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Abstract.

Ecohydrology is a rapidly evolving interdisciplinary field. It explores the interactions among the variety of hydrological
processes and ecosystems, specifically water controls on the biota. Advances in measurement techniques and modeling frame-
works have enhanced our understanding of key processes, such as vegetation-rainfall interactions, soil moisture dynamics,
water-borne disease infections, and the impacts of landscape evolution on streamflow. However, most existing ecohydrolog-
ical models rely on rigid, predefined components and parameterisations, which limit their flexibility to diverse case studies
and datasets. Addressing these limitations requires the implementation of open-source modular frameworks that facilitate cus-
tomization, comparison, and integration of several modeling components.

The present study introduces and validates GEOSPACE (Soil-Plant-Atmosphere Continuum Estimator), a flexible, open-
source ecohydrological framework within the GEOframe system. GEOSPACE employs object-oriented programming princi-
ples to model mass and energy fluxes within the critical zone, focusing on processes such as evapotranspiration, soil water
dynamics, and vegetation water uptake. Its modular architecture offers multiple alternative formulations for key processes,
allowing researchers to tailor simulations to specific scenarios, compare different models, and extend the capabilities of the
model. The study uses data from a previous experiment to demonstrate the effectiveness of GEOSPACE in simulating eco-
hydrological processes under diverse conditions. GEOSPACE is therefore identified as a valuable tool for addressing critical

ecohydrological challenges, paving the way for innovative and reliable solutions in a changing environmental context.

1 Introduction

Rodriguez-Iturbe (2000) defined ecohydrology as "the hydrologic mechanisms underlying the climate-soil-vegetation dynam-

ics and thus controlling the most basic ecological patterns and processes". Ecohydrology is an interdisciplinary field that
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analyses the interactions between hydrological processes and ecological systems to address how water availability and dynam-
ics control the distribution, structure, and functioning of life across scales, from the soil-plant-atmosphere continuum (SPAC)
within the Earth’s Critical Zone (CZ) to entire catchments (Porporato and Yin, 2022; Rinaldo and Rodriguez-Iturbe, 2022; Ri-
naldo, 2024). Traditionally focused on the critical zone as the domain where climate, soil, and vegetation interact, ecohydrology
now encompasses broader hydrologic controls on biota, recognizing river basins as fundamental ecological and hydrological
control volumes that link geomorphology, biodiversity, and ecosystem sustainability (Rinaldo and Rodriguez-Iturbe, 2022).

Over the past two decades, the field of ecohydrology has experienced substantial progress, highlighted by the establishment
of a dedicated journal in 2008 (Smettem, 2008) and the growing integration of advanced remote sensing technologies and
modeling frameworks. These developments have greatly improved our ability to investigate the complex interactions among
vegetation and soil moisture dynamics (Grant and Dietrich, 2017; Guswa et al., 2020). As discussed by Guswa et al. (2020)
some key ecological questions raised, including how vegetation canopies interact with rainfall to influence water fluxes, how
critical zone processes distribute soil moisture between transpiration and groundwater, and how landscape changes impact
streamflow quantity, distribution, and quality. The challenges of the 21st century, particularly in relation to water for agriculture,
require the development of tools to optimise irrigation and manage resources in the context of climate change, population
growth, and availability of water resources (Guswa et al., 2020; Smith et al., 2024). Integration of ecological and hydrological
processes is imperative to address the impacts of climate change and anthropogenic activities on water quality and quantity
(Cao et al., 2022).

Addressing ecohydrological challenges requires the use of flexible modeling frameworks capable of being effectively inte-
grated with observational data. A model can be considered as a selection of processes and equations deemed representative of
the key processes under investigation. However, it is clear that a given process can be represented by multiple equations. For
example, evaporation and transpiration can be modeled through simplified temperature-based approaches like Hargreaves (Har-
greaves, 1989), radiation-based approaches like Priestley-Taylor (Priestley and Taylor, 1972) which only requires net radiation
and temperature, to more physically-based formulations like Penman-Monteith (Penman and Keen, 1948) which accounts for
aerodynamic and surface resistance, up to more complex methods that explicitly solve the canopy energy balance and leaf tem-
perature, accounting for leaf area index and the partitioning of radiation between sunlit and shaded canopy layers (D’ Amato
and Rigon, 2025). Other classic examples involve modeling of soil water fluxes, where efforts to include the effects of soil
structure have led to the adoption of advanced retention curves beyond Van Genuchten’s parameterization (Tubini and Rigon,
2022).

Many ecohydrological models have been developed to simulate the coupled dynamics of water, energy, and vegetation
within the SPAC, spanning a wide spectrum of complexity and process representation. Conceptual models represent water
storage through lumped reservoirs with simplified flux parameterisations, while physically-based frameworks are grounded in
first principles, from the Richards equation for unsaturated soil water flow to biochemical models of stomatal conductance
and carbon assimilation. Among the latter, HYDRUS (Simunek et al., 2005) focuses on water and solute transport in the
vadose zone; Tethys-Chloris (T&C) (Fatichi et al., 2012) couples vegetation carbon dynamics with a full soil-plant-atmosphere

water and energy balance; EcH20-iso (Kuppel et al., 2018) integrates the tracking of stable water isotopes and water age to
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constrain hydrological fluxes. Despite this diversity, a common limitation of existing models is the use of a fixed set of process
representations and constitutive equations, which leaves users with limited scope to modify the model structure or replace
individual process formulations. This rigidity makes it difficult to isolate the contribution of individual components to the
overall model response and to adapt the framework to different scientific questions or environmental contexts. Consequently,
there is a growing need for modeling platforms that enable the flexible selection, integration, and intercomparison of process
representations. In an era where research transparency and reproducibility have become fundamental requirements of the
scientific community, such platforms should furthermore be open-source, ensuring that model assumptions, equations, and
results remain fully accessible and verifiable.

