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Abstract

Sustainable groundwater management in regions subjected to intensive agricultural pres-
sure requires reliable simulation tools capable of anticipating the impacts of climate change.
However, in overexploited multilayer aquifers such as Tierra del Vino, locally calibrated
predictive tools capable of quantifying climate-driven piezometric decline remain scarce.
This study develops a numerical groundwater flow model using MODFLOW for the Tierra
del Vino aquifer (Spain), a multilayer detrital system currently characterized by a critical
quantitative status. Agricultural irrigation accounts for approximately 94% of total ground-
water withdrawals, making it the dominant anthropogenic pressure on the system. The
model was manually calibrated through more than 500 iterations, achieving a consistent
representation of groundwater dynamics. Statistical evaluation based on groundwater
level data from 34 piezometric monitoring points distributed across the aquifer yielded
a good fit (NSE = 0.816; R = 0.928), supporting the suitability of the model for scenario
analysis. Under the RCP 8.5 climate scenario, aquifer recharge could decrease by 31.75%,
resulting in a significant piezometric decline within the system. At the representative well
selected for the farm-scale agricultural impact analysis, this decline reaches 3.33 m and is
used to evaluate its effect on pumping energy costs. The implementation of management
measures proposed by the water authority reduces this decline to 1.84 m, although overex-
ploitation conditions persist. These results indicate that current administrative restrictions
are insufficient on their own and that future management should adjust abstraction rights
to projected recharge conditions, maintaining the exploitation index below 0.8 to reduce
the risk of long-term overexploitation. In this context, aquifer resilience is interpreted as
the capacity of the groundwater system to respond to the combined pressures of climate
change and agricultural abstraction while maintaining its hydrological functioning.

Keywords: groundwater flow modelling; MODFLOW 6; Tierra del Vino aquifer; climate
change; RCP 8.5; groundwater management; irrigation pressure

1. Introduction

Climatic droughts constitute complex processes that generate intense impacts and
present high uncertainty regarding their future evolution under global warming, posing
significant challenges for contemporary societies [1]. Intensive groundwater exploitation
has become a global challenge for water security, understood not only as the availability of
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the resource but also as the capacity to ensure water of adequate quality for human health,
livelihoods, and ecosystems under climatic risks [2].

In recent decades, the increase in demand for agricultural irrigation, together with
climate variability, has led to persistent declines in groundwater levels in aquifers located
in semi-arid regions worldwide. This phenomenon has been widely documented in large-
scale systems such as the Central Valley of California, where prolonged overexploitation
has resulted in critical rates of storage depletion and land subsidence [3,4].

Similarly, in the North China Plain, where groundwater supplies about 70% of irriga-
tion water, intensive pumping has caused continuous piezometric declines and severe envi-
ronmental consequences [5]. In this global context of water stress, numerical groundwater
flow modelling has emerged as an essential methodology for understanding groundwater
system dynamics and evaluating the effectiveness of local management policies.

The Tierra del Vino aquifer, corresponding to groundwater body 400048 in the Duero
Basin (Spain), represents a clear case of hydrological imbalance. According to the man-
agement criteria used in Spanish hydrological planning, exploitation index values greater
than 0.8 are associated with significant pressures due to withdrawals and with situations
of quantitative overexploitation. This index is calculated as the ratio between annual
groundwater withdrawals and the estimated renewable groundwater resources of the
groundwater body, and it is used in Spanish hydrological planning as an indicator of
anthropogenic pressure. In this context, the system presents an exploitation index of 1.39,
obtained from official data available through the Duero River Basin Authority (CHD),
indicating a clearly deficient quantitative status [6]. This issue is not isolated, as at the
national scale 38.65% of groundwater bodies are classified as “at risk” of failing to achieve
environmental objectives [7]. This pressure is largely driven by irrigated agriculture, which
accounts for more than 94% of total withdrawals and compromises the resilience of the
system against long-term disturbances [8].

In this study, aquifer resilience is interpreted operationally as the capacity of the
groundwater system to respond to the combined pressures of climate change and intensive
agricultural abstraction while maintaining its hydrodynamic functioning and storage capac-
ity. Agricultural activity therefore constitutes the dominant anthropogenic pressure on the
system and the key element for evaluating its behavior under future scenarios of recharge
reduction. As highlighted in the Sixth Assessment Report of the IPCC (AR6), aquifers act
as critical buffers against climate variability; however, their resilience is severely reduced
when extraction exceeds natural recharge rates, an adaptation limit already observed in
many Mediterranean regions [2]. The hydrogeological setting of this system, composed
of Tertiary detrital sediments forming a multilayer aquifer system, limits the applicability
of simplified approaches and requires a discretization capable of supporting proactive
groundwater management [8].

Despite the socioeconomic importance of irrigation in the study area, particularly
for high-demand crops such as sugar beet and maize, there is currently a lack of locally
calibrated predictive tools capable of quantifying piezometric decline under future cli-
mate scenarios such as RCP 8.5. The Fifth Assessment Report of the IPCC (ARS5) confirms
that Mediterranean regions, including the Iberian Peninsula, will experience a significant
reduction in runoff and natural recharge due to decreasing precipitation and increasing
evapotranspiration [9]. These projections, reinforced by the recent report by [2], anticipate
an intensification of hydrological droughts and increased competition for water resources.
This decline in groundwater availability also results in lower piezometric levels, increas-
ing the energy dependence of the agricultural sector by raising the energy required for
extraction and, consequently, the operational costs of irrigation, as documented by [10,11].
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The objective of this study is to quantify the long-term piezometric response of the
Tierra del Vino aquifer under climate change and groundwater abstraction scenarios, and
to evaluate its implications for groundwater sustainability and irrigation energy demand.
To this end, a calibrated numerical groundwater flow model based on MODFLOW 6 is
developed and applied to simulate current conditions, future climate forcing under the
RCP 8.5 scenario [12], and the effect of abstraction restrictions proposed by the Duero River
Basin Authority.

