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Abstract 27 

Soil-plant-atmosphere continuum (SPAC) models are commonly used to investigate various 28 

components’ role(s) in ecosystem functioning. Yet, in most SPAC models, groundwater is ignored or 29 

at best represented in an over-simplified manner, leading to misunderstanding of its critical role in 30 

simulating soil-vegetation dynamics. This study investigates groundwater’s role in SPAC processes, in 31 

particular, the impacts of groundwater component (mass and energy) on: 1) regulating the soil 32 

profile, in terms of moisture and temperature; 2) the dynamics of the unsaturated/saturated zones 33 

and their further impact on water fluxes; and 3) the carbon fluxes and vegetation physiological 34 

processes (i.e. root water uptake and photosynthesis reflected by fluorescence).To this endaddress 35 

this, an integrated ecohydrological modelling (IEM) framework is developed by coupling the 36 

STEMMUS-SCOPE SPAC model with the MODFLOW 6 integrated hydrological model. The standalone 37 

STEMMUS-SCOPE (ST-SC) and the coupled STEMMUS-SCOPE-MODFLOW 6 (ST-SC-MF6) models were 38 

applied over an 8-year period (1 April 2016 – 31 March 2024) to three sites in the Netherlands 39 

(Loobos, Cabauw and Veenkampen). Simulated various essential variables, including soil moisture 40 

(θ), soil temperature (Ts), groundwater level (GWL), groundwater temperature (GT), 41 

evapotranspiration (ET), gross primary productivity, net ecosystem exchange (NEE), and sun-42 

induced chlorophyll fluorescence (SIF) were then compared to corresponding in-situ observations. 43 

Performance of both to evaluate the ST-SC and ST-SC-MF6 setupswas evaluated using the Kling–44 

Gupta efficiency (KGE) and the root mean square error (RMSE) metrics. Results indicated that the 45 

groundwater contribution is spatially and temporally variable. The ST-SC-MF6 showed better 46 
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agreement with observations than the ST-SC, improving the KGE values for: a) Ts (+0.29), and ET 47 

(+0.35) at Loobos, b) θ (+0.30), ET (+0.11), NEE (+0.18), and SIF (+0.15) at Cabauw, and c) θ (+0.21), 48 

and ET (+0.15) at Veenkampen. Notably, benefits of ST-SC-MF6 simulation were particularly 49 

prominent during both wet and dry periods, i.e. improving the representation of: a) the θ dynamics 50 

during wet conditions, when hydraulic connectivity between the phreatic surface and the 51 

unsaturated zone is strong; b) the root water uptake and carbon assimilation during dry periods, 52 

when shallow groundwater mitigated vegetative water stress; and c) the Ts dynamics during both 53 

wet and dry periods, influenced by both GT and GWL, and further propagated to other Ts 54 

dependent processes/variables such as canopy temperature. Overall, the proposed ST-SC-MF6 IEM 55 

helped to: (1) incorporate groundwater as a key component of the water, energy and carbon cycles; 56 

and (2) define the important role groundwater dynamics plays in the SPAC for deepening our the 57 

understanding of ecosystem functioning. 58 

Short summary 59 

Groundwater is ignored in soil-plant-atmosphere continuum (SPAC) models, potentially 60 

underestimating its impact on soil and vegetation simulation. To address this, an integrated 61 

ecohydrological model is developed by coupling a SPAC model to a hydrological model. The coupled 62 

model improved simulation of soil moisture, temperature, evapotranspiration, carbon fluxes and 63 

fluorescence. The findings highlight groundwater role in ecosystem dynamics and advance water, 64 

energy and carbon cycle modelling. This study investigates the groundwater role in soil-plant-65 

atmosphere continuum. An integrated ecohydrological modelling approach was developed by 66 

coupling STEMMUS-SCOPE to MODFLOW 6 and applied at three sites over 8 years. The coupled 67 

model improved simulations of soil moisture and temperature, evapotranspiration, carbon fluxes 68 

and fluorescence. The findings highlight the groundwater critical role in ecosystem dynamics and its 69 

contribution to advancing water, energy and carbon cycle modelling. 70 
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1. Introduction 71 

The interactions among the soil, water, vegetation and atmosphere play a fundamental role in 72 

regulating ecosystem functioning. These interactions include hydrological, thermal and carbon 73 

processes that collectively shape the dynamics of the water, energy and carbon cycles. Deepening 74 

our the understanding of such interactions is crucial for better supporting ecosystem resilience 75 

against the adverse impact of climate change and anthropogenic activities (Chen et al., 2024; Dai et 76 

al., 2024). To assess and monitor ecosystem functioning, a range of different physical variables are 77 

recognized (Bojinski et al., 2014; GCOS, 2025). Examples of such variables, in particular the 78 

vegetation ones are: leaf area index, above- and below-ground biomass (Atkins et al., 2018; de 79 

Conto et al., 2024), gross primary productivity, net ecosystem exchange, evapotranspiration, plant 80 

phenology (Shi et al., 2023), and more recently the sun-induced chlorophyll fluorescence (SIF), which 81 

serves as a proxy for tracking the photosynthesis process (Sun et al., 2023). Additionally, other soil-82 

related variables play a significant role in characterizing the ecosystems’ functioning, i.e. soil 83 

moisture, surface and subsurface temperature, and evaporation (Bojinski et al., 2014; Zeng et al., 84 

2019; GCOS, 2025). Essential climate variables (ECVs) are globally recognized indicators that 85 

characterize the Earth’s system (Bojinski et al., 2014; GCOS, 2025). Terrestrial ECVs include key 86 

indicators of vegetation status such as leaf area index, above-ground biomass, and fraction of 87 

absorbed photosynthetically active radiation. Recent studies (Baatz et al., 2021; Cupertino et al., 88 

2024; Muise et al., 2024) have expanded beyond the traditional ECVs to include: a) productivity 89 

variables — including gross primary productivity, net ecosystem exchange, and evapotranspiration 90 

(Baatz et al., 2021); b) structure variables — including canopy height, canopy cover, and below-91 

ground biomass  ; and c) development variables — including plant phenology (start and end of 92 

growing season;  and more recently the sun-induced chlorophyll fluorescence (SIF), which serves as a 93 

proxy for tracking the photosynthesis process (Sun et al., 2023). Additionally, other soil-related 94 

variables play a significant role in characterizing the ecosystems’ functioning, such as soil moisture, 95 
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surface and subsurface temperature, and evaporation (Bojinski et al., 2014; Zeng et al., 2019; GCOS, 96 

2025). 97 

Soil-plant-atmosphere continuum (SPAC) models are widely used to simulate most of the 98 

aforementioned ECVsvariables. SPAC models simulate the transfer of thermal energy and mass 99 

(water and carbon) between soils, plants (through roots, stems and leaves), and the atmosphere 100 

(Guo, 1992). Furthermore, SPAC models are capable of assimilating remote sensing information such 101 

as canopy reflectance, vegetation optical depth, and SIF (X. Yang et al., 2021). Integrating the RS data 102 

into SPAC models enables upscaling the processes from point (plant) scale to regional scales (Senf, 103 

2022; Van Cleemput et al., 2025), allowing for predicting ecosystem responses to regional 104 

environmental changes (Dronova & Taddeo, 2022). Examples of SPAC models are the Community 105 

Land Surface (CLM5) model (Lawrence et al., 2019), the integration of Simultaneous Transfer of 106 

Energy, Mass, and Momentum in Unsaturated Soil (STEMMUS) and Soil Canopy Observation, 107 

Photochemistry, and Energy Fluxes (SCOPE) models (Wang et al., 2021), the Tethys-Chloris (T&C) 108 

model (Fatichi et al., 2012), the Soil-Plant-Atmosphere (SPA) model (Williams et al., 1996; Williams 109 

et al., 2001), and the Soil Water Atmosphere Plant (SWAP) model [(van Dam et al., 2008) – 110 

specifically the version coupled to the World Food Studies (WOFOST) model (de Wit et al., 2019)]. 111 

However, SPAC models either ignore or oversimplify the underlying groundwater system by 112 

neglecting spatio-temporal variability in groundwater variables (e.g., head and temperature), and 113 

processes (e.g., recharge, discharge and groundwater evapotranspiration). Thus, the SPAC models 114 

lack or simplify the groundwater influence on the simulated soil-plant-atmosphereSPAC processes. 115 

For most landscapes, groundwater storage is generally the largest component of the local water 116 

budget. It plays a vital role in sustaining essential ecosystem services by mitigating biodiversity loss 117 

and buffering against climate change (Saccò et al., 2024). Many ecosystems rely primarily on 118 

groundwater resources, so-called groundwater-dependent ecosystems, to maintain their ecological 119 

functions (Lubczynski, 2009; Kløve et al., 2014). Groundwater-dependent ecosystems can be 120 



 

6 
 

exposed to surface water – groundwater interactions, through altered recharge or discharge rates. 121 

Such changes may impair their ecological function if groundwater availability declines, particularly 122 

under future climate regimes , which enhance groundwater discharge and likely face significant 123 

impairment under future climate regimes (Otoo et al., 2025). Groundwater can also have a 124 

significant effect in on enhancing carbon assimilation, plant growth and productivity (Ruehr et al., 125 

2023). Under shallow water table conditions, the groundwater dynamics is significant, exerting a 126 

strong influence on the soil moisture distribution and the evapotranspiration rates (Martínez-De La 127 

Torre & Miguez-Macho, 2019). Additionally, groundwater systems typically respond slower to 128 

meteorological forcing, as compared to the surface water or the near-surface soil moisture, due to 129 

their larger storage and longer flow paths. This relative hydrological stability allows groundwater to 130 

continue supporting vegetation in mitigating water stress effects during prolonged drought periods 131 

after soil moisture has been depleted. groundwater processes operate at a slower pace, as 132 

compared to surface water systems or the soil zone, leading to latency in their responses to 133 

environmental changes, such as drought. This delayed response allows the groundwater to support 134 

vegetation in mitigating water stress effects during prolonged drought periods. Marchionni et al. 135 

(2020) demonstrated that the presence of the water table within the vegetation rooting depth 136 

supported the ecosystem transpiration and vegetation productivity during a prolonged drought 137 

event (2001-2009) near Melbourne, Australia.  138 

Groundwater and its interaction with the surface (through the unsaturated zone) are often 139 

simulated by integrated hydrological models (IHMs). IHMs simulate flow processes in the surface 140 

and subsurface domains, including their dynamic interaction (i.e., flow exchange) within a single 141 

simulation environment (Daoud et al., 2022; 2024). IHMs are used for assessing water resources and 142 

evaluating future scenarios for sustainable water resources management . Examples of IHMs are 143 

Hydrogeosphere (Brunner & Simmons, 2012), MIKE SHE (Graham & Butts, 2005), CATHY (Camporese 144 

et al., 2010), and MODFLOW 6 (Langevin et al., 2017; Langevin et al., 2023). However, IHMs do not 145 

consider ecosystem functioning, so they do  not simulate explicitly the carbon cycle nor detailed 146 
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plant processes. Consequently, IHMs are rarely used to evaluate ecosystem functioning and the 147 

interactions between the water, energy and carbon cycles, for which SPAC models are used. 148 

Despite the critical role groundwater plays in sustaining many different types of ecosystems, SPAC 149 

models, unlike IHMs, typically lack a physically-based groundwater model. Instead, they commonly 150 

assume that soil moisture dynamics is primarily driven by infiltration (generated from precipitation 151 

or applied irrigation) and either ignore or oversimplify groundwater and its connection to the soil 152 

and the vegetation domains (Samuel & Chakraborty, 2023). Notably, SPAC models typically do not 153 

account for heterogeneity in any of the aquifer properties, i.e. (porous media or fractured-rock 154 

systems) (Zhang et al., 2020; Agbotui et al., 2025), which can be significant in shaping key 155 

groundwater processes such as recharge, capillary rise, and groundwater evapotranspiration (Ireson 156 

et al., 2013; Xin et al., 2023). Thus, SPAC models are not equipped to accurately capture the effect of 157 

salient groundwater processes while simulating soil and vegetation dynamics. Additionally, SPAC 158 

models ignore or simplify spatio-temporal groundwater temperature dynamics. However, many 159 

recent studies (Xin et al., 2023; Benz et al., 2024; Egidio et al., 2024; Rammler & Bertermann, 2025) 160 

showed that soil temperatures are modulated not only by surface-atmosphere heat exchange 161 

processes, but also by soil zone –- groundwater heat exchange processes (i.e. conductive and 162 

advective heat transport), especially in cases of shallow water table conditions. Ignoring the thermal 163 

dynamics of groundwater can subsequently lead to biases in simulating soil temperature, which is a 164 

key driver for photosynthesis, evapotranspiration (specifically latent heat flux), and carbon fluxes. 165 

Omitting or simplifying the groundwater component (for flow and heat processes) in SPAC models 166 

may also lead to misrepresentation of soil and plant physiological responses to changing ambient 167 

(climatic) conditions; thereby limiting the usefulness of SPAC models for appraising the impact of a 168 

changing climate on groundwater-dependent ecosystems (Elrashidy et al., 2023) or, more generally, 169 

ecosystems with shallow groundwater conditions. 170 
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Given the limitations of both the SPAC models and IHMs, an integrated modelling approach, that 171 

combines hydrology with ecosystem functioning, would result in a modelling tool that is better 172 

suited for evaluating ecosystem functioning under a changing climate. An integrated SPAC-IHM 173 

model is hereafter referred to as an integrated ecohydrological model (IEM). The advantage of an 174 

IEM is that it can simulate the full continuum of water (including groundwater), energy, and carbon 175 

fluxes at high spatio-temporal resolution within a single simulation environment. IEMs are also 176 

capable of integrating the surface and subsurface hydrology (both unsaturated and saturated zones) 177 

with plant physiological processes, as well as incorporating remote-sensing information (as inputs) 178 

for simultaneous simulation of multiple variables [i.e., soil moisture (θ), soil temperature (Ts), 179 

evapotranspiration (ET), groundwater level (GWL), and groundwater temperature (GT), gross 180 

primary productivity (GPP), net ecosystem exchange (NEE), and SIF] that are vital for accurately 181 

characterizing ecosystem dynamics. Furthermore, IEMs facilitate the simulation of continuous 182 

moisture and temperature profiles from the subsurface to the top of the canopy. Table 1 lists the 183 

few existing IEMs that can physically simulate energy, carbon and water processes, including 184 

groundwater flow. The list includes the enhanced CLM5 (Akhter et al., 2025), the Terrestrial System 185 

