EarthArXiv

Seasonal Shift in the Dominant Pathway Energizing Mesoscale
Eddies in the California Current

Authors

Jack F. Gazeley!
Sarah T. Gille!

Lia Siegelman'!
Alberto C. Naveira Garabato?
Jackie May?

Joseph D’Addezio®
Shang-Ping Xie'

1 Scripps Institution of Oceanography, University of California, San Diego, USA
2 Ocean and Earth Science, National Oceanography Centre, University of Southampton, UK
g Yy y
3 U.S. Naval Research Laboratory, Ocean Sciences Division, Stennis Space Center, USA

Corresponding author: Jack F. Gazeley
Email: jgazeley@ucsd.edu

Preprint Statement

This manuscript is a non-peer-reviewed preprint submitted to EarthArXiv.
This manuscript has been submitted to the Journal of Physical Oceanography for peer review.

Copyright in this work may be transferred without further notice.



Generated using the official AMS IXTEX template v6.1

 Seasonal Shift in the Dominant Pathway Energizing Mesoscale Eddies in the
. California Current

s Jack F. Gazeley®, Sarah T. Gille*, Lia Siegelman?®, Alberto C. Naveira Garabato® , Jackie May*,
. Joseph D’Addezio®,, Shang-Ping Xie®

5 & Scripps Institution of Oceanography, University of California, San Diego, California, US
6 b Ocean and Earth Science, National Oceanography Centre, University of Southampton,
7 Southampton, UK

s ¢ U.S Naval Research Laboratory, Ocean Sciences Division, Stennis Space Center, Mississippi, US

o Corresponding author: Jack F. Gazeley, jgazeley @ucsd.edu



20

21

22

23

24

25

ABSTRACT: Mesoscale eddies are the dominant reservoir of kinetic energy in the ocean, yet
the mechanisms that generate and maintain them in eastern boundary current systems remain
incompletely assessed. Here we use a 1-km resolution simulation of the California Current
System (CCS) to diagnose and quantify the processes that supply kinetic energy to the mesoscale
band. A pronounced seasonal transition is evident in surface vorticity, kinetic energy spectra, and
mixed-layer depth. In winter and spring, the mixed layer deepens during periods of strong wind
work. Once the forcing relaxes, the mixed layer restratifies, generating submesoscale eddies and
filaments. These features merge and transfer energy upscale, supplying the mesoscale through an
inverse cascade. These mixed-layer restratification events occur most frequently when the mixed
layer is deep (~50 m) and highly variable. In contrast, during summer when the mixed layer
is shallow, a mixed-layer-averaged geostrophic kinetic energy budget indicates that wind work
accelerates the surface layer of the ocean more efficiently. This is associated with enhanced kinetic
energy transfer from scales larger than 100 km into the mesoscale. Together, these results indicate a
seasonally varying balance between inverse and direct kinetic energy transfers in the CCS, implying
that the annual cycle of upper-ocean stratification leads to a seasonal shift in the dominant pathway

of mesoscale eddy generation.
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SIGNIFICANCE STATEMENT: Upper-ocean stratification influences ocean surface currents
through multiple mechanisms, but the relative importance of these mechanisms has not been
quantified. Stronger stratification can trap wind forcing in a shallow layer and accelerate surface
currents, while weaker stratification increases available potential energy variance and promotes
submesoscale instabilities. In this study, we show that both mechanisms are important in the
dynamics of the California Current System but dominate at different times of year and at different
scales. In summer, shallow mixed layers favor accelerated surface currents and a forward cascade
from larger scales. In winter and spring, mixed-layer instabilities energize the mesoscale through
an inverse cascade. Additionally, the importance of the inverse cascade implies that unresolved
submesoscale motions can influence mesoscale variability and therefore have consequences for

ocean predictability.

1. Introduction

The mesoscale eddy field, with horizontal scales of O(100) km, accounts for up to 80% of the
kinetic energy in the global ocean (Ferrari and Wunsch 2009). Mesoscale eddies play a central
role in transporting tracers and regulating marine ecosystems by modulating nutrient supply and
biological productivity (McGillicuddy et al. 2007). They dominate lateral stirring and set the
effective diffusivity of tracers in the ocean (Ferrari and Nikurashin 2010). The mesoscale circulation
also governs the structure of wave—eddy interactions, controlling the transmission of internal wave
energy into the ocean interior and its subsequent contribution to diapycnal mixing (Asselin and
Young 2020). The oceanic mesoscale is an essential component of air—sea interactions, biophysical
coupling, and the global kinetic energy budget. Yet, despite the oceanic mesoscale’s importance,
the relative contributions of the processes that generate and maintain mesoscale energy have not
been fully reconciled across different circulation regimes, particularly on seasonal-to-interannual
timescales.