In this regard, the GEOframe system and its Soil-Plant-Atmosphere Continuum Estimator (GEOSPACE) (D’ Amato et al.,
2025a) stand out as a pioneering approach. GEOframe is an open-source, component-based hydrological modeling system
(Formetta et al., 2014; Bancheri et al., 2020), where each part of the hydrological cycle is implemented in a self-contained
building block, an OMS3 component (David et al., 2013), covering processes ranging from geomorphic analysis and spatial
interpolation of meteorological variables to evapotranspiration, runoff generation, and model calibration. GEOSPACE is the
ecohydrological core of GEOframe, designed to simulate interactions within the SPAC and analyze processes occurring in the
Critical Zone (National Research Council et al., 2001). It models the mass and energy budgets as well as water flow along a soil
profile, accounting for water uptake by vegetation as transpiration flux. GEOSPACE is built on object-oriented programming
(OOP), which provides the architectural foundation for its modular and extensible design. Having a truly modular structure goes
beyond simply offering multiple options within a fixed model architecture. In a modular framework, individual components
can be added, removed, or replaced independently, without requiring modifications to the rest of the code. GEOSPACE offers
multiple alternatives for the same physical processes, varying in complexity and level of detail, which enables users to tailor
model components to their specific case study, compare alternative modeling approaches under identical boundary conditions,
and incorporate new features to enhance the robustness and reliability of their simulations. The component-based structure
is furthermore designed to improve software robustness and facilitate testing and inspection by third parties, and the software
adheres to modern software engineering practices (Rigon et al., 2022) and FAIR principles (Findable, Accessible, Interoperable,
and Reusable) (Wilkinson et al., 2016). However, the effectiveness of GEOSPACE’s modularity and its capability to investigate
real-world ecohydrological systems has not been tested yet.

In this study, we build on data from a previously published controlled experiments in large lysimeters to demonstrate the
potential of the GEOSPACE framework in addressing ecohydrological challenges. Our objectives are to i) validate GEOSPACE
by showcasing a selection of components that effectively simulate real-world ecohydrological data, ii) highlight the capabilities
and advantages of its modular structure, iii) demonstrate that GEOSPACE enables novel ecohydrological analyses that pave

the way for addressing future scientific and environmental challenges.
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2 Material and Methods
2.1 GEOSPACE modeling framework

Integrated into the GEOframe system, GEOSPACE (D’ Amato et al., 2025a) is specifically designed to simulate the interactions
within the SPAC system across the Earth’s Critical Zone. It comprises three core components: WHETGEO, which handles
water, heat, and solute transport (Tubini, 2021; Tubini and Rigon, 2022); GEOET, dedicated to evapotranspiration modeling
and BrokerGEO, which acts as a coupler between these modules (D’ Amato, 2024). Each component serves a distinct and
complementary role, with a focus on modularity and extensibility. WHETGEO employs the Newton-Casulli-Zanolli algorithm
(Casulli and Zanolli, 2010) to solve the Richards-Richardson equation, enabling robust simulations of soil water dynamics.
GEOET provides a suite of evapotranspiration models (e.g., GEOET-Prospero, GEOET-Priestley—Taylor) (D’ Amato et al.,
2025a), allowing users to select the most appropriate formulation for their specific study. BrokerGEO facilitates seamless
data exchange between components in memory, ensuring efficient partitioning of evapotranspiration fluxes into soil control
volumes taking into account the actual root density distribution. This integrated and modular design improves the flexibility

and functionality of GEOSPACE (D’ Amato et al., 2025a).
2.2 Data description of “Spike II”’ experiment

The validation of the GEOSPACE framework is centered around data from the “Spike II”” experiment (Benettin et al., 2021a),
in which 4 soil columns planted with different vegetation types were monitored over a two-months period. The experiment was
conducted in 2018 on the EPFL campus in Lausanne, Switzerland.