Modelling Platform (TerrSysMP, Shrestha et al., 2014; Gasper et al., 2014), the enhanced version 186 

(Liao et al., 2025) of the Earth system model (E3SM; Golaz et al., 2022) and the MODFLOW–-187 

MetaSWAP–WOFOST (Van Walsum & Supit, 2012). While all these IEMs can simulate the water 188 

processes, including detailed groundwater flow processes, they all lack the representation of 189 

groundwater heat processes and groundwater temperature simulation. Furthermore, none of them 190 

accounts for SIF simulation. Hence, a new IEM is needed that can physically-based integrate the 191 

groundwater processes (mass and energy) with detailed energy, carbon and SIF fluxes. The 192 

hypothesis of this study is that explicit representation of groundwater mass and energy in an IEM 193 

framework would improves quantification of the soil–plant–atmosphere continuum by: a) improving 194 

the simulation of soil moisture and temperature profiles; b) enabling two-way feedbacks between 195 

the unsaturated and saturated zone and their further impact on water fluxes; and c) revealing the 196 
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groundwater’s influence on carbon fluxes and vegetation physiological processes such as root water 197 

uptake and photosynthesis (reflected by fluorescence). Collectively, testing these hypotheses would 198 

unravel the role of groundwater in shaping the SPAC dynamics and and deepens our the 199 

understanding of ecosystem functioning.200 
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Table 1. List of available integrated ecohydrological models (IEMs) 201 

Model name Water cycle processes Heat transfer processes Energy 

cycle, ET 

and root 

growth & 

uptake   

Carbon cycle 

and 

photosynthesis 

SIF 

 

Reference 

Surface 

water 

(runoff and 

streamflow) 

Unsaturated 

zone flow 

Groundwater flow Unsaturated 

zone 

Groundwater 

zone 

Enhanced 

CLM5 

Yes Yes, 1D 

Richards 

equation 

Yes, by 

incorporating an 

aquifer beneath the 

soil column to allow 

for lateral 

groundwater flow 

and pumping 

Yes No Yes Yes No  

 

(Akhter et 

al., 2025) 

TerrSysMP 

(COSMO– 

CLM3.5–

ParFlow) 

Yes Yes, via 

ParFlow (3D 

Richards 

equation) 

Yes, via ParFlow (3D 

Richards equation) 

Yes No Yes Yes No 

 

(Shrestha 

et al., 

2014; 

Gasper et 

al., 2014) 

Enhanced 

E3SM 

Yes Yes Yes, by developing a 

new hillslope-based 

hydrological model 

to simulate lateral 

groundwater flow 

Yes No Yes Yes No 

 

(Liao et 

al., 2025) 

MODFLOW–

MetaSWAP–

WOFOST 

Yes Yes, 1D 

Richards 

equation 

Yes, via MODFLOW 

(1D/2D/3D). 

Yes No Yes Yes, via 

WOFOST 

No 

 

(Van 

Walsum & 

Supit, 

2012) 

STEMMUS–

SCOPE–

MODFLOW 6 

Yes Yes, 1D 

Richards 

equation 

Yes, via MODFLOW 

6 (1D/2D/3D). 1D is 

used in this study  

Yes Yes, via 

MODFLOW 6 

Yes Yes Yes 

 

This study 

202 
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This study aims to investigate the role of groundwater in the SPAC with a focus on assessing the 203 

benefits of explicitly incorporating the groundwater component in modelling SPAC processes. In 204 

particular, the specific objectives are to investigate the impacts of the groundwater component 205 

(mass and energy) on: 1) regulating the soil profile, in terms of moisture and temperature; 2) the 206 

dynamics of the unsaturated/saturated zones and its further impact on water fluxes and root water 207 

uptake; and 3) the carbon fluxes and vegetation physiological processes (i.e. root water uptake and 208 

photosynthesis reflected by fluorescence). To address these objectivesthis end, a new IEM 209 

framework is developed by tightly coupling the STEMMUS-SCOPE SPAC model to the MODFLOW 6 210 

IHM model. The STEMMUS-SCOPE-MODFLOW 6 is tested in a 1-dimensional (1D) setup (which will 211 

be extended to 2D/3D in a follow up study) and applied at to three sites in the Netherlands (i.e., 212 

Loobos, Cabauw, and Veenkampen). Since STEMMUS-SCOPE is a point-based model, while 213 

MODFLOW 6 is a grid-based model., and As this study is the first example of coupling these two 214 

models, the ST-SC-MF6 models were set up in a vertically-stacked orientation (1-dimensional, 1D). 215 

The 1D models were assumed to be representative of the ecosystem of each of the corresponding 216 

sites. Simulated variables of interest are evaluated with and without the coupling to quantify the 217 

effect of explicitly representing groundwater within the simulations. 218 

STEMMUS-SCOPE model (Wang et al., 2021) is a SPAC model, which is an integrated version of two 219 

separate models (STEMMUS and SCOPE). STEMMUS (Simultaneous Transfer of Energy, Mass, and 220 

Momentum in Unsaturated Soil) simulates the transfer of energy, mass, and momentum in the 221 

unsaturated zone (Zeng et al., 2011a; b; Zeng & Su, 2013). SCOPE (Soil Canopy Observation, 222 

Photochemistry, and Energy Fluxes) simulates the radiative transfer in the soil, leaves, and 223 

vegetation canopies, as well as photosynthesis and non-radiative energy dissipation through 224 

convection and mechanical turbulence (Van Der Tol et al., 2009; Yang et al., 2021). The coupling 225 

between STEMMUS and SCOPE enables the seamless soil-plant-atmosphere modelling of energy, 226 

water and carbon exchanges. Additionally, STEMMUS-SCOPE allows for simulating the influence of θ 227 

and Ts variability on vegetation dynamics in terms of photosynthesis, stomatal behavior and plant 228 
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water stress responses (Tang et al., 2024). More details about the STEMMUS-SCOPE coupling are 229 

described in Wang et al. (2021). 230 

MODFLOW 6 is an IHM framework (Hughes et al., 2017) and is the latest “core” version of the well-231 

known MODFLOW simulator for groundwater flow (GWF). In addition, MODFLOW 6 simulates other 232 

flow and transport processes, including unsaturated zone flow, overland flow, flow in surface 233 

features (e.g. lakes, rivers, drains, etc), and their interaction with the groundwater system (Langevin 234 

et al., 2017; Langevin et al., 2023). Recently, a new Groundwater Energy Transport (GWE) module, 235 

patterned after the solute transport module (Langevin et al., 2022), was added to MODFLOW 6 for 236 

simulating heat transport processes within a MODFLOW 6 simulation (Morway et al., 2025) and is 237 

leveraged in this study.  238 

2. Methods 239 

2.1. Summary of the two coupled models 240 

STEMMUS-SCOPE (Y. Wang et al., 2021) is a SPAC model, which is an integrated version of two 241 

separate models (STEMMUS and SCOPE). STEMMUS simulates the transfer of energy, mass, and 242 

momentum in the unsaturated zone (Zeng et al., 2011a; b; Zeng & Su, 2013). SCOPE simulates the 243 

radiative transfer in the soil, leaves, and vegetation canopies, as well as photosynthesis and non-244 

radiative energy dissipation through convection and mechanical turbulence (Van Dder Tol et al., 245 

2009; Yang et al., 2021). The coupling between STEMMUS and SCOPE enables the seamless SPAC 246 

modelling of energy, water and carbon exchanges. Additionally, STEMMUS-SCOPE allows for 247 

simulating the influence of θ and Ts variability on vegetation dynamics in terms of photosynthesis, 248 

stomatal behavior and plant water stress responses (Tang et al., 2024). More details about the 249 

STEMMUS-SCOPE coupling are described in Wang et al. (2021). 250 
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MODFLOW 6 is an IHM framework (Hughes et al., 2017) and is the latest “core” version of the well-251 

known MODFLOW simulator of groundwater flow (GWF). In addition, MODFLOW 6 simulates other 252 

flow and transport processes, including unsaturated zone flow, overland flow, flow in surface water 253 

bodies (e.g. lakes, rivers, drains), and their interaction with the groundwater system (Langevin et al., 254 

2017; Langevin et al., 2023). Recently, a new Groundwater Energy Transport (GWE) module, 255 

patterned after the solute transport module (Langevin et al., 2022), was added to MODFLOW 6 for 256 

simulating heat transport processes within a MODFLOW 6 simulation (Morway et al., 2025) and it is 257 

leveraged in this study.  258 

2.1.2.2. STEMMUS-SCOPE & MODFLOW 6 coupling 259 

The Basic Model Interface (BMI; Peckham et al., 2013; Hutton et al., 2020) is was adopted as the 260 

convention for coupling STEMMUS-SCOPE to MODFLOW 6. The BMI protocol is general; it allows via 261 

an external program or script to control models that support it can be controlled, and set their 262 

variables can be accessed and set during runtime by an external program or script. By BMI protocols 263 

are used for this effort to facilitate facilitating the exchange of model-calculated variables and other 264 

information between the coupled models by passing values externally; , the BMI thereby eliminating 265 

eliminates the need to access (or modify) the source code(s) of the coupled models during the 266 

simulations. That protocol allows for coupling models which are written in different programming 267 

languages, as exemplified in this study (STEMMUS-SCOPE in MATLAB and MODFLOW 6 in Fortran). 268 

Hence, BMI allows for keeping up with future updates or new versions of the individual models 269 

without extensive reconfiguration. 270 

2.1.1.2.2.1. BMI phases 271 

BMI routines are commonly organized into three phases (initialize, update, finalize) as described in 272 

figure 2 of Hughes et al. (2022). Figure 1 shows the coupling framework of STEMMUS-SCOPE-273 

MODFLOW 6. 274 

Initialize phase 275 
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The initialization phase in a BMI setup is separate from the initialization routines associated with 276 

each of the individual models (explained in Section 2.4.22.4.2). During the BMI initialization routine, 277 

“hooks” are established between the coupled models to facilitate the exchange of calculated values 278 

during a forward run. During the initialize phase, initialized head (i.e., GWL) and temperature (i.e., 279 

GT) of the water table are defined in STEMMUS-SCOPE. While, initialized groundwater net recharge 280 

flux (Rn), heat flux above water table (Qheat), and net recharge temperature (RTn) are defined in 281 

MODFLOW 6. 282 

Update phase 283 

The update phase is at the core of the coupling process (Fig. 1b). During this phase, the two models 284 

exchange variable values at the phreatic surface (the shared interface between the unsaturated 285 

zone and the saturated zone, marked by a bold blue line in the diagram of Fig. 1a). At this shared 286 

interface, STEMMUS-SCOPE requires the following bottom boundary conditions: a) specified head 287 

(i.e. GWL) for the soil water module; and b) specified temperature (i.e. GT) for the soil energy 288 

module; together to simulate groundwater gross recharge (Rg), capillary rise flux (Cap), root 289 

groundwater uptake (RWUg), Qheat, and RTn. In turn, MODFLOW 6 requires the following upper 290 

boundary conditions: specified water flux (i.e. Rn, calculated as the difference between Rg, Cap, and 291 

RWUg) for the GWF module, and b) specified heat flux (i.e., Qheat) and/or its specified temperature 292 

(i.e., RTn) for the GWE module; together to simulate GWL and GT. From herein, the simulated 293 

variables (Rn, Qheat, and RTn) by STEMMUS-SCOPE are referred to as ‘STEMMUS-SCOPE variables’ 294 

(marked by red color in the flowchart of Fig. 1b), while the simulated variables by MODFLOW 6  295 

(GWL and GT) are referred to as ‘MODFLOW 6 variables’ (marked by blue color in the flowchart of 296 

Fig. 1b).  297 

The update phase runs in a looped manner (update loop) with number of updates equal to number 298 

of time steps. In principle, the BMI can work with different temporal discretization (number of time 299 

steps and the length of each time step) for each of the two coupled models. However, for ease of 300 
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use, the same temporal discretization was used for both models in this study. For each time step: 1) 301 

MODFLOW 6 runs and updates the MODFLOW 6 variables; 2) the updated MODFLOW 6 variables are 302 

passed to STEMMUS-SCOPE (illustrated by the blue bold arrow in Fig. 1b), which are used as bottom 303 

boundary conditions by STEMMUS-SCOPE; 3) STEMMUS-SCOPE runs and updates the STEMMUS-304 

SCOPE variables; 4) the updated STEMMUS-SCOPE variables are passed back to MODFLOW 6 305 

(illustrated by the red bold arrow in Fig. 1b) to be used as upper boundary conditions for the next 306 

time step; and 5) updates continue until the last time step. 307 

Finalize phase 308 

In this phase, both models finalize their simulation, and the model outputs are exported for further 309 

analysis. The model outputs include the STEMMUS-SCOPE variables, the MODFLOW 6 variables, and 310 

other variables of interest (marked by black color in Fig. 1) as follows: θ, Ts, root soil water uptake 311 

(RWUs), subsurface evaporation (Ess), ET which is the summation of Ess, RWUs and RWUg, GPP, 312 

NEE, and SIF. 313 
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Figure 1. Schematic of the coupled STEMMUS-SCOPE and MODFLOW 6 framework: a) illustrative 314 

diagram (left panel); b) flowchart (right panel). The red color indicates the processes and/or 315 

variables that are transferred from STEMMUS-SCOPE to MODFLOW 6. The blue color indicates the 316 

processes and/or variables that are transferred from MODFLOW 6 to STEMMUS-SCOPE. 317 
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MODFLOW 6 was not originally written to support BMI; however, Hughes et al. (2022) documents 318 

the restructuring of the source code to align MODFLOW 6 to support the BMI conventions. Similarly, 319 

Schilperoort (2025) and Zeng et al. (2025) document the steps followed to make STEMMUS-SCOPE 320 

BMI-compatible. Additionally, a groundwater module is added into the source code of STEMMUS-321 

SCOPE to: a) recognize the effect of the saturated zone dynamics on the unsaturated zone through 322 

the MODFLOW 6 variables; and b) prepare the necessary STEMMUS-SCOPE variables that are fed 323 

into MODFLOW 6. The groundwater module includes three main parts: 1) unsaturated zone bottom 324 

boundary; 2) recharge and capillary rise flux; and 3) root groundwater uptake. 325 