The prevailing paradigm is that oceanic mesoscale kinetic energy is generated and maintained
through a combination of large-scale forcing and cross-scale kinetic energy cascades, rather than by
direct forcing at mesoscale wavelengths alone. At leading order, mesoscale eddies are traditionally
understood to draw energy from the large-scale circulation through baroclinic instability, converting

available potential energy associated with mean buoyancy gradients into eddy kinetic energy at
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scales of order of the first baroclinic Rossby radius (Vallis 2017; Ferrari and Wunsch 2009). This
injection feeds a predominantly downscale direct cascade of kinetic energy toward smaller scales
and ultimately dissipation, consistent with classical views of geostrophic turbulence (Charney
1971; Vallis 2017). In this framework, energy is input into the ocean primarily by wind forcing
at large spatial scales, typically exceeding 250 km (Rai et al. 2021). Recent work further suggests
that the efficiency of this large-scale wind-driven momentum input may depend on upper-ocean
stratification, with surface currents more readily accelerating when mixed layers are shallow, since
the same wind stress can be more efficiently transferred into a layer with less inertia (Peng et al.
2022). Such modulation of the large-scale flow has the potential to influence the amount of kinetic
energy available for mesoscale baroclinic instability and the direct cascade, thereby affecting the
energization of the mesoscale. However, a quantitative assessment of the relative importance of
this pathway in setting mesoscale energetics has yet to be established.

In contrast, high-resolution numerical simulations and observations have demonstrated that
significant energy can also be injected at submesoscales through mixed-layer instabilities (MLIs).
Episodes of rapid mixed-layer deepening followed by restratification are frequently accompanied by
an injection of submesoscale kinetic energy (Boccaletti et al. 2007; Sasaki et al. 2014; Fox-Kemper
et al. 2008) that can transfer upscale through an inverse cascade and merge into the mesoscale band
(Capet et al. 2008a; Schubert et al. 2020; Sasaki et al. 2014). The seasonality of the submesoscale
structures is strongly modulated by the seasonal cycle in mixed-layer depth (MLD) via MLIs
(Brannigan et al. 2015; Callies et al. 2015; Rocha et al. 2016; Sasaki et al. 2014; Qiu et al.
2014). During winter and early spring, surface cooling and enhanced wind forcing deepen the
mixed layer and weaken stratification, allowing strong lateral buoyancy gradients to persist within
the mixed layer (Holte et al. 2017; Zhang et al. 2018). These conditions are conducive to the
growth of MLIs, which act to restratify the mixed layer and smooth horizontal buoyancy gradients
through ageostrophic motions (Boccaletti et al. 2007; Fox-Kemper et al. 2008). Some studies have
hypothesized that the pronounced seasonal variability of submesoscale activity may also contribute
to the seasonal cycle of mesoscale kinetic energy through an inverse kinetic energy cascade (Sasaki
et al. 2014; Qiu et al. 2014; Naveira-Garabato et al. 2022; Khatri et al. 2021). In contrast, other
work has emphasized that submesoscale variability exhibits a strong seasonal cycle even in regions

where mesoscale energy shows comparatively weak seasonality (Callies et al. 2015; Buckingham
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et al. 2016). However, a systematic quantification of the cumulative contribution of MLI-driven
inverse transfers to the mesoscale energy budget, and a direct comparison of this pathway with the
classical mesoscale baroclinic instability of the large-scale flow, has not yet been established. In
particular, the relative importance of these two pathways under different stratification and forcing
regimes remains an open area of research.

In this study, we quantify the relative contributions of these energetic pathways to mesoscale
kinetic energy in the California Current System (CCS). The CCS is an eastern boundary current
characterized by strong seasonal variability in surface forcing and stratification. The CCS undergoes
a pronounced seasonal cycle associated with storm activity and upwelling, which drives large
variations in mixed-layer depth, surface buoyancy fluxes, and alongshore wind stress (Di Lorenzo
2003). These seasonal changes are accompanied by substantial reorganization of the surface
circulation. In winter and early spring, persistent upwelling-favorable winds maintain sloped
coastal isopycnals that support a strong equatorward jet, while the coastal poleward return flow
is absent. As upwelling relaxes in summer, positive wind-stress curl over the continental slope
drives the development of a pronounced poleward return flow, a transition well documented in
climatological observations (Di Lorenzo 2003). This adjustment is associated with a flattening
of coastal isopycnals and the offshore propagation of mesoscale features in the form of westward-
propagating Rossby waves generated by baroclinic instability of the mean flow. High-resolution
numerical simulations have demonstrated that the CCS supports energetic variability across a
wide range of scales, including both mesoscale eddies and vigorous submesoscale motions (Torres
et al. 2024; Farrar et al. 2025), with their relative prominence varying seasonally (Capet et al.
2008a,b). A quantitative assessment of how seasonally varying stratification modulates the relative
contributions of large-scale and submesoscale pathways to mesoscale energetics is lacking.

Despite substantial progress on both mixed-layer instability dynamics and mean-flow baroclinic
instability in boundary current systems, a clear gap remains in quantifying how these pathways
jointly contribute to the mesoscale kinetic energy in the CCS, and how their relative importance
varies seasonally. In this study, we address this problem using a 1-km resolution simulation of the
CCS from March—October 2023. We first characterize the seasonal evolution of the ocean dynamics
and their energetics in the CCS in Section 3a. We then examine the mechanisms driving MLIs

and their associated submesoscale energy injection using a composite of more than 300 events in
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Section 3b. In Section 3¢, we demonstrate that large-scale forcing of the circulation is dominated
by wind-driven momentum trapping during the shallow mixed layer season, by considering a
geostrophic mixed-layer averaged budget. Finally, in Section 3d, we compare and quantify the
relative importance of these two mechanistic pathways in supplying kinetic energy via inverse and
direct kinetic energy cascades to the mesoscale band over the annual cycle, using a coarse-grained
cross-scale kinetic energy transfer diagnostic framework. Section 4 discusses the implications of

the work after summarizing and contextualizing within the existing literature.

