Pattern (Gamma et al., 1995) is used to instantiate at run time the concrete

classes chosen by the user among the various possibilities.225

Because we are mostly interested in the implementation issues in this paper, it merits to acknowledge a crucial aspect for

facilitating information exchange between the soil and atmospheric compartments which is how the data classes, i.e. the Java

classes that manage the data quantities, are de�ned. These include:

– ProblemQuantities

– InputTimeSeries230

– Parameters

These data classes serve as data containers and are managed distinctively from conventional OOP practices, but similar to

traditional scienti�c programming. They are mutable singleton static classes, instantiated once and serving as repositories for

data updated at each time step. Further elaboration on these classes will be provided in the following sections.

3 WHETGEO235

The �rst pillar of the GEOSPACE-1D modeling system is WHETGEO (Tubini and Rigon, 2022; Tubini et al., 2021). Its 1D

deployment, WHETGEO-1D is a new physically based model, simulating the water and energy budgets in a soil column.

It solves the conservative form of Richardson-Richards equation, R2, (Richards, 1931; Richardson, 1922) using the Newton-

Casulli-Zanolli (NCZ) algorithm (Casulli and Zanolli, 2010) and also implements the numerical solution to solve the advection-

dispersion equation adopting the algorithm presented in Casulli and Zanolli (2005), currently applied to the heat transport.240

More comprehensive information about WHETGEO can be found in Tubini (2021), Tubini and Rigon (2022) and Tubini et al.

(2021).

WHETGEO delves into in�ltration and soil moisture dynamics that have cascading effects on various aspects of the envi-

ronment, water resources, accurate water balance estimation, aquifer recharge prediction and �ow patterns.

For what regards evaporation, it is well-established that plant productivity is signi�cantly in�uenced by the patterns of soil245

moisture dynamics (Porporato et al., 2004). Soil moisture de�cit, in particular, reduces plant water potential, inducing wa-

ter stress, which can lead to dehydration, loss of turgor, xylem cavitation, stomatal closure, and a decrease in photosynthesis

(Nilsen and Orcutt, 1996). At the same time, it is an oversimpli�cation to model soil moisture dynamics without considering

transpiration, which constitutes a signi�cant portion of the water budget. The relationship between soil moisture and evapo-

transpiration is a crucial component for accurately representing soil water balance. Regardless of the speci�c ET model used,250

it is the amount of water extracted from the soil at various depths by plant roots (Evaristo and McDonnell, 2017). These roots

are capable of absorbing substantial amounts of water, signi�cantly altering the distribution of the water column.

An approach to include the evapotranspiration �ux within the soil moisture dynamics is to add a sink term representing water

extraction by plant roots in the R2 equation, obtaining a modi�ed one-dimensional continuity equation (Feddes et al., 1976;

Molz, 1981):255
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where the forces acting are gravityz [L], and the matric potential [L]. In Eq. 1,K [LT � 1] is the hydraulic conductivity;�

[� ] is the dimensioneless volumetric water content;r [L � 1] is the gradient operator;z [L] is the vertical coordinate, positive

upward,S is the water extraction function [T � 1], and R [T � 1]is the water redistribution function by roots. The function

S(z) represents water extraction by plant roots and can depend on space, time, root-density distribution, water potential, water260

content, or a combination of these variables (Feddes et al., 1976; Perrochet, 1987; Lai and Katul, 2000).Ss [L � 1] is the speci�c

storage coef�cient, de�ned as

Ss := �g (n� + � ) (2)

with � [ML � 3] being the water density,g [LT � 2] is the gravitational acceleration, n [L3L � 3] is the soil porosity,� [LT 2M � 1]

is the liquid compressibility, and� [LT 2M � 1] is the soil matrix compressibility.265

Molz and Remson (1970) highlight the impracticality of modeling water transport in soil with complex root systems con-

sidering �ow to individual rootlets. Precise root geometry is hard to measure and varies over time. Additionally, root water

permeability changes along their length, noted by Kramer (1970). Consequently, the extraction functionsS(z) is treated with

simpli�ed models which adopt a macroscopic, not microscopic approach, which is actually computed by the BrokerGEO

components (described in section 6).270

As the source term models, the roots themselves, are capable of redistributing water between different soil layers (Beyer

et al., 2018) but the modelling of the source termR(z) is not under scrutiny in this paper.