2.1.2.2.2.2. Unsaturated zone bottom boundary 326 

The bottom boundary of the unsaturated zone for the soil water module in STEMMUS-SCOPE can be 327 

defined using one of three options (Zeng & Su, 2013): a) specified matric head (Dirichlet) boundary; 328 

b) specified moisture flux; and c) zero matric head (i.e. gravity drainage). For this investigation, 329 

option (a) is used. This bottom boundary (specified matric head) is adaptively positioned at the 330 

phreatic surface (Fig. 1a), corresponding to the GWL at each time step (Zeng et al., 2019). The GWL 331 

value is received by STEMMUS-SCOPE from MODFLOW 6 through the BMI (Fig. 1b). Then, at the 332 

phreatic surface elevation (GWL), the specified matric head is set to zero (matric head is negative 333 

above GWL and positive below GWL). At each time step, the GWL may rise or fall, causing the 334 

phreatic surface to shift upward or downward. As a result, the thickness of the unsaturated zone 335 

decreases or increases, and the position of the bottom boundary is updated to reflect this moving 336 

boundary condition.  337 

Similarly, for the soil energy module, a specified temperature boundary condition is used as the 338 

bottom boundary. The value of the specified temperature is the GT (Fig. 1b), received by STEMMUS-339 

SCOPE from MODFLOW 6 through the BMI and updated at each time step. 340 
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2.1.3.2.2.3. Recharge and capillary rise flux 341 

STEMMUS-SCOPE simulates two-phase mass and heat flow in the unsaturated zone using the 342 

modified Richards equation (Milly, 1982). The water flow is driven by both gravity and capillary 343 

forces (Eq. 1). 344 

δ

δt
(ρLθL + ρvθv) =

−δ

δz
(qLh + qLT + qvh + qvT) − S 345 

   = ρL
δ

δz
[K (

δψ

δz
+ 1) + DTa

δT

δz
] +

δ

δz
[Dvh

δψ

δz
+ DvT

δT

δz
] − S    (1) 346 

where ρL and ρv (kg m−3) are the density of liquid water and water vapor, respectively; θL and θv 347 

(m3 m−3) are the soil liquid and vapor volumetric water content, respectively; qLh and qLT (kg m-2 s-1) 348 

are the soil liquid water fluxes driven by the soil matric potential gradient (
δψ

δz
) and temperature 349 

gradient (
δT

δz
), respectively; qvh and qvT (kg m-2 s-1) are the soil water vapor fluxes driven by the 

δψ

δz
 350 

gradient and the 
δT

δz
 gradient, respectively; K is the unsaturated hydraulic conductivity (m s-1); DTa 351 

(m-2 s-1 K-1) is the transport coefficient of the adsorbed liquid flow due to temperature gradient; Dvh 352 

(kg m-2 s-1) is the isothermal vapor conductivity; DvT (kg m-1 s-1 K-1) is the thermal vapor diffusion 353 

coefficient, and S is the sink term (m s-1). More details of the equation are in Zeng et al. (2011a, b) 354 

and Zeng & Su (2013). 355 

As explained in Section 2.2.1 2.1.1, the GWL is adopted as the bottom boundary condition of the 356 

unsaturated zone in STEMMUS-SCOPE. Consequently, a capillary fringe zone is formed above the 357 

phreatic surface (Fig. 1a), where water is pulled up from the saturated zone by capillary forces. 358 

Moreover, when precipitation infiltrates into the unsaturated zone and percolates downward, it has 359 

to go through the capillary fringe zone and continue downward as Rg to the saturated zone. Hence, 360 

the capillary fringe zone includes both the Rg and the Cap. The Rg and the capillary rise flux (Cap), 361 

the latter contributes to groundwater evaporation (Balugani et al., 2017), are calculated from the 362 

summation of qLh, qLT, qvh, and qvT fluxes (Eq. 2) at the capillary fringe zone. The result of that 363 
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summation determines whether the calculated flux (Q, Eq. 2a) represents Rg or Cap. If the 364 

summation is negative (Eq. 2b), it means the flow direction is downward, and the Rg term is 365 

dominant. In contrast, if the summation is positive (Eq. 2c), it means the flow direction is upward, 366 

and the Cap term is dominant. In STEMMUS-SCOPE, upward fluxes (capillary rise) are positive, while 367 

downward fluxes (gravity drainage) are negative. However, MODFLOW 6 uses the opposite sign 368 

convention. Therefore, the Rg/Cap is multiplied by -1, when transferred to MODFLOW 6 through the 369 

BMI. 370 

Q = qLh + qLT + qvh + qvT          (2a)  371 

Rg =  Q if Q < 0          (2b) 372 

Cap =  Q  if Q ≥ 0          (2c) 373 

2.1.4.2.2.4. Root groundwater uptake 374 

The root water uptake (RWU) is calculated in STEMMUS-SCOPE based on a resistance scheme that 375 

takes into account the hydraulic gradient between the soil water potential (ψi) and the leaf water 376 

potential (ψl) (Eq. 3). The root water uptake module, developed by Wang et al. (2021), takes into 377 

account the θ as the only source of water for the roots (root soil water uptake, RWUs), meaning that 378 

RWU = RWUs. The RWUs is calculated for all the soil layers that are above the maximum rooting 379 

depth (dmax).  380 

RWU = ∑
 ψs,i−ψl

rs,i+rr,i+rx,i

n

i=1
 and RWUs = RWU        (3) 381 

where ψs,i is the soil water potential of layer i (m), ψl is leaf water potential (m), rs,i is the soil 382 

hydraulic resistance (s m-1), rr,i is the root resistance to water flow radially across the roots (s m-1), 383 

and rx,i is the plant's axial resistance to flow from the root xylem to the leaves (s m-1). 384 

However, the roots can uptake water from an additional source (root groundwater uptake, RWUg) if 385 

the roots have access to groundwater (GWL is above dmax). As explained in Section 2.2.1 2.1.1, the 386 



 

20 
 

GWL is adopted as the bottom boundary condition of the unsaturated zone for the soil water 387 

module in STEMMUS-SCOPE, hence, the RWU can also be influenced. The RWU calculations were 388 

updated by splitting it into two components (RWUs and RWUg, Eq. 4). The RWUs is for the soil 389 

layers that are above the capillary fringe and above dmax (Eq. 5), and the RWUg is for the soil layers 390 

that are below the capillary fringe zone and above dmax (Eq. 6). The RWUs and RWUg are calculated 391 

by replacing the soil water potential (ψs,i) in Equation 4 with the updated ψs,i (due to the effect of 392 

GWL) in Equation 5), and with the groundwater potential (ψg,i) in Equation 6, respectively. 393 

RWU = RWUs + RWUg          (4) 394 

RWUs = ∑
 ψs,i−ψl

rs,i+rr,i+rx,i

n

i=1
 for the soil layers above capillary fringe zone and above dmax  (5) 395 

RWUg = ∑
 ψg,i−ψl

rs,i+rr,i+rx,i

n

i=1
 for the soil layers below capillary fringe zone and above dmax  (6) 396 

For soil layers below dmax, RWU = RWUg = 0 397 

2.2.2.3. Study sites and data 398 

The proposed model coupling was applied to 3 three sites in the Netherlands covering both forest 399 

(Loobos) and meadow (Cabauw and VeenKampen) ecosystems (Fig. 2). Those three sites were 400 

selected because: a) they provide comprehensive in-situ measurements spanning the water, energy, 401 

and carbon cycles, including meteorological forcing, different observations such as θ and Ts profiles, 402 

eddy covariance flux measurements (e.g. ET, GPP, and NEE), groundwater variables (i.e. GWL and 403 

GT), and vegetation characteristics (e.g. SIF) — such data density is essential for rigorously testing 404 

the hypothesis of this study and evaluating the developed coupled modelling framework; and b) the 405 

sites represent two dominant Dutch landscapes (forest on sandy soil; meadow on clay/peat), 406 

allowing preliminary assessment of model transferability across ecosystem types. The 3 three sites 407 

have the typical temperate climate of the Netherlands, with an annual average precipitation of 700-408 

900 mm yr-1 (Buishand et al., 2010; Brakkee et al., 2022), and air temperature of 10.5 oC (Bense & 409 
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Kurylyk, 2017; Jansen et al., 2023). The Loobos site is located in the forested area of the Veluwe in 410 

the central part of the Netherlands, with an elevation of 25.0 m above sea level (a.s.l.) (Table 2). The 411 

land cover is evergreen coniferous forest, and the soil type is loamy sandy soil (Heinen et al., 2021). 412 

The groundwater depth ranges from 3 to 5 m below land surface (van der Molen et al., 2024; Zhao 413 

et al., 2026). The Cabauw site is located in the central western region of the Netherlands, with an 414 

elevation of -0.7 m a.s.l.below sea level (Table 2). The land cover is grass, and the soil is a mixture of 415 

clay and peat (Heinen et al., 2021). The groundwater depth ranges from 0.0 to 1.25 m below land 416 

surface. The Veenkampen site is located in the Veluwe area in the central part of the Netherlands, 417 

with an elevation of 5.6 m a.s.l. (Table 2). The land cover is grass, and the soil is thin peat underlain 418 

by a clayey sand (Heinen et al., 2021). The groundwater depth ranges from 0.25 to 1 m below land 419 

surface.420 

 421 



 

22 
 

 422 

Figure 2. Location of the 3 three study sites. Images are generated for the day 20 March 2025 using 423 

the ESRI ArcGIS Pro software 424 

Table 2. Summary of site characteristics and model discretization 425 

Feature Loobos Cabauw Veenkampen 

Elevation (m a.s.l.) 25.0 -0.7 5.6 

Land cover Evergreen coniferous forest Meadow (grass) Meadow (grass) 

Soil type Loamy sand Mix of peat and clay Mix of peat and clay 

Groundwater depth (m) below land surface 

level 

3.0 – 5.0 0.0 – 1.25 0.25 – 1.0 
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Unsaturated zone discretization:    

Thickness (m) 5.0 1.5 1.2 

Number of vertical layers in STEMMUS-SCOPE 69 50 33 

Layers thickness range (cm) 1 – 20 1 – 20 1 – 20 

Saturated zone discretization:    

Thickness (m), limited to upper-most 

permeable hydrological unit 

20 9 9 

Number of vertical layers in MODFLOW 6 20 15 18 

Layers thickness range (m) 0.25 – 1.0 0.25 – 1.0 0.25 – 1.0 

 443 

The forcing inputs and observations data for the 3 three sites were collected from different sources 444 

(Table 3Table 2). The Meteorology and Air Quality (MAQ) dataset is an open-access collection of 445 

harmonized meteorological variables, eddy covariance fluxes, and soil observations for the Loobos 446 

and Veenkampen sites, maintained by Wageningen University (van der Molen et al., 2024; 447 

Heusinkveld et al., 2024; Zhao et al., 2026). Similarly, the Cesar dataset, operated by the Royal 448 

Netherlands Meteorological Institute (KNMI), provides a wide suite of measurements including 449 

remote sensing, eddy covariance, surface, soil and hydrological measurements in the Cabauw site 450 

(Bosveld, 2020; KNMI, 2024). The forcing inputs include time series of the meteorological inputs (i.e., 451 

precipitation, net radiation, air temperature, wind speed, relative humidity, atmospheric pressure, 452 

and CO2 dioxide concentration) and the leaf area index (LAI). For Loobos and Veenkampen, the 453 

meteorological inputs and observation datasets were retrieved from the MAQ dataset, while those 454 

for the Cabauw site were retrieved from the Cesar dataset (Table 3). The LAI for the three sites was 455 

retrieved from the remote sensing MODIS product (MCD15A3H v061, Myneni et al., 2021). The 456 

observation datasets include time series of θ, Ts, ET, GPP, NEE, GWL, GT, and SIF. Among all 457 

observations, θ and Ts profiles, as well as ET, were available for most of the simulation period, 458 

except for short gaps, at the three sites. The ET observations were derived from eddy covariance  459 
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towers at the three sites, representing actual ET. GPP was available only at the Loobos site for the 460 

period 2016-2021, while NEE was available only at the Cabauw site for the period 2016-2020. GWL 461 

was available at Cabauw and Veenkampen from observation wells located close to the main 462 

measurement infrastructure (i.e. eddy covariance tower) (Fig. 2). While at Loobos, GWL was not 463 

available exactly within the site, but obtained from the nearest available observation point 464 

(approximately 500 m away; Fig. 2) via the Data and Information of the Dutch Subsurface 465 

(DINOloket) dataset (GDN, 2024). GT was available only at the Loobos site for only one year (1 April 466 

2023 – 31 March 2024). SIF observations were available only at Cabauw on certain days in 2022 and 467 

2023 and were collected by Colombo et al. (2024). All the collected datasets were processed and 468 

formatted to be compatible with the needed formats (NetCDF for STEMMUS-SCOPE and ASCII for 469 

MODFLOW 6). The observation datasets, available for the entire simulation period, except for short 470 

gaps, at the 3 sites, were the profiles of θ and Ts, and ET. Other observation datasets were 471 

incomplete and include: a) the GPP, available only at the Loobos site for the period 2016-2021; b) 472 

the NEE, available only at the Cabauw site for the period 2016-2020; c) the GWL, not available 473 

exactly in the Loobos site, but retrieved from the nearest observation point about 500 m away (the 474 

red circle point in Fig. 2), assuming the same GWL; d) the GT, available only at the Loobos site for 475 

only one year (from 1 April 2023 to 31 March 2024); and e) the SIF data, available only at the 476 

Cabauw site on certain days in 2022 and 2023.      477 

Table 3. Datasets acquisition at the 3 three sites 478 

Data Loobos Cabauw Veenkampen 

Meteorological inputs  

(precipitation, net radiation, air 

temperature, wind speed, relative 

humidity, atmospheric pressure and CO2 

dioxide concentration) 

 

MAQ dataset (van der 

Molen et al., 2024; Zhao 

et al., 2026)  

 

Cesar dataset (Bosveld, 

2020; KNMI, 2024) 

 

 

MAQ dataset 

(Heusinkveld et al., 

2024) 
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Leaf area index MODIS-LAI (Myneni et al., 2021) 

Observations (in-situ measurements)  

Evapotranspiration, soil moisture, soil 

temperature  

 

MAQ dataset 

 

Cesar dataset 

 

MAQ dataset 

Groundwater level  DINOloket (GDN, 2024) Cesar dataset MAQ dataset 

Groundwater temperature  MAQ dataset Not available Not available 

Carbon fluxes (gross primary productivity 

and/or net ecosystem exchange) 

MAQ dataset Cesar dataset Not available 

Sun-induced chlorophyll fluorescence Not available (Colombo et al., 2024)  Not available 