2. Data and Methods

a. Data

The Coupled Ocean Atmosphere Modelling Prediction System (COAMPS, Allard et al. 2015)
version 2021.1 is used in this study. COAMPS includes modelling components representing the
ocean, atmosphere, waves, and ice and has the ability to run these components in a stand-alone or
coupled configuration. For this study, only the ocean component, the Navy Coastal Ocean Model
(NCOM, Barron et al. 2006), is run as a stand-alone system over the CCS region. The modelled
domain extends from 230° -244.5° W and 30°—42°N with a 1-km horizontal resolution. There
are 100 vertical levels with 36 terrain following sigma layers on top of 64 constant depth levels
(z-levels), with the transition between the sigma and z-levels occurring at 150 m. The surface
sigma layer is 1.5 m thick with continuous stretching applied to subsequent layers, extending to a
maximum ocean bottom depth of 5500 m.

NCOM is a primitive equation model that uses the hydrostatic and Boussinesq approximations.
In this study, NCOM utilizes the Mellor and Yamada (1982) level-2 vertical mixing scheme and the
Smagorinsky (1963) horizontal diffusion scheme. Horizontal boundary conditions were obtained
from 3 h output from the 1/12° horizontal resolution Global Ocean Forecasting System (GOFS,
Metzger et al. 2015) version 3.5. Atmospheric forcing fields were provided with a frequency of 3 h
by the 0.5° horizontal resolution global atmospheric model, NAVy Global Environmental Model
(NAVGEM, Hogan et al. 2015). Fresh water river in flow fluxes were estimated from the NCOM
monthly climatology river data base (Barron and Smedstad 2002). NCOM barotropic tidal forcing
was applied using the global Oregon Tidal Inverse Solution (OTIS, Egbert and Erofeeva 2002).

Barotropic tidal interactions with bathymetry introduce baroclinic tides into the simulation.
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Ocean data assimilation is performed daily at 00z with the Navy Coupled Ocean Data Assimila-
tion (NCODA) three-dimensional variational (3DVAR) analysis system (Daley and Barker 2001;
Cummings et al. 2010; Cummings 2005). Observations that are assimilated include temperature,
salinity, and sea surface height anomalies (SSHA). Temperature and salinity profiles are obtained
from in situ platforms; SSHA observations are obtained from the nadir altimeters onboard the Joint
Altimetry Satellite Oceanography Network (JASON)-3, Sentinel-3A, Sentinel-3B, and Satellite
with ARgos and ALtika (SARAL) platforms; and sea surface temperature (SST) observations are
obtained from ships, buoys, floats and satellite sensors onboard the Meteorological operational
satellite (Metop)-C, National Oceanic and Atmospheric Administration (NOAA)-20, and Suomi
National Polar-orbiting Partnership (S-NPP) platforms. The data assimilation window is set to 48 h
for in situ profiles, 120 h for nadir altimeters, and 24 h for SST. This single-scale configuration of
NCODA-3DVAR is expected to only correct for large, mesoscale ocean features, leaving smaller

submesoscales mostly unaltered during the update cycle (D’Addezio et al. 2019).

b. Mixed-Layer Depth

The mixed-layer depth (MLD) is used in this study to characterize the seasonal cycle in stratifi-
cation and forcing, define and detect deepening—restratification events that energize submesoscale
motions (Section 3b), and interpret the seasonal transition in mesoscale forcing and eddy scale
(Section 3d). Here we define the MLD following Reichl et al. (2022), as the depth of uppermost
layer that reaches a pre-defined potential energy (PE) anomaly. The PE anomaly of a seawater layer
quantifies the wind work required to homogenize its density. The MLD is defined as the depth at

which the simplified PE anomaly of the layer equals a prescribed value, ¢:

n
¢ = / (om—pi)gz dz, (D
—h
where
! ! d 2
Pm = m ; Pi az, ( )

is the density the layer would have if fully mixed, i.e., the mean density within the layer. Equation 1
can be inverted for / for a given ¢ using a Newton—Raphson algorithm (Reichl et al. 2022).

However, it is often computationally cheaper to compute the simplified PE anomaly for all possible
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values of & and interpolate to the target value of ¢. The PE anomaly method requires specifying
a value of ¢, which was empirically tuned using wind-work diagnostics following Reichl et al.

