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Abstract. The ocean exhibits a continuum of motions spanning basin-scale circulation to micro-scale turbulence where be-
tween mesoscale eddies and small-scale turbulence lies the submesoscale (~0.1-10 km, hours-days). The submesoscale is
characterised by fronts, filaments and small coherent vortices that arise from instabilities of mesoscale currents, interactions
with topography, and buoyancy forcing. These processes restratify the upper ocean while simultaneously enhancing vertical
tracer exchange through intense vertical velocities concentrated at density gradients. In the East Australian Current, the west-
ern boundary current of the South Pacific Gyre, the jet accelerates and interacts with the continental shelf off South East
Queensland, creating conditions favourable for submesoscale activity. Yet these processes remain unresolved and unexplored
in existing regional simulations: mesoscale regional models do not resolve energetic frontal processes, high-resolution coastal
models lack realistic offshore forcing, and observations alone are insufficient to constrain the three-dimensional subsurface
circulation. Here, we present a submesoscale-permitting implementation of the Regional Ocean Modelling System (ROMS
v4.2) for the EAC jet intensification region offshore of South East Queensland and northern New South Wales, Australia.
We demonstrate that our model generates energetic fronts and filaments along the continental shelf edge, while maintaining
surface and subsurface mesoscale hydrographic structure consistent with observations. Relative to mesoscale-resolving simula-
tions, the configuration exhibits substantially increased hotspots of divergence, vorticity and vertical velocity variance, together
with a flatter kinetic energy spectrum indicative of resolved submesoscale dynamics. A demonstration of the continental shelf
break in the vicinity of K’gari shows the accelerating jet interacting with coastal promontories and the shelf break, producing
localised and persistent submesoscale activity. This configuration enables investigation of submesoscale emergence and inter-
action with the mesoscale circulation, including jet-shelf modification, cross-shelf exchange and energy transfer across scales.
This approach provides a pathway to quantify energy pathways and ocean dynamics, with applications extending beyond the

East Australian Current to other western boundary current systems.

1 Introduction

The ocean flows with a hierarchy of multi-scale motion, from large basin-scale gyres, to mesoscale eddies and the finer,
rapidly evolving submesoscale (McWilliams, 2016). The submesoscale is characterised by its small spatial extent and transient,
chaotic behaviour (McWilliams, 2019). While large-scale and mesoscale features can be observed from satellite and inferred

from long-term monitoring, sustained observations of submesoscale processes remain challenging, leading to large unknowns.
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Yet, submesoscale processes play a critical role in driving divergent horizontal flow and strong vertical currents. This has
implications for heat exchange (e.g. Klein and Lapeyre, 2009; Su et al., 2018) and nutrient transport (e.g. Kessouri et al., 2020).
Despite their importance, submesoscale dynamics have received limited observational focus, and most numerical modelling
studies prioritise capturing mesoscale features without the spatial resolution required to resolve smaller-scale physics.

Submesoscale currents are characterised by horizontal spatial scales of O(10 m — 10 km), vertical spatial scales of O(10 m
— 100 m) and evolutionary time scales of hours to days (McWilliams, 2019). Common submesoscale features include eddies
(rotating bodies of water), filaments (narrow regions of horizontal strain and extension) and fronts (sharp horizontal gradients in
water properties). Submesoscale motions arise through several mechanisms including: extraction of available potential energy
from background density gradients; vorticity generation via topographic drag; as well as boundary current separation and wake
instability (McWilliams, 2019). These processes disrupt the hydrostatic and/or geostrophic balance, leading to the formation
of dynamic, small-scale features and driving a turbulent energy cascade towards even smaller scales. Submesoscale flows
are fundamentally defined by Rossby numbers of order unity (Ro ~ O(1)), indicating that the advective acceleration is as
important as the Coriolis acceleration, and therefore the flow is not close to geostrophic balance. In addition, submesoscale
dynamics are further indicated by relative vorticity (spatial variation of velocity) that is comparable to the planetary vorticity
(¢/f ~ O(1)); large horizontal strain rates leading to rapid sharpening of density gradients; significant horizontal divergence
associated with overturning circulation; as well as strong and intermittent vertical velocities.