Each soil column (also referred to as ‘weighed lysimeter’ or simply ‘lysimeter’) consists of a fiberglass vessel measuring
2.5 meters in depth and encompassing a surface area of 1.12 m? (Figure 1). The vessels rest on load cells that measure weight
continuously and allow for accurate estimations of total evapotranspiration (Benettin et al., 2021a; Peters et al., 2017). All
lysimeters were filled 3—6 years before the experiment with a combination of sandy soil, comprising approximately 50%
loamy sand from a nearby construction site and 50% lacustrine sand from Lake Geneva. The lysimeter with the willow tree
(L2 in Figure 1) was filled with this soil mixture to a depth of 2 meters and it was the most instrumented. Its drainage system
consisted of a 50-cm gravel filter below the soil, with a syphon at 225 cm depth to maintain a realistic pressure profile within
the soil (Figure 1). Flow out of the syphon was measured through a tipping bucket. Inside the column, volumetric water
content, temperature and soil water potential were measured at depths of 25 cm, 75 cm, 125 cm and 175 cm (2 FDR probes
and 1 tensiometer per depth). The tree had a height of approximately 3.5 m, although branches were progressively removed for
xylem and leaf water sampling throughout the experiment (Nehemy et al., 2021; Benettin et al., 2021a). The rooting system
reached down to 2-m depth, where a geotextile prevented roots from going deeper into the gravel filter. The rooting system had
relatively high and uniform fine root length density (RLD) and root tissue density (RTD), with RLD ranging between 14.24 cm
cm 3 (top layer) and 6.47 cm cm~3 (bottom layer) (see Nehemy et al., 2021). The other three lysimeters were made shorter
by the use of a permeable barrier at 1-m depth, which also guaranteed free drainage conditions at the bottom (no syphon).

These lysimeters did not have sensors installed within the soil nor a bottom flow gauging system, but their evapotranspiration
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Figure 1. Sketch of the experimental setup of the “Spike II” experiment (Benettin et al., 2021a), highlighting the different soil depths and

vegetation covers across the different columns.

could be estimated from the recorded weight variations. These lysimeters had different soil cover: lysimeter 3 (L3) was kept
bare soil, while lysimeters 1 and 4 (L1 and L4) were vegetated with spontaneous grass in the 2 years prior to the experiment.
The atmospheric conditions (2) were monitored through a meteorologic station installed 5 meters away from the lysimeters.
Occasional documented amounts of irrigation water were provided to the lysimeter with the willow tree. Further insight into
these datasets, including tree water deficit measurements and tracer data from a pulse tracer experiment are available from

previous publications (Benettin et al., 2021a; Nehemy et al., 2021; Benettin et al., 2021b).
2.3 Model simulations setting

To conduct the simulations of the “Spike II” experiment and thus validate the GEOSPACE framework in the four different
lysimeters, we configured the GEOSPACE model to faithfully reflect the environmental conditions and specific structure of the

lysimeters during the experiment.
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Starting from the willow lysimeter (L2), the 2-meter homogeneous soil column was discretized into 100 control volumes.
The drainage system, for modelling purposes, was represented as a layer of 20 control volumes, with the syphon implemented
through a ‘Seepage’ bottom boundary condition, which triggers drainage when the hydraulic conductivity of the last control
volume equals the saturated hydraulic conductivity. Thus, the total discretized depth of 2.25 m corresponds to the overflow
height of the syphon.

The time step of the simulation is hourly with a model accuracy of two picard iterations per time step. Soil hydraulic
properties are described with the Van Genuchten’s model (Table 1). For the soil, the saturated water content 6, residual water
content 6,., saturated hydraulic conductivity K, and empirical parameters « and n were taken from Asadollahi et al. (2022),
while water content at wilting point vy p and field capacity 6 ¢, were calibrated manually. For the saturated gravel filter below
the syphon level, all parameters were set equal to those of the soil, except for the saturated hydraulic conductivity K, which

was calibrated independently.

Table 1. Hydraulic properties used to simulate the soil column with the willow tree (L2) .

Depth[m] 6,1 6s[-1 Owpl]l Opcl] alm™'] n[]l K[ms ']
0-2 0.05 0.3 0.0803 0.205 6 1.31 347x107°
2-225 0.05 0.3 0.0803 0.205 6 1.31 1.38 x 1077

The data input for the model came from the meteorologic station. The top boundary condition of the simulation was pre-
scribed as "Top Coupled", with rainfall and irrigation as input timeseries. In WHETGEO, the soil surface is represented by
an additional computational node coupled with the shallow water equations (Tubini and Rigon, 2022). This node tracks the
ponding water depth H (v/), which is positive when water accumulates at the surface and zero otherwise. Thanks to this formu-
lation, the surface boundary condition automatically transitions between a Neumann type (prescribed flux) and a Dirichlet type
(prescribed water suction), without requiring any explicit switching technique, a numerical advantage that ensures stability
across the full range of surface conditions, from dry infiltration to surface ponding. The initial water pressure within the soil
column was derived from the measured water content values at the beginning of the simulation, by inverting the soil water
retention curve (SWRC) and deriving the corresponding 1) values.

For the evapotranspiration model, we used the GEOET-ProsperoPM model, which combines GEOET-Prospero for transpi-
ration and GEOET-Penman-Monteith for evaporation. The model input data (Figure 2) came from the meteorologic station. We
used the total measured solar radiation to compute transpiration, but only the fraction of radiation hitting the soil to compute
evaporation from soil. The latter radiation is calculated through the Sun/Shade model introduced by (de Pury and Farquhar,
1997) as described in D’ Amato (2024) and D’ Amato et al. (2025a). The height of the willow was fixed to 3.5 m (Benettin
et al., 2021a). Since the willow leaf area index (LAI) is a key parameter for the evapotranspiration component but it was not
measured, we estimated this variable based on literature values (Merilo et al., 2006; Heinsoo et al., 2004) considering a 6-

year-old willow tree. Accordingly, LAI was prescribed to range between 6 and 6.5 until June 21st, after which the plant was
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partially harvested. From that date onward, LAI was fixed at 4 for the remainder of the simulation. Furthermore, we adopted
the measured root depth and root density parameters.

