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A B S T R A C T

Coupled hydro-economic models are increasingly used to support agricultural water management, yet their 
results can be highly sensitive to structural (model-form) choices in both human and water systems. We analyze 
how structural uncertainty propagates across a modular coupled human–water system model by building a 
hydrological multi-model ensemble for an irrigated catchment in Spain’s Douro basin (Tormes). The ensemble 
combines alternative hydrological models (Hydrologic Engineering Center’s Hydrologic Modeling System (HEC- 
HMS) and two Soil & Water Assessment Tool (SWAT) configurations) with four mathematical-programming 
representations of irrigator behavior (two Positive Mathematical Programming models and two Multi-attribute 
models) through a standardized coupling protocol that translates crop choices and irrigation demand into 
water-system inputs. We evaluate coupled performance of daily reservoir storage and harmonized diagnostics 
under two drought scenarios and four volumetric water charge levels based on standardized anomalies (z-scores). 
Results show that model structural uncertainty cascades through the ensemble and concentrates around irriga
tion onset, producing storage spreads of approximately 150–202 million m³ across coupled configurations, 
equivalent to 31–41% of Santa Teresa’s maximum permitted storage and 95–127% of annual downstream irri
gation demand. Hydrological model choice explains most of this spread: family median differences reach 
1.88–2.12 z-score units, meaning that the central tendency of standardized monthly storage anomalies shifts by 
almost two standard deviations depending on the hydrological structure selected. Economic-model structure 
mainly modulates within-family variability through heterogeneous water-demand signals. These findings imply 
that single-model decision support can underestimate the range of plausible futures and bias policy appraisal. We 
argue that systematically assessing model structural uncertainty through multi-model ensembles can strengthen 
robust decision-making on agricultural water management under drought and water charge interventions.

1. Introduction

Water scarcity constitutes one of the most pressing global challenges, 
with profound implications for ecosystems, economies, and societies 
(Dolan et al., 2021; Jones et al., 2024). Small environmental or socio
economic changes can create ripples, where human decisions and hy
drological processes co-evolve and lead to emergent phenomena that are 
difficult to predict (Gil-García et al., 2023; Rachunok and Fletcher, 
2023). Such coupled human-water dynamics are inherently complex 

and nonlinear, and their adequate representation necessitates modeling 
frameworks that integrate relevant biophysical and economic processes 
as well as their linkages (Knowling et al., 2020; Ortiz-Partida et al., 
2023). In this context, the choice of models and their coupling design is a 
sensitive issue with nontrivial repercussions on model outputs and 
forecasts, potentially propagating into decision risk through structural 
uncertainty.

Structural uncertainty captures the variability in system forecasts 
that stems from alternative yet plausible model formulations, including 
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the design of human and water system models as well as their couplings 
(Gupta and Govindaraju, 2019; Moges et al., 2020). While multi-model 
ensemble approaches that compare forecasts across alternative models 
have been used to assess structural uncertainty within human or water 
system models independently (Hasan et al., 2025; Noh et al., 2024), the 
propagation of structural uncertainty across coupled human-water sys
tems remains largely unexplored (Dwivedi et al., 2025; Zhou et al., 
2025). Neglecting this aspect risks systematically underestimating the 
range of possible futures and fostering unwarranted confidence in 
management interventions, particularly in contexts where feedbacks 
between human and water systems are relevant (Hino and Hall, 2017).

This study addresses this research gap by assembling a cross-system 
ensemble of widely used human and water system models representing 
diverse behavioral paradigms and hydrological complexities, and eval
uating their coupled performance under drought and water charge 
scenarios. The framework couples alternative hydrological models 
(Hydrologic Engineering Center’s Hydrologic Modeling System (HEC- 
HMS) and Soil & Water Assessment Tool (SWAT)) with a set of micro
economic models (two Positive Mathematical Programming (PMP) 
models (Howitt, 1995; Júdez et al., 2002), and two multi-attribute 
models: one Positive Multi-Attribute Utility Programming (PMAUP) 
model (Gutierrez-Martin and Gomez, 2011) and one Weighted Goals 
Programming (WGP) model (Sumpsi et al., 1997)) via a protocolized 
coupling, and compares outcomes using standardized diagnostics 
(z-score anomalies) to analyze structure-driven effects that emerge both 
from within each model and due to their coupling. We show that 
changing model architecture yields different and plausible 
hydro-economic trajectories, including shifts in where and when im
pacts concentrate. This implies that relying on a single model can mask 
plausible outcomes and bias uncertainty appraisal. On this basis, we 
advocate acknowledging structural uncertainty through ensemble 
analysis and provide an operational approach—models, coupling pro
tocol, and harmonized metrics—that can be reproduced to assess 
modeling structural uncertainty and inform policy making under 
uncertainty.

2. Materials and methods

2.1. Study zone description

The Tormes Catchment, located in the southwestern Douro River 
Basin of Spain near the Portuguese border, encompasses 7107 km2, of 
which 45 731 ha are irrigated. Agriculture represents the catchment’s 
principal water use, with an annual demand of 286.78 million m3, 
78.15% of which are supplied by surface water and 21.85% by 
groundwater. Total water availability amounts to approximately 1300 
million m3 per year and is regulated by two major reservoirs: Almendra, 
with a capacity of 2586 million m3, situated at the catchment outlet and 
primarily serving hydropower while controlling releases to the Douro 
River, and Santa Teresa, with a capacity of 496 million m3, which sup
plies irrigation water across the catchment.

Agricultural water users are divided into seventeen Agricultural 
Water Demand Units (AWDUs), clusters of farmers sharing water sour
ces, geographical context, administrative arrangements, and hydrolog
ical characteristics (Fig. 1). Some upstream AWDUs have historically 
been more vulnerable to drought due to weaker access to local regula
tion infrastructure, with intensifying severity in recent years. Down
stream AWDUs, supplied by the Santa Teresa reservoir, experience 
growing water stress driven by climate change. For the downstream 
AWDUs supplied by Santa Teresa Reservoir, the annual irrigation de
mand used as a reference in the results is approximately 158.47 million 
m³ yr⁻¹ . Despite increasing water scarcity concerns, an irrigation 
expansion of 26 000 ha demanding 10–20 million m3 has been planned 
for the catchment.

2.2. Hydro-economic multimodel ensemble configuration

A protocol based modular framework is developed where a set of 
rules or protocols are used to couple hydrological models of the catch
ment (water system module) and microeconomic models of irrigators’ 
behavior (human system module) into a cross-system multi-model 
ensemble (Fig. 2), using a protocolized coupling applied consistently 
across models. The human module is populated with a multi-model 

Fig. 1. Location of the Tormes Catchment in the Douro River Basin and its Agricultural Water Demand Units (AWDUs). Numeric codes identify the 17 AWDUs used in 
the hydro-economic modeling framework.
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ensemble of Mathematical Programming microeconomic models, 
namely two Positive Mathematical Programming models (PMP1 
(Howitt, 1995) and PMP2 (Júdez et al., 2002)), one Positive 
Multi-Attribute Utility Programming Model (PMAUP) (Gutierrez-Martin 
and Gomez, 2011), and one Weighted Goal Programming model (WGP) 
(Sumpsi et al., 1997); while the water system is populated with two 
hydrological models, namely Soil & Water Assessment Tool (SWAT) 
(Arnold et al., 1998), developing two different structural setups, and 
Hydrologic Engineering Center’s Hydrologic Modeling System 
(HEC-HMS) (Hydrologic Engineering Center, 2018). Two protocols are 
defined to interconnect the two modules. The first protocol translates 
crop portfolio choices and related irrigation demand generated by the 
human module into land-use and water-demand inputs for the water 
module. The second protocol can transmit water-availability informa
tion generated by the water-system models back to the human-system 
models by updating water-availability constraints. In the simulations 
presented here, the feedback protocol is defined but not triggered 
because water availability does not become binding for the economic 
module.