2.3.2.4. Models’ setup 479 

For brevity, from herein, the STEMMUS-SCOPE model is referred to as ST-SC and the STEMMUS-480 

SCOPE-MODFLOW 6 model is referred to as ST-SC-MF6. 481 

2.3.1.2.4.1. Temporal and spatial discretization 482 

Both ST-SC and ST-SC-MF6 models of the 3 three sites used a 3 three months model initialization 483 

phase (i.e. “spin-up”) that extended from 1 January 2016 to 31 March 2016. After this, the 484 

simulation was run for a period of 8 years (1 April 2016 – 31 March 2024). The total simulation had 485 

144,624 half-hourly time steps. 486 

STEMMUS-SCOPE is a point-based model, while MODFLOW 6 is a grid-based model. As this study is 487 

the first example of coupling these two models, the ST-SC-MF6 models were set up in a vertically-488 

stacked orientation (1-dimensional, 1D). The 1D models were assumed to be representative of the 489 

ecosystem of each of the corresponding sites.  490 

The unsaturated zone in STEMMUS-SCOPE was modelled with site-specific total thicknesses: 5 m for 491 

Loobos, 1.5 m for Cabauw, and 1.2 m for Veenkampen – each equals to or exceeds the site’s 492 

maximum observed water table depth (5.0 m for Loobos, 1.25 m for Cabauw, and 1.0 m for 493 
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Veenkampen). The unsaturated zone was vertically discretized into 69, 50, and 33 layers for Loobos, 519 

Cabauw, and Veenkampen, respectively (Table 2). The thickness of the layers was variable (minimum 520 

of 1 cm and maximum of 20 cm), started with finer resolution near the surface (1 cm), gradually 521 

increased to 20 cm, then gradually decreased again to 5 cm near the water table fluctuation zone. 522 

The MODFLOW 6 models were horizontally discretized into a single cell that is 1 m by 1 m, and were 523 

vertically discretized into 20, 15, and 18 layers for the Loobos, Cabauw and Veenkampen sites, 524 

respectively (Table 2). The layering information was retrieved from the BRO GeoTOP v1.6. geological 525 

model (TNO – GDN, 2023) and the BRO REGIS II v2.2.2. hydrogeological model (TNO – GDN, 2024). 526 

Since the models were 1D models in the vertical direction, lateral flow considerations were 527 

neglected. To minimize the effect of this negligence, the saturated zone simulation was limited to 528 

the upper-most permeable hydrogeological unit, which terminates at a depth of 20 m below the 529 

land surface for Loobos and 9 m for both the Cabauw and Veenkampen sites. This permeable 530 

hydrogeological unit was then sub-divided into thinner layers, started with a thickness of 0.25 m, 531 

then smoothly increased to 0.5, 0.75, and 1 m. At the base of the bottom-most active layer, a 532 

specified flux boundary condition was applied to compensate for the vertical flow of the excluded 533 

deeper hydrogeological units. 534 

2.3.2.2.4.2. Initial and boundary conditions 535 

Each model of the 3 three sites was initialized by an initial θ and Ts for STEMMUS-SCOPE, and an 536 

initial GWL and GT for MODFLOW 6. The initial θ, Ts, GWL, and GT values were retrieved from the 537 

collected datasets (Table 3Table 2) of the 3 three sites as follows: a) 0.1, 5°C, 21.5 m, and 10°C for 538 

Loobos, b) 0.6, 5°C, -0.8 m and 10.5°C for Cabauw, and c) 0.75, 5°C, 5.1 m, and 11°C for 539 

Veenkampen. 540 

The top boundary of the soil water module in STEMMUS-SCOPE was a specified flux (precipitation, 541 

input retrieved from the collected datasets in Table 3Table 2), and the bottom boundary was the 542 

GWL (received from MODFLOW 6). The top boundary of the soil energy module in STEMMUS-SCOPE 543 
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was a specified temperature (air temperature, input retrieved from the collected datasets in Table 568 

3Table 2), and the bottom boundary was the GT (received from MODFLOW 6). The top boundary of 569 

the GWF module of the saturated zone in MODFLOW 6 was the Rn (received from STEMMUS-570 

SCOPE), and the bottom boundary was a specified flux (unknown value that was initially set to 571 

0.0005 m day-1 and calibrated later). The top boundary of the GWE module of the saturated zone in 572 

MODFLOW 6 was the Qheat and RTn (received from STEMMUS-SCOPE), and the bottom boundary 573 

was a specified heat flux (unknown value that was initially set to 0.05 W m-2 and calibrated later).  574 

2.3.3.2.4.3. Model parameters and calibration/validation 575 

Both STEMMUS-SCOPE and MODFLOW 6 models have a lot ofseveral parameters – herein, only the 576 

parameters that had a high impact on the simulations (based on an earlier sensitivity analysis) are 577 

calibrated and listed in Table 4. The main parameters that govern the flow simulation in STEMMUS-578 

SCOPE were: the vertical saturated hydraulic conductivity of the unsaturated zone (Ksat), residual 579 

water content (θr), saturated water content (θs), empirical coefficients of the Van Genuchten 580 

equation (α and n), and dmax. In MODFLOW 6, the main aquifer parameters were: the horizontal 581 

(Kh) and vertical (Kv) hydraulic conductivity, specific storage (Ss), and specific yield (Sy). Both 582 

STEMMUS-SCOPE and MODFLOW 6 used the same thermal parameters to simulate the heat transfer 583 

in both the unsaturated and the saturated zones, including: thermal conductivity of solids (KT), 584 

specific heat capacity of solids (cs), and bulk density (ρs). All the parameters in Table 4 were 585 

initialized with default values (not presented) and further calibrated. As explained in Section 2.4.1, 586 

the soil profiles at each site were discretized into multiple vertical layers (Table 2) to account for soil 587 

heterogeneity. Initially, all layers were assigned uniform values for each parameter. During the 588 

calibration procedure, these parameters were updated individually for each layer to reflect the 589 

vertical variability of the θ and Ts measurements. The ranges of the calibrated values for each 590 

parameter across the layers are summarized in Table 4.  591 
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The 8-year simulation period was divided into a 4-year calibration period (1 April 2016 – 31 March 606 

2020), followed by a 4-year validation period (1 April 2020 – 31 March 2024). The collected 607 

observation datasets (Table 3Table 3) were used as calibration/validation state variables for the 608 

calibration/validation periods, respectively. The models were calibrated by trial and error until a 609 

satisfactory qualitative (graphical) and quantitative (statistical) matches between the simulated 610 

variables and their observed equivalents were achieved. The goodness of fit was assessed using two 611 

statistical metrics: the Kling–Gupta efficiency (KGE; Gupta et al., 2009) and the root mean square 612 

error (RMSE). The KGE value can range from negative infinity to 1 and was deemed acceptable, when 613 

it was larger than zero (Knoben et al., 2019). The RMSE value was deemed acceptable, when it was 614 

minimized to 0.1 m3 m-3, 2°C, 0.5 m, 1°C, 1 mm day-1, 3 gC m-2 day-1, 5 gC m-2 day-1, and 0.25 mW m-2 615 

μm-1 sr-1 for 𝜃, 𝑇𝑠, 𝐺𝑊𝐿, 𝐺𝑇, 𝐸𝑇, 𝐺𝑃𝑃, 𝑁𝐸𝐸, and SIF, respectively, as similar ranges were indicated 616 

in former studies (Lekula & Lubczynski, 2019; Pacheco-Labrador et al., 2019; Thum et al., 2019; Van 617 

der Velde et al., 2023; Benz et al., 2024; Qian et al., 2024; Yang & Lei, 2024; Wang et al., 2026). 618 

Table 4 Models’ tuned parameters 619 

Parameter Loobos Cabauw Veenkampen Unit Model 

Calibrated values 

Ksat Vertical saturated hydraulic conductivity   2.5-10 10-20 10-20 cm day-1 STEMMUS-SCOPE 

θr Residual water content 0.03 0.2 0.15 m3 m-3 STEMMUS-SCOPE 

θs Saturated water content 0.2-0.4 0.60-0.62 0.72-0.77 m3 m-3 STEMMUS-SCOPE 

α Alpha coefficient of Van Genuchten equation 0.1 0.05-0.09 0.02-0.04 cm-1 STEMMUS-SCOPE 

n n coefficient of Van Genuchten equation 3.0-5.0 1.2-2.4 1.8-2.4 - STEMMUS-SCOPE 

dmax Maximum rooting depth 400 0.50 0.50 cm STEMMUS-SCOPE 

Kh Horizontal hydraulic conductivity 5.0 5.0 5.0 m day-1 MODFLOW 6 

Kv Vertical hydraulic conductivity 5.0 5.0 5.0 m day-1 MODFLOW 6 

Ss Specific storage 10-5 1.5*10-5 1.5*10-5 - MODFLOW 6 
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Sy Specific yield 0.05 0.15 0.15 m-1 MODFLOW 6 

KT Thermal conductivity of solids 1.0-3.0 0.5-1.0 0.5-1.0 W m-1 °C-1 Both models 

cs Specific heat capacity of solids 800-3000 2500-4000 2500-4000 J kg−1 °C−1 Both models 

ρs Bulk density of solids 900-1600 1200-1600 1200-1600 kg m-3 Both models 

3. Results  620 

3.1. Overall models’ performance 621 

The θ simulation of the ST-SC-MF6 demonstrated better agreement with the observations during 622 

both the calibration and validation periods as compared to the ST-SC simulations at the three sites. 623 

The depth-averaged KGE values of θ were increased by 0.29 at Loobos, 0.30 at Cabauw, and 0.21 at 624 

Veenkampen (Table 5), while the depth-averaged RMSE values were decreased by 0.02, 0.18, 0.13 at 625 

Loobos, Cabauw and Veenkampen, respectively (Table 6).  626 

The Ts improvement of the ST-SC-MF6 simulations were site-dependent. The depth-averaged KGE 627 

values of Ts were increased by 0.19 and 0.14 at Loobos and Cabauw, respectively, while increasing 628 

slightly in Veenkampen by 0.04 (Table 5). Corresponding RMSE reductions were 0.9, 0.7, 0.2 °C at 629 

Loobos, Cabauw and Veenkampen, respectively (Table 6). 630 

The ET improvement of the ST-SC-MF6 simulations were consistent across the three sites, with KGE 631 

increases of 0.35, 0.11, 0.15, accompanied by RMSE reductions of 0.38, 0.19, 0.25 mm day-1 at 632 

Loobos, Cabauw and Veenkampen (Tables 5 and 6), respectively. 633 

The carbon flux responses were site-dependent. At Cabauw, the KGE of NEE increased by 0.18, and 634 

the RMSE decreased by 2.4 gC m-2 day-1 (Tables 5 and 6). While in Loobos, the GPP showed negligible 635 

changes between the ST-SC and ST-ST-MF6 simulations, i.e. changes in KGE and RMSE values were 636 

limited to 0.1, and 0.1 gC m-2 day-1, respectively (Tables 5 and 6). 637 
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For SIF at Cabauw, improvement of the ST-SC-MF6 simulation were satisfactory, with KGE increases 638 

of 0.15 and RMSE reduction of 0.17 mW m-2 μm-1 sr-1, respectively (Tables 5 and 6). 639 

Considering the groundwater variables (GWL and GT) in the ST-SC-MF6 simulation, the KGE values 640 

for GWL were  0.46 at Loobos, 0.63 at Cabauw, and 0.47 at Veenkampen, and RMSE values of 0.49, 641 

0.21, and 0.26 m, respectively. For GT at Loobos, the KGE value was 0.56 with corresponding RMSE 642 

of 0.47 °C. 643 

Table 5. KGE values of the calibration state variables for the STEMMUS-SCOPE (ST-SC) and 644 

STEMMUS-SCOPE-MODFLOW 6 (ST-SC-MF6) models at the three sites over the entire period 645 

simulation 646 

Variable Loobos Cabauw  Veenkampen  

  ST-SC ST-SC-MF6 Difference (Δ)  ST-SC ST-SC-MF6 Δ  ST-SC ST-SC-MF6 Δ 

Θ at 

depth 

20 cm 0.02 0.29  20 cm 0.29 0.71  7 cm 0.49 0.53  

50 cm 0.01 0.46  35 cm 0.37 0.67  13 cm 0.42 0.72  

100 cm 0.02 0.18  55 cm 0.49 0.65  25 cm 0.46 0.71  

 Average 0.02 0.31 +0.29 Average 0.38 0.68 +0.30 Average 0.45 0.66 +0.21 

Ts at 

depth 

20 cm 0.42 0.49  20 cm 0.65 0.84  10 cm 0.72 0.86  

50 cm 0.33 0.49  35 cm 0.67 0.77   20 cm 0.83 0.84  

100 cm 0.22 0.56  55 cm 0.64 0.78  50 cm  0.77 0.73  

 Average 0.32 0.51 +0.19 Average 0.65 0.79 +0.14 Average 0.77 0.81 +0.04 

GWL  - 0.46 -  - 0.63 -  - 0.47 - 

GT   - 0.56 -  - - -  - - - 

ET  0.11 0.46 +0.35  0.65 0.76 +0.11  0.46 0.61 +0.15 

GPP  0.47 0.46 -0.01  - - -  - - - 

NEE  - - -  0.01 0.19 +0.18  - - - 

SIF  - - -  0.31 0.46 +0.15  - - - 

 647 
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Table 6. RMSE values of the calibration state variables for the STEMMUS-SCOPE (ST-SC) and 648 

STEMMUS-SCOPE-MODFLOW 6 (ST-SC-MF6) models at the three sites over the entire period 649 

simulation 650 

Variable Unit  Loobos   Cabauw   Veenkampen  

   ST-SC ST-SC-

MF6 

Difference 

(Δ) 

 ST-SC ST-SC-

MF6 

Δ  ST-SC ST-SC-

MF6 

Δ 

θ at 

depth 

 

m3 m-3 

20 cm 0.05 0.03  20 cm 0.24  0.08  7 cm 0.24 0.12  

50 cm 0.04 0.02  35 cm 0.27 0.1  13 cm 0.19 0.08  

100 cm 0.04 0.02  55 cm 0.28 0.08  25 cm 0.25 0.09  

  Average 0.04 0.02 -0.02 Average 0.26 0.08 -0.18 Average 0.22 0.09 -0.13 

Ts at 

depth 

 