3.1 Extension of the Richards Solver, i.e. on the RichardsRootSolverMain

The algorithmic concepts of WHETGEO are comprehensively described in Tubini and Rigon (2022), but here, we summarize

only those aspects, which are related to the extension we made for allowing the connection with GEOET and BrokerGEO.275

In WHETGEO, the column of soil is discretized in layers, parts of the soil column with the same soil type, and control

volumes, �nite-volume elements, in which the R2 equation is solved. Each control volume is characterized by geometrical

quantities, a parameter set, containing all the parameters that control the dynamics of the �ow, the form of the equations to be

solved, which are speci�c for each control volume. All of this information is stored in the grid �le and, once read, is stored in

theGeometry andProblemQuantities , singleton classes as illustrated in Figure 4.280

Upon a more detailed examination of Figure 4 reveals thatProblemQuantities andGeometry are typical example of

"re�exive association", a type of relationship between elements in a class diagram where an element is associated with itself.

In other words, it is an association between instances of the same class and it means that the class could work stand-alone. The

termS(z) in Eq. 1 is a sink which affects any layer and this can be obtained by means of the introduction of some new classes.

The �rst class that has been added is:285

– ComputeQuantitiesRichardsRoot
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ComputeQuantitiesRichardsRoot is a java class with the responsibility of managing the evapotranspiration demand

for each control volume, sourced from BrokerGEO. Its primary function involves assessing the requested water volume against

the available water content in each control volume, thereby estimating the reduction in ET and deriving a stress factor,gw i ,

for every soil layer. These stress factors are subsequently utilized iteratively to determine the actual evapotranspiration (AET)290

through information exchange with GEOET via BrokerGEO. AET is then deducted from each control volume, with the class

overseeing algorithm convergence as well.

A closer inspection of Figure 4 reveals that theComputeQuantitiesRichardsRoot class is composed by aggregation

with theProblemQuantities class and theGeometry class as mentioned above. The �rst one contains all the variables

of the models and its implementation using the singleton pattern (Freeman et al., 2008), whereas, the second one manages the295

geometric features of the grid and how grid elements are connected to each other.

While the present deployment of GEOSPACE works in a 1D column, however it is ready to manage the more complex

topologies of a 2D or a 3D future versions of the system.

The relationship between the classesComputeQuantitiesRichardsRoot andProblemQuantities can be de-

scribed as a combination of both "association" and "aggregation" (Fowler, 2004). TheComputeQuantitiesRichardsRoot300

class maintains a reciprocal "association" with theProblemQuantities class through the instantiated variables allowing

them to interact and exchange information. Furthermore, an "aggregation" relationship exists where theComputeQuantities-

RichardsRoot class encapsulates an instance of theProblemQuantities class to manage and compute various problem-

related quantities as is illustrated by an empty diamond shape (Figure 4). Overall, this relationship structure enhances the mod-

ularity and organization of the software design, enabling theComputeQuantitiesRichardsRoot class to ef�ciently305

utilize and manage the data provided by theProblemQuantities class.

The class involved in solving Equation 1 considering the amount of water removed by evapotranspiration is the concrete

class,RichardsRootSolver1DMain , as shown in the UML diagram of Figure 4.

TheRichardsRootSolver1DMain class, as shown in Figure 4 is directly connected withComputeQuantitiesRichards-

Root andComputeQuantitiesRichards and with their methods to compute the solution of the pressure value at any310

time step. In this speci�c case, theRichardsRootSolver1DMain class uses theComputeQuantitiesRichardsRoot

and the actual solver is thesolve() method which contains the solving algorithms. This abstract structure allows with the

change of each of the “Compute " classes to change the solver type by just adding some new class in substitution.

4 GEOET

The process of plant transpiration propels the exchange of water and energy between the Earth's surface and the atmosphere315

(Katul et al., 2012). This phenomenon signi�cantly impacts the uptake of carbon by ecosystem and also plays a pivotal role

in determining how rainfall in�ltrates into the soil and the moisture pro�le dynamic. In fact, the interaction between soil

evaporation and plant transpiration is not merely a sum of physical processes, but is in�uenced by feedback mechanisms. As

plants transpire, they create a suction that draws moisture from the soil into their root systems, thereby in�uencing the rate
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of soil evaporation. Conversely, soil evaporation can reduce the available moisture for plant roots, impacting their ability to320

transpire effectively. This dynamic coupling shapes the moisture pro�le within the soil, signi�cantly changing the overall water

availability for the soil and vegetation and for the entire hydrological cycle.