GEOET implements multiple stomatal conductance models (D’Amato et al., 2025a); here we adopted the Jarvis model
(Jarvis et al., 1976), in which the stomatal conductance depends on multiplicative stress functions for radiation, temperature,
vapour pressure deficit, and soil water availability (White et al., 1999; Macfarlane et al., 2004). Among these, we focused on
the soil water stress component and expressed it as a linear stress factor g,, ; € [0, 1] based on the fraction of transpirable soil
water (Sinclair and Ludlow, 1986). The soil water stress function was implemented following D’ Amato et al. (2025a) and
defined for each control volume ¢ as:

0; —Owp,

Guw,i ey

B Orci —Owp,
where 6; is the soil water content, and 6y p,; and 8¢ ; are the wilting point and field capacity of the i-th control volume, re-
spectively. Since transpiration is computed as a single plant-level flux, GEOET requires a single representative stress factor G,
rather than layer-specific values. Given that WHETGEO discretises the soil into multiple control volumes, each characterised
by a local stress g, i, G\, must be derived by aggregating these local values across the root zone. For transpiration, G'r,, was

computed as the root-density-weighted average:

N
G 2 im19w,i PR
Tw="oN
Zi:l PR,i

where pp ; is the root density in the i-th control volume and NN is the number of control volumes intersected by the root system.

2

For evaporation, the representative stress factor G g, was taken as the arithmetic mean of g,, ; over the control volumes within
the evaporation layer (0—0.2 m from the soil surface). The partitioning of £/ and T fluxes among control volumes is performed
by BrokerGEO, following the same weighting by root density and local water stress. For additional details and numerical
explanations of GEOSPACE, please refer to D’ Amato et al. (2025a).

Table 2. Column discretization specifying for the two grass lysimeter (L1, L4) and the bare soil (L3) the respective depth, number of control

volumes (CV) and soil type.

Lysimeter | Depth [m] | n° CV | ID Soil Type

L1 0-1.0 100 3
L4 0-05 60 4
L3 0-1.0 100 5

Regarding the grass and bare soil lysimeters, individual computation grids were constructed, each adapted to their experi-
mental setup. These lysimeters featured a single-layer homogeneous soil column (see Table 2). The soil hydraulic parameters
were initially transferred from the willow lysimeter setup and subsequently calibrated manually for each lysimeter. The result-
ing parameter values are detailed in Table 3, where differences from the willow configuration reflect both the distinct soil and
vegetation characteristics of each lysimeter. Due to the absence of water content and pressure data for these lysimeters, the

initial water pressure conditions of the soil columns were set as those of the willow lysimeter.
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The simulations used as input the "Spike II" experimental meteorological dataset, without irrigation as these lysimeters were
not irrigated. Details of all modeling configurations are outlined in Table 4. Notably, L1 and L4 exhibit distinct characteristics,
with L4 featuring thicker and taller grass compared to L1; accordingly, different values for canopy height and leaf area index
were assigned to the two lysimeters. Both were simulated using the GEOET-ProsperoPM formulation, combining GEOET-
Prospero for transpiration and GEOET-Penman-Monteith for evaporation. For L3, no vegetation parameters were prescribed

and transpiration was set to zero; evaporation was computed using GEOET-Penman-Monteith applied directly to the soil

surface.

Table 3. Hydraulic properties of the soil column for the soil types of lysimeters L1, L3 and L4.

EGUsphere\

Lysimeter ID - Soil Type 0. [-] 0s [-] Owep [-] Orc [-] a[m™?] n [-] Ky [ms™1]
L1-3 0.02 0.3 0.0303 0.225 6 1.31 3.47x107°
L4-4 0.02 0.3 0.0303 0.205 6 1.31 3.47x107°
L3-5 0.05 0.3 0.0803 0.289 6 1.31 3.47x 107*

Table 4. Summary of the main settings for simulations of the lysimeters with grass (L1, L4) and bare soil (L3).

L1 L4

Time step simulation Hourly
Top boundary condition Top Coupled
Bottom boundary condition Free drainage

Canopy height 0.20 m 0.35m

LAI 1.5-4 25-45

Root depth 0.25m 0.30 m

Evaporation depth 0.20 m

Type of stress applied Water stress
Tw RootDensity WeightedSF ‘
Bw AverageSF

Transpiration splitter

RootWaterWeightedMethod ‘

Evaporation splitter

AverageWaterWeightedMethod

3 Results

3.1 Model validation

Figure 3 illustrates the temporal and depth variations in water pressure within the willow lysimeter simulation and Figure 4

shows the time series of simulated transpiration and evaporation. Using GEOET-Prospero model, we estimate transpiration
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Figure 3. Precipitation-Irrigation and Soil Water Potential behavior in Willow tree simulation. The upper plot depicts precipitation-irrigation

in millimeters per hour over time. The lower plot displays depth in meters, with a color scale representing soil water potential (1) along the
depth.

(T) and evaporation (E) separately. In our analysis, the hourly ratio between evaporation and evapotranspiration (E/ET) ranged
from 1% to 10%, with a daily average of 2%, which is consistent with the expected range. As reported by Benettin et al.
(2021a), experimental observations indicate E/ET ratios between 5% and 10%. Such relatively low evaporation values are
reasonable given the plant species, as the measured transpiration was very high, reaching daily maxima of up to 20 mm, in
agreement with Frédette et al. (2019).