The novelty of this study lies in three main aspects. First, it applies an extensive
manual calibration process (over 500 iterations) to a highly heterogeneous multilayer
aquifer system, ensuring physical consistency in a context where automated approaches are
often insufficient [13]. This calibration was based on groundwater level observations from
34 piezometric monitoring points distributed across the aquifer, allowing the reproduction
of regional groundwater dynamics. Second, it establishes a direct link between piezometric
decline and the energy requirements of groundwater pumping, explicitly integrating the
water—energy nexus into the analysis through a representative agricultural well used to
assess the impact of groundwater level decline on pumping energy costs. Third, the model
is supported by real data from agricultural irrigation audits, allowing the connection
between regional hydrogeological dynamics and farm-scale operational conditions.

Finally, the aquifer response is evaluated under the RCP 8.5 scenario. This high-
emission scenario, which projects a radiative forcing of 8.5 W/m? by the year 2100 [12], is
used as a “worst-case” reference framework to test the resilience of the system under severe
reductions in net recharge. Although this study focuses on the RCP 8.5 scenario, previous
research in Spain has already estimated recharge reductions of up to 58% under comparable
high-emission projections [14]. The integration of this scenario with the groundwater
withdrawal restriction measures proposed by the CHD provides a quantitative scientific
basis for assessing aquifer response under severe climate forcing and for supporting
adaptive groundwater management in overexploited multilayer systems.

2. Study Area
2.1. Geographical Setting and Hydrogeological Framework

This study focuses on the Tierra del Vino aquifer, administratively defined as Ground-
water Body (MASub) 400048 within the Duero River Basin Hydrological Plan, whose
nomenclature follows the official coding established under the Water Framework Directive
(WFD) and the Hydrological Plan of the Spanish part of the Duero River Basin District [15].
This strategic hydrogeological unit, located in the central-western sector of the Duero Basin,
covers an area of 1785.44 km? and administratively extends across the provinces of Sala-
manca, Zamora, and Valladolid. The regional location of the Tierra del Vino aquifer within
Spain and the Duero River Basin is shown in Figure 1. A more detailed representation of
the study area, including the digital elevation model, the hydrographic network, the spatial
distribution of groundwater abstraction wells, the location of the agricultural pumping
well analysed in this study, and the piezometric monitoring network used for groundwater
model calibration, is presented in Figure 2.

The topography of the area is characterized by a gentle regional slope, with an al-
timetric gradient ranging from 957 m in preferential recharge zones to 627 m in local
base levels.

From a hydrogeological perspective, the Tierra del Vino groundwater body is mainly
composed of Tertiary detrital materials and Quaternary superficial deposits. According
to the Geological and Mining Institute of Spain (Instituto Geolégico y Minero de Espaiia,
IGME), the Tertiary sequence is predominantly Paleogene in age, while Miocene formations
occur locally in the southern and southeastern sectors of the groundwater body. These
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materials consist of a heterogeneous succession of conglomerates, sandstones, lutites, marls,
and locally carbonate levels, arranged discordantly and locally affected by tectonic struc-
tures trending NE-SW. Quaternary deposits are scarce and discontinuous, corresponding
mainly to Holocene alluvial plains and Pleistocene terraces associated with the fluvial
network [16].

Spain and autonomous
community boundaries

Duero River Basin

Tierra del Vino aquifer

Figure 1. Regional location of the Tierra del Vino aquifer within Spain and the Duero River Basin.
The map shows the administrative boundaries of Spain, the extent of the Duero River Basin, and the

location of the Tierra del Vino aquifer.

Figure 2. Spatial characteristics of the Tierra del Vino aquifer. Digital elevation model and drainage
network of the study area. Spatial distribution of groundwater abstraction wells. Location of
the agricultural pumping well used for the agricultural analysis. Distribution of the piezometric
monitoring points used for groundwater model calibration.

According to official hydrogeological information from the Duero River Basin Author-
ity (Confederacién Hidrografica del Duero, CHD), compiled through the MIRAME-Duero
viewer, this geological architecture gives rise to a multilayer detrital aquifer system. The
uppermost level corresponds to a Quaternary alluvial aquifer, characterized by unconfined
hydraulic conditions and intergranular porosity, associated with Pleistocene-Quaternary
alluvial terraces. Beneath this level, several layers belonging to the Tertiary detrital se-
quence are developed, defined as non-alluvial detrital materials with tabular geometry and
intergranular porosity, with lithologies dominated by arkoses, siliceous conglomerates and,
locally, silts and clays [15].

CHD hydrogeological interpretations indicate that the upper layers of the Tertiary
detrital sequence exhibit predominantly unconfined hydraulic conditions, whereas deeper
levels display mainly confined behaviour. Although the system comprises several differen-
tiated hydrostratigraphic levels, these units do not behave as completely isolated aquifers.
Clay intercalations and lutite layers may locally generate confined or semi-confined condi-
tions; however, the system functions as a hydraulically connected multilayer aquifer. This
configuration allows vertical groundwater exchange between detrital levels, particularly
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where permeable materials such as sands and conglomerates show lateral continuity. The
thicknesses of these units are highly variable, ranging from a few metres to more than
400 m in deeper levels, and transmissivity values span several orders of magnitude. This
variability in thickness, lithology, and hydraulic conditions reveals marked vertical and
lateral heterogeneity within the system, consistent with the stratigraphic complexity de-
scribed by IGME [15,16]. Accordingly, the numerical model represents the aquifer using
seven differentiated layers based on lithostratigraphic and hydrodynamic criteria [13].

To illustrate the hydrogeological architecture of the Tierra del Vino aquifer system,
Figure 3 presents a conceptual hydrogeological cross-section based on the regional inter-
pretation developed by the Duero River Basin Authority (Confederacion Hidrografica del
Duero, CHD). This scheme represents the vertical arrangement of the main stratigraphic
units and the multilayer configuration of the aquifer system, highlighting the relationship
between the superficial Quaternary deposits and the underlying Tertiary detrital formations
that constitute the main hydrogeological reservoir of the groundwater body [17].