(2022).

c. Wavenumber—Frequency Spectrum

Wavenumber and wavenumber—frequency spectra are used in Section 3a to quantify how the
energetic distribution across scales and frequencies changes between winter/spring and summer.
The isotropic wavenumber—frequency (w — k) spectrum is calculated in a ~860 km x 1300 km box
that does not include the coast. The data are segmented into 430 km X 430 km X 360 hour bins,
with 50% overlap in both time and space, resulting in a total of 77 segments for each of the two
month periods March-April and August-September. The mean and linear trend in each dimension
of each segment are then removed, and a 3-D Hanning window is applied before taking the 3-D
Fast Fourier Transform (FFT). The Fourier transformed segments are averaged, and the squared
amplitude of the average is normalized in order to satisfy Parseval’s Theorem. This results in a 3-D
spectrum in ky, k, and w. However, to reduce to a 2-D isotropic w — k spectrum, the spectral energy
corresponding to each k = \/kZ + k; is summed. The full details of this method are described by
Torres et al. (2018).

d. Coarse-Graining

The coarse-graining method (Aluie et al. 2018) provides a framework for deriving a scale-
dependent kinetic energy budget in fluid flows. The coarse-grained kinetic energy flux IT is used
in this study to diagnose cross-scale kinetic energy transfer. This will provide evidence for inverse
transfers following MLIs, and for a seasonally varying partition of the mesoscale energy supply
from submesoscales and large scales. The cross-scale kinetic energy transfer function I, at a scale

¢ represents the flux of kinetic energy from scales larger than ¢ to scales smaller than ¢:
e = —poS : 70, (3)

where the colon represents the tensor double contraction operation, S = (Vu + vu')/2 s the filtered
strain tensor, and 7, = uu —u u is defined as the sub-filter stress tensor. More details about the

filtering and this derivation can be found in Aluie et al. (2018).
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The total amount of kinetic energy transferred across a given scale ¢ can be calculated by

integrating I1, over the whole spatial domain D and time:

t
AE ascade(t) = _/ / Hg(x,y,z,t) dx dy dz dt, 4)
1o D

where AE_,scade (f) represents the total amount of energy gained by scales larger than ¢ from scales

smaller than ¢ over the time period from 7 to ¢.

e. Dynamical Filtering

The dynamical filter is used in Section 3b to define submesoscale kinetic energy as a balanced
component separated from internal gravity waves (IGWs) and then split by a low-pass spatial filter.
A Butterworth filter at the boundary of the IGW spectrum and the balanced motions can be derived
from the IGW dispersion relation. For a more detailed discussion of this method, see Torres et al.
(2022). In this study, the dynamical filter is applied on a box of size ~500 km x 1300 km in the
offshore region, and the balanced motions are further separated into submesoscale and mesoscale
components using a 25-km low-pass filter. This scale is chosen to be of the same order as the first

baroclinic Rossby radius of deformation in the region (Chelton et al. 1998).

f. Geostrophic Mixed-Layer-Averaged Kinetic Energy Budget

The geostrophic mixed-layer-averaged kinetic energy budget is used in Section 3c to quantify
the seasonal balance between wind work per unit mixed-layer depth and ageostrophic—geostrophic
energy transfer, and to relate this to the seasonal supply of energy into the mesoscale band. The
budget is calculated by taking the mixed-layer average of the incompressible, rotating Boussinesq
equations to generate a momentum budget, separating the velocity into geostrophic and ageostrophic
components, and then taking the dot product with the geostrophic mixed-layer-averaged velocity to

generate the kinetic energy budget. Starting from the incompressible rotating Boussinesq equations

vp 1
ou+u-Vu=—-——— fixu+—o,t, (5)
Lo Lo
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we can average over the depth of the mixed layer, i.e, apply the operation /4! /_ (;1 [-]1dz to each term

in the momentum equations, resulting in

Ts N Vh-p(—h)‘

D
—U+fi><U:—V¢+
Dt poh h-po

(6)
Additional terms appear from the Leibniz integral rule when mixed-layer averaging. However,
here we have assumed that d;h = wj, where w), is defined as the vertical velocity at the base of
the mixed layer, and u(z = —h) ~ U, i.e. there is no significant jump in velocity at the base of the
mixed layer. Here, ¢ = p; Ipt f_ (;l P(x,y,z,t)dz as defined by Boccaletti et al. (2007).

Equation 6 can be split into geostrophic and ageostrophic components such that U = Ug + U,.

D n A Ts Vh-p(—h)
—(Ug+Uy) ==-Vop— fZxUg— fZXx Uy + + , 7
Dt( g a) ¢—f1 g fz a ooh I o @)
but, from geostrophic balance fZx Ug = —V¢ and so

D Vh-p(-h

D v, + Uy ) =—faxu,+ = 4 P ®)

Dt . S N—— ——— p()h I’Lp()

(a) (b) () M A

(d) (e)

To generate a geostrophic kinetic energy budget, this equation is dotted with Ug. Applying this to

term (a) gives:
DU, DK,

. = , 9
& Dt Dt )
where K, = %|Ug |? is the geostrophic kinetic energy. Term (b) results in
DU
Uy Dta =Ug- [0,Ua+U-VU,] := —A,, (9b)

where A, can be interpreted as the work done by the ageostrophic acceleration to energize the
geostrophic flow, or the ageostrophic-geostrophic kinetic energy transfer. For this to be consistent,

Ag =-Ug-DU, /Dt =U, - DUg/Dt, which can be shown to be true. For term (c)

~Ug- f2x U, =T, (9¢)

10
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where Iy is the work done by the ageostrophic vorticity on the geostrophic flow. Next, for term (d)

Ts

— =W,, 9d
ook - Ve (9d)

g

where W, is the wind work into the geostrophic flow per unit depth. Finally, applying the dot

product with Uy to term (e) gives

Vh-p(=h) _ p(=h)
h-po poh

Uy Uy - Vh. (9e)
This term represents the work done by the geostrophic flow on fronts at the base of the ML.
So, the total budget is

DK, p(=h)
W: Hg + Wg +—hUth (10)

—_—— —— PO
~— N —
(@) (b)+(c) (d)

(e)
where I1, = A, +I', represents total work done by the ageostrophic flow on the geostrophic flow,
or the total ageostrophic-geostrophic kinetic energy transfer. In this study we hypothesize the
dominant balance

DK,

E:H‘g-i_Wg. (11)

These two terms are good proxies for the two mechanisms outlined in this research.

