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1. CONTEXT AND JUSTIFICATION
Urban drainage systems are engineered hydraulic networks in which free-surface and pressurized flows, storage dynamics, and wave propagation phenomena interact within complex multiscale dynamics. The expansion of impermeable surfaces has long been considered the dominant driver of hydrological and hydraulic alteration within these systems, increasing runoff volumes, peak discharges, and flow velocities, contributing to flooding and receiving-water degradation (Fletcher et al., 2013; Salvadore et al., 2015; Ali et al., 2025). This framing has shaped drainage design for decades, privileging capacity expansion and end-of-the-pipe conveyance strategies.
Today, this paradigm proves insufficient. Climate change and hydrometeorological non-stationarity are unprecedentedly altering rainfall regimes and reconfiguring the hydraulic response of urban drainage networks (Cook et al., 2020; Teku, 2025). Aging infrastructures designed under stationary assumptions now face intensified expectations for flood risk reduction, CSO control, pollutant mitigation, resilience, and cost-efficient operation, creating a mismatch between historical design logics and current performance requirements.
In response, public policies increasingly promote Nature-Based Solutions (NBS), decentralized storage, source disconnection, and water reuse (Jarden et al., 2016; Jones et al., 2022; Pons et al., 2023; Urbis, 2024*). While their benefits are well documented at building and neighborhood scales (Sandoval et al., 2019*; Broekhuizen et al., 2021*; Brunetti et al., 2021), translating these results into robust city-scale evaluations remains an open question.
City-scale assessment relies largely on modelling to explore prospective scenarios (Lerer et al., 2015; Wang et al., 2017; Oberascher et al., 2022). Yet modelling at this scale requires aggregation of interacting hydraulic processes—urban infiltration, transient routing, sediment transport, pollutant accumulation during extended dry periods, in-sewer transport—whose representation remains only partially understood (Salvadore et al., 2015; Bonhomme & Petrucci, 2017; Sandoval et al., 2018a*). This introduces a structural tension between spatial resolution, parameter identifiability, and hydraulic interpretability: simplified models may dilute dominant dynamics, whereas highly distributed models risk over-parameterization and equifinality (Thyer et al., 2009; Renard et al., 2010; Vrugt & Beven, 2018; Sandoval & Bertrand-Krajewski, 2019*; Sandoval et al., 2022*). Under climatic non-stationarity, these limitations are amplified (Bacci et al., 2022).
As a result, structural transformations—such as the deployment of NBS and other distributed adaptation measures—do not automatically translate into detectable impacts at policy-relevant scales. Under strong interannual hydrometeorological variability, performance changes may remain statistically indistinguishable from background fluctuations and modelling uncertainty (Renard et al., 2010). In this context, long-term high-frequency monitoring networks have progressively gained importance (Métadier & Bertrand-Krajewski, 2012; Lepot et al., 2016) to support, for example, confrontation between models and data (Del Giudice et al., 2016; Sandoval et al., 2018a*). 
Beyond my academic work, my role as Project Manager and R&D Expert within a French engineering consulting firm has exposed me to these issues in practice, including studies within the Seine River remediation program for the Paris 2024 Olympic Games. These experiences—spanning hydrological and hydraulic modelling, porous-media hydrodynamics, monitoring, AI-assisted analysis, and uncertainty assessment—have shaped a research agenda grounded in practice.
This agenda is structured around two axes. The first addresses the observability of hydraulically governed processes within urban drainage systems. The second focuses on modelling these processes—examining identifiability, aggregation strategies, and long-term impact evaluation—to determine the spatial and temporal conditions under which climate-driven structural transformations can be reasonably quantified and integrated into decision-making.
2. OBJECTIVES
General Objective
To contribute to the development of a coherent scientific framework that enhances the observability, identifiability, and evaluability of hydraulically governed processes in urban drainage systems under climate-driven structural transformations.
