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1. CONTEXT AND JUSTIFICATION
Water resources management is entering a phase of unprecedented challenges driven by accelerating climate change, rapid urbanization, land-use transformation, and sectoral competition (Fletcher et al., 2013; Salvadore et al., 2015; Pons et al., 2023; Ali et al., 2025). In Colombia, these pressures manifest through recurrent floods and droughts, chronic water-quality degradation, and increasing tensions between supply reliability, ecosystem preservation, and economic development. These challenges are not merely hydrological; they are socio-hydrological: infrastructures, institutions, and collective choices co-evolve with the physical water cycle, producing feedbacks that reshape both risks and opportunities (Blair & Buytaert, 2016).
For decades, planning has relied on relatively static system representations, sparse monitoring networks, and predominantly deterministic design frameworks (Lerer et al., 2015). While these approaches have supported infrastructure development to date, they are increasingly inadequate under deep climatic and socio-economic uncertainty (Cook et al., 2020; Teku, 2025). Decision-makers now confront rapidly evolving systems, heterogeneous and high-frequency data streams, and models whose structural and parametric uncertainties are often insufficiently characterized. Three persistent gaps weaken decision processes: (i) the gap between data abundance and interpretability; (ii) the gap between model sophistication and reliability; (iii) the gap between scientific evidence and decision-ready comparison of alternatives.
At the same time, water systems are undergoing structural transformations. In urban and peri-urban contexts, centralized grey infrastructures are progressively complemented by distributed and Nature-Based Solutions (NBS) (Jarden et al., 2016; Jones et al., 2022). Yet critical reviews show that their large-scale performance remains difficult to predict reliably (Bonhomme & Petrucci, 2017; Pons et al., 2023). How robust are these systems under non-stationary climate conditions? At which spatial and temporal scales can their effects be detected and attributed?
In recent years, I have addressed these questions through the study of climate adaptation strategies in urban hydrosystems. My work has shown that structural model simplifications can distort the representation of fundamental processes at catchment scale (Sandoval et al., 2018b*; Bonhomme & Petrucci, 2017). Building on this foundation, my objective is to extend this research beyond urban contexts toward an integrated framework for water resources analysis across systems and scales.
The central premise of my work is that monitoring, modeling, and planning must form a continuous learning chain rather than separate activities. Data inform models; models structure scenarios; scenarios guide decisions; decisions reshape the system and generate new data (Kavetski et al., 2006; Renard et al., 2010; Vrugt & Beven, 2018). Making this loop explicit and uncertainty-aware is, in my view, one of the key scientific and institutional challenges for water resources management.
Over the past decade, through academic appointments in France, Switzerland, and Colombia, I have developed deep expertise in environmental metrology and hydrological and water-quality modeling. My work has relied extensively on continuous monitoring datasets (Métadier & Bertrand-Krajewski, 2012; Sandoval & Bertrand-Krajewski, 2016*; Sandoval et al., 2018a*), inverse modeling (Del Giudice et al., 2016; Sandoval et al., 2018b*), and uncertainty quantification (Peña-Heredia et al., 2021*; Bacci et al., 2022).
In parallel, I have contributed to operational water-management tools through the development of the open-source software Urbis (Sandoval et al., 2019*; Urbis, 2024*), designed for simplified but robust simulation of NBS, aligned with sustainable drainage evaluation frameworks (Wang et al., 2017). Since 2024, as Project Manager and R&D Expert in a French engineering consulting firm, I have led applied studies for major public actors, including the City of Paris, within the Seine River remediation program for the Paris 2024 Olympic Games. These projects involve urban drainage, stormwater management, environmental monitoring, AI-assisted data analysis, uncertainty assessment, and hydraulic modeling under real regulatory and institutional constraints.
This dual academic and engineering trajectory has led me to conclude that the primary bottleneck in contemporary water management is not the absence of models or data, but the lack of integrated, uncertainty-explicit frameworks that connect observation, modeling, and decision-making across scales. My research agenda is structured to address this bottleneck.
2. OBJECTIVES
General Objective
My research seeks to renew the analysis and planning of water resources systems under climatic and socio-environmental change by developing an integrated, uncertainty-prioritized approach in which process understanding, model development, and decision support form a coherent chain from observation to action.
Specific Objectives
This program is structured around three closely connected objectives:
1. Advance the understanding and representation of hydrosystem processes under change, including runoff generation, storage dynamics, exchanges with soils and substrates, transport and transformation of matter, and scale-transition mechanisms, through tight coupling between observation, modeling, and inverse inference.
