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Abstract
The state and variability of marine ecosystems can be assessed either indirectly, via satellite observations, or directly, through in-situ measurements, and further estimated using process-based models. While each of these approaches has inherent limitations—such as inaccuracy, limited spatial or temporal coverage, and representativeness—their integration through model-data fusion remains a significant challenge.
We present a deep-learning approach to perform model-data fusion and consequently apply it for predicting 3D distribution of biogeochemical variables in the Mediterranean Sea. Specifically, this work focuses on generating new 3D maps of chlorophyll-a by (a) modeling its relationship with physical variables, and (b)  merging in-situ observations (i.e. BGC-Argo). 
We adopt a Convolutional Neural Network (CNN) and develop a novel approach consisting of a two-phase training procedure, designed to integrate different data sources, preserving and spreading their information.  
To incorporate data from different sources, the two-phase training procedure divides CNN's training into two steps: firstly, the network learns how to emulate the output of chlorophyll by process-based model, while secondly, it refines the prediction by incorporating localized BGC-Argo float chlorophyll measures, therefore extending their information over the 3D domain.   
Results show the effectiveness of the proposed two-phase method, as the reconstructed 3D chlorophyll-a fields successfully capture the typical spatial and temporal variability of the Mediterranean Sea. Model skill, evaluated against independent BGC-Argo profiles, is satisfactory, with a mean RMSE of 0.08 mg m⁻³; winter surface blooms are reproduced with an error of about 0.1 mg m⁻³ and the dynamics of the deep chlorophyll maximum are captured with a vertical error of less than 10 m. 
The positive outcome of the two-phase approach is now extended to other BGC-Argo variables, therefore providing a rapid tool for the prediction of key essential ocean variables. 