°C 

20 cm 2.4 1.7  20 cm 1.8 1.1  10 cm 2.5 2.1  

50 cm 2.4 1.4  35 cm 1.9 1.2   20 cm 2.2 2.2  

100 cm 2.7 1.7  55 cm 1.7 1.1  50 cm 2.9 2.5  

  Average 2.5 1.6 -0.9 Average 1.8 1.1 -0.7 Average 2.5 2.3 -0.2 

GWL m  - 0.49 --  - 0.21 --  - 0.26 -- 

GT  °C  - 0.47 --  - - --  - - -- 

ET mm day-1  1.37 0.99 -0.38  0.95 0.76 -0.19  1.12 0.87 -0.25 

GPP gC m-2 day-1  2.7 2.8 +0.1  - - -  - - - 

NEE gC m-2 day-1  - - -  7.0 4.6 -2.4  - - - 

SIF mW m-2 μm-1 sr-1  - - -  0.38 0.21 -0.17  - - - 

 651 

3.2. Saturated zone dynamics 652 

The coupled ST-SC-MF6 model reproduced GWL and GT dynamics with overall satisfactory KGE and 653 

RMSE performance across the three sites (Section 3.1). At the three sites, the ST-SC-MF6 models 654 

successfully captured the observed GWL rise during wet periods and drawdown during dry periods 655 

(Figure 3). At Cabauw and Veenkampen, the shallow water table exhibited pronounced groundwater 656 

– soil coupling, which directly influenced root-zone moisture and propagated upward to ecosystem 657 

fluxes. In contrast, at Loobos, the relatively moderate groundwater depths and poor soil 658 
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characteristics resulted in weak hydraulic connectivity with the unsaturated zone, limiting its 659 

influence on upper soil layers moisture dynamics. However, the ST-SC-MF6 model successfully 660 

reproduced the seasonal GT variability (Figure 3) with satisfactory KGE and RMSE performances, 661 

demonstrating the ability of the coupled model in simulating the subsurface heat transfer and its 662 

influence on the unsaturated zone thermal dynamics (Section 3.3.2). Overall, producing 663 

groundwater variables, i.e. GWL and GT with satisfactory performance enabled a mechanistic 664 

assessment of groundwater contributions, in terms of mass and heat, to different soil and vegetation 665 

processes at the three sites as explained in the following subsections (Sections 4.1 - 4.4). 666 

Although lateral groundwater flow was not simulated in the present 1D applications, its potential 667 

effect was indirectly accounted for by calibrating the ST-SC-MF6 models against the observed GWL. 668 

By adjusting aquifer parameters, so that simulated GWL closely matched observed ones, the 1D ST-669 

SC-MF6 models implicitly incorporated the net outcome of lateral inflows, drainage, irrigation, and 670 

pumping on the GWL dynamics. Nevertheless, incorporating lateral groundwater flow in future 671 

2D/3D applications would likely improve process realism, particularly when assessing groundwater 672 

as a managed water resource and its broader role in ecosystem functioning. 673 
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 687 

Figure 3. Comparison of half-hourly simulated groundwater level (GWL) and groundwater 688 

temperature (GT) values by STEMMUS-SCOPE-MODFLOW 6 (blue lines) and observed ones (black 689 

lines) during the calibration period (1 April 2016 – 31 March 2020) and the validation period (1 April 690 

2020 – 31 March 2024; grey shaded) at: Loobos (a and b), Cabauw (c), and Veenkampen (d). Land 691 

surface elevation values of the three sites are shown in Table 2 692 

3.3. Unsaturated zone dynamics 693 

3.3.1. Soil moisture 694 

Figure 4 presents half-hourly observations and simulated outputs from the ST-SC and the ST-SC-MF6 695 

models for θ at available depths at the three sites. The improvements in capturing the θ dynamics 696 

within ST-SC-MF6 simulations were evident at all soil depths, but were most pronounced during the 697 

wet periods at Cabauw and Veenkampen sites, characterized by shallow groundwater depths (0 - 698 

1.25 m). At these two sites, the ST-SC-MF6 models successfully captured the θ peaks, occurred 699 
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during winter periods, along different soil depths (0.6 m3 m-3 at Cabauw and 0.75 m3 m-3 at 700 

Veenkampen), representing near-saturation conditions. Those peaks reflect strong connectivity 701 

between soil and groundwater and the strong influence of groundwater on the soil profiles. In 702 

contrast, the ST-SC models underestimated these winter θ peaks, as the absence of groundwater 703 

limited the θ ability to reach saturation conditions. At Loobos, groundwater depth was relatively 704 

moderate (3 – 5 m), and had limited influence on the θ dynamics. Thus, the improvement of the θ 705 

simulation of the ST-SC-MF6 over the ST-SC model at Loobos was less associated with direct 706 

groundwater feedback and more related to improved parameter calibration within the ST-SC-MF6 707 

model.      708 

 709 

Figure 4 . Comparison of half-hourly simulated soil moisture (𝜃) values by STEMMUS-SCOPE (orange 710 

lines), by STEMMUS-SCOPE-MODFLOW 6 (blue lines), and observed ones (black lines) during the 711 
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calibration period (1 April 2016 – 31 March 2020) and the validation period (1 April 2020 – 31 March 732 

2024; grey shaded) for: Loobos at depth: a) 50 cm, b) 100 cm; Cabauw at depth: c) 20 cm, d) 35 cm; 733 

and Veenkampen at depth: e) 13 cm, f) 25 cm 734 

3.3.2. Soil temperature 735 

Figure 5 presents half-hourly observations and simulated outputs from the ST-SC and the ST-SC-MF6 736 

models for Ts at available depths at the three sites. The ST-SC-MF6 model showed a closer 737 

agreement with the observations than the ST-SC model at the three sites, but were more 738 

pronounced at Loobos. The GT observations were only available at Loobos, enabling a direct 739 

assessment of groundwater influence on Ts, unlike the case at Cabauw and Veenkampen. At Loobos, 740 

the ST-SC-MF6 simulation well captured the Ts dynamics (Figure 5Figure a and b). In contrast, Tthe 741 

ST-SC simulation showed an overestimation of the θ amplitude (fluctuations), which affectsreduced 742 

(dampensed) the Ts amplitude, leading to lower Ts peaks and higher Ts troughs than the 743 

observations. Similarly, In contrast, the ST-SC-MF6 simulation well captured the θ amplitudeat 744 

Cabauw, the ST-SC-MF6 simulation captured well the Ts dynamics, while in contrast, the ST-SC 745 

simulation showed an overestimation of the Ts amplitude, leading to higher Ts peaks and lower Ts 746 

troughs than the observations (Figure 5c and d). but overestimated the Ts amplitude, resulting in 747 

higher Ts peaks and lower Ts troughs than the observed Ts.At Veenkampen,Regarding Ts, both 748 

models generally reproduced the seasonal Ts patterns and corresponded well with the observations, 749 

but  exhibited a systematic tendency to slightly overestimate Ts amplitudes except for the 750 

underestimated troughs by ST-SC-MF6 along the entire soil profiles (Figure 5e and f).  751 
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 752 

Figure 5. Comparison of half-hourly simulated soil temperature (𝑇𝑠) values by STEMMUS-SCOPE 753 

(orange lines), by STEMMUS-SCOPE-MODFLOW 6 (blue lines), and observed ones (black lines) during 754 

the calibration period (1 April 2016 – 31 March 2020) and the validation period (1 April 2020 – 31 755 

March 2024; grey shaded) for: Loobos at depth: a) 50 cm, b) 100 cm; Cabauw at depth: c) 20 cm, d) 756 

35 cm; and Veenkampen at depth: e) 10 cm, f) 20 cm 757 
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758 

Figure 3. Loobos site – comparison of half-hourly simulated values by STEMMUS-SCOPE (green lines), by STEMMUS-SCOPE-759 

MODFLOW 6 (red lines), and observed ones (black lines) during the calibration period (1 April 2016 – 31 March 2020) and 760 

the validation period (1 April 2020 – 31 March 2024; grey shaded) of the following: soil moisture (𝜃) at depths: a) 20 cm, b) 761 

50 cm, c) 100 cm; soil temperature (𝑇𝑠) at depths: d) 20 cm, e) 50 cm, f) 100 cm; (g) groundwater level (𝐺𝑊𝐿), and h) 762 

groundwater temperature (𝐺𝑇) 763 

Figure 5. Cabauw site – comparison of half-hourly simulated values by STEMMUS-SCOPE (green lines), by STEMMUS-SCOPE-764 

MODFLOW 6 (red lines), and observed ones (black lines) during the calibration period (1 April 2016 – 31 March 2020) and 765 

the validation period (1 April 2020 – 31 March 2024; grey shaded) of the following: soil moisture (𝜃) at depths: a) 20 cm, b) 766 

50 cm, c) 100 cm; soil temperature (𝑇𝑠) at depths: d) 20 cm, e) 50 cm, f) 100 cm; g) groundwater level (𝐺𝑊𝐿), and h) 767 

groundwater temperature (𝐺𝑇) 768 
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 783 

Figure 8. Veenkampen site – comparison of half-hourly simulated values by STEMMUS-SCOPE (green lines), by STEMMUS-784 

SCOPE-MODFLOW 6 (red lines), and observed ones (black lines) during the calibration period (1 April 2016 – 31 March 2020) 785 

and the validation period (1 April 2020 – 31 March 2024; grey shaded) of the following: soil moisture (𝜃) at depths: a) 20 786 

cm, b) 50 cm, c) 100 cm; soil temperature (𝑇𝑠) at depths: d) 20 cm, e) 50 cm, f) 100 cm; (g) groundwater level (𝐺𝑊𝐿), and h) 787 

groundwater temperature (𝐺𝑇) 788 

3.4. Evapotranspiration 789 

Figure 6 illustrates daily observed and simulated ET from the ST-SC and ST-SC-MF6 models at the 790 

three sites. The zoom windows in Figure 6 highlight the results during a dry period example in the 791 

calibration period (1 June 2019 – 30 September 2019) and in the validation periods (1 June 2021 – 30 792 

September 2021). Overall at the three sites, the ST-SC-MF6 models exhibited a better match with 793 

the ET observations, particularly during the dry periods, as compared to the ST-SC models. The ST-794 

SC simulations showed rapid ET declines during the highlighted dry period examples, when 795 

precipitation declined, leading to θ limitation. In contrast, the ST-SC-MF6 simulations maintained 796 
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higher ET rates during those dry period examples due to the sustained water supply from 797 

groundwater. This buffering effect reduced underestimation of the simulated ET and better 798 

captured the observations. 799 

 800 

Figure 6. Comparison of half-hourly simulated evapotranspiration (𝐸𝑇) values by STEMMUS-SCOPE 801 

(orange lines), by STEMMUS-SCOPE-MODFLOW 6 (blue lines), and observed ones (black lines) during 802 

the calibration period (1 April 2016 – 31 March 2020) and the validation period (1 April 2020 – 31 803 

March 2024; grey shaded) at: (a) Loobos, (d) Cabauw, (g) Veenkampen; with windows zooming (b, e, 804 

and h) in a dry period example in the calibration period (1 June 2019 – 30 September 2019), and (c, f, 805 
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and i) in a dry period example in the validation period (1 June 2021 –30 September 2021)806 

 807 

Figure 4. Loobos site – comparison of daily simulated values by STEMMUS-SCOPE (green lines), by STEMMUS-SCOPE-808 

MODFLOW 6 (red lines), and observed ones (black lines) during the calibration period (1 April 2016 – 31 March 2020) and 809 

the validation period (1 April 2020 – 31 March 2024; grey shaded) of the following: a) evapotranspiration (𝐸𝑇) with two 810 

windows zooming in: b) a dry period example in the calibration period (1 June 2019 – 30 September 2019), c) a dry period 811 

example in the validation period (1 June 2021 – 30 September 2021); d) gross primary productivity (𝐺𝑃𝑃) with two windows 812 

zooming in the same dry periods in: e) the calibration period, and f) the validation period Figure 6. Cabauw site – 813 

comparison of daily simulated values by STEMMUS-SCOPE (green lines), by STEMMUS-SCOPE-MODFLOW 6 (red lines), and 814 

observed ones (black lines) during the calibration period (1 April 2016 – 31 March 2020) and the validation period (1 April 815 

2020 – 31 March 2024; grey shaded) of the following: a) evapotranspiration (𝐸𝑇) with two windows zooming in: b) a dry 816 

period example in the calibration period (1 June 2018 – 30 September 2018), c) a dry period example in the validation 817 

period (1 June 2020 – 30 September 2020); d) net ecosystem exchange (𝑁𝐸𝐸) with two windows zooming in the same dry 818 

periods in: e) the calibration period, and f) the validation period 819 
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 836 

Figure 9. Veenkampen site – comparison of daily simulated evapotranspiration (𝐸𝑇) by STEMMUS-SCOPE (green lines), by 837 

STEMMUS-SCOPE-MODFLOW 6 (red lines), and observed ones (black lines) during the calibration period (1 April 2016 – 31 838 

March 2020) and the validation period (1 April 2020 – 31 March 2024; grey shaded) with two windows zooming in: (b) a dry 839 

period example in the calibration period (1 June 2018 – 30 September 2018), and (c) a dry period example in the validation 840 

period (1 June 2022 –30 September 2022) 841 

3.5. Carbon fluxes and SIF 842 

Figure 7 illustrates daily observations and simulated carbon fluxes (GPP at Loobos and NEE at 843 

Cabauw) from the ST-SC and ST-SC-MF6 models, with zoom windows to highlight the results during a 844 

dry period example in the calibration period (1 June 2019 – 30 September 2019) and in the 845 

validation period (1 June 2020 –30 September 2020). At Loobos, groundwater influence on θ 846 

dynamics was weak, so GPP simulations were largely unchanged, and both ST-SC and ST-SC-MF6 847 

models aligned well with the observations during the simulation period, including the dry periods 848 

(Figure 7b and c). While at Cabauw, where strong groundwater influence on θ dynamics was 849 

observed, the ST-SC-MF6 model demonstrated a better match with the NEE observations, 850 

particularly during the dry periods (Figure 7e and f), as compared to ST-SC. 851 
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 852 

Figure 7. Comparison of half-hourly simulated carbon fluxes, i.e. gross primary productivity (𝐺𝑃𝑃) 853 

and net ecosystem exchange (𝑁𝐸𝐸) values by STEMMUS-SCOPE (orange lines), by STEMMUS-SCOPE-854 

MODFLOW 6 (blue lines), and observed ones (black lines) during the calibration period (1 April 2016 855 

– 31 March 2020) and the validation period (1 April 2020 – 31 March 2024; grey shaded) at: (a) 856 