Conceptual hydrogeological cross-section (SW-NE)
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Figure 3. Conceptual hydrogeological cross-section of the Tierra del Vino aquifer system showing
the main stratigraphic units and groundwater levels (adapted from the Duero River Basin Authority
documentation) [17].

2.2. Agricultural Use Context and Extraction Pressure

The exploitation of groundwater resources in MASub 400048 is intrinsically linked to
a marked agricultural specialization. Irrigation constitutes the dominant anthropogenic
use, representing more than 94% of the total extraction volume recorded in the database
of private water use rights. According to the official inventory of pressures compiled
by the Duero River Basin Authority and consulted through the cartographic information
system [18], the distribution of water demand for groundwater body 400048 is classified
as follows:

e Agricultural use (irrigation): 5447 authorized abstractions representing an annual
volume of 86.37 hm3/ year [18].

e Public water supply: 101 abstractions for human consumption, accounting for
3.50 hm? /year [18].

e Industrial and minor uses: 869 abstractions with a marginal volume of 0.51 hm?/year [18].

Groundwater body MASub 400048-Tierra del Vino presents a complex management
scenario due to its marked hydrological imbalance, reflected in an exploitation index of
1.39 [15]. The spatial scope of the study encompasses the entire Tierra del Vino groundwater
body; however, the detailed analysis of climate change impacts on groundwater resources
focuses on the agricultural sector of Pefiaranda de Bracamonte, which represents one of

https://doi.org/10.3390/w18101163


https://doi.org/10.3390/w18101163

Water 2026, 18, 1163

6 0f 20

the most representative and sensitive zones within the aquifer. In this sector, current
hydrological planning [19] establishes for high water-demand crops such as maize a net
irrigation allocation of 4878 m®/ha/year, which acts as a concession limit and is applied
exclusively to modernized irrigation areas.

2.3. Justification and Selection of the Detailed Calibration Area

The numerical model has been developed for the entire groundwater body 400048;
however, manual calibration and validation have been concentrated in the area between
Poveda de las Cintas, Palaciosrubios, and Zorita de la Frontera. The detailed analysis
focuses on the municipality of Palaciosrubios, within the agricultural district of Pefiaranda
de Bracamonte (Salamanca). The analysed sector, which includes the municipalities of
Poveda de las Cintas, Zorita de la Frontera, and Palaciosrubios, represents approximately
3% of the total surface area of groundwater body 400048 (Tierra del Vino). This selection
was not based on specific hydrogeological singularities, but rather on the availability of
reliable information on actual groundwater use and its direct link with agricultural activity.

Within this area, a representative agricultural farm with instrumented monitoring
provides real data on irrigated surface, irrigation systems, applied water volumes, and
operational parameters of the pumping equipment. The analysed well has a total depth
of 115 m and abstracts groundwater from the lower, or general, aquifer horizon of the
Tierra del Vino groundwater body. It operates under an administrative concession of
30,000 m3/ year, which defines the maximum authorized annual extraction volume. In the
absence of continuous pumping records, this concession value was considered a represen-
tative approximation of annual groundwater abstraction. The availability of these records
regarding flow rates, abstraction depth, and energy consumption supports the integrated
assessment of groundwater extraction and irrigation energy requirements.

From an agronomic perspective, high water-demand crops such as sugar beet and
maize predominate in the area, and their economic viability largely depends on the energy
cost of groundwater pumping. The recent increase in energy prices has intensified this
vulnerability, promoting initiatives aimed at improving energy efficiency and water use
in agricultural holdings. Consequently, the selected area constitutes a representative case
of groundwater-dependent irrigated agriculture, where energy pressure and uncertainty
regarding future water availability converge.

The availability of this information makes it possible to directly link the piezometric
evolution simulated by the regional model with actual agricultural operating conditions, es-
tablishing an explicit connection between aquifer dynamics and the technical and energetic
viability of irrigation. This multiscale approach—regional for hydrogeological simulation
and local for farm characterization—strengthens the applied representativeness of the study
and facilitates the interpretation of climate change impacts on groundwater-dependent
agricultural systems.

3. Methodology

Groundwater flow simulation was carried out using the MODFLOW 6 computational
engine, the most recent version of the MODFLOW family of models developed by the U.S.
Geological Survey [20,21]. This version allows a finite-volume formulation that ensures a
more robust mass balance in systems with complex geometries. The graphical interface
ModelMuse Version 4 was used for grid design, assignment of hydraulic properties and
post-processing of results [22]. The combination of both tools allows for the efficient
integration of the different flow packages and boundary conditions required to represent
the aquifer system.
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3.1. Data Used and Information Sources

The numerical model was constructed by integrating information from several official
hydrogeological and climatic data sources. Groundwater levels used for model calibration
and validation were obtained from the official piezometric monitoring network managed
by the Geological and Mining Institute of Spain (Instituto Geoldgico y Minero de Espafia,
IGME), which provides periodic records of groundwater levels from observation points
distributed within the Tierra del Vino groundwater body [23].

The regional hydrogeological characterization of the system, the definition of aquifer
geometry, and the identification of the main components of the groundwater balance
were based on information provided by the Duero River Basin Authority (Confederacién
Hidrografica del Duero, CHD) through its official hydrological planning documents and the
MIRAME-Duero hydrogeological viewer. This platform integrates official hydrogeological
cartography, borehole logs, stratigraphic layer schemes, and the spatial delimitation of
groundwater bodies, including groundwater body 400048 (Tierra del Vino) [6].