C8-C29 The GEOET system incorporates three evapotranspiration models, as illustrated in Figure 6. In the following the

formulas that implement them are reported for readers' convenience. First it comes the Priestley-Taylor one (Priestley and

Taylor, 1972), secondly the Penman-FA) (Penman and Keen, 1948) and lastly the Prospero model (Bottazzi, 2020; Bottazzi325

et al., 2021). As described in Appendix A, Prospero solves the stationary energy budget coupled with water vapor transport and

sensible heat transport using a zeroth-order approximation, incorporating information derived from the Clausius-Clapeyron

equation. A comprehensive step-by-step derivation of the solution method is presented in D'Amato and Rigon (2025), which

also addresses its current limitations and discusses potential enhancements. While the envisioned improvements are not yet

implemented in the current GEOSPACE design, the software architecture has been carefully structured to accommodate future330

implementation of these and others advanced features.

The Priestley-Taylor E T estimator

TheGEOETsystemincorporatesfour evapotranspirationmodels,asillustratedin Figure6. Startingwith thesimplestmodel,

i.e., thewidely used The Priestley-Taylor model component (PT) (Priestley and Taylor, 1972),which is based on the formula:

ETP T = �
�

(� + 
 )
(Rn � G) (3)335

where:� is an empirical coef�cient relating actual evaporation to equilibrium evaporation,� is the slope of the saturation

vapor pressure and air temperature curve [kPa C� 1], 
 is the psychrometric constant [kPa °C� 1], Rn is the net radiation [W

m� 2] and G is the ground heat �ux [W m� 2].

The implementation of this formula is relatively straightforward, although the radiation term requires a more detailed and

careful evaluation. Further information about this equation can be found in Appendices A.340

The Penman-Monteith FAO estimator

The second model at present implemented is the Penman-Monteith FAO approximation (PM) (Penman and Keen, 1948), an

adaptation of the Penman-Monteith model, as outlined in the following equation (G., 1986):

ET0 =
1
�

0:408�( Rn � G) + 
 900
T +273 u2� a

� + 
 (1 + 0 :34u2)
(4)

where,ET0 is the reference evapotranspiration [mm day� 1], Rn is the net radiation at the crop surface [MJ m� 2 day� 1], G345

is the soil heat �ux density [MJ m� 2 day� 1], T is the mean daily air temperature at 2 m height [°C],u2 is the wind speed at

2 m height [m s� 1], es is the saturation vapour pressure also known as vapor pressure at the dew point [kPa],ea [kPa] is the

actual vapour pressure ,� a := ( es � ea) [kPa] is the saturation vapour pressure de�cit,� [kPa °C� 1] is the derivative of the

Clausius-Clapeyron formula.
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In terms of computational complexity, these models are relatively straightforward. Both PT and PM are equipped with350

dedicated packages housing their respective core Java classes for solving the equations,PriestleyTaylorModel.java

andPMFAOModel.java . Additionally, each package includes various 'Solver' classes designed to invoke methods from the

main model class, enabling the computation of solutions that account for environmental inputs and stress factors.

Speci�cally, to ensure that users do not input more information than necessary or provide data unrelated to their chosen

method, we differentiate between solvers for calculating potential evapotranspiration (without stresses) and actual evapotran-355

spiration (with the possibility to select among the various type of stresses).

The Prospero Model

The Prospero model (Bottazzi, 2020; Bottazzi et al., 2021), is a physically based approach for calculating transpiration as

detailed in D'Amato and Rigon (2025). The transpiration, El , is considered for the sunlit and shaded fractions of the canopy

while the soil evaporation, Es, is estimated using the residual radiation hitting the soil. Es, at present, is determined according the360

FAO Penman–Monteith model, i.e.Es = ET0. Meanwhile, El is computed using Prospero model that implements a modi�ed

version of the Schymanski and Or (SO) model (Schymanski and Or, 2017), which has been upscaled to address canopy-level

transpiration and ensure mass conservation during periods of water stress.