Leveraging the extensive dataset obtained from the lysimeter experiment, we conduct a comparative analysis of simulated
water content against measured data at four distinct depths. Specifically, Figure 5 presents the normalized water content ob-
served and simulated at depths of 0.25 m, 0.75 m, 1.25 m, and 1.75 m. Notably, Panel e) of the figure depicts the comparison
concerning the bottom drainage.

The evapotranspiration flux derived from the willow lysimeter simulation (Figure 4) was compared with data obtained from
weight measurements of the L2 lysimeter. Figure 6 presents this comparison in Panel a). Panel b) provides an in-depth analysis
of the evapotranspiration distributions. Furthermore, the residual error of the model, calculated as the difference between

simulation and measurements, is depicted in Panel c). Analyzing its distribution we obtained a mean residual error of 0.01
mm/h.

10
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Figure 4. Time series of simulated transpiration (green) and evaporation (orange) fluxes [mm h~']. Transpiration is plotted on the primary

y-axis (left) and evaporation on the secondary y-axis (right).

Figure 7a represents the scatterplot of the simulated evapotranspiration values compared to the measured ones for the willow

210 lysimeter simulation during daytime hours (6:00 - 20:00). Further details and additional data pertaining to this simulation can
be found in the supplementary material Notebooks. The simulations featured a mean mass balance error of —1.29 x 10~% m,
indicating that the error remains insignificant across the entire simulation.

Concerning the grass and bare soil lysimeters, the experimental procedure involved only the weight measurement, from
which the evapotranspiration flux for L1 and L3, and the evaporation flux for L4, were derived. Figures 7b, 7c and 7d show

215 scatter plots that illustrate the comparison between the simulated and measured values, respectively, for the grass lysimeter
L1, the grass lysimeter L4 and the bare soil lysimeter L3, along with their respective values of R2. during daytime hours
(6:00 - 20:00). A comprehensive analysis of the evapotranspiration fluxes is elaborated in detail in Supplemental Material.
Further details and additional data pertaining to these simulations can be found in the dedicated folder available on the Zenodo
repository (D’Amato et al., 2026).

220 A distinctive feature of GEOSPACE is its ability to simulate the temporal and vertical dynamics of root water uptake
(RWU) across the entire soil column (D’ Amato et al., 2025a). The model computes RWU in each control volume (CV) of the
discretized soil profile, which enables the computation of the mean depth of water uptake (Figure 8). The figure illustrates how
different portions of the soil profile contribute to daily transpiration. The upper panel shows the simulated daily transpiration
flux, while the lower panel displays the relative contribution of each CV to total RWU, obtained by normalizing the RWU in

225 each CV by the daily transpiration.

11
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Figure 5. Comparison between experimental data (green and blue dots) and GEOSPACE simulations (orange line) for the willow lysimeter.
Panels a) - f) show the comparison of normalized water content (NWC) for the four depths analyzed, Panel e) shows the comparison for the

leakage at the bottom of the lysimeter.
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Figure 6. Analysis of evapotranspiration time series and distributions in the willow tree simulation. Panels a) and b) depict time series and

distributions of evapotranspiration, while Panels c) and d) highlight residuals and their distributions.

3.2 Example of GEOSPACE modularity

Model validation against the willow lysimeter data in the “Spike II” experiment was performed using two specific modules
within the GEOET framework (D’ Amato et al., 2025a): GEOET-Prospero for transpiration and GEOET-Penman—Monteith for
evaporation. This choice was motivated by the availability of detailed measurements for this experiment, which enabled the
use of the most physically-based formulations provided in GEOET. To further assess the flexibility of GEOSPACE, we also
simulated evapotranspiration with alternative GEOET formulations (D’ Amato et al., 2025a): the GEOET-Priestley—Taylor
(GEOET-PT) and GEOET-Penman—Monteith FAO (GEOET-PM-FAO) approaches (Figure 9). The soil component, repre-
sented by WHETGEO, was configured identically across all simulations to ensure that any differences in results arose solely
from the choice of evapotranspiration formulation. Because the focus of this comparison is on the GEOET options within
GEOSPACE, we report only the resulting evapotranspiration fluxes (Figure 9).

For the GEOET-PT model, measured radiation data (Figure 2) were used. No vegetation information was prescribed as this

model does not require it. The coefficient o was calibrated to 4.16, starting from the standard value of 1.26 (Priestley and Taylor,
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Figure 7. Comparison between experimental data and GEOSPACE simulation for the two grass lysimeters L1 and L4,

L3 in daytime hour. Panel a) shows the scatterplot of evapotranspiration simulated versus observed values in Willow tree

and the bare soil

simulation during

daytime. Panels b) and c¢) show the scatterplot of evapotranspiration simulated versus observed values respectively for L1 and L4. Panel d)

shows the scatterplot of evaporation simulated versus observed values for L3. The dashed line indicates the perfect match while the orange

one is the regression line with the specific R? value.
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Figure 8. Temporal and spatial dynamics of root water uptake for the willow lysimeter. The upper panel shows the daily transpiration flux
simulated with the GEOSPACE-Prospero-PM model. The lower panel represents soil depth [m] with a color scale indicating the relative root
water uptake from each depth. The higher root water uptake (darker color) between 20 and 50 cm depth is due to the higher fine root density

experimentally found at that depth. The black line depicts the temporal variation of the mean root water uptake depth.