Climate projections used in the analysis are based on the scenarios from the Fifth As-
sessment Report of the Intergovernmental Panel on Climate Change (IPCC AR5). These pro-
jections were regionalized for Spain by the Spanish State Meteorological Agency (AEMET)
using an analog method and later applied by the Centre for Hydrographic Studies of
CEDEX to assess the impact of climate change on water resources. Projected changes
in groundwater recharge were obtained from the regionalized results available through
the CAMREC application, which is used as an official reference for the analysis of future
scenarios [24,25].

Crop water requirements under baseline and future climatic conditions were estimated
using FAO CROPWAT 8.0 for Windows [26], a software tool developed for crop water
requirement estimation and irrigation scheduling.

In addition to the official hydrogeological and climatic sources, detailed information
at the farm scale was incorporated from an energy and water audit carried out on an
irrigated farm located near Palaciosrubios (Salamanca), within the area influenced by
the well used as the local analysis point of the model. This audit provided real data on
irrigated surface area, irrigation systems, applied water volumes, energy consumption,
pumping characteristics, dynamic water levels in the well, and operational parameters of
the pumping equipment during the 2021 irrigation campaign.

The information obtained made it possible to characterize in greater detail the hy-
draulic and energy functioning of the farm, serving as a basis to: (i) define representative
pumping conditions in the vicinity of the study well, (ii) estimate energy consumption
associated with different crops and irrigation systems, and (iii) analyse the sensitivity
of the local production system to piezometric declines and variations in water require-
ments under climate change scenarios. These data were used as a local-scale reference and
complemented the regional modelling without conditioning the overall hydrogeological
parameterization of the model.

The methodological workflow followed in this study comprised: (i) compilation
and integration of hydrogeological, piezometric and climatic data, (ii) definition of the
conceptual model of the multilayer aquifer system, (iii) construction of the numerical
groundwater flow model using MODFLOW 6, (iv) iterative manual calibration based
on observed piezometric levels, and (v) simulation of climate change and management
scenarios to evaluate the response of the aquifer system.

3.2. Grid Design and Spatial Discretization

The model domain was configured to cover the entire extent of the groundwater
body MASub 400048-Tierra del Vino. The model architecture is based on a structured
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finite-difference grid with uniform cells of 100 x 100 m. Each cell represents an area of
10,000 m?, equivalent to 1 hectare (0.01 km?).

Considering that the total surface area of the Tierra del Vino aquifer is 1785.44 km?,
the spatial discretization results in approximately 178,544 active cells per layer. Since the
multilayer system was represented using seven vertical layers, the complete model consists
of approximately 1,249,808 three-dimensional cells. This spatial resolution is justified
according to two complementary criteria:

*  Physical representativeness: The adopted spatial resolution (100 x 100 m; 1 ha per
cell) is appropriate for the regional scale of the Tierra del Vino aquifer (1785.44 km?),
as it allows a sufficiently detailed representation of the spatial distribution of ab-
stractions and the associated hydraulic gradients, particularly in areas of intensive
irrigation. This discretization is also consistent with the density and spatial distri-
bution of the piezometric monitoring points used during calibration, facilitating a
coherent comparison between simulated and observed groundwater levels.

*  Numerical efficiency: The grid dimension ensures robust convergence and accurate
mass balance in MODFLOW 6 [21], enabling the efficient execution of the more than
500 iterations required during the manual calibration process. This methodological
approach is consistent with previous studies on climate-driven groundwater simula-
tions, such as [27], which highlight the capability of MODFLOW to integrate variable
recharge data as a key factor for predicting piezometric surface behaviour under
climate change scenarios. The resulting spatial discretization and grid layout are
shown in Figure 4.

' 28E5 2.9E5 3E5

Figure 4. Spatial discretization of the model domain and grid layout over groundwater body
MASub 400048.

3.3. Vertical Structure and Hydraulic Parameterization

The definition of the model geometry was carried out by integrating the technical
information available in the official MIRAME-Duero viewer of the Duero River Basin
Authority (Confederacién Hidrografica del Duero, CHD), complemented with lithological
logs from boreholes belonging to the official monitoring network. This information made
it possible to discretize the aquifer system into seven vertical layers, representing the
multilayer behaviour of the detrital aquifer of the Tierra del Vino Groundwater Body
according to the official hydrogeological framework [6,28].

The upper layer corresponds to Quaternary alluvial materials associated with flood-
plains and fluvial terraces. This unit has a relatively small thickness and a discontinuous
spatial distribution conditioned by the current geomorphology. From a hydraulic perspec-
tive, this layer presents predominantly unconfined conditions and hydraulic conductivity
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values consistent with its detrital lithology, acting as the superficial unit of the system
where these materials are present.

The underlying layers represent the Tertiary detrital materials that constitute the
main body of the aquifer. These layers group units dominated by conglomerates and
sands, with intercalations of silts and lutites of lower permeability. According to official
hydrogeological information, the upper Tertiary levels present predominantly unconfined
behaviour, whereas the deeper levels show mainly semi-confined conditions associated
with a progressive increase in confinement with depth [6].

In accordance with this hydrostratigraphic configuration, the initial hydraulic parame-
terization of the model was based on the hydraulic conductivity ranges documented by
CHD for groundwater body 400048, ranging between 1 x 1072 and 1 x 10~ m/s depend-
ing on lithology, degree of compaction, and depth of the materials. These values were
used as initial reference conditions and were subsequently adjusted during the calibration
process to improve the agreement between simulated and observed piezometric levels.

The hydraulic characterization of the model was based on assigning differentiated
horizontal and vertical hydraulic conductivity values to each layer. All layers were defined
as convertible so that the hydraulic regime (unconfined or semi-confined) could be dynam-
ically determined according to the position of the hydraulic head relative to the top of each
layer. In this context, transmissivity is not introduced as an independent parameter but
is internally calculated by the model from the horizontal hydraulic conductivity and the
effective saturated thickness of each cell. This approach allows the representation of the
spatial variability of the hydraulic behaviour of the system and the vertical transfer of flow
between layers.