2.2.1. Human module
Mathematical programming models represent irrigators as con

strained decision-makers who allocate land among alternative crops to 
reproduce observed behavior and predict responses to exogenous 
shocks. In this framework, irrigators choose a crop portfolio by opti
mizing an objective or utility function subject to agronomic, economic, 
land, and water constraints. Different mathematical programming for
mulations imply different assumptions about farmers’ objectives, cali
bration procedures, and behavioral responses, which is why alternative 
model structures are included in the ensemble. This satisfaction is 

represented through a linear or nonlinear utility or objective function U 
(X) that considers one or more single- or multi-attribute utility-relevant 
criteria, such as profit or risk avoidance: 

Max U(X) = f(z1(X),…, zm(X)) (7) 

Subject to: 

xi ≥ 0 (8) 

∑n

i=1
xi = 1 (9) 

X ∈ F (10) 

X ∈ Rn (11) 

z1(X),…, zm(X) = Z(X) ∈ Rm (12) 

where the decision variable is the crop portfolio (X), containing the 
share of land used by each crop xi. Each attribute z(xi) depends on the 
land allocated to the different crops. The set of constraints includes the 
water availability constraint, described as follows: 

∑n

i=1

(
wi

eff
xi

)

≤ Wg (13) 

where wi represents water consumption by crop i; eff is a parameter 
capturing technical irrigation efficiency in the irrigation system per 
agent; wi

eff is the water requirement per crop (i.e. including water con

sumption and return flows); 
∑n

i=1

(
wi
effxi

)

indicates the quantity of water 

Fig. 2. Workflow of the protocol-based modular framework. The diagram shows the data flow between human and water modules through the two coupling 
protocols. Solid arrows indicate the protocol triggered in the simulations, whereas dashed arrows indicate the feedback protocol, which is defined in the framework 
but not triggered since water availability does not become binding in this study.
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required by the crop portfolio selected by the economic agent; while Wg 

represents the water allocated to each agent in the observed situation.
The ensemble is populated with four mathematical programming 

models with alternative setups for the equations above, namely: two 
nonlinear single-attribute PMP models (PMP1 and PMP2) that aim at 
profit maximization and (PMP1, which follows the average cost cali
bration method proposed by Howitt 1995, and PMP2 which follows the 
calibration method of Júdez et al. 2002); one linear multi-attribute WGP 
(Sumpsi et al., 1997); and one non-linear multi-attribute PMAUP model 
(Gutierrez-Martin and Gomez, 2011). Detailed descriptions of calibra
tion procedures and results are provided in Annex I and Annex II of the 
supplementary material. These models span different objective func
tions, attributes, calibration approaches, and levels of complexity, 
enabling the exploration of heterogeneity in decision rules, behavior, 
and responses to changes in water availability.

2.2.2. Water module
Hydrological simulations were conducted using two complementary 

modeling platforms, each offering distinct advantages for representing 
catchment dynamics. HEC-HMS is a semi-distributed, open-access 
rainfall-runoff model widely employed in hydraulic studies (Hydrologic 
Engineering Center, 2018). While originally designed for engineering 
applications, HEC-HMS includes a continuous simulation module 
incorporating soil moisture accounting, enabling long-term analysis of 
flows at daily or hourly time steps. Reservoir operations, baseflow 
contributions, and irrigation abstractions can be represented, although 
the system is constrained in its capacity to capture fine-scale agricultural 
dynamics or crop-specific water use. To address this limitation, a 
tailored ecological component was integrated (Pérez-Blanco, 
González-López, et al., 2021). This component aggregates crop portfo
lios at sub-basin scale using area-weighted crop coefficients, imple
mented through the HEC-HMS canopy crop coefficient controlling 
evapotranspiration rather than through curve-number parameters. In 
HEC-HMS, the crop coefficient scales potential evapotranspiration in the 
canopy–surface–soil system, while irrigation is represented through 
monthly river-diversion accounting, soil-moisture adjustments, perco
lation to aquifers, and crop-water uptake removal from the system. 
Reservoir release schedules are incorporated using historical daily 
discharge patterns while ensuring compliance with environmental flow 
requirements and downstream water demands. The delineation of the 
watershed and sub-basin configuration was performed with 
HEC-GeoHMS, drawing on land cover datasets, crop maps, and admin
istrative boundaries to provide a coherent spatial framework.

In parallel, the Soil and Water Assessment Tool – SWAT (Arnold 
et al., 1998) was employed to complement the analysis. SWAT is a 
semi-distributed eco-hydrological model that integrates land use, soil 
properties, topography, and management practices within Hydrological 
Response Units – HRUs, providing fine-scale resolution of agricultural 
and ecological processes (Mbungu and Kashaigili, 2017). The subdivi
sion of sub-basins into HRUs enhances computational efficiency when 
scaling to larger catchments while maintaining the capacity to resolve 
heterogeneous land management and crop dynamics. Crop databases 
and irrigation routines allow explicit representation of water con
sumption and evapotranspiration, linking vegetation dynamics, agri
cultural productivity, and water availability. Reservoir operations are 
incorporated directly, enabling flexible management of storage and re
leases across diverse regulatory infrastructures. Two alternative reser
voir configurations were implemented in SWAT. The first is a 
fixed-discharge approach (SWAT-FD), which follows historical daily 
release patterns but allows adjustments to ensure environmental-flow 
requirements and downstream irrigation demands. The second is a 
monthly-target setup (SWAT-MT), which uses monthly storage targets 
and allows daily releases to adjust dynamically in response to inflows, 
storage conditions, environmental-flow requirements, and 
irrigation-demand accounting. In parallel, HEC-HMS reservoir releases 
also follow historical daily discharge patterns, slightly adapted to ensure 

compliance with environmental-flow requirements and downstream 
AWDU demands. Therefore, SWAT-MT is used here as an alternative 
reservoir-operation structure, not as an endogenous economic feedback 
mechanism: monthly storage targets do not modify water charges or 
trigger within-year crop-allocation changes. These configurations illus
trate the influence of operational choices on hydrological trajectories 
and the potential propagation of uncertainty within the system.