Specific Objectives
· Formalize the conditions of observability by quantifying how measurement uncertainty and spatial heterogeneity constrain inference in urban drainage networks.
· Develop identifiable and transferable modelling strategies capable of representing structural transformations without masking them through calibration under strong spatial aggregation and non-stationary conditions.
· Determine the detectability and quantifiability of adaptation impacts across operational, medium-term, and long-term decision horizons.
· Develop reproducible implementation frameworks to support sustained evaluation and decision-making.
3. RESEARCH FRAMEWORK
To address the combined challenges posed by climate change and assess the benefits of the deployment of adaptation measures in urban drainage systems, this research is structured around two complementary and interdependent axes. The first focuses on observability and inference under real monitoring constraints. The second examines modelling strategies and identifiability at city scale to strengthen long-term impact evaluation under climatic non-stationarity.
3.1. Axis 1 — Observability, Inference, and Uncertainty 
Urban drainage networks remain one of the most challenging engineered infrastructures to measure and observe reliably (Lepot et al., 2021). They operate under hydraulically unstable conditions, with rapid transitions between dry-weather flow, sediment-laden states, and extreme storm events. Sensors are exposed to fouling, hydraulic disturbances, and corrosive conditions, while physical access remains limited and often hazardous. Under such conditions, monitoring cannot be treated as a purely technical operation; it becomes a scientific problem of inference in a dynamically evolving and constrained environment.
Over the past decades, online monitoring using surrogate sensors—such as water level sensors, turbidimeters and conductivity probes—has progressively complemented sporadic measurements in urban drainage networks (Métadier & Bertrand-Krajewski, 2012; Lepot et al., 2016). High-frequency measurements have revealed rapid transient flow responses and associated pollutant transport dynamics that cannot be captured by conventional low-frequency monitoring. Yet increased temporal resolution does not automatically translate into improved knowledge. Surrogate signals embed complex error structures that must be explicitly characterized if monitoring is to support operational and long-term assessments (Métadier & Bertrand-Krajewski, 2012).
Sensor-Level Reliability 
Surrogate sensors require local calibration against laboratory analyses (for water quality) or velocity measurements (for flowrate estimation). Their signals are influenced by drift, clogging, hydraulic irregularities, vertical stratification, and installation-specific constraints (Métadier & Bertrand-Krajewski, 2012; Hannouche et al., 2017). My previous work has demonstrated that uncertainties linked to field installation conditions—such as sampling intake position or pumping configuration—propagate significantly into pollutant load estimations and associated performance indicators (Sandoval & Bertrand-Krajewski, 2016; Sandoval et al., 2018a*; Peña-Heredia et al., 2021).
These uncertainties are not incidental; they define the inferential limits of monitoring. Sensor calibration must therefore be formulated within uncertainty-aware inferential frameworks that explicitly represent complex, heteroscedastic, and correlated error structures (Sandoval et al., 2021*; Peña-Heredia et al., 2021*). For this purpose, Bayesian calibration approaches (Horner et al., 2018), non-parametric regression methods (Pedregosa et al., 2011), and simulation-based validation strategies (Sandoval et al., 2018b*) offer complementary avenues to characterize surrogate relationships and quantify their uncertainty envelopes. Building on my R&D experience in applied engineering contexts, artificial intelligence constitutes a powerful methodological extension of classical inferential tools within the data construction chain. AI-assisted approaches for anomaly detection, drift correction, and proxy reconstruction can significantly enhance data quality in high-frequency monitoring initiatives. 
Ultimately, this axis seeks to formalize what can be reliably inferred from sensors under real conditions and how uncertainty propagates into system-level indicators and impact detection.