Hydraulic isotropy was assumed in the horizontal plane (K, = Kj), since no specific
hydrogeological evidence indicating preferential directional anisotropy in plan view was
available for the analysed groundwater body. In the vertical direction, a constant anisotropy
was adopted, defining the vertical hydraulic conductivity as K, = K, /9.5, in accordance
with the parameterization used in the final model [6]. This assumption is consistent with
the stratified nature of the Tertiary detrital deposits (alternation of detrital levels and finer
low-permeability materials) and with the presence of semi-confining clay lenses described
for this groundwater body, which increase resistance to vertical flow relative to horizontal
flow [6,28]. The inclusion of this anisotropy is essential for reproducing the relative degree
of confinement between layers and the vertical transfer of flow within the multilayer system,
thereby affecting the simulated piezometric differentiation of the aquifer.

3.4. Boundary Conditions and System Inputs

Boundary conditions, sources, and sinks of the model were defined using the official
hydrological information provided by the Duero River Basin Authority (Confederacién
Hidrografica del Duero, CHD) through the MIRAME Duero viewer [6], adapting it to a
distributed representation using MODFLOW 6 [21].

Diffuse natural recharge was incorporated using the RCH package, applied to the
upper layer of the model, which represents the Quaternary materials. This recharge corre-
sponds to the effective infiltration of precipitation estimated by CHD for the groundwater
body, amounting to 37.82 hm?/year. To this component, the fraction of infiltrated irriga-
tion return flows was added, estimated at 16.66 hm?/ year, which represents an indirect
anthropogenic recharge associated with agricultural activity [6].

Groundwater abstractions were represented using the WEL package, assigning neg-
ative flow rates to the cells corresponding to the wells inventoried within the study area.
The total extracted volume is consistent with the official CHD estimates, which place the
actual extraction at 84.32 hm3/year compared to an authorized volume of 91.92 hm?/year
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for the entire groundwater body [6]. These abstractions constitute the main anthropogenic
sink of the system and the dominant factor affecting the simulated piezometric regime.

Groundwater evapotranspiration, dependent on water table depth, was represented
using the EVT package, applied at the upper surface of the model. This term acts as a
natural sink whose intensity depends on the depth of the piezometric level, allowing
the simulation of groundwater losses toward the unsaturated zone and phreatophytic
vegetation in sectors where the water table is shallow [21].

The interaction between groundwater and surface watercourses was incorporated
using the DRN package, which simulates discharge when the piezometric level exceeds
the drainage elevation defined in the cells associated with the main hydrographic network.
This mechanism represents the natural discharge of the aquifer toward river channels and
preferential drainage areas [29].

No external water balance equations were formulated outside the model. Instead, the
balance between inflows and outflows is computed internally through the solution of the
groundwater flow equation and subsequently aggregated for comparison with the global
recharge and abstraction values reported by CHD.

3.5. Calibration Strategy and Numerical Adjustment

Model calibration was performed under steady-state conditions with the objective of
adjusting the mean piezometric levels of the system to the observed hydrogeological condi-
tions. This approach provided a consistent hydraulic reference state prior to evaluating the
behaviour of the aquifer under different analysis scenarios.

The selection of steady-state conditions responds to the objective of the study, which
focuses on evaluating long-term structural modifications in the mean hydraulic state of the
system derived from sustained variations in recharge and groundwater abstractions. The
aim is not to reproduce intra-annual dynamics or short-term transient events, but rather
to characterize the representative hydraulic equilibrium of the aquifer under multi-year
average conditions.

In large regional multilayer detrital systems with high storage capacity, such as the
Tierra del Vino aquifer, hydraulic response times are relatively long, which justifies the use
of a steady-state approach to represent the integrated state of the system. This approach
makes it possible to establish a robust baseline condition on which sustained climate-driven
perturbations can be evaluated.

Consistent with this approach, future scenarios were implemented as sustained per-
turbations of mean recharge and groundwater abstraction, and the system response was
evaluated in terms of changes in the long-term hydraulic equilibrium rather than short-term
transient fluctuations.

No formal sensitivity analysis was performed in this study; therefore, the individual
influence of hydraulic parameters on model response was not explicitly quantified. This
limitation should be considered when interpreting the results, particularly under long-term
climate scenarios.

*  Methodological approach. Given the hydrogeological complexity of the Tertiary
detrital aquifer and the marked spatial heterogeneity of its hydraulic properties,
an iterative manual calibration procedure based on the trial-and-error technique
was adopted. This approach was considered appropriate for a regional multilayer
model, where hydrogeological interpretation and progressive parameter control are
fundamental [13].

*  Iterative process. The adjustment required a large number of successive model runs
(more than 500), allowing the progressive refinement of the spatial zonation of hy-
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draulic conductivities, particularly in sectors subjected to greater anthropogenic pres-
sure from groundwater abstraction.

¢ Control data. Calibration was carried out by comparing simulated piezometric levels
with observed levels obtained from the official piezometric monitoring network man-
aged by the Geological and Mining Institute of Spain (IGME), previously described in
the data sources section.

*  Calibration criteria. Following the recommendations for the construction and eval-
uation of groundwater flow models described by [13], calibration was oriented to
simultaneously ensuring:

—  consistency between simulated piezometric levels and observed values through
the adjustment of effective hydraulic conductivities;

—  numerical stability of the finite-difference solution scheme;

- amass balance with a reduced percentage error, ensuring the internal consistency
of the model.

¢ Initial parameterization conditions. The initial values of the hydraulic parameters
used as the starting point of the calibration process were established from the official
technical information of the Duero River Basin Authority, previously described in
the hydraulic parameterization section. The final adjusted values, together with the
model performance statistics, are presented in the Results section.