Together, HEC-HMS and SWAT offer complementary perspectives on 
catchment hydrology. HEC-HMS provides a computationally efficient 
framework for rapid setup and scenario testing, particularly where 
detailed crop dynamics are less critical, whereas SWAT allows integra
tion of detailed land use, management, and ecological processes, 
capturing the complex interactions that drive agricultural water use and 
system dynamics. The combined use of these models supports robust 
evaluation of hydrological responses under different configurations and 
provides a flexible basis for testing coupling strategies with decision- 
making components.

Hydrological model calibration and validation were conducted 
before coupling the water models with the economic module. The SWAT 
hydrological component, shared by both SWAT-FD and SWAT-MT, was 
calibrated for 2005–2013 and validated for 2013–2014 at the upstream 
flow points draining into Santa Teresa Reservoir. Because SWAT-FD and 
SWAT-MT share the same watershed, soil, land-use, crop, and runoff- 
generation parameterization, the calibration statistics reported for 
SWAT apply to both configurations; their differences arise from the 
reservoir-operation rule used during scenario simulation, not from 
separate hydrological calibrations. HEC-HMS was calibrated for 
1996–2013 and validated for 2013–2014 at the corresponding gauging 
locations. To ensure direct comparability across hydrological models, 
Table 1 reports NSE and R² for calibration and validation periods. 
Additional model-specific performance metrics, including KGE for 
SWAT and log NSE and RMSE for HEC-HMS, are provided in Annex III of 
the Supplementary Material.

The calibration and validation statistics indicate moderate but 
consistent performance, suitable for comparative scenario analysis and 
structural-uncertainty assessment in a regulated and human-managed 
catchment. The lower NSE values obtained for HEC-HMS (0.41–0.50 
in calibration and 0.41–0.48 in validation) reflect the model's more 
aggregated representation of catchment processes, particularly at the 
daily time step in a strongly regulated basin where observed flows reflect 
reservoir-operation decisions in addition to natural runoff. For the 
purposes of this study, calibration adequacy is evaluated in terms of 
plausibility of the simulated hydrological response under controlled 
forcing, rather than benchmark predictive skill at gauged points: the 
analysis exploits between-model differences in regulated-system 
response under common scenarios and harmonized diagnostics, not 
absolute predictive accuracy. Within this scope, the calibration and 
validation statistics confirm that all three configurations (HEC-HMS, 
SWAT-FD, SWAT-MT) provide a consistent and physically plausible 
basis for structural-uncertainty assessment.

2.2.3. Human–water coupling process
The information exchange between the human and water modules is 

organized through a protocol-based coupling designed to transmit land- 

Table 1 
Hydrological model calibration and validation performance.

Model Period Calibration point NSE R²

SWAT Calibration 2005–2013 FLOW_OUT_10 0.68 0.69
SWAT Calibration 2005–2013 FLOW_OUT_11 0.72 0.74
SWAT Validation 2013–2014 FLOW_OUT_10 0.65 0.66
SWAT Validation 2013–2014 FLOW_OUT_11 0.65 0.66
HEC-HMS Calibration 1996–2013 W1060 0.42 0.44
HEC-HMS Calibration 1996–2013 J130 0.50 0.59
HEC-HMS Validation 2013–2014 W1060 0.41 0.42
HEC-HMS Validation 2013–2014 J130 0.48 0.57
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use, irrigation-demand, and water-availability information in a struc
tured and reproducible manner (Essenfelder et al., 2018; Fernández 
et al., 2016). In the simulations presented here, the economic module 
operates at the irrigation-campaign scale. For each combination of 
drought condition and water charge scenario, farmers are represented as 
choosing a seasonal crop portfolio before the irrigation campaign, based 
on the relevant agronomic, economic, and water-availability conditions. 
Once this decision is made, the crop portfolio and associated 
irrigation-demand signal remain fixed during the simulated hydrologi
cal year. Therefore, water charge scenarios do not generate daily 
land-use changes. Instead, they generate seasonal crop-area and 
irrigation-demand changes, whose daily hydrological consequences are 
simulated by the water models through meteorological forcing, 
soil-water dynamics, evapotranspiration, runoff generation, routing, 
reservoir inflows, and reservoir releases.

The translation of the economic signal differs across hydrological 
models because of their different spatial and process structures. In HEC- 
HMS, crop portfolios are aggregated at the sub-basin level through area- 
weighted crop coefficients, which modify evapotranspiration through 
the canopy crop-coefficient parameter rather than through curve- 
number parameters. Irrigation demand is represented through a 
monthly water-accounting procedure: the absolute irrigation demand of 
each downstream irrigated sub-basin is withdrawn from the river at the 
sub-basin inlet, introduced into the sub-basin as an initial soil-moisture 
adjustment, and then reduced at the outlet by the estimated crop-water 
uptake. The remaining non-consumed fraction can return to the hy
drological system through percolation, groundwater storage, baseflow, 
and routing. Reservoir operations are therefore adapted to release the 
total irrigation volume required by downstream AWDUs while main
taining compliance with environmental-flow requirements. In SWAT, 
where crops and irrigation operations are simulated explicitly at HRU 
scale, crop-portfolio changes are directly translated into land-use and 
management changes for each individual crop, while less significant 
crops are aggregated under general codes (see Annex III of the 
Supplementary Material). For downstream AWDUs, irrigation re
quirements are specified at HRU level together with the corresponding 
water source. When the river reach is defined as the source, SWAT 
simulates the river withdrawal, irrigation application, infiltration, crop 
uptake, and delayed return flows. Area reallocations are operationalized 
through targeted edits of HRU files, conserving sub-basin crop surface 
and maintaining pedological consistency, while ensuring that SWAT 
withdrawals align with AWDU demands.

In both hydrological models, irrigated AWDUs located upstream of 
Santa Teresa Reservoir were represented as being supplied at the Santa 
Teresa reservoir node, so that their irrigation demand was explicitly 
accounted for within the reservoir-centered water balance. This should 
be interpreted as a modeling and accounting representation adopted to 
ensure consistency between upstream abstractions, return flows, AWDU 
demands, reservoir releases, and the regulated-system water balance, 
rather than as a literal description of every local diversion infrastructure. 
In contrast, irrigated AWDUs located downstream of the reservoir were 
represented as withdrawing water from the river network after reservoir 
releases had incorporated their irrigation demand. Consequently, 
reservoir inflow diagnostics should be interpreted as effective net up
stream hydrological responses under the adopted coupling structure, 
rather than as purely natural upstream runoff.

The framework also includes a second protocol through which water- 
availability constraints can be updated from the water module to the 
human module. In the simulations presented here, this protocol is 
defined but not triggered because water availability does not become 
binding for the economic module: under the tested water charge sce
narios, simulated water demand remains below the available allocation. 
Therefore, crop portfolios are not recalculated within the hydrological 
year. Thus, although the framework is capable of two-way information 
exchange, the simulated scenario set results in a one-way realization of 
the coupling: the human-to-water protocol is active, whereas the water- 

to-human feedback protocol is not triggered because the water- 
availability constraint remains non-binding. Consequently, the re
ported results should be interpreted as diagnosing how seasonal crop- 
allocation and irrigation-demand signals are transmitted, amplified, or 
attenuated by alternative hydrological structures and reservoir- 
operation assumptions under contrasting drought forcing, rather than 
as simulations of dynamic within-year feedbacks between reservoir 
storage and farmer decisions. This scenario-contingent one-way reali
zation is therefore consistent with the diagnostic objective of the study: 
to assess model structural uncertainty under common exogenous 
drought and water charge forcings, rather than to forecast realized 
system behavior under adaptive within-year management.