Monitoring Network Design and Observability 
Monitoring in urban drainage networks has traditionally focused on outlet measurements of large catchments, implicitly assuming spatial representativeness. However, spatial variability in hydraulic conditions, pollutant transport, and sediment dynamics limit this assumption (Bonhomme & Petrucci, 2017; Sandoval et al., 2018b*). Capturing internal heterogeneity is therefore essential for improving system understanding. In this perspective, the deployment of low-cost sensors to increase spatial coverage constitutes a relevant research pathway (Cherqui et al., 2020). The scientific opportunity lies not in sensor densification per se, but in maximizing information content under hydraulic, financial, and operational constraints.
To structure this information gain, a promising direction lies in coupling hydraulic modelling with inverse inference and information-theoretic design criteria (Lepot et al., 2021). Monitoring and modelling can be conceived as an iterative process in which observational data reveal structural modelling gaps, and modelling diagnostics inform revised monitoring strategies. Such “revisiting model” approaches, explored in my previous work (Sandoval et al., 2018b*), remain largely underdeveloped in systematic monitoring network optimization. 
From this standpoint, monitoring becomes a foundation for evaluation. Long-term, high-frequency datasets enable statistically grounded performance assessment, support attribution within observable time horizons, and reduce epistemic uncertainty regarding system functioning.
However, certain questions extend beyond what observation alone can resolve—particularly those concerning prospective structural transformations, alternative adaptation pathways, and system evolution under climatic change. Addressing these questions requires predictive modelling strategies capable of handling spatial aggregation and parameter identifiability at city scale. In this context, robust monitoring datasets do not replace modelling; they strengthen it by constraining assumptions, improving identifiability, and enhancing predictive robustness.
This transition—from observing what has changed to evaluating what may change—motivates the second axis.
3.2. Axis 2 — Modelling and Evaluation of Climate Adaptation in Urban Drainage Networks
Modelling Under Structural Transformation
Urban drainage networks are no longer evolving solely through urbanization, but through proactive structural transformation driven by climate adaptation policies. Nature-based solutions (NBS), decentralized storage, source disconnection, and water reuse represent a major step toward more resilient and multifunctional urban water systems. Yet, from a hydraulic perspective, they do not simply reduce inflows; they redistribute water volumes across time and space, alter hydraulic connectivity, influence groundwater–network exchanges, and reshape dry-weather accumulation and storm-event flushing dynamics.
These transformations introduce complex interactions that classical drainage models were not designed to represent. Large-scale infiltration may modify urban soil moisture regimes and shallow subsurface exchanges, while disconnection strategies may lengthen dry periods and increase in-network sediment deposition. At the same time, most urban drainage models rely on parameters calibrated under historical conditions and assumed to be time-invariant. Under progressive adaptation and climatic non-stationarity, this assumption becomes increasingly fragile. Infiltration capacity, effective imperviousness, connectivity patterns, and pollutant source dynamics evolve over time. When stochastic or time-dependent parameterizations are introduced, deeper identifiability questions emerge: are we estimating physical processes, or compensating for structural mismatch?
Increasing spatial resolution does not automatically resolve these issues. Highly distributed models require parameterization of processes that are only partially understood and rarely directly measurable (Vrugt & Beven, 2018), thereby amplifying equifinality and weakening interpretability. The objective of this axis is therefore not to maximize model complexity, but to develop aggregation strategies that preserve dominant hydraulically mediated dynamics, while maintaining parameter identifiability under evolving conditions. This includes:
· Assessing parameter transferability across climatic regimes (Broekhuizen et al., 2021*).
· Explicitly diagnosing structural changes rather than absorbing them into calibration (Sandoval et al., 2018b*).
· Evaluating how alternative aggregation strategies influence projections of key performance indicators (CSO frequency, pollutant loads, flood risk).
Within this perspective, modelling provides a structured foundation for interrogating representational limits. It examines how spatial aggregation shapes the visibility of adaptation effects at city scale and determines when localized interventions consolidate into measurable catchment-scale impacts rather than being diluted. It further contributes to delimiting the temporal horizons under which such impacts can emerge relative to climatic variability and modelling uncertainty. City-scale models thus become strategic analytical frameworks for planning and decision-making under climatic variability and deep uncertainty.
