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Abstract
[bookmark: _GoBack]Satellite altimetry provides essential constraints on upper-ocean circulation through measurements of sea surface height (SSH), but its surface-only and along-track nature limits direct reconstruction of the subsurface thermohaline structure required for ocean prediction and data assimilation. Although SSH reflects vertically integrated density variability, inferring physically consistent subsurface temperature and salinity (T/S) from sparse surface observations remains challenging, especially in dynamically complex and tide-influenced regions. We present the Temperature–Salinity transFormer (TSF), a deep-learning observation operator that reconstructs full-depth T/S profiles directly from satellite surface variables. TSF employs a Transformer-based encoder–decoder architecture that integrates SSH, SST, SSS, bathymetry, and seasonal information without relying on vertical-displacement assumptions or predefined dynamical constraints. A grid-specific training strategy accounts for local stratification and water-mass characteristics while stabilizing heteroscedastic uncertainty learning. Using GLORYS12V1 reanalysis, TSF achieves basin-averaged RMSEs of 0.34 °C for temperature and 0.05 psu for salinity. When forced solely by satellite-derived inputs and evaluated against independent in-situ observations, including Argo profiles and measurements from the Kuroshio Extension Observatory mooring, TSF maintains robust performance (RMSE ≈ 0.67 °C and 0.07 psu). The reconstructed profiles capture essential subsurface features such as thermocline structure and the North Pacific Intermediate Water. TSF also produces depth-dependent predictive uncertainty calibrated using independent validation datasets, enabling uncertainty-aware application in ocean data assimilation. By directly linking sparse satellite observations to vertically resolved subsurface structure, TSF provides a practical data-driven observation operator that complements physics-based ocean models and supports hybrid and machine-learning–augmented ocean prediction systems.
