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A good understanding of uncertainty is of paramount importance in the hydrological sciences,

notably in streamflow prediction. Over recent decades, hydroinformatics has played a key role in

advancing hydrological prediction through the exploration of physically inspired and conceptual

models and data-driven approaches. In particular, machine learning (ML) models demonstrate

strong predictive skills. Despite this, limited interpretability and potentially weak extrapolation

under extreme conditions remain major disadvantages of ML applications [1,2].

To address these limitations, a hybrid framework that combines conceptual hydrological

modelling with machine learning–based probabilistic forecasting is proposed. The so-called

Generalized Pareto Uncertainty (GPU) framework can be used to train an ensemble of models

(potentially physically based) so that it reliably reproduces the predictive uncertainty of the output

[3]. In this case, GPU is employed with the conceptual HYdrological Predictions for the

Environment (HYPE) model. By embedding hydrological knowledge into a data-driven uncertainty

framework, the proposed approach seeks to improve robustness, generalization, and physical

consistency of streamflow forecasts.

GPU relies on finding a multi-objective optimal surface (something akin to a double Pareto surface)

that selects model parameters that span the full range of exceedance of simulations—at the

extremes, forcing some models to always underpredict and others to always overpredict—while

simultaneously searching for optimal error metrics (e.g., Nash-Sutcliffe efficiency, King-Gupta

efficiency, mean absolute error, etc.). One promising feature of the framework is that it is not

constrained to one type of error metric or even two dimensions (exceedance and error metric),

potentially even opening avenues for addressing equifinality challenges.

The methodology is applied to the Nabão and Douro river basin in Portugal, one basin in Sweden,

and one in Ireland. The performance of three modelling strategies is compared: (i) a standalone

conceptual model (HYPE), (ii) GPU combined with artificial neural networks (missing indirect

foreknowledge about hydrological processes), and (iii) a hybrid approach that incorporates HYPE

models as ensemble members. Results show that the inclusion of conceptual hydrological

information leads to clear improvements in the quality of the predictive uncertainty estimates,



including its resolution, reliability, and aggregate metrics (e.g., CRPS).

In this work, we clarify the concept behind GPU, demonstrate its results, address challenges, and

discuss potential innovative applications.
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