2.2.4. Scenario design
In this section, we elaborate on the drought and water pricing sce

narios briefly referenced earlier in Section 2.2.3. The scenario design 
follows a controlled factorial logic intended to expose model structural 
uncertainty across the coupled ensemble rather than to forecast realized 
system behavior. Two drought conditions are crossed with four water 
charge levels and applied to twelve coupled model configurations, 
defined by three hydrological structures and four economic model for
mulations. This generates 96 coupled simulations. Drought and water 
charges are treated as exogenous forcings held constant across all model 
combinations within each scenario cell, so that divergence in simulated 
outputs can be attributed to model-structural differences rather than to 
changes in scenario specification. The choice of two contrasting drought 
conditions and a graduated set of water charge perturbations is intended 
to span a meaningful but tractable portion of the policy-relevant input 
space, while keeping the experiment within the computational and 
interpretive limits required for systematic structural-uncertainty 
diagnosis.

Economic scenarios are represented through alternative adminis
trative water charge levels. In the Douro Basin, irrigation water pay
ments are not market-clearing prices emerging from supply–demand 
interactions, but public charges set by the basin authority to recover part 
of the financial, resource, and environmental costs of water use 
(European Parliament and Council, 2000). These charges remain fixed 
until modified through administrative procedures and therefore do not 
respond endogenously to within-year reservoir storage, release condi
tions, or short-term scarcity. Consequently, water charges are treated 
here as exogenous policy instruments rather than endogenous scarcity 
prices, and within-year reservoir fluctuations do not feed back into the 
economic module through price adjustments.

We introduce three incremental volumetric water charge scenarios 
that increase the baseline charge by €0.01, €0.02, and €0.03/m³ . Three 
water charge increments were selected to balance two competing re
quirements of the factorial design: spanning a meaningful range of 
policy-plausible perturbations and keeping the total number of coupled 
simulations tractable for systematic diagnostic analysis. A denser charge 
grid would multiply computational cost without proportionally enrich
ing the structural-uncertainty diagnostic, because the analysis is con
cerned with the gradient of structural divergence across charge levels 
rather than with the precise reconstruction of the charge–response 
curve. These increments were selected to represent modest, policy- 
plausible adjustments to irrigation water charges in the Tormes Catch
ment, within the range of cost-recovery reforms compatible with Article 
9 of the Water Framework Directive for the Douro Basin (DRBA, 2015). 
They are therefore policy-plausible perturbations rather than stress-test 
values, and their selection reflects the policy-appraisal framing of the 
study. These values are modest yet realistic (Sapino et al., 2022) and 
allow us to explore how small administrative charge adjustments 
cascade through crop-portfolio decisions, irrigation demand, and hy
drological outcomes. For each charge level, the economic module gen
erates a seasonal crop-allocation and irrigation-demand response, which 
is subsequently imposed on the hydrological models. The hydrological 
models then simulate the daily consequences of those seasonal decisions 
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under the corresponding drought forcing.
Climate scenarios are represented through two complete hydrologi

cal years, defined from 1 October to 30 September, selected to span 
contrasting drought conditions in the Tormes–Santa Teresa system. The 
intense drought scenario is based on the 1980–1981 hydrological year, 
while the intermediate drought scenario is based on the 2001–2002 
hydrological year. Daily meteorological forcing for each scenario was 
taken from the SWAT Global Weather Data database, which is based on 
the Climate Forecast System Reanalysis (CFSR) from the National Cen
ters for Environmental Prediction (NCEP). Therefore, drought condi
tions affect the entire hydrological year rather than a specific crop- 
growth stage. Water charge scenarios, in contrast, affect the irrigation 
season only, from April to September, through seasonal crop-allocation 
and irrigation-demand changes.

The 2001–2002 hydrological year was selected as an intermediate 
drought benchmark because it represents a dry but non-extreme con
dition, allowing comparison with the more severe 1980–1981 drought 
benchmark. These scenarios are not intended to reproduce historical 
socioeconomic conditions exactly; instead, they use historical daily 
climate forcing to examine how the coupled models respond to con
trasting drought intensities under present-day land use, water use, and 
socioeconomic conditions. The two scenarios are anchored to stan
dardized drought intensity using the 6-months Standardized Precip
itation–Evapotranspiration Index (SPEI− 6), retrieved from the CSIC 
SPEI Global Drought Monitor (Beguería et al., 2014; Vicente-Serrano 
et al., 2010) for the grid cells covering the Tormes Catchment. SPEI− 6 
is preferred over precipitation-only indices because it accounts for the 
role of atmospheric evaporative demand in modulating water avail
ability, which is particularly relevant for irrigation, particularly in 
semi-arid conditions such as those of the southwestern Douro Basin. The 
intense drought scenario (1980–1981) corresponds to a 
catchment-averaged SPEI− 6 of − 2.03 (severe to extreme drought) by 
December 1981, while the intermediate drought scenario (2001–2002) 
corresponds to a catchment-averaged SPEI− 6 of − 1.48 (moderate to 
severe drought). These values place the two scenarios at distinct points 
along the climatic-drought continuum, ensuring a meaningful contrast 
in hydrological-year forcing while keeping both within the historical 
record of the basin.

These scenarios do not reproduce the historical years exactly; 
instead, they distill their essential hydrological characteristics to 
examine how the coupled models respond to variations in drought in
tensity under present-day land and water use and socioeconomic con
ditions. In this study, protocol 2 is available within the coupling 
framework but is not triggered under the simulated scenarios because 
water availability remains non-binding for the economic module. 
Drought scenarios therefore stress the hydrological response of the 
coupled system under a realized human-to-water coupling pathway, 
rather than activating dynamic water-to-human feedbacks.Both drought 
scenarios are applied under the same reservoir-centered representation 
of upstream AWDU withdrawals adopted throughout the study. The 
interaction between the imposed climatic forcing and this representa
tion is part of the scenario-design choice, and the diagnostic charac
terizes the response of the coupled system as represented, not of a 
notional unrepresented natural system.

The drought and water charge scenarios differ in their conceptual 
nature and in the temporal scale at which they enter the coupled system. 
Drought scenarios act through daily meteorological forcing fields that 
drive evapotranspiration, runoff generation, and routing within the 
hydrological models throughout the simulated year. Water charge sce
narios act through seasonal economic decisions taken at the planning 
stage by the human module, which modify the crop portfolio and 
irrigation-demand signal used to configure the hydrological year. This 
asymmetry is intentional: it preserves the temporal logic of each module 
(e.g. daily for hydrology, seasonal for cropping decisions) and avoids 
imposing artificial sub-seasonal economic dynamics that would lie 
outside the standard formulation of the economic models used here.