1972). In the GEOET-PM-FAO simulation, both measured radiation and wind speed data from the meteorological station
(Figure 2) were employed. Vegetation was prescribed through canopy height, root depth, and crop coefficient (K.), with canopy
height and root depth set to the same values used in the GEOET-Prospero-PM simulation (3.5 m and 2.0 m, respectively). K.
was calibrated to 3.9. Both simulations were carried out under water-stressed conditions only, with the representative stress
factor G'5r,, determined using the root density-weighted method (RootDensityWeightedSF. java), identical to the
approach used in the validation simulation.

Figure 9 compares the hourly evapotranspiration simulated by GEOSPACE using the three GEOET formulations with the
evapotranspiration derived from weight variations measured in the L2 lysimeter during the “Spike II” experiment. Because
the strong diurnal cycle in the full time series makes visual comparison difficult, a 12-day zoom is shown to highlight the
correspondence between simulations and measurements at the hourly scale. Daily and cumulative evapotranspiration show a

similar ranking among the models; these time series and additional diagnostics are provided in the Supplementary Material.
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Figure 9. Twelve-day zoom of hourly evapotranspiration, comparing L2 lysimeter measurements from the “Spike II” experiment (black
dashed line) with GEOSPACE simulations using three GEOET formulations: Prospero-PM (orange), Priestley—Taylor (green), and FAO
Penman—Monteith (blue).

The mean residual error and standard deviation between simulated and measured hourly evapotranspiration for each GEOET

formulation are shown in Table 5.

Table 5. Mean residual error and standard deviation between simulated and measured hourly evapotranspiration for the three GEOET

formulations during the “Spike II”” willow experiment. Residuals are computed as simulation minus measurements.

GEOET model Prospero-PM PT PM-FAO
Mean residual [mm h™!] 0.012 0.004 0.004
Standard deviation [mm h™!] 0.147 0.296 0.247

4 Discussion

D’ Amato et al. (2025a) presented the Soil-Plant-Atmosphere Continuum Estimator in GEOframe (GEOSPACE), a new ecohy-
drological modeling framework, and in particular its one-dimensional development, GEOSPACE-1D. In that work, the focus
was on the model design principles, with an emphasis on modularity, extensibility, and numerical robustness. In this study,
we advance that work by testing GEOSPACE against real experimental data and by demonstrating its practical applicability in
different ecohydrological settings.

Our analysis was guided by three main research questions: i) Can GEOSPACE reproduce observed ecohydrological dy-
namics across contrasting vegetation and boundary conditions? ii) What are the capabilities and advantages of its modular
structure? iii) Does GEOSPACE enable novel ecohydrological analyses that pave the way for addressing future scientific and

environmental challenges? We discuss these questions in what follows.
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4.1 Model behavior and performance across the “Spike II” lysimeters

The first objective of this work was to validate GEOSPACE by showcasing a selection of components that effectively simulate
real-world ecohydrological data. We tested the model in four lysimeters from the “Spike II”’ experiment: a lysimeter with a
willow tree (L2), two grass-covered lysimeters (L1 and L.4), and a bare soil lysimeter (L3). These systems differ in vegetation
structure, rooting depth, soil hydraulic configuration, and total column depth, and they were subject to both natural rainfall
and controlled irrigation. Figures 3—7 show that GEOSPACE can realistically reproduce key hydrological and ecohydrolog-
ical variables under these diverse conditions. In the willow lysimeter, the model reproduced the temporal evolution of soil
water pressure along the vertical profile (Figure 3) and the partitioning between transpiration and soil evaporation (Figure 4).
Simulated water content dynamics at four depths were in good agreement with FDR measurements (Figure 5), and the simu-
lated drainage at the bottom of the column captured the main features of the observed leakage behavior, despite the complexity
introduced by the siphon boundary condition. At the canopy scale, simulated evapotranspiration compared well with lysimeter-
derived estimates (Figure 6). The residuals showed minimal bias (mean residual ~ 0.01 mm h~'), and the scatterplot between
simulated and observed daytime fluxes yielded an R? of 0.87 (Figure 7a). GEOSPACE also produced consistent results for
the other lysimeters. The three non-willow lysimeters differ from L2 not only in vegetation (grass or none versus a 3.5 m
willow) but also in depth (shallower columns) and hydraulic properties. Despite these differences, simulated evapotranspira-
tion fluxes agreed well with the values derived from weight variations for both grass lysimeters (L1 and L4, with R? = 0.81
and R? = 0.83, respectively) and for the bare-soil lysimeter (L3, R? = 0.73) (Figures 7b—d). The slightly lower performance
over bare soil is likely related to the use of the Penman—Monteith formulation for evaporation, which does not account for
soil thermal inertia; this omission can induce errors under conditions where heat storage and surface temperature dynamics
significantly affect evaporation rates. The model’s ability to reproduce the behavior of all lysimeters within the same modeling
framework suggests that GEOSPACE can be robustly parameterized across a broad range of conditions, from bare-soil evap-
oration to shallow-rooted herbaceous systems and deep-rooted woody vegetation. Taken together, these results indicate that
GEOSPACE performs reliably as a process-based ecohydrological model under controlled and realistic environmental condi-
tions. The model thus exhibits a combination of theoretical flexibility and practical applicability that supports its use under

contrasting vegetation types, soil configurations, and boundary conditions.
4.2 Practical value of modularity