2. Develop operational modeling frameworks and digital tools that transform scientific knowledge into simplified yet robust representations, reproducible workflows, and uncertainty-aware analyses usable in planning and management contexts.
3. Strengthen the role of models in decision-making under deep uncertainty by developing methods to compare strategies and portfolios of actions, analyze trade-offs and vulnerabilities, and support the design of credible and adaptable pathways across scales and sectors.
3. RESEARCH PROPOSAL
This agenda is organized around three complementary axes addressing hydrosystems under climatic and socio-environmental change.
Axis 1 — Fundamental Processes in Hydrosystems and Climate Adaptation Measures
This axis investigates hydrosystems as coupled hydrological–biogeochemical systems, whose functioning emerges from interacting processes across spatial and temporal scales (Fletcher et al., 2013; Salvadore et al., 2015). Under climate adaptation measures—such as Nature-Based Solutions (NBS), managed infiltration systems and water reuse schemes—these dynamics are profoundly reconfigured (Jarden et al., 2016; Pons et al., 2023). Flow regimes are redistributed in space and time; hydraulic connectivity is altered; new interfaces between water and solid media are created; and boundary conditions become non-stationary. These modifications lead to system representations that are characterized by evolving parameters (Thyer et al., 2009; Bacci et al., 2022), partial observability, and strong equifinality (Vrugt & Beven, 2018; Sandoval & Bertrand-Krajewski, 2019). Simplified representations are often insufficient to capture their behavior at urban catchment scale (Bonhomme & Petrucci, 2017).
The methodological core of this axis is the explicit integration of observation and modeling as a single inferential process. Monitoring is not treated as mere data collection (Métadier & Bertrand-Krajewski, 2012; Lepot et al., 2016), and modeling is not reduced to forward simulation. Instead, physically based and conceptual models are confronted with high-frequency field data through optimization, inverse modeling, and Bayesian inference frameworks (Kavetski et al., 2006; Renard et al., 2010; Del Giudice et al., 2016). 
In this perspective:
• Inverse modeling becomes an extension of observation, enabling inference of non-directly measurable states and fluxes (Sandoval et al., 2018b*).
• Model–data confrontation is used to test competing process hypotheses (Del Giudice et al., 2016; Sandoval et al., 2018b*).
• Structural inadequacies are identified explicitly rather than absorbed into calibration parameters (Bonhomme & Petrucci, 2017).
• Uncertainty is quantified and propagated as a diagnostic tool rather than merely reported as an output (Bacci et al., 2022; Peña-Heredia et al., 2021*).
Three central scientific questions guide this work:
1. How do human-induced modifications reshape hydrological connectivity and storage dynamics from local flow paths to catchment-scale responses?
2. How do these altered hydrological regimes control sediment transport, nutrient fluxes, emerging contaminants, and biogeochemical transformations?
3. How can scale transitions be represented without losing the information contained in local heterogeneity and process coupling?
Although grounded in specific case studies from my research (Sandoval et al., 2018b*; Broekhuizen et al., 2021*), this methodological framework is inherently transferable to agricultural basins, restored rivers, groundwater systems, and reservoirs. Its long-term ambition is to advance the scientific representation of hydrosystems under structural changes over years and across scales.
Axis 2 — Model Design, Simplification and Operationalization for Water Management
While Axis 1 focuses on understanding processes and improving their scientific representation, Axis 2 addresses a complementary challenge: how to transform this knowledge into models, data workflows, and digital tools usable in practice for planning, design, and operation (Lerer et al., 2015; Oberascher et al., 2022).
In real-world water management, there is a structural tension between model complexity and usability (Salvadore et al., 2015). Detailed, physically based models are often too demanding in data, calibration effort, and expertise (Brunetti et al., 2021), while overly simplified models may lose contact with underlying processes (Bonhomme & Petrucci, 2017). The objective of this axis is to formalize this interface and render it methodologically explicit: to determine how robust, simplified, and decision-oriented representations can be systematically derived from improved process understanding, including, for example, infiltration–subsurface exchanges in urban soils.
A first line of work concerns the development of conceptual and reduced-order models grounded in Axis 1. The goal is to identify what can be simplified without losing what matters: which processes control performance, which variables and parameters must be represented or updated, and which uncertainties dominate credibility (Thyer et al., 2009; Bacci et al., 2022). 
A second line of work concerns digital tools and reproducible workflows. Building on my experience developing the open-source software Urbis (Urbis, 2024*), I will pursue modular tools that help users move from raw data to diagnostics, scenarios, and comparisons, while preserving transparency. This includes components for scenario generation, indicator computation, uncertainty-aware comparison, and standardized reporting, in line with current needs for interoperable and decision-oriented modeling platforms (Wang et al., 2017; Oberascher et al., 2022).