2.2.5. Structural uncertainty analysis
Model structural uncertainty is assessed across the modular 

ensemble using standardized metrics that enable comparison across 
magnitudes, models, and scales. Here, model structural uncertainty re
fers to differences arising from alternative hydrological-model struc
tures, economic-model formulations, and their coupling configurations. 
The analytical backbone is provided by z-scores (Si), which transform 
deviations into a unitless measure, facilitating direct inter-model com
parison. The standard z-score is computed as 

Si =
Yi − Ȳ

SY
(14) 

where Yi is the value of interest (e.g., irrigation water demand, reservoir 
storage, release volumes), while Ȳ and SY are the relevant mean and 
standard deviation for the comparison set. For each drought condition 
and water charge scenario, z-scores are computed using the ensemble 
distribution of monthly reservoir-storage values across the coupled 
model configurations. This ensures that standardized anomalies 
compare model-structure responses under a common exogenous sce
nario rather than mixing scenario-driven and structure-driven vari
ability. Widely used in environmental and hydro-climatic studies for 
anomaly detection (Botero-Acosta et al., 2024; Van Der Schalie et al., 
2022), z-scores allow us to position model behavior relative to a shared 
statistical frame, thereby enabling harmonized cross-model diagnosis of 
structural divergence. Whisker plots and related visualizations are then 
employed to expose systematic contrasts and structural variability 
across the ensemble, making uncertainty patterns transparent and 
interpretable (Urgilez-Clavijo et al., 2024).

The outputs of the coupled hydro-economic system are first pre
sented as an uncertainty cascade of daily reservoir-storage trajectories, 
which diagnose how dispersion emerges across hydrological and socio- 
economic model combinations for each drought and water charge sce
nario. To explicitly characterize the drivers of storage dynamics, we 
additionally evaluate reservoir inflows and outflows simultaneously. 
Daily inflow and outflow series are compared across hydrological 
models, economic models, and water charge scenarios, and scenario 
effects are quantified relative to the baseline as: 

ΔQin,s(t) = Qin,s(t) − Qin,baseline(t) (15) 

ΔQout,s(t) = Qout,s(t) − Qout,baseline(t) (16) 

where s denotes each water charge scenario. Daily anomalies are con
verted into cumulative annual volume differences as: 

ΔVin,s =
∑

t
ΔQin,s(t)⋅86400

/

106 (17) 

ΔVout,s =
∑

t
ΔQout,s(t)⋅86400

/

106 (18) 

with volumes expressed in hm³ . The net contribution of inflow and 
outflow changes to reservoir storage forcing is summarized as: 

ΔVnet,s = ΔVin,s − ΔVout,s (19) 

This diagnostic separates upstream hydrological responses from 
reservoir release responses and allows us to quantify whether storage 
differences are primarily associated with inflow changes, outflow 
changes, or their combined effect. It is not intended to close the com
plete reservoir mass balance, which may also include evaporation, 
seepage, spill, and changes in storage depending on the hydrological 
model. Rather, it isolates the contribution of the two fluxes explicitly 
requested by the reviewer—reservoir inflow and outflow—to storage 
forcing relative to the baseline scenario.

Next, structural uncertainty is analysed using monthly reservoir- 
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storage z-scores represented by whisker plots for Santa Teresa Reservoir. 
This enables a consistent evaluation of heterogeneous responses across 
model families—defined as each hydrological model coupled with the 
full set of microeconomic models (e.g., HEC-HMS/PMP1, HEC-HMS/ 
PMP2, HEC-HMS/PMAUP, and HEC-HMS/WGP, and analogously for 
SWAT-FD and SWAT-MT)—and within model families, i.e., across 
alternative microeconomic models for a fixed hydrological model. In 
doing so, we assess uncertainty associated with the coupled hydro- 
economic system and disentangle it from the component attributable 
solely to hydrological model structure.

3. Results

3.1. Reservoir storage, inflow, and outflow responses

In this section, we present the results in two steps. First, daily 
reservoir-storage trajectories are used to identify when ensemble 
dispersion emerges and how it evolves over the simulated hydrological 
year. Reservoir inflows and outflows are then assessed simultaneously to 
quantify the contribution of upstream hydrological responses and 
reservoir releases to storage dynamics. Second, standardized z-score 
diagnostics are used to distinguish between hydrological-model family 
effects and within-family economic-model effects, and the main 

numerical diagnostics are synthesized to identify the dominant model- 
structure uncertainty pathways. Because water availability does not 
become binding for the economic module in the simulations, the feed
back protocol is not triggered. The reported results therefore diagnose 
the propagation of seasonal crop-allocation and irrigation-demand sig
nals from the human module to the water module, rather than dynamic 
feedbacks from simulated reservoir conditions back to farmer decisions. 
Fig. 3 displays daily storage trajectories for the intense and intermediate 
drought scenarios under the baseline and three water charge scenarios.

The storage trajectories show that model structural uncertainty is 
temporally concentrated around the irrigation season. Under intense 
drought, dispersion increases sharply around M7–M9: SWAT-FD pro
duces the widest storage envelope, HEC-HMS follows a narrower and 
smoother trajectory, and SWAT-MT shows a more constrained response 
associated with its monthly target-storage rule. Around M9 in the 
intense-drought baseline panel, mean monthly storage spans approxi
mately 66–216 million m³ across coupled configurations, corresponding 
to a range of ~150 million m³ , ~31% of Santa Teresa’s maximum 
permitted storage, and ~95% of the aggregated annual downstream 
irrigation demand. Under intermediate drought, the timing of diver
gence is similar but the magnitude is larger: around M9, mean monthly 
storage ranges from ~226 million m³ for SWAT-FD + PMP1 to ~428 
million m³ for SWAT-MT + PMAUP, corresponding to a ~202 million 

Fig. 3. Daily storage in the Santa Teresa reservoir under intense (panels a–d) and intermediate (panels e–h) drought scenarios. For each scenario, results are shown 
by water charge scenario (baseline, €0.01/m³, €0.02/m³, and €0.03/m³). Each trace represents one coupled hydro-economic model configuration, combining one 
hydrological model with one microeconomic model. Line color identifies the hydrological model: HEC-HMS (Hydrologic Engineering Center’s Hydrologic Modeling 
System) in blue, SWAT-FD (Soil & Water Assessment Tool - Fixed Discharge) in red, and SWAT-MT (Soil & Water Assessment Tool - Monthly Target) in green. Line 
style identifies the microeconomic model: PMAUP, PMP1, PMP2, or WGP. Both drought scenarios correspond to complete hydrological-year forcings, from month 
0 (October) to month 12 (September).
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m³ spread, ~41% of reservoir capacity, ~127% of annual downstream 
irrigation demand, and ~120% of the annual surface-water supplied 
volume. Across water charge scenarios, the timing of divergence re
mains broadly consistent, whereas the magnitude of within-family 
spread differs among hydrological models. This is most visible for 
SWAT-FD late in the season, where economic formulations generate 
storage differences on the order of ~48 million m³ . These storage pat
terns already indicate that structural uncertainty operates through two 
related pathways. First, hydrological structure determines the overall 
storage envelope by shaping how runoff generation, irrigation demand, 
routing, and reservoir releases are represented. Second, economic- 
model differences become visible only where the hydrological struc
ture allows crop-portfolio and irrigation-demand changes to propagate 
into the water balance. This explains why SWAT-FD shows the largest 
late-season within-family spread, whereas HEC-HMS and SWAT-MT 
remain comparatively more constrained.