The second objective of this study was to illustrate the capabilities and advantages of GEOSPACE’s modular structure. Data
availability remains a major limitation in ecohydrology: datasets such as “Spike II” are extremely valuable but rarely acces-
sible, and most real-world applications must often rely on a smaller number of observed variables. GEOSPACE addresses
this challenge through its modular design, which enables users to select among alternative mathematical representations of
key processes. In the willow lysimeter, for example, evapotranspiration was simulated using three alternative formulations,
GEOET-Prospero-PM, GEOET—Priestley—Taylor, and GEOET-Penman—Monteith FAO (Figure 9), while keeping the soil

module (WHETGEO) and the evapotranspiration partitioning solver (BrokerGEO) identical across simulations. This configu-
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ration isolates the effect of the evapotranspiration formulation itself, allowing a direct comparison among models of different
physical complexity.

The choice of one formulation over another is not inherently “better” or “worse”: all three approaches reproduced the total
measured evapotranspiration over the full simulation period, in part because the calibration strategy enforced closure of the
cumulative evapotranspiration mass balance (approximately 600 mm over the course of the experiment). Each formulation was
calibrated using only one key parameter within the evapotranspiration module (LAI for Prospero-PM, « for Priestley—Taylor,
and K. for FAO Penman—Monteith). The calibrated values of o and K. deserve explicit attention, as they reflect structural
properties of the respective models rather than site-specific anomalies. The Priestley—Taylor coefficient « is not a universal
constant: its value depends on the ratio of surface to aerodynamic resistance (Jarvis et al., 1976), and therefore increases with
stomatal conductance and atmospheric coupling. For the willow lysimeter, where daily evapotranspiration peaks exceeded
20 mm d~! and the tree maintained active stomatal control throughout the growing season, a calibrated value of 4.16, well
above the standard 1.26, is physically expected: the Priestley—Taylor formulation, which contains no explicit representation of
stomatal resistance, is forced to compensate through the single free parameter available to it. This behavior is consistent with
the results of Bottazzi et al. (2021), who showed that Priestley—Taylor underperforms relative to Prospero-PM under conditions
of high evaporative demand, precisely because it cannot resolve the stomatal regulation of transpiration. The same logic applies
to K. = 3.9 in FAO Penman—Monteith: while this value falls within the upper range reported for willow in well-watered, highly
productive conditions (Guidi et al., 2008; Frédette et al., 2019), it reflects the exceptionally high atmospheric demand of this
specific system. In both cases, the out-of-range calibrated values are a diagnostic of the structural limitations of simplified
formulations when applied to high-transpiration systems dominated by stomatal dynamics.

However, the way each model achieves the same cumulative flux differs markedly. As shown in Figure 9, the Prospero-PM
formulation more accurately reproduces the sub-daily pattern, particularly the amplitude and timing of daytime peaks. This
behavior is consistent with the lower standard deviation of the Prospero residuals, which is roughly half that of Priestley—Taylor
and FAO Penman—Monteith, indicating improved agreement during periods of high evaporative demand. Capturing these peaks
is not merely an aesthetic advantage: accurate sub-daily representations of evapotranspiration are essential for a correct esti-
mation of the surface energy balance and leaf temperature, and become particularly critical under water-limiting conditions,
where canopy processes are strongly controlled by short-term fluctuations in atmospheric demand. This improved performance
is aligned with the physical basis of Prospero-PM. As shown in D’ Amato et al. (2025a), the model solves the canopy-scale
surface energy balance, providing latent and sensible heat fluxes as well as an explicit estimate of leaf temperature. Further-
more, its coupling with the Penman—Monteith formulation for soil evaporation separates soil and canopy contributions while
accounting for the radiation reaching the soil surface based on a two-leaf sun—shade approach (de Pury and Farquhar, 1997).
This level of detail improves the representation of vegetation—atmosphere interactions compared to the Priestley-Taylor or
FAO Penman-Monteith models, and becomes increasingly relevant in light of growing interest in linking leaf temperature to
stomatal regulation and isotopic fractionation within leaves (Cernusak et al., 2016).

One key advantage of this modular approach is that GEOSPACE allows users to employ physically explicit models when

detailed inputs are available, or simpler parameterizations when they are not, without compromising the overall structure of
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the simulation. While other ecohydrological models such as HYDRUS (Simunek et al., 2005), T&C (Fatichi et al., 2012),
and EcH20-iso (Kuppel et al., 2018) offer multiple process options within their respective frameworks, they are not designed
around modularity as a core architectural principle. In GEOSPACE, components can be added, removed, or replaced indepen-
dently without modifying the rest of the codebase (D’Amato et al., 2025a), meaning that users can implement entirely new
process formulations and ensure they integrate seamlessly with the existing components, making GEOSPACE an extensible

platform for ecohydrological research.
4.3 Further capabilities of GEOSPACE

GEOSPACE is well posed to address a number of ecohydrological problems beyond those demonstrated in the previous sec-
tions. As an example, we illustrate here how the distribution of root water uptake (RWU) simulated by the model (Figure 8)
can directly link to a key problem in tracer-based ecohydrology.