3. Results

a. Seasonal Cycle

The surface flow of the CCS exhibits a pronounced shift in dynamical regime between late winter
and late summer. Figure 1a—b compares snapshots of normalized relative vorticity / f at 6-m depth
in March and September. In early March (Fig. 1a), small, intense vortices and filaments, many
with |/ f| = O(1) are ubiquitous throughout the domain, indicating strong submesoscale activity,
particularly in the southern open-ocean region from 32-34°N. By contrast, the September field
(Fig. 1b) is considerably smoother; submesoscale eddies are suppressed, and the flow is dominated
by larger, more coherent mesoscale eddies with substantially lower |{/f|. Seasonally averaged

wavenumber kinetic energy spectra also reveal strong variations in eddy scale. From winter to

11
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summer, the spectral slope transitions from k> to k=, where k is the wavenumber corresponding to
the scale of the features, indicating a stronger submesoscale field in winter (Fig. 2a). Additionally,
more energy is present in the winter wavenumber spectrum at scales smaller than 25 km.

The mean kinetic energy (MKE) of the large-scale California Current undergoes a strong seasonal
cycle (Fig. 1c—d). In winter, the current is weaker and less coherent, coinciding with deeper mixed
layers (Fig. le). By contrast, in summer the current is stronger and more coherent, flowing
north—south as part of the North Pacific subtropical gyre. A coastal poleward return flow emerges
in summer that is absent in winter (Fig. 1c—d). This change is consistent with climatological
observations and is attributed to the seasonal upwelling cycle (Di Lorenzo 2003). These results
suggest a pronounced regime shift between winter and summer. Fig. 2b shows that both the largest
spatiotemporal scales and the internal gravity waves (IGWs) are more energetic during the summer
months (red), whereas the submesoscale balanced motions are more intense in winter (blue). In
winter, intense high-Rossby number submesoscale eddies dominate the domain (Fig. 1a), the large-
scale current is weak (Fig. 1b), and the mixed layer is deep and highly variable (Fig. 1e). In summer,
the flow is instead characterized by smooth, large-scale, low—Rossby number eddies (Fig. 1b), an
intensified boundary current (Fig. 1d), and a shallow mixed layer (Fig. 1e). Thus, eddies in the
CCS are generally small in winter and large in summer, a result of the opposing seasonal cycles
of submesoscale and mesoscale kinetic energies. The existence of these two contrasting states
suggests that the upper ocean is not governed by a single forcing process year-round, but is instead
forced by multiple mechanisms, which each vary seasonally. In particular, the marked differences
in eddy scale, Rossby number, and mixed-layer depth imply that the mesoscale circulation is

maintained by distinct forcing pathways at different points in the seasonal cycle.

b. Mixed-Layer Instabilities in the CCS

Mixed-layer instabilities are a mechanism that transfers buoyancy vertically for restratification
(Boccaletti et al. 2007). In this study, we hypothesize that the seasonal cycle in CCS submesoscale

kinetic energy is strongly modulated by mixed-layer instabilities that generate submesoscale eddies.

12
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1) MLI Casg Stupy

To illustrate the full spatio-temporal development of a single mixed-layer instability event,
Figures 3-5 focus on a region of exceptionally strong storm forcing during 19-27 May 2023.
Prior to the storm, the flow is dominated by moderate mesoscale variability with relatively weak
submesoscale vorticity (Fig. 3a, 4a). This is followed by the passage of a strong storm (Fig. 3b, 4b),
which induces intense small-scale lateral buoyancy gradients and deepens the mixed layer by 20—
25m (Fig. 3c, 4c). This, in turn, results in a burst of submesoscale activity four days later, driven
by frontal mixed-layer instabilities (Fig. 3d, 4d).

Averaging over the full domain can obscure the signal of mixed-layer instabilities, as these
processes represent localized responses to mixed-layer deepening and subsequent restratification.
Focusing on the subregion where nearly all grid points experience storm-level wind forcing (Fig. 4b)
allows for the construction of a more representative time series based on spatial means over this

smaller domain. Figure 5 presents spatially averaged diagnostics for this subregion as a function
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of time. Wind work (Fig. 5a) is followed by a deepening of the mixed-layer (Fig. 5b) with a
lag of approximately one day. Strong wind work is hypothesized to deepen the mixed layer by
providing the mechanical energy necessary for mixing, and via buoyancy loss to the atmosphere.
Subsequently, the mixed layer restratifies (Fig. Sb, after May 28). This restratification is associated
with the generation of submesoscale currents, represented here as submesoscale kinetic energy,
which peaks approximately four days after the storm-induced wind work (Fig. 5c). The peak
submesoscale kinetic energy is further characterized in Figure 5d as energy injection at, and
divergence from, scales of approximately 4 km. A portion of this energy cascades downscale
to dissipate, while another portion undergoes an inverse cascade, merging into larger eddies and
energizing the mesoscale field at scales up to 50 km (Fig. 5d). Taken together, these results suggest
the hypothesis that mixed-layer instabilities serve as a mechanism by which submesoscale energy