To disentangle the drivers of reservoir-storage dynamics, we 
compared reservoir inflows and outflows across hydrological models, 
economic models, drought periods, and water charge scenarios. Fig. 4
shows a representative case for the PMP1 economic model, while the 
equivalent inflow–outflow hydrographs for the remaining economic 
models (PMAUP, PMP2, and WGP) are provided in the Supplementary 
Material. The raw hydrographs show that reservoir inflow variability 
is largely dominated by the seasonal hydrological signal, whereas 
outflow variability is more clearly shaped by reservoir-operation rules 
and irrigation-demand propagation through the coupled system. This 
distinction is particularly evident when comparing HEC-HMS, SWAT- 
FD, and SWAT-MT. HEC-HMS produces smoother inflow and outflow 
responses, whereas SWAT-FD and SWAT-MT produce more event-driven 
inflow patterns. These differences reflect how each hydrological struc
ture transmits the same seasonal economic signal. In SWAT, crop-area 
reallocations and irrigation operations are represented explicitly at 
HRU scale. For upstream irrigated AWDUs, Santa Teresa Reservoir 

accounts for their irrigation demand; therefore, when higher water 
charges reduce irrigated area and irrigation demand, less irrigation 
water is applied to upstream HRUs. This can reduce abstractions, but it 
can also reduce irrigation return flows, percolation, groundwater 
recharge, and delayed contributions to the river network. As a result, 
reductions in irrigation demand do not necessarily translate into higher 
reservoir inflow. In HEC-HMS, by contrast, crop portfolios are aggre
gated at sub-basin scale through area-weighted crop coefficients, and 
irrigation demand is represented through monthly soil-moisture and 
diversion adjustments. This attenuation should not be interpreted as a 
lack of response to the economic signal. Rather, it is the structural 
consequence of representing crop portfolios through area-weighted sub- 
basin crop coefficients and irrigation demand through monthly water- 
accounting adjustments, which smooths the spatial and temporal 
expression of charge-induced crop and irrigation changes.

Across water charge scenarios, changes in reservoir inflow are 
generally modest relative to the magnitude of the full hydrograph. In 
contrast, outflow differences are more visible, particularly in SWAT-MT, 
where reservoir releases respond to the monthly target-storage logic. 
The comparison therefore indicates that water-charge-induced eco
nomic signals are detectable in reservoir inflows, but their effect is small 
compared with drought-driven seasonal variability. The outflow 
response is generally stronger because it directly reflects the interaction 
between irrigation-demand signals and reservoir-operation assump
tions. The contrast between SWAT-FD and SWAT-MT should therefore 
be interpreted as uncertainty associated with reservoir-operation 
structure, not as evidence of dynamic feedback between reservoir stor
age, water charges, and within-year farmer decisions. In the simulations 
reported here, the feedback protocol is not activated, so changes in 
reservoir storage or releases do not modify water charges or trigger 
additional crop reallocation within the simulated year. The comparison 
between SWAT-FD and SWAT-MT isolates the effect of alternative 
reservoir-operation assumptions, whereas differences among water 

Fig. 4. Daily reservoir inflows and outflows for the PMP1 economic model under intense and intermediate drought conditions. Rows correspond to hydrological 
models and columns to inflow/outflow responses. The x-axis represents the simulated annual period from month 0 to month 12. Colors indicate the baseline and 
water charge scenarios. Equivalent hydrographs for the remaining economic models are provided in the Supplementary Material.

H. González-López et al.                                                                                                                                                                                                                      Agricultural Water Management 333 (2026) 110582 

8 



charge scenarios isolate the propagation of exogenous seasonal eco
nomic signals through the one-way coupling.

To quantify the combined influence of inflows and outflows on 
reservoir-storage dynamics, we computed annual cumulative changes 
relative to the baseline scenario. For each water charge scenario, cu
mulative inflow and outflow anomalies were calculated as ΔVinand 
ΔVout , respectively, and their combined contribution was summarized 
using the net inflow–outflow balance defined in Eq. (19). Positive values 
indicate a net inflow–outflow balance that tends to favor higher storage 
relative to baseline, whereas negative values indicate a net tendency 
toward lower storage. Fig. 5 summarizes this diagnostic for all hydro
logical models, economic models, water charge scenarios, and drought 
conditions. Across the full ensemble, annual ΔVnet ranges from − 63.9 
to + 30.7 million m³ yr⁻¹ under intense drought and from − 162.7 
to + 13.0 million m³ yr⁻¹ under intermediate drought, showing that the 
net inflow–outflow balance varies substantially across hydrological 
structures and reservoir-operation configurations. The complete nu
merical values underlying this diagnostic, including ΔVin, ΔVout , and 
ΔVnet for all hydrological–economic model combinations, are provided 
in Table A IV.1 of the Supplementary Material. The heatmap shows that 
the net inflow–outflow balance differs substantially across hydrological 
structures. HEC-HMS generally produces positive net balances under 
water charge scenarios, whereas SWAT-FD and especially SWAT-MT 
tend to produce negative balances in several model combinations, 
particularly under intermediate drought. This contrast reflects the 
different ways in which hydrological structures transmit or attenuate 
seasonal water-charge-induced demand changes. In HEC-HMS, the ag
gregation of crop portfolios at sub-basin scale and the monthly repre
sentation of irrigation demand smooth the inflow response. In SWAT, 
explicit HRU-scale irrigation operations allow changes in irrigated area 
and irrigation demand to affect abstractions, return flows, percolation, 
groundwater recharge, and delayed streamflow contributions. Because 

upstream AWDUs are represented within the Santa Teresa reservoir- 
centered water balance, annual inflow anomalies should be inter
preted as net upstream hydrological responses of the coupled repre
sentation. They integrate crop-area reallocations, irrigation-demand 
changes, abstractions, irrigation return flows, groundwater contribu
tions, and routing effects. They should therefore not be interpreted as 
isolated responses of individual upstream AWDUs, nor as clean changes 
in natural runoff. Reservoir-storage divergence is consequently not 
explained by inflow or outflow alone, but by their combined balance 
under each hydrological structure and reservoir-operation 
configuration.

Overall, the inflow–outflow diagnostics show that reservoir-storage 
differences are associated with both upstream inflow responses and 
reservoir-release adjustments. Having quantified this balance, we next 
evaluate how these differences translate into standardized model- 
structure divergence across the coupled ensemble.