Impact Evaluation at City Scale
At city scale, impact evaluation is not a single analytical exercise but a hierarchy of decision contexts, with distinct evidentiary requirements, between operational control and structural reform.
This axis structures modelling and monitoring according to differentiated decision horizons, for example:
Operational adjustments: Short-term operational measures—such as modifying pump control rules or temporarily closing a gate—can be evaluated over months. High-frequency monitoring (Axis 1) may provide sufficient statistical contrast against recent baselines. The inference horizon is short, and detectability thresholds are lower because interventions are discrete and localized.
Medium-term performance assessment: Indicators such as annual CSO frequency reduction or pollutant load compliance align with political and budgetary cycles (typically 4–6 years). Here, multi-year datasets are required to distinguish structural performance shifts from interannual hydrometeorological variability. Attribution becomes a statistical problem requiring sustained observation and explicit uncertainty characterization.
Strategic remediation programs: Metropolitan river restoration and integrated infrastructure programs operate over extended planning horizons and involve interacting subsystems. Evaluation must therefore assess whether coordinated configurations of measures generate measurable catchment-scale improvements, typically through a combination of monitoring evidence and model-based analysis of cumulative effects.
Long-term climate adaptation and NBS deployment: When cities design adaptation pathways under climatic non-stationarity, evaluation becomes prospective. Scenario-based hydraulic models, calibrated against long-term observational datasets and then driven by climatic projections, can be used to test alternative structural configurations and guide NBS deployment under deep uncertainty.
Across these layers, the intensity and structure of required data vary. Immediate diagnostics demand temporal resolution; medium-term attribution demands statistical robustness; long-term adaptation planning demands robust models.
The contribution of this axis lies in structuring this continuum. Rather than increasing model complexity, it seeks to better characterize the conditions under which adaptation impacts may become observable, attributable, and anticipable. Impact evaluation thus becomes a problem of coherence between model structure, observational capacity, and institutional temporality—so that structural transformations can be not only technically implemented, but also evaluable and decision-relevant across scales.
4. TEACHING PROPOSAL
Teaching is central to my academic project. I view education not merely as knowledge transmission, but as training students to reason rigorously and act responsibly in the face of ongoing environmental challenges. Students must learn to connect theory, data, and decision-making, and to understand that models are not neutral truths but analytical tools whose assumptions, limitations, and uncertainties require explicit scrutiny.
My teaching approach is problem-based and project-oriented, combining lectures, numerical implementation, field data analysis, and project-based learning using real monitoring datasets. Across Colombia, France, and Switzerland, I have taught and supervised students at bachelor’s, master’s, and doctoral levels, explicitly linking observation, modeling, uncertainty, and decision-making.
Undergraduate Courses. At the undergraduate level, I would contribute to core engineering formation through:
· Applied Hydraulics
· Fluid Mechanics
· Hydrology 
· Water Resources Management
· Drainage and Drinking Water Systems
· Water quality modelling
· Numerical Methods
In these courses, I emphasize physical understanding, structured mathematical reasoning, reproducibility of calculations, and transparent interpretation of results. Students are trained to critically interpret data, understand model limitations, and responsibly integrate computational and AI tools into engineering practice.
Graduate Courses. At the graduate level, I offer advanced modules directly aligned with my research axes:
· Environmental Fluid Mechanics
· Advanced Hydraulic Network Design 
· Hydrodynamics of Porous Media
· Stochastic Modelling and Risk
· Inverse Methods in Hydraulics and Hydrology
· AI-Based Hybrid Modeling
These courses address uncertainty propagation, identifiability, scenario analysis, and decision-support. Students work with real datasets and apply models to infrastructure planning in the context of contemporary challenges such as climate adaptation.