is transferred into the mesoscale, with a lag of a few days following the initial storm event.
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the potential energy anomaly in Section 2b, c. submesoscale kinetic energy, defined by a dynamical filter that
removes the IGWs defined in Section 2e and a subsequent 25-km high-pass filter, d. the kinetic energy transfer

function, I1, defined using the coarse-graining method outlined in Section 2d. Positive values indicate downscale

kinetic energy transfer.
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2) ComprosiTE ANALYSIS OF MLIs IN THE CCS

These deepening—restratification sequences occur throughout the time series but are most com-
mon and energetic during late winter and early spring, coinciding with the period of deepest
mixed layers and strongest absolute wind forcing. To isolate the general statistical behavior of
these events, we construct a composite analysis for mixed-layer instabilities. We first compute the
change in MLD over 5-hour periods, and then extract the most negative 1% of this variable to
represent the strongest restratification events. We then screen these events to satisfy the additional
conditions: (a) the event center is a maximum in a spatio-temporal cylinder of spatial radius 30 km
and temporal radius 120 hours, and (b) any events that share the same geographic center must be
separated by at least 120 hours in time. These criteria were chosen to align with the definition
of MLIs used by Boccaletti et al. (2007) as a mechanism for restratification of the mixed layer,
and to ensure that individual events are sufficiently separated in time and space to be treated as
independent realizations. Once events are selected, they are composite averaged.

Figure 6a shows the distribution of the 336 events in the domain spanning 230-236°E and 35—
40°N over the 7-month time series. The events are heavily concentrated during winter and spring
and are subdued in summer, although not completely absent. Figures 6b—e show the same bulk
statistic means as considered in the case study event in Figure 5. The bulk statistics show a similar
progression to the example shown in Figure 5, except with a less extreme MLD variation and a
compressed time-span. The composite and the individual example reveal several features consistent
with the canonical MLI cycle described in earlier studies (Boccaletti et al. 2007; Fox-Kemper et al.
2008). Here, strong winds (Fig. 6b) result in a deepening of the mixed layer, which reaches its
deepest values within 1-2 inertial periods (1 day) after the peak wind work (Fig. 6¢). A sharp peak
in submesoscale kinetic energy emerges with a delay of 1 day (Fig. 6d). Concurrent with the peak
submesoscale kinetic energy is a decreased dominant energy injection scale and a strong inverse
cascade at smaller scales (Fig. 6e). As this energy cascades upscale, the submesoscale kinetic
energy decreases.

Both the composite (Fig. 6) and the case study (Figs. 3—5) demonstrate that mixed-layer deepening
events in the CCS are commonly followed by enhanced submesoscale activity and restratification
consistent with MLI dynamics. These events occur throughout the year but cluster in periods

of deeper mixed layers, consistent with the hypothesis that the elevated wintertime submesoscale
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outlined in Section 2d

kinetic energy shown in Section 3a is due to enhanced MLIs. Their cumulative effect, and the
seasonal changes in their frequency and intensity, underpin the seasonal cycles of submesoscale

kinetic energy, mesoscale kinetic energy, and their exchange, which we quantify in Section 3c.

c. Momentum Trapping and Baroclinic Instability

Figure 1c—d highlights a pronounced seasonal contrast in the mean kinetic energy, with substan-
tially stronger currents during summer. A plausible explanation for this behavior is momentum
trapping (Peng et al. 2022), whereby increased upper-ocean stratification confines wind-driven mo-
mentum to a shallower mixed layer, reducing the effective inertia of the forced layer and allowing

the same wind stress to generate faster currents.
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Figure 7a shows the time-integrated terms of the geostrophic kinetic energy budget described
in Section 2f. The ageostrophic-to-geostrophic transfer term (blue line) provides a measure of
the inverse transfer of energy from mixed-layer instabilities and other ageostrophic motions into
geostrophic mesoscale and current-scale flows. This transfer increases through spring (March—
May) and peaks in early summer (June), coincident with the period when mixed-layer instabilities
rapidly decline in frequency (Fig. 6a). Beyond this point, the sign reversal of the transfer indicates
a regime shift in which ageostrophic motions act as a net sink of geostrophic kinetic energy rather
than a source.