4. Results and Discussion
4.1. Model Validation

Calibration was performed under steady-state conditions to adjust the mean piezo-
metric levels of the system. Given the complexity of the Tertiary detrital aquifer system,
an exhaustive manual calibration process involving more than 500 successive model runs
was carried out. This trial-and-error approach, based on the progressive zonation of param-
eters, made it possible to refine the model response in the critical sector subjected to the
highest anthropogenic pressure. Following the protocols for the construction, calibration
and verification of groundwater flow models described by [13], the effort devoted to this
manual adjustment ensured consistency with the observed piezometry, numerical stability,
and an internally consistent water balance.

It is important to highlight that although the statistical evaluation presented below
encompasses the entire groundwater body 400048, the calibration effort was intensified in
the specific study sector where groundwater abstraction pressure is highest and where a
higher density of information is available to verify the adjustment. This strategy ensures
that the subsequent analysis of climate change impacts is conducted in the area where the
model exhibits its highest predictive capability and best local fit while maintaining regional
flow consistency.

The regional modelling approach adopted is consistent with the objective of the study,
which is to evaluate the response of the entire aquifer system to sustained perturbations in
recharge and groundwater abstraction, while local refinement improves interpretation in
the area of detailed analysis.

Starting from the initial hydraulic conductivity (K) ranges defined from official hy-
drogeological information and from the hydrostratigraphic interpretation of the system,
manual calibration allowed the identification of effective K values that reproduce the
observed piezometric trends and represent the heterogeneity of the detrital Tertiary forma-
tions within the model domain. The final adjustment can be summarized in the following
elements, which constitute the hydraulic basis of the calibrated model:
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Main aquifer (Layer 5): this level behaved as the most influential in the hy-
drodynamic response of the system within the model domain. Calibration re-
sulted in an effective hydraulic conductivity on the order of 2.205 x 10~* ms™!
(~19.05 md~'). This value is consistent with relatively permeable detrital mate-
rials (sands/conglomerates with silty fractions) described for productive Tertiary
levels in the regional hydrogeological information.

Lower-permeability units (Layers 1, 2, 3, 4, 6 and 7): these layers were parameter-
ized with hydraulic conductivities significantly lower than those of the main aquifer,
within the documented regional ranges, in order to represent the presence of finer
detrital materials, partially cemented levels and/or silty and clayey intercalations
that induce semi-confined conditions at depth. In the model, their function is to
modulate effective transmissivity by layer and control vertical flow transfer between
layers, consistent with the observed piezometric differentiation. The assignment of
these values was adjusted during calibration, avoiding the imposition of a single
identical value for all layers if such an assumption did not improve the fit or lacked
hydrogeological justification.

Vertical anisotropy: a constant vertical anisotropy ratio of K, /K, = 9.5 was maintained
in the calibrated model.

The suitability of the adjustment is supported by the statistical consistency of the

model. At this stage, the correct reproduction of piezometric levels was taken as the main

reference, manually adjusting hydraulic properties to robustly replicate the observed dy-

namics in the area of interest. This methodological approach is consistent with regional mod-

elling strategies incorporating local refinement [30], in which systematic calibration allows

the optimization of model response in specific sectors without losing regional coherence.

To quantify the reliability of the simulations, cross-validation was carried out by com-

paring records from 34 official observation points obtained from the CHD MIRAME Duero

viewer [6] against the values simulated by the model. Following the guidelines of [31],

who emphasize that robust evaluation should integrate both graphical inspection and

quantitative analysis, the following statistical performance measures (PM) were employed:

Nash-Sutcliffe Efficiency (NSE): a normalized statistic that compares residual variance
to the variance of measured data [32]. It ranges from —oo to 1, where 1 indicates perfect
agreement. Result obtained: 0.816. This value indicates a high level of agreement
between observed and simulated groundwater levels.

Mean Absolute Error (MAE): the mean absolute difference between simulated and
observed levels, expressed in physical units (m). Result obtained: 20.49 m, a magnitude
considered acceptable for a regional model of this scale.

Root Mean Square Error (RMSE): the square root of the mean squared error, sensitive
to larger deviations. Result obtained: 27.79 m, reflecting the dispersion associated
with aquifer heterogeneity and local variability in areas with higher pumping density.
Standard deviation of residuals (SD;s): standard deviation of the residuals between
simulated and observed mean piezometric levels, used as a complementary measure
of calibration error dispersion. Result obtained: 26.98 m.

Mean Absolute Percentage Error (MAPE): mean relative error expressed as a percent-
age. Result obtained: 2.9%, indicating a small relative difference and overall stability
of the model fit.

Pearson correlation coefficient (R): measures the strength of the linear relationship
between observed and simulated values. Result obtained: 0.928, confirming a very
strong direct relationship.

Coefficient of determination (R?): represents the fraction of variance explained by the
model fit. Result obtained: 0.819, indicating that 81.9% of the variability in measured
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groundwater levels is explained by the model. The remaining percentage is associated
with factors not explicitly represented and with the inherent variability of the data.

An evaluation using graphical performance measures (PM) was also incorporated.
According to [31], the use of graphical PM is essential for robust evaluation because it
allows direct comparison between measured and simulated values and helps identify
systematic biases that statistical indicators alone might not detect. Visual comparison
of groundwater levels, shown in Figure 5, confirms that the simulated trend faithfully
reproduces the observed piezometric response.

Piezometric comparison
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Figure 5. Graphical PM validation showing the convergence between modelled elevation and
observed elevation, supporting the validity of the model for climate scenario simulations.