Loobos, and (d) Cabauw; with windows zooming (b and e) in a dry period example in the calibration 857 

period (1 June 2019 – 30 September 2019), and (c and f) in a dry period example in the validation 858 

period (1 June 2020 –30 September 2020) 859 

Figure 8 shows half-hourly observations and simulated SIF from ST-SC and ST-SC-MF6 on certain days 860 

at Cabauw, when the observed SIF data were available. During the summer days 9–14 August 2022 861 

(Figure 8a), the ST-SC-MF6 demonstrated a better agreement with the SIF observations as compared 862 

to the ST-SC. Both models aligned well with the observations during the days 3–6 June 2023 (Figure 863 
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8c), which were dry days (Figure 4c and d), while both models underestimate the SIF in the winter 881 

days 12–15 November 2022 (Figure 8b). 882 

 883 

Figure 8. Cabauw site – comparison of half-hourly simulated sun-induced chlorophyll fluorescence 884 

(SIF) by STEMMUS-SCOPE (orangegreen lines), by STEMMUS-SCOPE-MODFLOW 6 (bluered lines), 885 

and observed ones (black lines) during the days: a) 9 August 2022 – 14 August 2022, b) 12 November 886 

2022 – 15 November 2022, and c) 3 June 2023 – 6 June 2023 887 

Figure 3 presents half-hourly observations and simulated outputs from the ST-SC and the ST-SC-MF6 888 

models of the following: θ at depths 20, 50, and 100 cm (Figs. 3a, b, c); Ts at the same depths (Figs. 889 

3d, e, f); GWL (Fig. 3g), and GT (Fig. 3h). The ST-SC-MF6 simulation of θ and Ts showed substantial 890 

improvement over ST-SC, during both the calibration and the validation periods. The ST-SC 891 

simulation showed an overestimation of the θ amplitude (fluctuations), which inversely affects 892 

(dampens) the Ts amplitude, leading to lower Ts peaks and higher Ts troughs than the observations. 893 

In contrast, the ST-SC-MF6 simulation well captured the θ amplitude but overestimated the Ts 894 

amplitude, resulting in higher Ts peaks and lower Ts troughs than the observed Ts. The KGE values of 895 

θ at depths 20, 50, and 100 cm were 0.29, 0.46, 0.18 (Table 4) with corresponding RMSE values of 896 

0.03, 0.02, 0.02 m3 m-3 (Table 5) for the ST-SC-MF6, as compared to KGE values equal to 0.02, 0.01, 897 
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0.02, and RMSE values equal to 0.05, 0.04, 0.04 m3 m-3 for the ST-SC, respectively. For Ts at the same 898 

depth, the ST-SC-MF6 yield KGE values of 0.49, 0.49, 0.56 (Table 4), with RMSE values of 1.73, 1.41, 899 

1.72 °C (Table 5), as compared to KGE values equal to 0.42, 0.33, 0.22, and RMSE values equal to 900 

2.39, 2.36, 2.73 °C for the ST-SC, respectively. Besides, the simulated GWL and GT by ST-SC-MF6 901 

(Figs. 3g and h) showed a good match with the observations, with KGE values equal to 0.26 and 0.56 902 

(Table 4), and RMSE values equal to 0.49 m and 0.17 °C (Table 5), respectively.  903 

Table 5. KGE values of the state variables for the STEMMUS-SCOPE (ST-SC) and STEMMUS-SCOPE-904 

MODFLOW 6 (ST-SC-MF6) models at the three sites over the entire period simulationTable 6. RMSE 905 

values of the state variables for the STEMMUS-SCOPE (ST-SC) and STEMMUS-SCOPE-MODFLOW 6 906 

(ST-SC-MF6) models at the three sites over the entire period simulation 907 

Cabauw site 908 

Figure 5 presents half-hourly observations and simulated outputs from ST-SC and ST-SC-MF6 models 909 

of the following: θ at depths 20, 35, and 55 cm (Figs. 5a, b, c); Ts at the same depths (Figs. 5d, e, f); 910 

GWL (Fig. 5g), and GT (Fig. 5h). The ST-SC-MF6 simulation of θ demonstrated improved agreement 911 

with the observations during both the calibration and the validation periods, as compared to the ST-912 

SC simulation. The KGE values of θ at depths 20, 35, and 55 cm was improved to 0.7, 0.57, 0.55 for 913 

ST-SC-MF6, as compared to 0.29, 0.37, 0.49 for ST-SC, respectively (Table 4). The RMSE values of θ at 914 

the same depths were reduced to 0.08, 0.1, 0.08 m3 m-3 for ST-SC-MF6, as compared to 0.14, 0.17, 915 

0.18 m3 m-3 for ST-SC, respectively (Table 5). Regarding Ts, both models generally correspond well 916 

with the observations except for the underestimated troughs by ST-SC-MF6 along the entire soil 917 

profile (Figs. 5d, e, and f). Both KGE and RMSE values of Ts at depths 20, 35, and 55 cm for both 918 

models were close to each other (Table 4 and 5). The KGE values were 0.84, 0.67, 0.78 for ST-SC-MF6 919 

and 0.85, 0.76, 0.64 for ST-SC, respectively and the RMSE values were 1.6, 1.4, 1.6 °C for ST-SC-MF6 920 

and 1.2, 1.4, 1.7 °C for ST-SC, respectively. Additionally, the ST-SC-MF6 simulated GWL showed a 921 
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good match with the observations (Table 4 and 5), with KGE values equal to 0.63 and RMSE values 922 

equal to 0.21 m (Fig. 5g).  923 

Figure 6 illustrates daily observations and simulated ET and NEE from ST-SC and ST-SC-MF6 models. 924 

The zoom windows in Figs. 6b, c, e, and f emphasize the results during a dry period example in the 925 

calibration period (1 June 2018 – 30 September 2018) and in the validation period (1 June 2020 – 30 926 

September 2020). The ST-SC-MF6 model exhibited a closer agreement with the ET observations, 927 

particularly during the dry periods (Figs. 6b and c), as compared to ST-SC. The KGE and RMSE values 928 

were improved to 0.76 and 0.76 mm day-1 for ST-SC-MF6, as compared to 0.65 and 0.95 mm day-1 929 

for ST-SC, respectively (Table 4 and 5). Similarly, for NEE, the ST-SC-MF6 model demonstrated a 930 

better match with the NEE observations, particularly during the dry periods (Figs. 6e and f), as 931 

compared to ST-SC. The KGE and RMSE values were improved to 0.19 and 4.46 gC m-2 day-1 for ST-932 

SC-MF6, as compared to 0.01 and 7.0 gC m-2 day-1 for ST-SC, respectively (Table 4 and 5). 933 

Figure 7 shows half-hourly observations and simulated SIF from ST-SC and ST-SC-MF6 on certain 934 

days, when the observed SIF data were available. During the summer days 9–14 August 2022 (Fig. 935 

7a), the ST-SC-MF6 demonstrated an improved agreement with the SIF observations. Both models 936 

aligned well with the observations during days 3–6 June 2023 (Fig. 7c), which were dry days (Figs. 5a, 937 

b, and c), while both models underestimate the SIF in the winter days 12–15 November 2022 (Fig. 938 

7b).  939 

Veenkampen site 940 

Figure 8 presents half-hourly observations and simulated outputs from ST-SC and ST-SC-MF6 models 941 

of the following: θ at depths 7, 13, and 25 cm (Figs. 8a, b, c); Ts at depths 10, 20, and 50 cm (Figs. 8d, 942 

e, f); GWL (Fig. g), and GT (Fig. 8h). The ST-SC-MF6 simulation of θ showed a better agreement with 943 

the observations during both the calibration and the validation periods, as compared to the ST-SC 944 

simulation (Figs. 8a, b, c). The KGE values of θ at depths 7, 13, and 25 cm were improved to 0.53, 945 

0.82, and 0.71 for ST-SC-MF6, as compared to 0.49, 0.42, and 0.26 for ST-SC, respectively (Table 4). 946 
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The RMSE values of θ at the same depths were reduced to 0.12, 0.08, 0.09 m3 m-3 for ST-SC-MF6, as 947 

compared to 0.24, 0.19, 0.25 m3 m-3 for ST-SC, respectively (Table 5). Regarding Ts, both models 948 

generally correspond well with the observations except for the overestimated peaks along the entire 949 

soil profile (Figs. 8d, e, and f). Both KGE and RMSE values of Ts at depths 10, 20, and 50 cm for both 950 

models were close to each other (Table 4 and 5). The KGE values were 0.86, 0.84, 0.53 for ST-SC-MF6 951 

and 0.72, 0.83, 0.77 for ST-SC, respectively, and the RMSE values were 2.1, 2.2, 2.5 °C for ST-SC-MF6 952 

and 2.5, 2.2, 2.9 °C for ST-SC, respectively. Additionally, the ST-SC-MF6 simulated GWL showed a 953 

good match with the observations (Table 4 and 5), with KGE values equal to 0.37, and RMSE values 954 

equal to 0.26 m (Fig. 8g).  955 

4. Discussion 956 

The main objective of this study was to better understand what impact a more robust 957 

representation of groundwater has on modelling the soil-plant-atmosphere continuum. We 958 

hypothesized that explicitly representing groundwater mass and energy would improve modelling 959 

the soil-plant-atmosphere continuum. To achieve this, an IEM framework was developed by coupling 960 

the STEMMUS-SCOPE SPAC model to the MODFLOW 6 IHM. The coupling was implemented using 961 

the BMI coupling approach (Peckham et al., 2013; Hutton et al., 2020). The BMI approach was 962 

followed because it facilitates the coupling at the shared interface between the respective models 963 

by exchanging the models’ calculated variables through memory; thereby eliminating the need to 964 

modify the source code of either model. Hence, BMI allows for keeping up with advances of the 965 

individual models. Additionally, using BMI, the coupled models are run through executable files 966 

without the need to access the source code of the models during the models’ simulation. Thus, BMI 967 

allows for coupling models that are written in different programming languages, as exemplified in 968 

this study (STEMMUS-SCOPE in MATLAB and MODFLOW 6 in Fortran).  969 
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The ST-SC-MF6 IEM was tested at 3 three different sites (the Loobos forest, the Cabauw and 970 

Veenkampen meadow sites) in the Netherlands. Different key variables from the water, energy, and 971 

carbon cycles were analyzed for the two simulations (with and without coupling with MODFLOW 6) – 972 

namely, θ, Ts, GWL, GT, ET, GPP, NEE, and SIF. Comparing results (section 3) from the ST-SC and ST-973 

SC-MF6 simulations highlights the The benefits of representing the groundwater in modells ofing 974 

soil-plant-atmosphere continuumthe SPAC processes. are described in the following subsections.  975 

4.1. Effect of groundwater on the soil moisture profile 976 

The benefits obtained from incorporating groundwater within ST-SC-MF6 comes from the role 977 

changes that groundwater plays in the processes simulation. The GWL, simulated by MODFLOW 6, 978 

was used as a bottom boundary for the soil water module in STEMMUS-SCOPE; thereby influencing 979 

the ψs,i and θ profiles. In the capillary fringe zone, above the GWL, soil is nearly saturated, causing 980 

the ψs,i to become less negative, and the corresponding θ to increase significantly. Moving upward 981 

to the soil surface, the influence of the GWL gradually diminishes, and other surface forces (i.e. 982 

precipitation) become the dominant driver of ψs,i and θ in the upper soil layers. However, the extent 983 

to which the GWL affects ψs,i and θ depends on the thickness of the unsaturated zone, where 984 

groundwater fluctuations occur. When the water table is shallow, its influence can extend upward 985 

beyond the lower soil layers, affecting the upper profile with decreasing intensity. Then, over time, 986 

as GWL rises, the entire ψs,i profile shifts towards less negative and θ increases throughout the 987 

entire soil profile. Conversely, a falling GWL leads to a more negative ψs,i profile and a decrease in θ. 988 

The impact of groundwater on the θ profile was particularly evident at Cabauw and Veenkampen 989 

sites, where groundwater depths were shallow (from 0 to 1.25 m below land surface). At these two 990 

sites, the strong hydraulic connectivity between the phreatic surface and the unsaturated zone 991 

enabled the GWL fluctuations to propagate upward through the soil profile, directly regulating the θ 992 

dynamics. The ST-SC-MF6 models improved the representation of the seasonal θ variability by 993 

dynamically resolving this connectivity. During winter wet periods (December - March), the θ 994 
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variability is primarily controlled by groundwater fluctuations (McMillan & Srinivasan, 2015). This 1021 

was observed in the simulations by the rise of the GWL (Figure 3c and d), associated with the 1022 

increase of the θ towards the observed θ peaks (0.6 m3 m-3 at Cabauw and 0.75 m3 m-3 at 1023 

Veenkampen), approaching near-saturation conditions (Figure 4c, d, e and f). In spring periods (April 1024 

– June), when vegetation is mainly active, enhanced RWUs progressively depleted the θ, while GWL 1025 

is still relatively high. Further towards summer dry periods (July – September), limited or no 1026 

precipitation reduced the Rg, leading to GWL decline and the development of a drier soil profile 1027 

(Gao et al., 2017; Li et al., 2017) with minimum θ values of 0.2 m3 m-3 at Cabauw and 0.15 m3 m-3 at 1028 

Veenkampen, respectively (Figure 4c, d, e and f).  1029 

In the Cabauw and Veenkampen sites, the groundwater depth is shallow (from 0 to 1.5 m below land 1030 

surface); thus, the GWL had a significant impact on the θ profile. The GWL contribution is 1031 

highlighted by a significantly improved match between the observed θ and the ST-SC-MF6 simulated 1032 

one. By contrast, ST-SC underestimated the θ profile at the two sites (Figs. 5a, b, c and Fig. 8a, b, c). 1033 

At the Loobos site, the GWL impact on the θ profile was not visible evident. That can be attributed 1034 

to two main factors. because: 1) First, the Loobos site has is characterized by a loamy sandy soil with 1035 

a relatively low maximum observed θ (~ 0.16 m3 m-3) along the entire profile (Figure 4a and b), 1036 

indicating limited specific retention capacity. Second, and potentially 2) the groundwater depth was 1037 

relatively deep moderate (3 – 5 m below land surface), as compared to the other two sites. 1038 

