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Supplementary Text
Text S1: Adjoint Sensitivities
Figures S1 and S2 show the adjoint sensitivities of monthly mean sea level in December 2015 at Nantucket and Charleston, respectively, to ocean surface heat flux, freshwater flux, and wind stress at various lead times. Because the adjoint sensitivities to heat and freshwater flux tend to persist over longer lead times than those to wind stress, select panels show extended lead times for heat and freshwater flux. The values have been normalized by the maximum sensitivity value in the region (number specified on each panel) and are thus non-dimensional. Similar adjoint sensitives can be found in Wang et al. (2022) for Nantucket sea level and in the Supporting Information of Wang et al. (2024) for Charleston sea level.

For sea level at either Nantucket or Charleston, the adjoint sensitivities due to heat and freshwater fluxes show similar patterns. Significant adjoint sensitivities to heat flux and freshwater flux for Nantucket sea level come from the subpolar North Atlantic. At short lead times, large adjoint sensitivities to heat flux and freshwater flux are found near Nantucket (e.g., Figure 1a). With increasing lead times, the adjoint sensitivities spread clockwise, reaching the subpolar North Atlantic around 3 years (Figures 1b and 1f). The temporal evolution of adjoint sensitivities is consistent with the southward-flowing slope current, the Labrador Current, and the general circulation of the subpolar gyre (Hsieh and Bryan, 1996; Wang et al., 2022). The adjoint sensitivities of Charleston sea level to heat and shortwave fluxes also show large values in the Gulf of Mexico and the Caribbean Sea. With increasing lead times, these relatively large sensitivities spread counterclockwise, crossing the Atlantic Ocean at a lead time of 3 years (Figures 2b and 2f) and reaching the African coast near 25oN at a lead time of 10 years (Figures 2c and 2g). In contrast, there are no significant sensitivities to heat flux and freshwater flux from the Gulf of Mexico and the Caribbean Sea for Nantucket sea level (not shown).

Adjoint sensitivities to wind stress (Figures S1i–S1p for Nantucket and Figures S2i–S2p for Charleston) generally exhibit wave-like patterns. The spatial scales of these patterns are smaller than those for heat flux and freshwater flux. These wave-like features indicate the effect of coastally trapped waves, which travel southward along the U.S. East Coast, as well as Rossby waves generated by wind stress curl that propagate across the open ocean toward the U.S. East Coast. 

For Nantucket, coastally trapped waves are the main mechanism by which wind stress affects sea level variations (see main text; also Wang et al., 2022, 2024), whereas for Charleston, Rossby waves play the dominant role (Wang et al., 2024). To better illustrate the effect of coastally trapped waves for Nantucket, we rotate the adjoint sensitivities to zonal and meridional wind stress into along-bathymetry (Figures S1i-S1l) and cross-bathymetry (Figures S1m-S1p) components (cf. Figures 1i-1p of Wang et al., 2022 for adjoint sensitivities of Nantucket sea level variations to zonal and meridional wind stress), where the positive along-bathymetry direction is defined such that shallow water lies to the right. The positive cross-bathymetry is 90° counterclockwise from this, pointing toward increasing isobaths. The along-bathymetry component dominates, with positive values present in the coastal region north of Nantucket and in distant Arctic coastal regions, including areas north of the Canadian Archipelago and Greenland. These positive values reflect the effect of along-bathymetry wind stress driving onshore Ekman transport, which piles water up near the coast and thereby increases sea level in coastal regions.

For Charleston sea level, the adjoint sensitivities to wind stress are most pronounced in the ocean interior, due to Rossby waves propagating westward across the open ocean. Rossby waves are less affected by bathymetry than coastally trapped waves. For this reason, we present the sensitivities to wind stress as zonal and meridional components (Figures S2i-S2p), rather than rotating them into along-bathymetry and cross-bathymetry components, as was done in Figure S1 to highlight coastally trapped waves. 
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Figure S1. Adjoint sensitivities of Nantucket sea level to (a)-(d) heat flux, (e)-(h) freshwater flux, (i)-(l) along-bathymetry wind stress, and (m)-(p) cross-bathymetry wind stress at various lead times, as specified in each panel. The values are normalized by the maximum magnitude of the corresponding adjoint sensitivity in each panel, as indicated by the number (m per forcing unit per km2; see below for the specific units for each forcing) in the legend, and are therefore non-dimensional. The sign convention for the forcings is positive for downward heat flux (W m−2), downward freshwater flux (kg m−2 s−1), along-bathymetry wind stress (N m−2), and cross-bathymetry wind stress (N m−2). The positive along-bathymetry direction is defined such that shallow water lies to the right, and the positive cross-bathymetry direction is 90° counterclockwise from this, pointing toward increasing isobaths. The circle denotes Nantucket. Some panels are adapted from Wang et al. (2022).
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Figure S2. Same as Figure S1, but for Charleston. Unlike Figure S1, where adjoint sensitivities to wind stress are shown as along-bathymetry and cross-bathymetry components, here they are shown as zonal (panels i-l) and meridional (panels m-p) components. The sign convention for zonal and meridional wind stress (N m⁻²) is positive for eastward and northward, respectively. Some panels are adapted from Figure S1 in the Supporting Information of Wang et al. (2024).
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