A central question in ecohydrology is: how does vegetation make use of soil waters located at different depths and held at
different water potentials (Sprenger et al., 2016; Dubbert and Werner, 2019; Freyberg et al., 2020)? Experimental approaches
rely on water isotope measurements from the plant’s xylem, which only provide a bulk measure of water uptake from the
whole rooting system. Therefore, methods to resolve the uptake distribution over depth and relate it to physical mechanisms
are needed.

GEOSPACE can help addresses this limitation by simulating RWU for each control volume and time step, yielding a full
depth—time distribution of uptake intensity rather than a single representative value (Sprenger et al., 2016). In Figure 8, the
temporal shifts in color patterns illustrate how the willow dynamically adjusts its water sources in response to soil moisture
conditions and atmospheric demand: when the upper layer is drier (yellowish area), water uptake shifts to deeper layers. The
black line, representing the mean RWU depth, provides a synthetic summary of this vertical shift over time. The spatial pattern
of uptake closely mirrors the distribution of root density (Figure S1), confirming the strong structural control exerted by the
root system architecture.

Several existing models, including HYDRUS (Simunek et al., 2005) and T&C (Fatichi et al., 2012), resolve RWU across
individual soil layers. The distinctive contribution of GEOSPACE lies in integrating this depth-resolved uptake within a mod-
ular framework that couples root water sourcing directly with the surface energy balance and evapotranspiration partitioning.
This capability is particularly relevant for identifying the portions of the root system sustaining transpiration during heatwaves,
quantifying the buffering role of deep roots, and exploring vegetation feedbacks on vadose-zone storage. However, it should
be noted that GEOSPACE does not currently include hydraulic redistribution. Incorporating this process could improve the
representation of internal root water movement and refine RWU estimates under drought conditions. The modular design of
GEOSPACE provides a clear pathway for such extensions: hydraulic redistribution can be added as an alternative process
module without altering the existing soil or vegetation components.

Future developments will focus on refining stress representations, extending vegetation parameterizations, and applying
GEOSPACE to a wide range of ecohydrological and environmental contexts. In particular, the model could be used to in-

vestigate how different root distributions affect soil water balance and plant resilience to drought, and to optimize irrigation
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strategies and water-use efficiency in agricultural systems under changing climatic and management conditions. Integrating
advanced pedotransfer functions will improve soil hydraulic parameter estimation where data are limited, while the inclusion
of leaf temperature dynamics will enable the coupling of thermal and isotopic analyses to better interpret plant water sourcing
and stress responses. Beyond natural ecosystems, GEOSPACE can also be applied to quantify the cooling effects of urban
vegetation and blue—green infrastructures, and to assess the impacts of climate change and extreme events, such as droughts,

floods, and heatwaves, on the hydrological and ecohydrological feedbacks within the critical zone.

5 Conclusions

This study presents a comprehensive evaluation of the GEOSPACE model using experimental data from the "Spike II" lysimeter
experiment, assessing its performance across four contrasting scenarios, a willow tree, two grass-covered lysimeters, and a bare
soil system. The model successfully captured key hydrological dynamics such as infiltration, drainage, evapotranspiration,
and root water uptake, showing strong agreement with experimental observations across diverse boundary and vegetation
conditions.

These results confirm that GEOSPACE reliably represents coupled soil-plant-atmosphere processes across contrasting sys-
tems (research objective i). Beyond validation, our analysis further indicates that: (ii) its modular structure is scientifically
useful, because it supports model intercomparison, transparency of assumptions, and graceful degradation under limited data
availability; and (iii) it provides physically meaningful internal diagnostics, such as depth-resolved root water uptake, that help
investigate not only "how much water is used" but also "where do plants extract water from". A direct comparison with isotopic
tracer data would however require the integration of a transport model to simulate the movement of tracers through the soil and
plant system.

Thanks to its open-source and component-based architecture (Rigon et al., 2022), and to its implementation following
modern Object-Oriented Programming principles (Gamma et al., 1995), GEOSPACE is not just another ecohydrological model,
but a flexible and extensible platform for process-based research. New process formulations can be integrated with minimal
effort and without altering existing components. Its combination of physical consistency, transparency, and modularity makes it
a reliable tool for investigating soil-plant-atmosphere interactions across a wide range of vegetation types, soil configurations,

and boundary conditions.

Code and data availability. The source code of GEOSPACE, written in Java, is hosted on GitHub at https://github.com/geoframecomponents/
GEOSPACE-1D and a frozen version at https://zenodo.org/records/16779108 (D’Amato et al., 2025¢). Additionally, the corresponding
OMS3 project is accessible at https://github.com/GEOframeOMSProjects/fOMS_Project_ GEOSPACE-1D and a frozen version is available
on Zenodo at https://doi.org/10.5281/zenodo.16779840 (D’ Amato et al., 2025b). Data used in this paper is available as part of the "Spike
II" tracer experiment dataset (Nehemy et al., 2020), under Creative Commons Attribution (CC BY) license, at https://doi.org/10.5281/
zenodo.4037240. The simulation presented in this work are available on the Zenodo repository at https://doi.org/10.5281/zenodo.19773215
(D’ Amato et al., 2026).
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