In contrast, the cumulative wind work per unit mixed-layer depth (orange line in Fig. 7a)
increases steadily from early summer onward, despite a decrease in the absolute wind work as
the year progresses. Cumulative wind work becomes the leading-order contributor to changes
in kinetic energy during the shallow mixed layer season (July—October). The close agreement
between the sum of wind work and ageostrophic—geostrophic transfer (red line) and the diagnosed
change in kinetic energy (green line) demonstrates that these terms dominate the seasonal budget.
Importantly, during summer the balance is overwhelmingly controlled by wind work, consistent
with the momentum-trapping hypothesis: as the mixed layer shoals, wind stress becomes a more
efficient pathway for energy input, accelerating the mixed-layer current and strengthening the
large-scale flow. In summer, enhanced stratification strengthens the large-scale current, increasing
the energy available for transfer to the mesoscale. Figure 7b shows the cumulative kinetic energy
transfer (defined by equation 4) into the 16—100-km band, decomposed by source scale using the
coarse-grained energy flux II. The mesoscale band was chosen to be 16—-100 km based on the
maximum cumulative kinetic energy transfer from submesoscales up into the mesoscale (16 km)
and from the large-scale current system downscale into the mesoscale (100 km). Energy transferred
from submesoscales (orange line in Figure 7b) increases through spring and peaks in early summer,
consistent with active mixed-layer instabilities, but subsequently weakens as enhanced stratification
suppresses mixed-layer instability generation. Energy transferred from the large-scale flow (purple
line) increases steadily throughout the year and exhibits a marked increase in slope around July,
implying a more efficient downscale transfer into the mesoscale during summer.

This behavior suggests a transition in the dominant pathway supplying mesoscale kinetic energy:

from an inverse transfer driven by submesoscale mixed-layer instabilities in spring to a strengthened
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direct transfer from the intensified large-scale current in summer. The strengthened current is
associated with enhanced horizontal strain, promoting mesoscale baroclinic instability that converts
large-scale kinetic energy into mesoscale eddies. The persistence and acceleration of the large-
scale—to—mesoscale transfer despite declining submesoscale input highlights the central role of the

summer mean flow in maintaining mesoscale activity.

d. Two Pathways to Mesoscale Kinetic Energy

The results presented in Sections 3b and 3c indicate that mesoscale eddies in the CCS are
energized by two dynamically distinct pathways whose relative importance varies seasonally:
an inverse transfer from submesoscales driven by mixed-layer instabilities during winter and
spring, and a direct transfer from the intensified large-scale flow during summer, consistent with
mesoscale baroclinic instability. Previous studies have established that both submesoscale mixed-
layer instabilities and mesoscale baroclinic instability are active in boundary current systems

(Boccaletti et al. 2007; Capet et al. 2008a; Rocha et al. 2016), and have suggested that MLIs can
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contribute to mesoscale variability through upscale energy transfer (Capet et al. 2008a; Schubert
et al. 2020; Sasaki et al. 2014). However, the seasonal variation in relative importance of these
processes, and how they jointly shape the mesoscale energy budget in the CCS, has remained less
clearly quantified.

Figure 7b directly quantifies the seasonal partition of energy supply into the mesoscale band using
the coarse-grained flux I, decomposed by source scale. Energy transferred from submesoscales
(< 16 km) increases through spring and peaks in early summer, consistent with active mixed-layer
instabilities and the composite evolution described in Section 3b: mixed-layer deepening events
generate intense submesoscale eddies which subsequently merge through an inverse cascade,
transferring energy upscale into the mesoscale band (Capet et al. 2008a; Schubert et al. 2020;
Sasaki et al. 2014). In contrast, energy transferred from the large-scale flow (> 100 km) increases
steadily throughout the year and exhibits a marked increase in slope around July, indicating the onset
of a more efficient downscale transfer into the mesoscale during summer. This timing coincides
with the shallow mixed-layer season (Fig. 1e) and with the increasing importance of wind work
per unit mixed-layer depth in the geostrophic budget (Fig. 7a), consistent with momentum trapping
(Peng et al. 2022) strengthening the large-scale flow and increasing the energy available for transfer
to the mesoscale.

The seasonal transition in the dominant source is also evident in the full, time-scale evolution of
IT (Fig. 8a). During winter and spring, I1 exhibits frequent, patchy negative anomalies representing
inverse cascades, consistent with intermittent but intense upscale transfer associated with restrat-
ification events and mixed-layer instabilities. These events become less frequent and weaker in
summer, coincident with the suppression of submesoscale activity. With the lack of a small-scale
energy injection scale in summer, the direct cascade to dissipation extends up to larger scales and
is part of the reason for the submesoscale becoming a sink for the mesoscale rather than a source.
Consistent with Tedesco et al. (2023), we find that daily averaging largely suppresses the direct cas-
cade to dissipation (Fig. 8b), indicating that a substantial fraction of the turbulent energy transfer to
dissipative scales resides at high temporal frequencies. Persistent positive I1 anomalies are present
at scales of 100-200 km, but they intensify as the year goes on, reflecting a strengthening direct
cascade from the mean current and large mesoscale features into the mesoscale band. Together,

Figures 7b and 8 show a convergence of energy into the mesoscale band from both larger and
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smaller scales, with the source partitioning shifting from predominantly submesoscale in spring to
predominantly large-scale in summer.

This source shift provides a natural interpretation of the seasonal change in characteristic eddy
scale. Figure 9 shows the mean energy-containing eddy scale, computed as the integral over the
variance-preserving wavenumber spectrum, plotted against the domain-mean mixed-layer depth.
During winter and spring (purple and blue dots), the two quantities are not related, reflecting
a regime in which mesoscale variability is energized from smaller scales by an inverse cascade
that is largely controlled by intermittent, local restratification events. Beginning in early summer
(green and yellow dots), however, the two become tightly correlated, with shoaling mixed layers
associated with a systematic increase in eddy scale. This transition coincides with the onset of
strong momentum trapping (Section 3c), whereby wind-driven energy input becomes increasingly
confined to the shallow mixed layer, amplifying the large-scale current. The intensified current

strengthens lateral buoyancy gradients and horizontal strain, promoting mesoscale baroclinic in-
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stability that directly transfers kinetic energy from the mean flow to the mesoscale eddies while

acting to relax buoyancy gradients imposed by the straining flow.