3.2. Standardized model-structure uncertainty diagnostics

We then apply the z-score assessment to the fully coupled ensemble 
outcomes (Fig. 6). The figure displays distributions of monthly reservoir- 
storage anomalies (z-scores) for each drought scenario (a): Intense; and 
b): Intermediate), shown separately again by water charge level (Base
line, €0.01/m³, €0.02/m³, €0.03/m³). Boxes are organized first across 
hydrological model families (HEC-HMS, SWAT-FD, SWAT-MT) and then 
within each family across the four coupled economic baselines, corre
sponding to the calibrated no-policy configuration of each economic 
model. Between-family spread therefore reflects hydrological structural 
differences, whereas within-family spread reflects how alternative eco
nomic formulations propagate from their calibrated baseline under a 
fixed hydrological structure. This layout indicates how much dispersion 
is attributable to between-family hydrological differences and how 

Fig. 5. Annual net inflow–outflow balance, computed as …, for each drought condition, hydrological model, economic model, and water charge scenario. Values are 
expressed in million m³ . Positive values indicate a net tendency toward higher storage relative to baseline, while negative values indicate a net tendency toward 
lower storage. Inflow values should be interpreted as effective reservoir-node inflows under the reservoir-centered coupling representation, not as natural 
runoff alone.
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much remains as within-family variability associated with alternative 
economic formulations.

The whisker plots show that monthly reservoir-storage anomalies are 
primarily driven by hydrological model family, while economic-model 
effects appear mainly as within-family variability. Because z-scores are 
computed within each water charge level, each panel isolates structural 
divergence under the same exogenous water charge input. The max–min 
range of coupling median z-scores reaches 1.99 under intense drought 
and 2.21 under intermediate drought, indicating that model-structure 
choice shifts the central tendency of monthly anomalies by approxi
mately two standardized units. At the hydrological-family level, median 
separation reaches 1.88 and 2.12 z-score units under intense and in
termediate drought, respectively, showing that hydrological structure 
explains most of the between-coupling spread. Economic-model effects 
are still visible, but mainly within hydrological families: SWAT-FD 
shows the largest within-family spread, reaching 0.57 and 0.77 z-score 
units under intense and intermediate drought, whereas HEC-HMS and 
SWAT-MT remain comparatively tighter. Aggregating across configu
rations, SWAT-FD tends to produce higher storage anomalies, HEC-HMS 
tends to produce lower storage anomalies, and SWAT-MT provides in
termediate, monthly target-damped responses. The main numerical di
agnostics are synthesized in Table 2.

These standardized diagnostics confirm the mechanism identified in 
the storage and inflow–outflow results. The large between-family sep
aration indicates that hydrological structure controls the main position 
of each model family within the ensemble. The larger within-family 
spread in SWAT-FD shows that this configuration propagates 
economic-model differences most strongly, because crop-area and 
irrigation-demand changes are expressed through explicit HRU-scale 
crop and irrigation processes. By contrast, the tighter HEC-HMS distri
butions reflect the smoothing effect of sub-basin aggregation and 
monthly irrigation accounting, while the tighter SWAT-MT distributions 
reflect the damping effect of the monthly target-storage operation on 
storage trajectories. Taken together, the storage trajectories, 

inflow–outflow diagnostics, and standardized z-score distributions show 
that model structural uncertainty is not uniformly distributed across the 
coupled ensemble. Table 2 synthesizes the main numerical diagnostics, 
identifying when divergence is largest, which model components 
dominate the spread, and how these differences translate into 
management-relevant reservoir-storage uncertainty.

The synthesis shows that the largest divergence consistently occurs 
around irrigation onset, when irrigation demand, reservoir releases, 
routing, and crop-water processes interact. Hydrological model struc
ture dominates the between-model spread, but economic-model effects 
become visible within hydrological families, especially for SWAT-FD. 
The magnitude of the storage spread is management-relevant, reach
ing values comparable to a large share, or more than the full amount, of 
annual downstream irrigation demand. These results provide the 
empirical basis for the broader implications discussed below.

4. Discussion

Hydro-economic decision support often relies on point predictions 
generated by a single model, or by a single combination of hydrological 
and economic models. Our results show that this practice can provide a 
false sense of precision in regulated agricultural basins. Under the same 
drought and water charge assumptions, alternative model structures 
generate storage spreads of 150–202 million m³ around irrigation onset, 
equivalent to 31–41% of Santa Teresa’s maximum permitted storage and 
95–127% of annual downstream irrigation demand. These differences 
are large enough to affect reservoir-operation, drought-management, 
and water-charge decisions. Therefore, the relevant policy message is 
not that one model is “right” and another is “wrong”, but that single- 
model appraisals may exclude plausible futures that matter for 
management.

The first implication is that hydro-economic policy appraisal should 
incorporate multi-model ensembles whenever structural choices are 
likely to affect management-relevant outcomes. This is especially 

Fig. 6. Distribution of standardized anomalies (z-scores) across the multi-model ensemble for the two drought scenarios (a) Intense and (b) Intermediate. Boxplots 
represent the monthly reservoir-storage anomalies (z-scores) generated by the coupled hydro-economic model combinations, comprising microeconomic models 
PMP1, PMP2 (Positive Mathematical Programming), PMAUP (Positive Multi-Attribute Utility Programming), and WGP (Weighted Goal Programming), and hy
drological models HEC-HMS (Hydrologic Engineering Center’s Hydrologic Modeling System), SWAT-FD (Soil & Water Assessment Tool -Fixed Discharge), and SWAT- 
MT (Soil & Water Assessment Tool -Monthly Target). Results are grouped by water charge scenario (baseline, €0.01, €0.02, and €0.03).
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important in systems where reservoir operation, irrigation demand, 
crop-water processes, and return flows interact during critical seasonal 
transitions. In such contexts, model choice becomes part of the uncer
tainty faced by decision makers. Ensembles allow analysts to bound 
plausible storage, inflow, and outflow responses, rather than presenting 
a single trajectory as if it were fully supported by the available evidence.

The second implication is that modeling uncertainty should be 
quantified and attributed, not only acknowledged qualitatively. The 
standardized z-score diagnostics used here provide a simple way to 
compare heterogeneous model outputs and identify whether uncertainty 
is mainly driven by hydrological model structure, economic-model 
formulation, or their coupling. In our case, hydrological model struc
ture explains most of the between-model spread, while economic-model 
effects are expressed mainly within hydrological families, especially for 
SWAT-FD. This type of diagnostic helps target future modeling effort: 
where hydrological structure dominates, adding behavioral detail alone 
will not sufficiently reduce uncertainty unless the water-system repre
sentation is also tested.

The third implication is that uncertainty should be communicated as 
a management-relevant range, not only as model performance statistics 
or individual scenario outcomes. Expressing storage spread relative to 
reservoir capacity, annual irrigation demand, and supplied surface- 
water volume makes the uncertainty directly interpretable for plan
ners. This supports more transparent communication with basin au
thorities and stakeholders, particularly when evaluating water charge 
reforms or drought-management strategies.

These findings also support robust decision-making approaches. 
Rather than optimizing policies against a single predicted future, water 
managers can use multi-model ensembles to identify strategies that 
perform satisfactorily across a wide range of plausible model structures 
and drought conditions. In practice, this means evaluating whether 
proposed water charges, reservoir-operation rules, or irrigation alloca
tions remain acceptable when tested against alternative hydrological 
structures, economic formulations, and coupling assumptions. The 
diagnostic framework used here—storage trajectories, inflow–outflow 
balance, standardized z-scores, and synthesis tables—can be transferred 
to other regulated agricultural basins where alternative model structures 
are available.