Research–Teaching Integration: I plan to implement “living laboratory” initiatives in coordination with SIGREH and SIHU, based on campus-scale monitoring, hydraulic analysis, NBS evaluation, and urban soil–infiltration assessment. These initiatives allow students to participate in monitoring design, sensor calibration, uncertainty analysis, model development, and interpretation of performance indicators.  
5. EXTENSION AND TERRITORIAL ENGAGEMENT
My approach to extension is built around a simple principle: territories are not “case studies,” they are partners in a learning chain. In complex hydrosystems, where decisions must be justified under uncertainty and non-stationarity, extension work is most effective when it links operational needs, existing monitoring initiatives, and real evaluation cycles. At the national level, this approach can be developed in collaboration with actors such as IDEAM, CARs and metropolitan environmental authorities (e.g., SDA Bogotá), risk-management agencies (e.g., IDIGER), and public utilities (e.g., EAAB). For this purpose, I plan to build on three complementary forms of engagement:
Co-definition of evaluation questions with operators and public authorities: Joint diagnostic phases to identify (i) decision timelines, (ii) indicator(s) used, and (iii) the level of monitoring and modelling evidence required for different decision contexts, in coordination with authorities, regulators, and utilities.
Decision-oriented monitoring and evaluation support: Supporting new and existing monitoring initiatives and promoting their alignment with decision needs: operational control (short horizon), medium-term compliance and attribution (multi-year), and long-term scenario evaluation (model-based), in dialogue with agencies responsible for water management and urban risk.
Capacity building and knowledge transfer: Short courses and workshops on monitoring validation, performance indicators, scenario modelling, and AI-assisted data processing, aligned with the digitalization needs of utilities, environmental authorities, and technical agencies.
This extension model also naturally integrates student projects, internships, and thesis work, fostering continuous interaction between teaching, research, and territorial needs.
6. INTEGRATION AND RESOURCE MOBILIZATION
My integration strategy is to consolidate a coherent long-term research program structured around the two axes above, grounded in shared datasets, uncertainty-based methods, and operational partnerships. As PI or co-PI, I have secured over 300 k€ in funding, contributed to large collaborative programs (e.g., GreenStorm, 2 M€), and coordinated projects in Colombia and Switzerland (TTV, 170 k€). This trajectory demonstrates my capacity to lead projects from initial scientific concepts to funded implementation, supporting the development of sustained, externally supported research activities.
Within Universidad Nacional, my first priority will be to integrate into GIREH across its hydrology–meteorology and water-resources planning lines, strengthening research on urban hydraulics, scale transitions, and uncertainty-aware modelling. Building on my experience in porous-media hydrodynamics, collaboration with the HYDS research group on subsurface processes represents a promising line of joint development toward improving the representation of infiltration in urban soils and drainage systems.
At the national level, my agenda will connect with key actors, leverage LEH partnerships (e.g., CORMAGDALENA, SGC, ECOPETROL), and collaborate with leading universities (e.g., PUJ and Uniandes) to mobilize Minciencias and other national instruments on water, climate, risk, and territorial sustainability. These partnerships will anchor research in real datasets, operational constraints, and planning cycles, ensuring alignment with national priorities.
At the international level, I will build upon established partnerships with research groups in France, Switzerland, Denmark, and Sweden (INSA Lyon, ENPC, HEIA-FR, DTU, LTU) to develop bilateral and multilateral collaborations, joint doctoral supervision, and research exchanges through European and international funding schemes, strengthening collaborative research, data sharing, methodological innovation and international visibility.
Structurally, this agenda offers a durable platform for projects in climate adaptation, urban resilience, monitoring and digitalization of water systems, Nature-Based Solutions evaluation, and uncertainty-aware modelling. Linking shared study sites (Axis 1) with decision-support frameworks (Axis 2) sustains research and graduate training.
Through this strategy, my recruitment would contribute to strengthening institutional research capacity, expanding collaborative networks, and reinforcing Universidad Nacional’s positioning in Water Resources Engineering in Colombia and Latin America.
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