However, whether groundwater influence becomes negligible at depths between 3 and 5 m cannot 1039 

be generalized from the Loobos site alone.However, confirming that the GWL impact on the θ 1040 

profile is minor in cases where the groundwater depth ranges between 3 and 5 m needs further 1041 

investigation. An experimental study by Zhao et al. (2023), conducted in a semi-arid region, showed 1042 

that the θ within the upper 2 m of sandy soil increased with soil depth at 6 and 10 m groundwater 1043 

depths, whereas there was no significant impact on θ at groundwater depth of 15 m. These findings, 1044 

unlike the case in Loobos, suggest that the extent of the critical groundwater depth, which can still 1045 

influence the θ is site dependant and strongly controlled by soil hydraulic properties. Therefore, That 1046 
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could be done in the future by testing at different sites with similar groundwater depths (3 to 5 m) 1071 

but different soil characteristics with generally higher θ than the Loobos site is further required. 1072 

Nevertheless, the ST-SC models at the three sites were unable to reproduce the observed amplitude 1073 

and seasonal variability of θ (Figure 4). That is because the absence of dynamic groundwater 1074 

feedback prevented realistic representation of key interacting groundwater processes, i.e. Rg, RWUs 1075 

and RWUg and their combined influence on θ. 1076 

4.2. Effect of groundwater on soil temperature  1077 

Groundwater energy and mass, represented by GWL and GT, showed effects on the Ts as discussed 1078 

in the following subsections  1079 

4.1.1.4.2.1. Effect of groundwater temperature on soil temperature 1080 

Similarly, tThe GT, simulated by MODFLOW 6, was used as a bottom boundary for the STEMMUS-1081 

SCOPE soil energy module.  At Loobos, where GT observations were available, the ST-SC-MF6 1082 

produced a better simulation of the Ts profile as compared to the ST-SC (Figure 4a and b). At this 1083 

site, the groundwater depth is relatively moderate (3 – 5 m below land surface), resulting in a 1084 

balance between atmospheric and groundwater heat processes influencing on Ts. While the 1085 

shallower soil layers closely follow atmospheric conditions, deeper layers are more influenced by 1086 

groundwater conditions (Parrales et al., 2026). Both observed and simulated GT fluctuated between 1087 

10.6 oC during winter periods and 9.8 oC during summer periods (Figure 3b). In contrast, Ts exhibited 1088 

a much a larger seasonal variability (Figure 4a and b), with both observed and simulated Ts ranging 1089 

from 15.0 – 18.0 oC during summer period to 5.0 – 8.0 oC during winter period across the soil profile. 1090 

With increasing soil depth, the Ts is damped with a seasonal phase lag until gradually approaching 1091 

stable GT values. By incorporating the simulated GT as a bottom boundary condition for the 1092 

unsaturated zone, the ST-SC-MF6 simulation successfully reproduced the same patterns as the 1093 

observed Ts. During winter periods, the GT was higher than Ts, generating upward heat transfer by 1094 

Formatted: Font: Not Italic, Complex Script Font: Not

Italic, Check spelling and grammar

Formatted: Font: Not Italic, Complex Script Font: Not

Italic, Check spelling and grammar

Formatted: Font: Not Italic, Complex Script Font: Not

Italic, Check spelling and grammar



 

50 
 

diffusion, i.e. temperature gradient, from the saturated to the unsaturated zone. Towards the spring 1120 

period (April – June), GT gradually declined, while Ts increased, resulting in a temporary equilibrium 1121 

state between the two thermal regimes. Later during summer periods, the opposite situation occurs, 1122 

with Ts exceeded GT, reversing the direction of the heat transfer from the unsaturated to the 1123 

saturated zone. 1124 

It is notable that matching the simulated Ts with the corresponding observations at the Loobos site 1125 

was challenging. The Loobos site has low values of θ (maximum value = 0.16 m3 m-3) along the soil 1126 

profile (Figure 4a and b), corresponding with relatively low Ts values (maximum value = 18.0 °C). 1127 

Such a situation created extra difficulty to be modelled, since in STEMMUS-SCOPE, the θ and Ts are 1128 

simulated together with many influencing factors as follows: 1) the low θ may shift the energy 1129 

partitioning to more sensible heat and less latent heat, which leads to low values of evaporation and 1130 

extra soil warming (overestimation of Ts profile); and 2) the thermal parameterization (thermal 1131 

hydraulic conductivity and heat capacity) in STEMMUS-SCOPE follows the de Vries method 1132 

formulation (Yu et al., 2018), which is influenced by θ. In this case, the low θ values lowered the 1133 

values of thermal parameters, which may lead to rapid soil heating and further contribute to the 1134 

overestimation of Ts. Hence, the overestimation of the θ amplitude by ST-SC dampened the 1135 

amplitude of the Ts. 1136 

4.2.2. Effect of groundwater level on soil temperature 1137 

At Cabauw and Veenkampen, although no GT observations were available to control the 1138 

simulations, groundwater still exerted potential influence on Ts profile, driven by the GWL rather 1139 

than the GT. The shallow groundwater depths (0.25 – 1 m below land surface) at these two sites 1140 

enhanced soil thermal conductance and heat capacity, which facilitated heat transfer between the 1141 

top soil and the subsurface (Alkhaier et al., 2012).Under such conditions, the unsaturated zone 1142 

becomes more thermally connected to the atmospheric forcing rather than the saturated zone. 1143 

Previous studies have reported strong correlation between GWL and Ts, particularly under shallow 1144 
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groundwater depths, i.e. < 5 m (Alkhaier et al., 2012; Malik et al., 2021; Mandal & Roy, 2024; Oishy 1169 

et al., 2025). The de Vries heat transport formulation, implemented in the energy module of 1170 

STEMMUS-SCOPE (Yu et al., 2018), allows for producing such GWL – Ts relationship. 1171 

At Cabauw, the ST-SC-MF6 model showed a better simulation of the Ts profile as compared to the 1172 

ST-SC model (Figure 5c and d). During winter periods, the GWL raised (Figure 3c), which was 1173 

associated with high θ values, i.e. 0.6 m3 m-3, (Figure 4c and d) nearly approaching saturation, and 1174 

relatively low Ts (Figure 5c and d). Nevertheless, both θ and Ts of the ST-SC-MF6 remained higher 1175 

than the ones, produced by the ST-SC model and closer to the observed ones. During summer 1176 

periods, the GWL declined, leading to low θ and high Ts values, while Ts remained higher than the 1177 

values produced by the ST-SC model. Collectively, during the hydrological year, the presence of the 1178 

shallow GWL in the ST-SC-MF6 simulation increased the seasonal amplitude of θ, i.e. raising 1179 

maximum θ during winter while maintaining nearly similar minimum θ at summer. This behaviour, in 1180 

turn, reduced the seasonal amplitude of  Ts, i.e. increasing minimum Ts during winter and reducing 1181 

maximum Ts during summer. In contrast, the ST-SC model, due to the absence of GWL, 1182 

underestimated the θ amplitude and consequently overestimated the Ts amplitude. 1183 

At Veenkampen, the groundwater showed little impact on the Ts simulation (Figure 5e and f). This is 1184 

likely because the ST-SC-MF6 model only slightly improved the θ simulation as compared to the ST-1185 

SC model. As a result, the thermal properties of the soil remained similar in both simulations, leading 1186 

to comparable Ts dynamics. Additionally, in both models, the amplitude of the simulated Ts was 1187 

slightly overestimated. The likely reason is the resistance scheme in the soil energy module in 1188 

STEMMUS-SCOPE, which follows the big leaf concept, assuming that the boundary layer resistance is 1189 

the same for all canopy layers – a simplification that could be refined in the future.Using the 1190 

calculated GT values improved the ST-SC simulation of the Ts profile for the Loobos site (Figs. 3d, e, 1191 

and f).  1192 
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4.2.3. Effect of groundwater on surface soil temperature and canopy temperature 1193 

Beyond the groundwater influence on Ts dynamics, groundwater can also affect the thermal regime 1194 

of the land surface and vegetation canopy. These effects may propagate upward, influencing surface 1195 

soil temperature (Tss) and canopy temperature (Tc), which in turn regulate vegetation physiological 1196 

processes such as stomatal conductance and carbon assimilation.  1197 

At Loobos, the groundwater – soil heat exchanges, simulated by the ST-SC-MF6 model, facilitated 1198 

proper simulating of temperature dependent processes within the SPAC. In particular, the role the 1199 

GT played to cool down the Ts, especially in the deeper soil layers, close to the capillary fringe zone, 1200 

thereby stabilizing the root-zone thermal conditions and supporting the RWUg – as been observed 1201 

through the increase of RWUg, simulated by ST-SC-MF6 (Section 4.3.3). Furthermore, the 1202 

moderating influence of the GT on the Ts propagated upward to cool down Tss and Tc. The ST-SC-1203 

MF6 simulation produced consistently cooler Tss and Tc (i.e. lower peaks) during the spring periods 1204 

compared to the ST-SC simulation, with reductions of approximately 1 °C in Tss (Figure 9a and c) and 1205 

up to 2 °C in Tc (Figure 9b and d). 1206 

At Cabauw, the influence of groundwater on the surface thermal regime is primarily controlled by 1207 

the shallow GWL rather than GT. The shallow GWL moderates near-surface thermal conditions 1208 

through its control on soil moisture and thermal properties; enhancing the buffering of temperature 1209 

fluctuations in the soil profile. The ST-SC-MF6 simulation produced cooler Tss (i.e. lower peaks, 1210 

Figure 9e and g) and Tc (Figure 9f and h) during the spring periods as compared to the ST-SC 1211 

simulation, with average reductions of about 1 °C and 2 °C, respectively. Such moderation of Tc, 1212 

particularly during the spring periods, when the vegetation activity is high, would maintain stomatal 1213 

conductance and support carbon uptake. Under good nutrient and water availability conditions, 1214 

slightly cooler Tss and Tc would further enhance photosynthesis and carbon assimilation (Oishy et 1215 

al., 2025), as been observed in the NEE, simulated by ST-SC-MF6 (Section 4.4).    1216 
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 1217 

Figure 9. Comparison of half-hourly simulated surface soil temperature (Tss) by STEMMUS-SCOPE 1218 

(orange lines), by STEMMUS-SCOPE-MODFLOW 6 (blue lines), simulated canopy temperature (Tc) by 1219 

STEMMUS-SCOPE (purple lines), by STEMMUS-SCOPE-MODFLOW 6 (green lines) in a spring period 1220 

example in the calibration period (1 April 2019 – 30 June 2019) for Loobos (a and c) and Cabauw (e 1221 

and g), and in the validation period (1 April 2020 –30 June 2020) for Loobos (b and d) and Cabauw (f 1222 

and h) 1223 
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4.2.4.3. Effect of groundwater on evapotranspiration components water fluxes 1224 

Incorporating the simulated GWL and GT by MODFLOW 6 as bottom boundaries in STEMMUS-1225 

SCOPE allowed for: 1) calculating the Rg, Rn and Cap fluxes (Eq. 2); and 2) proper simulation of the 1226 

Qheat and RTg. The Rn, Qheat and RTg were then fed back into MODFLOW 6 to update the GWL and 1227 

GT for the next time step. Allowing the two models to exchange simulated values contributed to a 1228 

proper representation of the dynamics between the unsaturated and saturated zones and resulted 1229 

in: i) a good match between the simulated and observed GWL (KGE = 0.26, 0.63, 0.37 and RMSE = 1230 

0.49, 0.21, 0.26 m, respectively) at the 3 sites (Figs. 3g, 5g, and 8g), ii) a good match between the 1231 

simulated and observed GT (KGE = 0.56 and RMSE = 0.17 °C) at the Loobos site (Fig. 3h), iii) more 1232 

accurate simulation of θ and Ts, and in so doing iv) improved the simulation of other variables such 1233 

as ET, carbon fluxes (GPP and NEE), and SIF variables as discussed below. 1234 

The groundwater showed a significant impact on simulated ET, which can be attributed to three 1235 

reasons. The explicit representation of groundwater improved the simulation of the ET. As shown in 1236 

Figure 6, the ST-SC-MF6 simulations generally reproduced the observed ET dynamics better than the 1237 

ST-SC simulations, particularly during dry periods when groundwater contributed to sustaining θ and 1238 

RWU. The improved ET representation originates from the more realistic simulation of individual ET 1239 

components, i.e. Ess, RWUs, and RWUg, which are discussed below. 1240 

4.3.1. Subsurface evaporation 1241 

Second, At Cabauw and Veenkampen, the Ess values simulated by ST-SC-MF6 models were 1242 

increased by 7.3 and 12.6%, respectively as compared to the ST-SC models. These increases can be 1243 

attributed to two mechanisms. First, the formation of the capillary fringe zone (Fig. 1) was formed 1244 

above the phreatic surface, where enabled the calculation of the Cap flux was calculated. The Cap 1245 

flux further contributed to the water loss that moved upward to the ground land surface, where Ess 1246 

takes place (Hird & Bolton, 2017; Balugani et al., 2021; 2023). Second, the improved simulation of 1247 

ψs,i and the corresponding θ created strong upward hydraulic gradients that promoted Ess (Huo et 1248 
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al., 2020). Both experimental (Huo et al., 2020) and field studies (Yang et al., 2021) have 1249 

demonstrated that shallow groundwater, i.e. generally less than 2.5 m, can sustain evaporation by 1250 

maintaining moisture supply to the soil layers. 1251 

4.3.2. Root soil water uptake 1252 

 The inclusion of GWL as a dynamic bottom boundary had improved the simulation of the soil matric 1253 

potential (ψs,i) along across the soil layers profile by allowing proper seasonal dynamics of ψs,i with 1254 

respect to the position of the GWL fluctuations. The improved representation of ψs,i resulted in a 1255 

substantial improvement of the RWUs by better capturing the hydraulic connectivity between the 1256 

saturated zone and the root zone (Wang et al., 2023). At Cabauw and Veenkampen, RWUs, which is 1257 

based on ψs,i (Eq. 5), was increased by 29.6 and 35.9%, respectively. Such improvement highlights 1258 

the sensitivity of the RWUs to the groundwater depth, particularly when the groundwater depth lies 1259 

within the range of 0.5 - 2.5 m from the land surface, as reported by Sulis et al. (2017). They 1260 

demonstrated using two different models, i.e. TerrSysMP (Shrestha et al., 2014) and Parflow-WRF 1261 

(Maxwell et al., 2011), applied at vegetated areas in the Rur catchment in Germany, that the GWL 1262 

fluctuations significantly influence the energy fluxes, further affecting the RWUs, through their 1263 

impacts on the θ profile. This mechanism has been described by Huang et al. (2017) who showed 1264 

that shallow groundwater can: a) prevent the ψl from declining to the critical ψl that trigger 1265 

stomatal closure; and b) maintain high values of ψs,i, thereby preventing the rapid depletion of the 1266 