The transferability of these findings depends on the presence of 
comparable system features rather than on the specific characteristics of 
the Tormes Catchment alone. The uncertainty patterns identified here 
are most relevant for regulated agricultural basins where irrigation 
supply is reservoir-mediated, multiple plausible reservoir-operation 
rules exist, farmer behavior can be represented through alternative 
economic formulations, and the irrigation season creates a critical 

Table 2 
Synthesis of model structural uncertainty diagnostics.

Diagnostic Intense drought Intermediate 
drought

Main 
interpretation

Main divergence 
window

M7–M9 M7–M9 The largest 
divergence appears 
around irrigation 
onset, when 
irrigation demand, 
reservoir releases, 
routing, and crop- 
water processes 
interact.

Maximum storage 
spread across 
coupled models

~150 million m³ ~202 million m³ The ensemble spans 
management- 
relevant storage 
states that a single- 
model setup could 
miss.

Storage spread 
relative to 
reservoir 
capacity

~31% ~41% Structural 
uncertainty is large 
relative to Santa 
Teresa’s maximum 
permitted storage.

Storage spread 
relative to 
annual 
downstream 
irrigation 
demand

~95% ~127% The uncertainty 
range is 
comparable to, or 
larger than, annual 
downstream 
irrigation demand.

Max–min range of 
coupling 
median z-scores

1.99 2.21 Model choice shifts 
monthly storage 
anomalies by 
around two 
standardized units.

Couplings 
defining the 
largest z-score 
range

SWAT- 
FD + PMAUP vs 
SWAT- 
MT + PMP1

SWAT- 
MT + PMAUP vs 
HEC- 
HMS + PMP2

The extreme 
responses depend 
on both 
hydrological 
structure and 
economic coupling.

Hydrological- 
family median 
separation

1.88 2.12 Most between- 
model divergence 
is explained by 
hydrological model 
structure.

Within-family 
economic 
spread: HEC- 
HMS

0.28 z-score units 0.02 z-score units Economic-model 
effects are 
dampened by sub- 
basin crop 
aggregation and 
monthly irrigation 
accounting.

Within-family 
economic 
spread: SWAT- 
FD

0.57 z-score units 0.77 z-score units Explicit HRU-scale 
crop and irrigation 
processes allow 
economic-model 
differences to 
propagate most 
strongly.

Within-family 
economic 
spread: SWAT- 
MT

0.03 z-score units 0.08 z-score units Monthly target 
operation dampens 
within-family 
economic 
variability.

Annual net 
inflow–outflow 
balance range, 
ΔVnet

− 63.9 to + 30.7 
million m³ yr⁻¹

− 162.7 
to + 13.0 million 
m³ yr⁻¹

Storage response is 
controlled by the 
combined 
inflow–outflow 
balance; inflow 
anomalies 
represent net 
upstream coupled 
responses, not 
natural runoff 
alone.

Table 2 (continued )

Diagnostic Intense drought Intermediate 
drought 

Main 
interpretation

Dominant 
uncertainty 
pathway

Hydrological 
structure, with 
SWAT-FD 
showing 
strongest 
economic 
coupling

Hydrological 
structure, with 
stronger SWAT- 
MT operational 
effect

Structural 
uncertainty is 
conditional on both 
model structure 
and scenario 
context.

Storage spread 
relative to 
annual surface- 
water supplied 
volume

~89% ~120% The storage spread 
is comparable to 
the annual volume 
supplied by surface 
water in the 
regulated system.

Late-season 
SWAT-FD 
storage spread 
among 
economic 
formulations

~48 million m³ ~48 million m³ Economic-model 
effects become 
most visible within 
SWAT-FD toward 
the end of the 
irrigation season.
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interaction between crop-water demand and release scheduling. These 
conditions are common in Mediterranean and semi-arid basins, 
including other regulated sub-basins of the Douro and comparable sys
tems such as the Ebro, Guadiana, or Po. In such contexts, the proposed 
diagnostic framework can support basin-scale climate services and 
policy appraisal by identifying when and where model structural un
certainty becomes decision-relevant.

Several limitations define priorities for future work. First, the present 
ensemble focuses on model structural uncertainty but does not provide a 
full global sensitivity analysis of input data and parameter uncertainty. 
Such analysis would be valuable for separating structural effects from 
uncertainty in climatic inputs, hydrological parameters, crop-water 
parameters, economic coefficients, and behavioral calibration, but it is 
computationally demanding when process-based hydrological models 
are coupled with economic models. Second, the drought scenarios used 
here are based on historical hydrological years rather than climate 
projections. This choice is consistent with the diagnostic objective of 
isolating model-structural behavior under observed drought conditions 
of contrasting severity; extending the framework to projected droughts 
under climate change would be a natural next step, but would require 
separating structural uncertainty from climate-projection uncertainty. 
Third, future applications could expand the ensemble to include addi
tional system components, such as agronomic models, macroeconomic 
feedbacks, endogenous climate-risk modules, or alternative reservoir- 
operation formulations. Fourth, metamodels, emulators, reduced-order 
models, AI-based surrogates, or targeted experimental designs could 
help address computational cost and enable broader exploration of 
structural, parametric, and scenario uncertainty. Finally, future work 
should test cases where water availability becomes binding for the 
economic module, allowing the feedback protocol to be assessed 
explicitly under conditions where it is expected to affect crop-allocation 
decisions.

5. Conclusions

Model structural uncertainty shapes coupled human–water out
comes and should be treated as a first-order component of hydro- 
economic policy appraisal. Across both drought scenarios, model- 
structure choice shifts monthly reservoir-storage anomalies by about 
two standardized units, with max–min ranges of coupling median z- 
scores of 1.99 under intense drought and 2.21 under intermediate 
drought; most of this separation is explained by hydrological structure, 
with family median separations of 1.88 and 2.12 z-score units, respec
tively. In volumetric terms, the largest divergence occurs around irri
gation onset and reaches ~150–202 million m³ across coupled 
configurations, equivalent to 31–41% of Santa Teresa’s maximum 
permitted storage and 95–127% of annual downstream irrigation de
mand. Economic formulation contributes mainly through within-family 
variability and is most evident when coupled with SWAT-FD, whereas 
HEC-HMS and SWAT-MT remain comparatively tighter. The additional 
inflow–outflow diagnostics show that storage divergence emerges from 
the joint contribution of upstream hydrological responses and reservoir- 
release adjustments: water-charge-induced crop-area and irrigation- 
demand changes produce modest but detectable inflow anomalies, 
while outflow responses are more pronounced because they directly 
reflect reservoir-operation rules and irrigation releases. These findings 
indicate that single-model assessments can materially underestimate the 
range of plausible reservoir-storage trajectories and may bias drought- 
management or water charge appraisals. Multi-model hydro-economic 
ensembles therefore provide a practical way to bound structural un
certainty, identify dominant uncertainty pathways, and support more 
robust decision-making in regulated agricultural basins. Future work 
should test cases where water availability becomes binding for the 
economic module and expand the structural ensemble using efficient 
strategies such as emulators, reduced-order models, or targeted experi
mental designs.
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