A third line of work concerns data engineering and AI-assisted data processing as a major bottleneck. In practice, much effort is spent on data validation, cleaning, harmonization, homogenization, and proxy construction (Métadier & Bertrand-Krajewski, 2012; Lepot et al., 2016). Developing AI-assisted but controlled tools for these tasks (e.g., anomaly detection, consolidation, proxy learning) can greatly improve efficiency, traceability, and reliability of data. This builds upon previous work on data-driven modeling and surrogate relationships in urban hydrosystems (Sandoval et al., 2013*; Peña-Heredia et al., 2021*) and aligns with recent developments in digitalization and smart water management (Liu et al., 2021; Oberascher et al., 2022).
The ambition is to produce, beyond publications, operational scientific assets: simplified but well-founded models, robust data pipelines, and digital tools actually adopted in practice.
Axis 3 — Planning, Optimization and Decision Support for Integrated Water Resources Management
While improved process understanding (Axis 1) and the development of operational, uncertainty-aware modeling tools (Axis 2) are necessary, they acquire their full meaning only when confronted with the realities of planning and decision-making. Water resources management is not primarily about identifying technically “optimal” solutions, but about comparing strategies, negotiating trade-offs, and committing to long-term choices under deep uncertainty, institutional constraints, and conflicting objectives—water supply reliability, flood protection, water quality, ecosystem preservation, economic cost, and social equity (Ma et al., 2015; Wang et al., 2017).
Axis 3 therefore focuses on how the knowledge produced in Axis 1 and the tools developed in Axis 2 can structure collective choices. It addresses the conditions under which scientific results, models, and scenarios become not only technically sound, but decision-relevant: understandable, debatable, and usable within real planning and governance processes (Lerer et al., 2015).
The departure point of Axis 3 is that the difficulty of adaptation planning does not end with identifying promising measures. It lies equally in determining when, where, and under which conditions their effects become sufficiently visible and attributable to inform collective decisions. Under strong climatic variability and non-stationarity (Cook et al., 2020; Pons et al., 2022), these effects may remain subtle relative to background variability, complicating their evaluation and interpretation, particularly in distributed and hybrid infrastructure systems (Poor et al., 2021).
Several core questions structure this research:
• To what extent are the effects of adaptation measures detectable under strong climatic and socio-hydrological variability? 
• Over which temporal horizons do their benefits become visible, and are these horizons compatible with political cycles, regulatory evaluation frameworks, and infrastructure planning processes?
• At which spatial scales can these effects be identified and interpreted, rather than diluted through aggregation and uncertainty in broader territorial assessments? 
Within this perspective, adaptation strategies—such as infrastructure investments, operational rules, demand-management measures, deployment of NBS and hybrid infrastructures, water reuse schemes, agricultural practices, river and wetland restoration, or groundwater management—are not treated as isolated technical options, but as combinable and evolving building blocks of territorial water policies (Yao et al., 2022; Taheriyoun et al., 2023).
A central objective is to develop approaches for designing, exploring, and comparing portfolios of measures spanning urban, agricultural, and natural systems. Their performance is evaluated not only in terms of average outcomes, but also in terms of legibility, reliability, vulnerability, resilience, and robustness across a wide range of plausible futures (Ma et al., 2015; Wang et al., 2017).
Rather than seeking a single “optimal” solution, this axis develops methods that make trade-offs, irreversibilities, uncertainties, and temporal mismatches explicit. Optimization is treated not as an end in itself, but as a structuring device—one that clarifies tensions between objectives and helps decision-makers reason about sequences of actions, adaptation pathways, and reversible versus irreversible choices (Kuller et al., 2019; Yao et al., 2022).
4. TEACHING PROPOSAL
Teaching is central to my academic project. I view education not merely as knowledge transmission, but as training students to reason and act responsibly within complex socio-environmental systems. In water resources, students must learn to connect theory, data, and decisions, and to understand that models are not neutral truths, but tools whose assumptions and limitations must be explicitly examined and managed.
My teaching approach is both problem-based and project-oriented, combining lectures with workshops, numerical implementation, and the analysis of real monitoring datasets. Across Colombia, France, and Switzerland, I have taught water resources engineering, hydraulics, hydrology, environmental modeling, applied statistics, and data analysis, and supervised projects that explicitly link observation, modeling, and decision-making. I promote structured peer learning and mentorship across bachelor’s, master’s, and doctoral levels, fostering academic continuity, collective learning, and leadership development.
