[bookmark: OLE_LINK120][bookmark: OLE_LINK31][bookmark: OLE_LINK32][bookmark: OLE_LINK8]The expansion of Oxygen Minimum Zones (OMZs) has far-reaching influences on marine ecosystems. Existing Earth System Models (ESMs) exhibit substantial biases and inter-model spread in representing OMZs and more broadly ocean oxygen distributions. Here we present a machine learning–based emulator, O2EMU, that reconstructs four-dimensional oxygen distributions by learning from historical shipboard and autonomous float oxygen datasets. The emulator uses temperature and salinity from ocean reanalysis as surrogate variables and generates gridded oxygen maps that retain the dynamical information. O2EMU then applies the learned relationships to ESM simulations using their physical outputs and significantly improves the representation of oxygen climatology and variability, capturing, among other features, the observed shoaling and expansion of the OMZ in the Eastern Tropical North Atlantic. The adoption of the O2EMU reduces the inter-model spread by 70–75% and root mean square error by 50–60%. Applied to future scenarios,  O2EMU proves to be a robust and scalable tool for diagnosing and modeling ocean oxygen variability, far better constraining oxygen trends than traditional ESMs. 

