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Figure 1 Frequency-wavenumber spectrum of the sea surface height in the central South China Seal'’. The solid red curves depict dispersion relations
for mode-1 and mode-2 internal gravity waves. The solid black curves surrounding them delimit what is defined as low-mode internal gravity waves.
The dashed black lines indicate the major tidal frequencies (K;, O;, M,, S,). The horizontal dashed magenta line represents the cutoff frequency (i.e., the
inertial frequency at the southern edge of the study region) between low-mode IGWs and mesoscale motions. The vertical dashed magenta line marks
the cutoff wavenumber (i.e., corresponding to the minima of the first baroclinic deformation radii in the study region) between mesoscale and
submesoscale motions. Also defined and labeled are low-mode internal gravity waves (1), mesoscale motions (2), high-mode internal gravity waves (3),
and submesoscale motions (4). Copyright © 2023 American Geophysical Union
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Figure 2 Sea surface height corresponding to barotropic tides (a), low-mode IGWs (b), high-mode IGWs (c), large-scale circulations (d), mesoscale
motions (e) and submesoscale motions (f) in the central South China Sea
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Figure 3 Individual terms of the zonal momentum equation governing the unbalanced motions in the central South China Sea®”. (a) The time
derivative; (b) self-interaction term; (c) interaction with the balanced motions; (d) Coriolis term; (e) pressure gradient term; (f) source/sink term.
Copyright © 2023, American Meteorological Society
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Figure 4 Individual terms of the zonal momentum equation governing the balanced motions in the central South China Sea®”). (a) The time derivative;
(b) self-interaction term; (c) interaction with the unbalanced motions; (d) Coriolis term; (e) pressure gradient term; (f) source/sink term. Copyright ©
2023, American Meteorological Society
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Figure 5 The decomposed sea surface height (a, d), zonal velocity (b, ) and meridional velocity (c, f) based on a high-resolution numerical simulation of the
central South China Sea®. The upper (a—c) and lower (d—f) panels represent unbalanced and balanced motions, respectively. Copyright © 2025, Elsevier
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Figure 6 The decomposed sea surface height (a, d), zonal velocity (b, ¢) and meridional velocity (c, f) based on Surface Water and Ocean Topography/
high—frequency radar measurements offshore of California®. The upper (a—) and lower (d—f) panels represent unbalanced and balanced motions,
respectively. Copyright © 2025, American Geophysical Union
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Oceanic motions are characterized by a variety of dynamical regimes, with each regime encompassing multiple
spatiotemporal scales. The multiscale interaction among those dynamical regimes is a major research frontier in the realm
of physical oceanography. The decomposition of the oceanic motions is crucial to exploring the multiscale interaction and
quantifying the cross-scale energy transfer. Currently, the widely used decomposition approaches are essentially the space/
time scale separations and thus are incapable of accurately separating physical processes with similar space/time scales but
contrasting dynamics; this limitation hinders the advancement of multiscale ocean dynamics. Over the past few years, we
have proposed several dynamical decomposition frameworks that aim at different application scenarios. Firstly, several
global high-resolution simulations have recently begun to include astronomical tidal forcings in addition to atmospheric
forcings and thus have the potential to reproduce multiple dynamical regimes in the ocean. A proper decomposition
applicable to the temporally continuous output from such tide-resolving simulations remains a major difficulty. To address
this difficulty, we devised two ideas. The first one is based on the respective dynamical characteristics of different
dynamical regimes. Specifically, large-scale currents and barotropic tides have the largest horizontal scales but contrasting
frequencies; low-mode internal gravity waves are well constrained by linear dispersion relations, whereas mesoscale flows
are of relatively low frequency and with horizontal scales above the first baroclinic deformation radius; the intrinsic
frequency of high-mode internal gravity waves is above the inertial frequency while the intrinsic frequency of
submesoscale flows is well below the inertial frequency. Taking advantage of those characteristics, we were able to
decompose a full flow into six prototypical oceanic flow regimes. For the second idea, we introduced a mean flow and
extended the classic theory of balanced and unbalanced modes in geophysical fluid dynamics. The extended theory was
then utilized to design a dynamical filter for disentangling the balanced (e.g., large-scale currents, mesoscale flows,
submesoscale flows) and unbalanced (e.g., barotropic tides, internal gravity waves) motions, based on relative magnitudes
of the relative vorticity and the horizontal divergence in spectral space. Correspondingly, the governing equations of the
balanced and unbalanced motions were derived from the primitive equations of the full flow. The applications to model
outputs from a realistic tide-resolving and submesoscale-admitting simulation showed that those two dynamical
decompositions are simple and efficient. Secondly, the recently-launched Surface Water and Ocean Topography (SWOT)
satellite provides an unprecedented two-dimensional measurement of the sea surface height down to the oceanic
submesoscale of 1-10 km. The measured sea surface height by SWOT contains combined contributions of balanced and
unbalanced motions. Separating their respective contributions is extremely challenging due to the long-repeat period (i.e., 1
day or 21 days) of the SWOT satellite. To achieve a practical separation, we adopted the linear normal-mode initialization
technique used in numerical weather prediction. This technique is deeply rooted in geophysical fluid dynamics and exploits
the basic property that unbalanced motions do not carry any potential vorticity anomaly. Relying on this initialization
technique, we additionally introduced sea surface velocity data and developed an approach for decomposing a snapshot of
sea surface height into balanced and unbalanced components. With concurrent measurements of sea surface height and
velocity respectively from SWOT and the offshore high-frequency radar system, this separation method proves valid and
useful. It is hoped that this series of dedicated efforts could lay the foundation for revealing the underlying mechanism of
multiscale interaction in the simulation data and facilitating the scientific application of SWOT data.
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