θ. Consequently, these processes led to increasing the plant water storage and supported high 1267 

RWUs, as been observed in the ST-SC-MF6 simulations at Cabauw and Veenkampen sites. 1268 

4.3.3. Root groundwater uptake 1269 

Third, tThe ψg,i was explicitly defined properly for the soil layers below the capillary fringe zone, 1270 

which was further used to calculate RWUg (Eq. 6). The RWUg is an additional component that 1271 

contributed  27.0, 15.2, 13.0% to the total ET at the 3 three sites (Loobos, Cabauw, and 1272 

Veenkampen), respectively.  1273 
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At Loobos, the maximum rooting depth of the evergreen forest was defined in the models as 4 m, 1299 

allowing the plant roots to access the groundwater, located at depths between 3 and 5 m below the 1300 

land surface. The increase in the RWU originated mainly from the RWUg, while RWUs showed 1301 

nearly no change. That is because of the similar θ simulation by both ST-SC and ST-SC-MF6 models, 1302 

resulting in comparable RWUs estimates. Furthermore, the groundwater contribution to ET was 1303 

more significant during dry periods (Figure 6b and c), when θ was depleted owing to lack of rains, 1304 

while the GWL continued to support the water uptake by plant roots. Such mechanism has been 1305 

reported in many previous studies (Zhu et al., 2009; Wang et al., 2023; Du et al., 2025). From a 1306 

modelling perspective, Bieri et al. (2025) also showed that the failure of the models to reproduce 1307 

proper dry season transpiration is often related to the absence of deep RWU mechanisms in the 1308 

simulations. Moreover, the impacts of GT (discussed in Section 4.2.1) on cooling the Ts for the 1309 

deeper soil layers, allowed for better RWUg during spring and summer periods.      1310 

At Cabauw and Veenkampen, the maximum root depth of the grassland was set to 0.5 m in the 1311 

models, allowing the roots to access the groundwater, fluctuated between 0 and 1.25 m below land 1312 

surface. However, the contribution of RWUg to the total ET at these two sites remained less as 1313 

compared to Loobos. That is because the soil water availability, reflected in the improved simulation 1314 

of θ by the ST-SC-MF6 models, was sufficient to sustain higher RWUs, thereby reducing the reliance 1315 

on the RWUg. In such shallow water table conditions, land surface processes, including RWU, are 1316 

subject to more energy control rather than water control (Wang et al., 2023). 1317 

4.3.4.4. Effect of groundwater on carbon fluxes and SIF 1318 

Explicit representation of groundwater in the IEM also had an impact on the carbon fluxes (GPP and 1319 

NEE), particularly during dry periods (Ruehr et al., 2023), even though groundwater is not explicitly 1320 

represented in the carbon fluxes’ calculations. Instead, θ, which is dynamically constrained by 1321 

GWLGWL, is included in the carbon fluxes’ calculations and is positively correlated with carbon 1322 

fluxes through affecting plant water status and stomatal conductance. When θ is limited (i.e., low 1323 
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water content), both ψs,i and ψl decreased (became more negative), and the gradient between the 1349 

ψs,i and ψl shifted to more negative. With more negative ψlUnder such conditions, the plant closed 1350 

the stomata, so the stomatal conductance decreased in attempt to mitigate water stress, reducing 1351 

CO2 uptake and consequently lowering GPP and NEE. In contrast, higher θ increased the stomatal 1352 

conductance, leading to higher CO2 uptake, promoting carbon assimilation and higher GPP and NEE. 1353 

At Cabauw, where GWL is relatively shallow, exerting strong control on the θ dynamics, the ST-SC-1354 

M6 showed improved simulation of both θ and NEE, as compared to the ST-SC model. Hence,In 1355 

particular, the NEE was increased during the dry periods at the Cabauw site (Figure 7e and fFigs. 6e 1356 

and f), due to changes enhancement in the simulated θ, resulting from the dynamically updated 1357 

GWL values. This simulated mechanism aligns with recent findings that groundwater depth is a 1358 

critical control on ecosystem productivity, with higher carbon assimilation occurring under shallow 1359 

groundwater conditions (Glanville et al., 2023). Specifically, in meadow ecosystems with shallow 1360 

GWL, such as in Cabauw, shallow groundwater can enhance net carbon uptake by suppressing soil 1361 

respiration under near-saturated soil conditions, thereby increasing the net ecosystem carbon sink, 1362 

as discussed by Sun et al. (2021). Their analysis, in two meadow sites in the Tibetan Plateau in China, 1363 

revealed that the influence of high θ, maintained by shallow GWL, played a more significant role in 1364 

controlling carbon fluxes rather than low temperature. Moreover, the pronounced improvement of 1365 

the simulated NEE during the dry periods (Figure 7e and f) is consistent with the evidence that there 1366 

is a significant positive correlation between groundwater depth and carbon fluxes under certain 1367 

conditions, i.e. during dry periods when vegetation activity is minimum and carbon fluxes have low 1368 

values (Koirala et al., 2017). 1369 

Meanwhile, at the Loobos site, there was nonegligible GWL effect on the simulated θ and 1370 

consequently also on the simulated GPP at the Loobos site (Figure 7b and c). This is because: a) the  1371 

simulated GWL was relatively moderate (3 – 5 m), limiting its hydraulic connection to the 1372 

unsaturated zone, consistent with the observation that deeper GWL reduces carbon fluxes (Glanville 1373 

Formatted: Font: Not Italic, Complex Script Font: Not

Italic, Check spelling and grammar

Formatted: Font: Not Italic, Complex Script Font: Not

Italic, Check spelling and grammar

Formatted: Font: Not Italic, Complex Script Font: Not

Italic, Check spelling and grammar



 

58 
 

et al., 2023); and b) the maximum observed θ was generally low (0.16 m3 m-3), indicating low water 1399 

availability for vegetation, and consequently poor carbon assimilation.  1400 

The contrasting responses between Loobos (no GPP improvement) and Cabauw (NEE improvement) 1401 

demonstrate that groundwater effects on carbon cycling and vegetation productivity are strongly 1402 

site dependent. Specifically, the groundwater influence becomes significant when the water table is 1403 

shallow enough to interact with the root zone and meaningfully affect θ dynamics. These findings 1404 

support recent calls to explicitly represent groundwater–carbon feedbacks in Earth system models 1405 

to improve predictions of carbon fluxes under environmental change (Klaus, 2023). Moreover, it was 1406 

highlighted by Tak et al. (2023) regarding the importance of groundwater level management to 1407 

optimize ecosystem carbon uptake. 1408 

Similarly, for in the simulation of SIF, the impact of the groundwater system was evident at the 1409 

Cabauw site through the changes in θ. The θ affects the water availability to the plant, which 1410 

regulates the stomatal conductance and photosynthetic activity, and in turn contributes directly to 1411 

the SIF calculations. The simulated SIF was enhanced in the dry summer days 9–14 August 2022 (Fig. 1412 

7aFigure 8a) due to the enhanced θ, caused by shallow GWL. Meanwhile, groundwater had no clear 1413 

impact on the simulated θ during the summer days 3–6 June 2023 (Fig. 7cFigure 8c), since, during 1414 

those days, both ST-SC and ST-SC-MF6 produced a very similar θ simulation (Figs. 5aa Figure 4b and 1415 

c), resulting in no groundwater impact on the SIF simulation. While both models underestimated the 1416 

SIF on the winter days 12–15 November 2022 (Fig. 7bFigure 8b), likely due to other parameters 1417 

and/or forces that could influence the SIF calculations, which are beyond the scope of this study and 1418 

need further investigation. 1419 

4.4.4.5. Recommendations 1420 

The changes in the θ, Ts, ET, GPP, NEE, and SIF variables suggest that accounting for groundwater 1421 

interactions significantly improves the model's ability to represent the SPAC. However, certain 1422 

assumptions and/or limitations highlight areas for future development. The coupling between 1423 
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STEMMUS-SCOPE and MODFLOW 6 was applied to three sites in the Netherlands, and only for 1D 1424 

vertical flow. Future enhancements would include expanding the ST-SC-MF6 IEM to 2 or 3D scale 1425 

and incorporating groundwater lateral flow and surface runoff. Furthermore, although calibration 1426 

was performed manually in this proof-of-concept study, future work should incorporate a multi-1427 

objective automatic calibration framework to systematically reduce parameter uncertainty and 1428 

enhance model robustness. Implementing such an approach in future 2D/3D applications will 1429 

increase confidence in predictive simulations and strengthen the broader applicability of the 1430 

developed IEM. Moreover, the inconsistency in the amplitude of the simulated Ts (i.e., higher peaks 1431 

or lower troughs than observations) could be addressed by improving the boundary layer resistance 1432 

scheme in STEMMUS-SCOPE. Additionally, the incorporation of a more physically based simulation 1433 

of SIF is expected to better capture the SIF dynamics, especially during winter periods. 1434 

5. Conclusions 1435 

This study demonstrated the added value of incorporating the groundwater component in modelling 1436 

the SPAC. To achieve this, an IEM framework was developed by coupling the STEMMUS-SCOPE SPAC 1437 

model with the MODFLOW 6 IHM, resulting in the ST-SC-MF6 IEM. Results from three sites in the 1438 

Netherlands (Loobos, Cabauw, and Veenkampen) demonstrate that explicitly including groundwater 1439 

(mass and energy) in SPAC modelling improves the simulation of key ecohydrological variables, i.e. 1440 

the θ dynamics, particularly at sites with shallow groundwater tables (Cabauw and Veenkampen) 1441 

and during wet periods. This improved θ representation propagated to other processes, i.e. Ts 1442 

dynamics, and ET components, including vegetation RWU. The enhanced ET simulation was realized 1443 

at the three sites  by improving the Ess and the RWUs simulations and by enabling the 1444 

representation of Cap and RWUg. In addition, groundwater – soil heat exchange improved the 1445 

simulation of Ts profiles, further influenced energy partitioning and other Ts dependent processes, 1446 

i.e. Tc, RWU and carbon uptake. Groundwater effects also propagated to ecosystem carbon 1447 
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dynamics. At Cabauw, the improved θ enhanced stomatal conductance and carbon uptake, leading 1448 

to improved simulations of NEE and SIF during dry conditions. In contrast, groundwater impacts on 1449 

GPP were limited at Loobos, with limited specific retention capacity and relatively moderate 1450 

groundwater depths, emphasizing that groundwater – vegetation interactions are strongly site 1451 

dependent and controlled by groundwater depth, soil properties, and rooting characteristics. 1452 

Overall, this study demonstrates that explicitly including groundwater dynamics with SPAC modelling 1453 

is essential for realistically simulating ecosystem water, energy, and carbon cycles.This study 1454 

demonstrated the added value of incorporating the groundwater component in modelling the soil-1455 

plant-atmosphere continuum. To achieve this, an IEM framework was developed by coupling the 1456 

STEMMUS-SCOPE SPAC model with the MODFLOW 6 IHM, resulting in the ST-SC-MF6 IEM. The ST-1457 

SC-MF6 IEM was applied over an 8-year period (1 April 2016 – 31 March 2024) to 3 sites (Loobos, 1458 

Cabauw, Veenkampen) located in the Netherlands. Conditions varied across the three sites, 1459 

including depth to groundwater, soil characteristics, vegetation, and water management (e.g. the 1460 

GWL at Cabauw is managed and the surroundings of Veenkampen were converted into wetlands 1461 

since 2020). The results supported the hypothesis that explicit groundwater representation 1462 

enhances the quantification of the soil-plant-atmosphere continuum. Both qualitative and 1463 

quantitative results highlighted the improved performance of the ST-SC-MF6, as compared to the ST-1464 

SC in representing soil-plant-atmosphere continuum. The groundwater contribution was found to be 1465 

spatially (contrasting the 3 study sites) and temporally variable. The groundwater impact was more 1466 

pronounced at the sites with a shallower water table (Cabauw and Veenkampen), as compared to 1467 

the Loobos site. Additionally, the groundwater effects on the final IEM solution were more 1468 

pronounced during dry periods, when shallow groundwater continued to support vegetation to 1469 

mitigate water stress. Having demonstrated the utility of including groundwater in an IEM, the tool 1470 

can be used to study the cause-and-effect relationships in the soil-plant-atmosphere continuum that 1471 

may be increasingly important during dry periods that wear-on, leading to lower water tables. In this 1472 

study, explicit representation of groundwater in the IEM facilitated the influence of groundwater on 1473 
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multiple soil and vegetation processes accomplished by: a) improving the simulation of the θ and Ts 1474 

profiles, b) adding the RWUg to the total ET, c) capturing the dynamics of the unsaturated and 1475 

saturated zones by enabling dynamic exchange of the Rg, Cap, Qheat fluxes and the GWL, GT, and 1476 

RTg variables between the two zones, and d) indirectly by refining the simulated θ and Ts profiles 1477 

through better simulation of: i) the E and RWUs, further both contribute to ET, ii) the carbon fluxes 1478 

(GPP and NEE), and iii) the SIF. Overall, the findings of this study highlight the importance of the IEM 1479 

framework for deepening the understanding of ecosystem functioning. Simply, including a more 1480 

robust representation of groundwater in the ST-SC-MF6 IEM facilitated significant improvement in 1481 

the simulated water, energy, and carbon cycles. Future work will address the current limitations (i.e., 1482 

ignoring lateral groundwater flow and surface runoff, and simplifying the boundary layer resistance 1483 

scheme and SIF simulation) that were not resolved in this study and might further improve the 1484 

accuracy and applicability of the ST-SC-MF6 IEM.  1485 

Code availability 1486 

STEMMUS-SCOPE v.1.6.1 is available as open-source code repository at 1487 

https://github.com/EcoExtreML/STEMMUS_SCOPE. STEMMUS-SCOPE was run using the 1488 

PyStemmusScope v0.5.0 Python package available at 1489 

https://github.com/EcoExtreML/STEMMUS_SCOPE_Processing. 1490 

MODFLOW 6 v.6.6.0 is available at https://www.usgs.gov/software/modflow-6-usgs-modular-1491 

hydrologic-model and as open-source code repository from https://github.com/MODFLOW-1492 

ORG/modflow6. MODFLOW 6 was run using the modflowapi v0.3.0 Python package available at 1493 

https://github.com/MODFLOW-ORG/modflowapi.    1494 
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