As describedin AppendixA, SO solvesthe stationaryenergybudgetcoupledwith the watervaportransportandsensible

heattransportin a zeroth-orderapproximation,with the help of informationderivedfrom the Clausius-Clapeyronequation.365

Furthermore,. This model returns, not only a El estimate but also the sensible heatH and vapor pressure gape� , besides the

temperature of the leaves,Tl . The latter variable is the key for obtaining the others, as below:

Tl =
Rn + asH A tr � l �T 4

a + cH (asH ;A tr ) � Ta + cE (asE ;A tr ;gs) � (� � Ta + � a)
cH (asH ;A tr ) + cE (asE ;A tr ;gs)� + asH A tr � l �T 3 (5)

where:Rn is the the net radiation,asH is the sides of surface exchanging sensible heat and longwave radiation, equal to 1

for single-layer exchange, 2 for two-layer exchange such as leaves[-],A tr is the transpiring surface for unit of ground surface370

[-], � l [-] is the leaves emissivity,� = 1 :6710� 8 [Wm � 2K � 4] is the Stefan-Boltzmann constant,asE represents the sides of

surface exchanging latent heat, equal to 1 for hypostomatous, and 2 for amphistomatous [-],gs is the stomatal conductance

[ms� 1], � a = Pws andPw are the saturation water vapour pressure and the water vapour pressure, respectively,cE is the total

conductance for water vapor evapotranspiration transport [ms� 1] andcH is the total conductance for the sensible heat transport

[ms� 1].375

It is assumed that the right-hand-side terms in Equation 5 are all known. Furthermore, the water pressure gap is estimated as

follows:

e� := es � el = �( Tl � Ta) + � a (6)

The transpiration is calculated as:

E l = cE (asE ;A tr )e� ; (7)380
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Finally, the sensible heat is computed as:

H l = cH (asH ;A tr ) (Tl � Ta) (8)

For further information on these formulas or solutions, please refer to Bottazzi (2020), Bottazzi et al. (2021) or D'Amato

and Rigon (2025).

4.1 The GEOET informatics organization385

The evapotranspiration component, GEOET, developed as part of this paper, is based on its precursor, GEOframe-ETP model

(Bottazzi, 2020; Bottazzi et al., 2021) whose original source code is available athttps://github.com/geoframecomponents/

ETP. Both GEOframe-ETP and GEOET simulate the evapotranspiration according to different evapotranspiration models: the

Priestley-Taylor model (Priestley and Taylor, 1972), the Penman-Monteith FAO model (Allen et al., 1998), and the GEOframe-

Prospero model (Bottazzi, 2020; Bottazzi et al., 2021). But, in moving from one software to the other, the refactoring of the390

existing codes was substantial both at design level and algorithmic level, as you can see in the box diagrams of Figure 6. The

reorganization and the re-engineering of the software were essential to allow the use of multiple options of evapotranspiration

physics, to introduce a separate component for calculating the stress factor, making possible to apply them to all evapotran-

spiration models, and facilitating the connection of any of the ET components with other model components and particularly

enabling its linkage with WHETGEO.395

The new version of the code thus allows the physical processes of evapotranspiration to be analysed individually and also in

conjunction with the in�ltration process. To obtain this, as shown in Figure 6, all the evapotranspiration models were separated

into packages of classes with speci�c tasks. Furthermore, depending on the model's complexity, each package is hierarchically

organized into additional packages and classes. Each class is designed to perform a singular task and strives to be as self-

contained as possible. This design not only ensures that each class operates independently but also shields the user from the400

need to provide inputs or information unrelated to the speci�c model they are utilizing.

The new packages include:

– geoet.data is the package responsible for managing the data and variables of all the ET models. The data are encap-

sulated in singleton static classes that are simultaneously available to all the other classes of estimating ET, as previously

described for the data classes functional to WHETGEO.405

– geoet.inout package was crafted to facilitate the management of model inputs and outputs. As the model's evolution

aligns with contemporary trends to separate model-agnostic data from the models themselves. This software structure,

in fact, allows for the incorporation of diverse data ingestion and extraction methodologies and is pivotal in harnessing

novel data handling advancements as they emerge.

Besides the packages dedicated to ancillary shared task, packages were dedicated to contain the various algorithms for each410

of the evapotranspiration estimation model used:
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