4.2. Future Scenario Analysis

The simulation of future conditions is based on the incorporation of regionalized
climate projections together with the management measures planned by the Duero River
Basin Authority (CHD) for the Tierra del Vino groundwater body (400048). The climate
projections used originate from the CAMREC programme developed by CEDEX, which
provides climate regionalizations for Spain based on general circulation models included
in the Fifth Assessment Report of the IPCC (AR5). In this study, the RCP 8.5 emissions
scenario has been considered, corresponding to a radiative forcing of 8.5 W/m? by the
end of the twenty-first century, with the time horizon 2040-2070 and the control period
1961-2000. Although the climate scenario adopted in this study is based on the AR5
framework, more recent projections from the IPCC AR6, particularly under the SSP5-8.5
scenario, show a comparable evolution in both the magnitude and direction of climate
change. Both approaches converge towards similar radiative forcing levels by the end of
the 21st century and project consistent trends, including temperature increase, enhanced
evapotranspiration, and a reduction in effective recharge, especially in Mediterranean
regions [2]. In this context, the results obtained under the selected scenario are consistent
with the most recent climate projections.
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The projections are based on a multimodel ensemble of general circulation models. To
represent the future climate signal, the multimodel mean of six GCMs was used, a practice
widely adopted in climate impact studies to characterize the common forced response and
reduce the influence of individual model biases. This approach is consistent with the way
IPCC assessments analyse climate projections using multimodel ensembles, considering
the combined response as a more robust estimate than that derived from a single model.

Under this climate scenario, the main hydrological modifications introduced into the
hydrogeological model were a mean reduction in actual evapotranspiration of —5.465 %
and a mean decrease in aquifer recharge of —31.75 %, values obtained from the regionalized
outputs of the multimodel ensemble for the RCP 8.5 scenario during the period 2040-2070.
These modifications were implemented directly in the recharge and evapotranspiration
terms of the hydrogeological model, as both parameters integrate the combined effects of
projected variations in precipitation and temperature on the basin water balance.

In addition to climate forcing, the future scenario incorporates the management mea-
sures planned by CHD, which include a reduction of total groundwater abstractions of
approximately 16.5 hm?/year for the groundwater body, with the aim of bringing the
exploitation index closer to unity and improving the balance between resources and de-
mands. This reduction was implemented in the model by adjusting pumping rates in the
MODFLOW WELL package.

Simulation results show a generalized decline in piezometric levels under climate
change conditions. In the vicinity of the study well, three situations were evaluated: current
reference conditions, a climate change scenario without reduction of abstractions, and a
climate change scenario incorporating the CHD restrictions. Without the implementation
of management measures, the local piezometric decline reaches approximately 3.33 m,
whereas with the planned reduction of abstractions the decline is limited to 1.84 m. These
results indicate that although the reduction in recharge constitutes the main driver of
piezometric decline, groundwater demand management exerts a significant buffering effect
against climate impacts.

In addition to the local analysis at the representative agricultural well, a regional
assessment of piezometric decline was conducted using the 34 monitoring points employed
in the model calibration. Considering only those points where a decrease in piezometric
levels is observed, the average decline across the aquifer reaches approximately 11.4 m
under both analysed scenarios. This result reflects the overall response of the groundwater
system to the combined effects of climate forcing and groundwater abstraction. The
comparison between scenarios indicates that, although the implementation of abstraction
restrictions reduces the magnitude of decline at specific locations, it does not significantly
alter the average regional drawdown. This suggests that recharge reduction remains the
dominant driver of piezometric decline at the aquifer scale, while management measures
primarily exert a local mitigating effect.

The spatial distribution of simulated piezometric levels under the different analysed
conditions is shown in Figures 68, where current reference conditions, the climate change
scenario without management measures, and the scenario incorporating abstraction restric-
tions are compared. The results reveal a generalized decline in piezometric levels under
climate forcing and a partial mitigation when pumping limitations established by CHD
are incorporated.

Piezometric levels are expressed in meters above sea level (m a.s.l.). The colour scale
represents the full range of simulated values across the groundwater body; therefore, some
colour intervals shown in the legend may not appear in individual maps.

Projected climate change also modifies crop water requirements, as estimated with
FAO CROPWAT 8.0 for Windows [26] under the regionalized future climate condi-
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tions. For the period 2040-2070, net irrigation requirements increase by approximately
+53.1 mm/year for sugar beet, +22.5 mm/year for barley, and +31.0 mm/year for winter
wheat. These increases are consistent with the temperature rise and the altered precipitation
regime projected by the multimodel ensemble used. Consequently, the local agricultural
system faces a combined double effect: reduced availability of groundwater resources due
to recharge decline and a simultaneous increase in irrigation demand.
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Figure 6. Spatial distribution of simulated piezometric levels (m a.s.l.) in the Tierra del Vino
groundwater body under current reference conditions (2021).
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scenario (RCP 8.5, period 2040-2070) without abstraction restrictions.
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scenario incorporating the abstraction restrictions planned by CHD.
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Model results should be interpreted considering the inherent uncertainties associated
with both hydrogeological modelling and long-term climate projections. In particular,
uncertainty arises from the spatial variability of aquifer hydraulic parameters, which are
highly heterogeneous and only partially constrained by available data, as well as from the
simplified representation of boundary conditions. Climate projections also introduce an
additional source of uncertainty due to the dispersion among general circulation models
and the assumptions associated with high-emission scenarios. These factors may influence
the magnitude of the simulated recharge reduction and, consequently, the piezometric
response of the system. Nevertheless, the use of a physically consistent calibration approach,
supported by multiple piezometric control points and robust statistical indicators, ensures
that the model adequately reproduces the regional behaviour of the aquifer. Therefore, the
results should be interpreted as a reliable estimation of system-scale trends rather than as
precise predictions at specific locations.

4.3. Discussion and Limitations

Although the developed model reproduces the regional piezometric behaviour consis-
tently, certain limitations inherent to the modelling of complex hydrogeological systems at
regional scale must be considered.

The main source of uncertainty is related to the heterogeneity of the Tertiary detri-
tal medium. The parameterization of hydraulic conductivity, storage coefficients, and
saturated thicknesses was carried out using regional ranges and official hydrogeological
descriptions, which inevitably implies a simplification of the real architecture of the mul-
tilayer aquifer. This level of conceptual abstraction is common in regional models and
reflects the balance between physical representativeness and numerical stability [13,16].
However, the absence of a formal sensitivity analysis prevents the explicit quantification of
the individual influence of parameters and the range of potentially equivalent alternative
solutions (equifinality).