At the undergraduate level, I have taught courses such as Fluid Mechanics, Applied Hydraulics, Hydrology/Water Resources Management, Numerical Methods, Programming, and Applied Probability and Statistics. In these courses, I have emphasized reproducibility, clarity of reasoning, transparent reporting, and responsible use of AI tools.
At the graduate level, I have developed advanced modules aligned with my research expertise, including Stochastic Hydrology and Risk, Optimization and Decision-Making under Uncertainty, Inverse Methods in Hydrology, AI-based Hybrid Modeling, and Integrated Water Resources Management with explicit treatment of uncertainty.
Finally, I plan to implement “living laboratory” initiatives with SIGREH/SIHU, based on campus-scale monitoring and fieldwork. These activities connect teaching and research while strengthening students’ professional judgment in monitoring design, data validation, model interpretation, and scientific communication.
5. EXTENSION AND TERRITORIAL ENGAGEMENT
My approach to extension is conceived as a continuous interaction loop between territories, research, and teaching, in which real water-management challenges structure scientific inquiry, student training, and dialogue with institutions and communities.
A first line of action consists of structured problem-identification and diagnostic phases conducted jointly with local and regional actors—public agencies, municipalities, basin authorities, utilities, and, when relevant, community representatives. Through workshops and technical meetings, the objective is to identify key societal challenges and operational bottlenecks, integrate field knowledge and institutional constraints, and co-define questions that are both scientifically pertinent and operationally relevant.
A second line of action integrates these questions directly into teaching and research activities, particularly through master’s theses, doctoral projects, internships, and project-based courses. Students and researchers work with real datasets, real sites, and real institutional constraints. This approach strengthens the link between training, scientific production, and territorial needs, while providing students with high-level, professionally grounded experience.
A third line of action ensures the systematic return and discussion of results with practitioners, institutions, and the wider public. This includes technical workshops, short courses, reports, and shared presentations of scenarios and trade-offs. 
In this perspective, extension is not treated as an auxiliary activity, but as a structuring component of my academic project—keeping research anchored in real challenges and ensuring that teaching contributes directly to institutional capacity-building.
6. INTEGRATION, PROJECT MANAGEMENT, AND RESOURCE MOBILIZATION
My integration into Universidad Nacional is conceived as the development of a coherent, long-term research and training program structured around the three axes described above. The objective is to strengthen the university’s positioning in uncertainty-aware analysis, modeling, and planning of water resources across systems and scales, with climate change and adaptation as structuring drivers, in synergy with colleagues working on natural catchments and complementary components of the water cycle.
This strategy builds on my experience in designing, coordinating, and scientifically leading projects funded by national and international programs. As PI or co-PI, I have contributed to more than 300 k€ in competitive and applied research funding and played a central scientific role in large collaborative programs (e.g., GreenStorm, 2 M€). I have also coordinated projects in Colombia and Switzerland (TTV, 170 k€), demonstrating my capacity to structure consortia from initial scientific concepts to funded projects and recognized outputs.
Within Universidad Nacional, my first priority is to integrate into GIREH (hydrometeorology and water-resources planning/management) and to activate SIGREH/SIHU as campus-scale living laboratories for Nature-Based Solutions, CFD/urban hydraulics, rainwater harvesting, and water-quality monitoring. Collaborations with HYDS, based on my experience with hydrodynamics in porous media, will strengthen the infiltration–subsurface component in urban soils.
At the national level, my agenda connects to key actors—IDEAM, CARs, ministries, and utilities—as well as leading universities (e.g., PUJ and Uniandes), leveraging LEH partnerships (e.g., CORMAGDALENA, SGC, ECOPETROL) to mobilize Minciencias and other national instruments and anchor research in real datasets, operational constraints, and planning cycles aligned with national priorities.
At the international level, I will build upon established collaborations with research groups in France, Switzerland, Denmark, and Sweden (INSA Lyon, ENPC, HEIA-FR, DTU, LTU) to develop bilateral and multilateral projects, joint doctoral supervision, and research exchanges through European and international funding schemes.
The three research axes provide a durable and coherent framework: shared study sites and datasets (Axis 1), methodological and digital platforms (Axis 2), and decision-support and planning frameworks (Axis 3). Together, they support sustained research activity and strong integration within master’s and doctoral programs.
My recruitment would strengthen the institution’s structuring capacity by consolidating long-term research agendas, attracting competitive funding, training high-level scientists and engineers, and reinforcing Universidad Nacional’s leadership in water resources research in Colombia and Latin America.
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