Variational autoencoder-based clustering for geophysical fluid circulations with small sample size
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Abstract
Variational Autoencoders (VAEs), a type of deep generative model, are effective at extracting meaningful feature representations for clustering complex datasets. However, their application to geophysical fluid circulation has been limited. One challenge is that geophysical phenomena often have small sample sizes due to high dimensionality, particularly for extreme or rare events. To address this, we propose a VAE-based clustering method tailored for geophysical circulations with limited data. Our approach incorporates an augmentation technique that injects noise scaled by the principal components of the target dataset.

For idealized circulation fields, this principal-component-scaled augmentation significantly improves clustering performance, enhancing the accuracy of cluster means and decision boundaries compared to cases without augmentation. We further apply the method to velocity vector fields in a coastal ocean region during a Kyucho event—an extreme phenomenon characterized by sporadic strong coastal currents. Using approximately 150 samples, the proposed method successfully identifies four distinct circulation modes, whereas clustering without augmentation fails to do so.

A group-wise ensemble time series analysis reveals that these four modes correspond to different underlying processes. This finding suggests that VAE-based clustering not only captures dynamically significant patterns but also helps in identifying potential precursors to extreme events. Overall, the proposed approach demonstrates that combining VAEs with principled data augmentation can overcome sample size limitations and improve the analysis of complex geophysical systems. 