Regarding surface-subsurface interaction, the fluvial network was incorporated
through distributed drainage conditions that allow the simulation of aquifer discharge
when the piezometric level exceeds the defined drainage elevation. However, an explicit
hydrodynamic coupling with surface flow or a transient simulation of river discharge
was not implemented, resulting in a simplified representation of river—aquifer exchanges.
This approach is consistent with the regional scale of the study, although it may limit the
detailed reproduction of local recharge and discharge processes.

From a temporal perspective, calibration was carried out under steady-state condi-
tions. Although a transient approach would allow a more detailed analysis of the dynamic
evolution of the system, its implementation would require distributed historical series
of recharge and pumping with sufficient spatial and temporal consistency, whose avail-
ability is limited at regional scale. The reconstruction of such series through additional
assumptions could increase the structural uncertainty of the model.

Calibration efforts were concentrated in the area where detailed instrumental informa-
tion was available, associated with the monitored agricultural well, which made it possible
to integrate real hydraulic and energy data. Consequently, although the model provides a
consistent regional representation, direct quantitative extrapolation to sectors with lower
information density should be undertaken with caution.

As a future line of research, the incorporation of automatic calibration techniques and
hybrid approaches integrating physically based modelling with artificial intelligence tools—
including neural networks and “black-box” models—could enable a more exhaustive
exploration of the parameter space, explicit quantification of uncertainty, and improved
model fitting in environments with high structural complexity. These approaches do not
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replace the hydrogeological conceptual basis, but may complement traditional deterministic
modelling through learning-based schemes capable of optimizing parameters and capturing
nonlinear patterns that are difficult to represent through purely physical formulations.

4.4. Implications for Sustainable Management

The results obtained through numerical modelling with MODFLOW reveal the high
vulnerability of the Tierra del Vino aquifer to the climatic forcing projected for the mid-
21st century. The reduction in net recharge associated with the IPCC RCP 8.5 emission
scenario projects a severe piezometric decline of approximately —3.33 m in the absence of
intervention. This behaviour confirms the sensitivity of detrital aquifers in the Duero basin
to relatively moderate reductions in natural recharge [33].

This decline is not only a physical indicator of depletion, but also a direct source of
pressure on the water—energy nexus. As the water table declines, the lifting head required
for pumping increases, thereby increasing the specific energy required per unit volume
extracted. This physical relationship between pumping depth and energy consumption has
been widely documented and is identified as a critical factor for the viability of agricultural
systems [34,35].

The partial mitigation achieved through the extraction restrictions established by the
CHD—which limit the local piezometric decline to approximately —1.84 m—demonstrates
that administrative intervention is a necessary, but not sufficient, condition. Even under
this management scenario, the downward trend in groundwater levels suggests that the
system may approach an exploitation regime structurally exceeding the long-term average
recharge (groundwater mining) [36,37].

These results highlight the need to move beyond static management strategies to-
wards approaches that explicitly account for future changes in groundwater recharge.
In this context, abstraction rights should be adjusted to the actual availability of water
resources under climate change conditions, ensuring consistency between withdrawals
and renewable resources. In particular, extraction limits should be defined to maintain
the exploitation index below 0.8, taking into account both current conditions and their
expected future evolution. Management strategies should also incorporate demand-side
measures aimed at reducing groundwater pressure, including improvements in irrigation
efficiency through system modernization, reduction of losses in distribution networks, and
optimization of water application based on actual crop requirements. In operational terms,
adaptive management should be linked to explicit thresholds based on both the exploitation
index and observed piezometric trends. When the exploitation index reaches or exceeds 0.8,
or when persistent declining piezometric trends are detected in the monitoring network,
abstraction rights should be revised downward and demand-side measures should be
reinforced simultaneously. The implementation of adaptive monitoring systems would
also allow the definition of operational piezometric thresholds and the dynamic adjustment
of pumping rates.

At the scale of the studied farm, the net water requirements of crops increase signifi-
cantly under future climatic conditions: sugar beet increases from 543.9 to 597.0 mm, barley
from 155.4 to 177.9 mm, and winter wheat from 209.3 to 240.3 mm. The resulting increases
(on the order of 10-15%) reflect the combined effect of higher temperatures and lower effec-
tive precipitation. When these higher water demands are combined with the increase in
specific pumping energy, the impact on the production system is amplified. The unit pump-
ing energy increases and the annual energy consumption associated solely with meeting
crop water requirements rises by approximately 15% under the future climate scenario.

Consequently, future hydrological planning in groundwater body 400048 must evolve
towards an adaptive management approach combining dynamic allocation adjustments,
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strengthened monitoring networks and continuous improvement of irrigation efficiency.
Only through the integration of hydrogeological management and agricultural planning
will it be possible to effectively mitigate the combined effects of climate change and anthro-
pogenic pressure on the Tierra del Vino aquifer.

5. Conclusions

This study made it possible to quantify the long-term piezometric response of the
Tierra del Vino aquifer under a climate change scenario (RCP 8.5) and a management
scenario based on abstraction restrictions, by means of a calibrated numerical model. The
results show that recharge reduction induces a generalized piezometric decline across
the system, reaching 3.33 m at the local scale in the absence of management measures.
Although the abstraction restrictions proposed by the Duero River Basin Authority (CHD)
reduce this impact to 1.84 m, their effect is mitigating but not sufficient on its own to
prevent long-term overexploitation. In addition, the combined effect of groundwater level
decline and increased crop water requirements leads to an increase of approximately 15%
in irrigation energy demand. In this context, future aquifer management should move
towards an adaptive approach based on projected recharge conditions, monitoring of
piezometric trends, and maintaining the exploitation index below 0.8.
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