4. Discussion and Conclusion

This study has quantified the seasonal mechanisms that supply kinetic energy to the mesoscale
band O(100 km) in the California Current System, using a high-resolution simulation and a suite
of energetics diagnostics. The results show that the CCS mesoscale band is maintained through
two dynamically distinct pathways whose relative importance shifts over the seasonal cycle: an
inverse transfer from submesoscales associated with mixed-layer instabilities during winter and
spring, and a direct transfer from the intensified large-scale flow during summer.

An important implication is that the mesoscale band in the CCS functions as an intermediate

reservoir that can be supplied by energy from both smaller and larger scales, with the balance
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between these sources varying seasonally. This behavior is consistent with theoretical expectations
for geostrophic turbulence in which both upscale and downscale transfers may coexist depending
on the structure of forcing and dissipation (Vallis 2017; Aluie et al. 2018). It also helps reconcile
two previously emphasized perspectives in the literature: one in which mesoscale variability is
influenced by submesoscale mixed-layer processes (Boccaletti et al. 2007; Capet et al. 2008a;
Rocha et al. 2016), and another in which mesoscale energy is primarily derived from instabilities
of the large-scale circulation (Vallis 2017). In the CCS, both pathways are active, but their relative
roles depend strongly on seasonal stratification and mixed-layer depth. The framework developed
here therefore provides a basis for interpreting seasonal mesoscale variability in terms of underlying
energy pathways, and for comparative application to other boundary current systems where mixed-
layer depth and storm forcing vary strongly over the seasonal cycle (Rocha et al. 2016; Brannigan
et al. 2015; Qiu et al. 2014; Sasaki et al. 2014). A further goal is to identify whether a critical
mixed-layer depth or stratification threshold governs the regime shift between submesoscale-driven
inverse transfer and large-scale-driven direct transfer.

The results presented here also suggest that mesoscale variability in the CCS may be sensitive to
long-term changes in stratification and atmospheric forcing. Increased upper-ocean stratification
associated with surface warming would favor shallower mixed layers and potentially enhance the
efficiency of momentum trapping, strengthening the large-scale pathway for mesoscale energiza-
tion. Conversely, changes in storm frequency or intensity would be expected to modulate the
prevalence of deepening—restratification events and therefore the contribution of the MLI path-
way. For the North Pacific, potential changes in large-scale atmospheric circulation may therefore
influence mesoscale variability in the CCS by changing the frequency and intensity of deepen-
ing-restratification events due to storms—and hence the relative contribution of the two pathways
outlined in this research. Understanding how these competing effects evolve under climate change
remains an open question.

Recent observations from the Sub-Mesoscale Ocean Dynamics Experiment (S-MODE) provide
an important observational context for the mechanisms identified here. The presence of an ener-
getic field of submesoscale fronts, filaments, and vortices in the California Current region west
of central California was reported, demonstrating that the upper ocean supports vigorous subme-

soscale variability embedded within a broader mesoscale circulation (Farrar et al. 2025). Airborne
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DopplerScatt measurements during S-MODE revealed rapidly evolving 1-20 km features with
Rossby number and divergence normalized by the Coriolis frequency of order unity and inferred
vertical velocities exceeding 200 m day~! at tens of meters depth (Torres et al. 2024). These
observations are qualitatively consistent with the winter—spring regime identified here, in which
deep mixed layers and storm-driven forcing favor mixed-layer instabilities that inject energy at
submesoscales, resulting in a vigorous submesocale field. However, the results from DopplerScatt
suggest a more energetic submesoscale field with a spectral slope of ~ k=2 compared with this study
in which we find a ~ k= slope. We hypothesize that the disagreement in spectral slope occurs be-
cause the DopplerScatt measurements are higher resolution and resolve more of the submesoscale
field. Subgridscale submesoscale motions in the model could therefore be underrepresented in the
simulated velocity field, and their omission may lead to an underestimate of the magnitude of the
inverse kinetic energy transfer from submesoscales into the mesoscale band. The contribution of
mixed-layer instabilities to the mesoscale kinetic energy budget inferred here may represent a lower
bound. Future work could combine DopplerScatt velocity measurements with coarse-grained ki-
netic energy diagnostics to directly quantify cross-scale energy transfers at smaller spatial scales
and assess their contribution to mesoscale energization in the California Current System. Potential
future DopplerScatt flights could represent an opportunity to further quantify the contribution of
submesoscale motions to the mesoscale kinetic energy band.

Quantifying the balance between upscale and downscale cascades under different forcing regimes
may help resolve long-standing questions about energy transfer in the ocean. The framework
presented here could be applied to other systems, such as the Kuroshio Extension, Gulf Stream,
or the Antarctic Circumpolar Current, where the seasonal cycle of stratification or storms are also
important. Based on the results of this study, we hypothesize that in more energetic Western
boundary current systems, the MLI pathway will be enhanced, particularly in areas with high

variance in stratification.
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