The East Australian Current (EAC), the western boundary current of the South Pacific Gyre, strongly influences ocean
conditions, weather and climate along Australia’s populous east coast (Oke et al., 2019), as well as nutrient upwelling and
biological productivity (Everett et al., 2012). The EAC forms as westward-flowing jets from the South Pacific Ocean encounter
the continental shelf off Queensland. The North Caledonian Jet bifurcates at 18°S, with the southern deflection flowing along
the continental shelf and forming the beginning of a coherent western boundary current - the EAC (Ridgway and Dunn,
2003). At ~22°S, the westward-flowing South Caledonian Jet enters the EAC, further strengthening this western boundary
current. As this coherent jet flows southward towards the northeastern tip of K’gari (formerly Fraser Island) at ~25°S, it
moves onto the shallower and narrower continental slope, concurrently the jet accelerates, narrows and deepens (Ridgway and
Dunn, 2003). This intensification region is a critical dynamic zone: the energy of the coherent jet through this region sets the
downstream oceanic conditions throughout the Tasman Sea (e.g. Li et al., 2021; Gwyther et al., 2022), while variability in the
jet influences the distribution of heat, nutrients and marine ecosystems through changes to cross-shelf exchange (Malan et al.,
2023). Despite its dynamical significance, the jet intensification region has received only limited dedicated observational or
modelling attention (Ridgway and Dunn, 2003; Sloyan et al., 2024), leaving key aspects of its dynamics, especially the details
of submesoscale-mesoscale interactions, under-researched in this important zone. Furthermore, with the EAC system being
projected to shift southwards (e.g. Cetina-Heredia et al., 2014) with enhanced eddy activity (Li et al., 2022), understanding the
drivers and impacts of this system are critically important.

The EAC exhibits a wide range of mesoscale dynamics, including seasonal heat transport (Sobral et al., 2024), jet instability
(Archer et al., 2017), eddy formation and propagation (Li et al., 2021), eddy-mean flow interactions (Macdonald et al., 2013)

and cross-shelf exchange (Malan et al., 2020). Like other dynamic ocean regions, it also exhibits strong submesoscale activity,
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though these have received far less research attention. Submesoscale eddies and filaments have been observed in the region
(Mantovanelli et al., 2017; Archer et al., 2020), and their effects on biomass and primary productivity have been investigated
(Mullaney and Suthers, 2013; Bourg et al., 2024; Chapman et al., 2024). The contribution of submesoscale processes in spatial
heat advection (Baird and Ridgway, 2012) as well as vertical transport of heat and biomass (Azaneu et al., 2026) in the eddy-
dominated regions south of the EAC separation zone have also been demonstrated. Yet, no studies have yet examined the
prevalence and significance of submesoscale processes in the most energetic, jet intensification region, leaving a substantial
knowledge gap in understanding their broader influence on the EAC system.

Numerous studies have demonstrated the importance of high resolution models for resolving submesoscale processes (e.g.
Capet et al., 2008; Zhong and Bracco, 2013; Soufflet et al., 2016), yet capturing these dynamics within a data-assimilating
simulation remains challenging (Kerry et al., 2020), and reliant on high-resolution data streams (Kerry et al., 2026). Moreover,
it has been suggested that increasing model resolution to capture the submesoscale can reduce the ability of the data assimila-
tion system to achieve skilful prediction of the mesoscale evolution (Sandery and Sakov, 2017). In this study we introduce a
new high-resolution numerical ocean model of the EAC jet intensification zone, designed to answer key questions about how
submesoscale processes influence the oceanography of the EAC and the continental shelf region of South East Queensland and
Northern New South Wales. In Section 2, the model configuration is described, followed by an evaluation of model perfor-
mance in Section 3. In Section 4, a brief overview and interpretation of submesoscale dynamics are presented, demonstrating
the performance of this model for simulating these processes. Section 5 summarises and concludes with model issues, key

discussion points, and future development and applications for this simulation.

2  Model description
2.1 High-resolution South East Queensland ROMS

We use the Regional Ocean Modelling System (ROMS v4.2; Shchepetkin and McWilliams, 2005), a free-surface, hydrostatic,
primitive equation model, that employs a terrain-following s-coordinate (Song and Haidvogel, 1994). ROMS is widely-used
for simulating coastal, shelf and near-shelf processes in regional applications. It has been previously used to simulate the EAC
along the south-east coast of Australia (e.g. Kerry et al., 2016), as well as other locations around the Australian continental
shelf (e.g. Janekovi€ et al., 2022; Aijaz et al., 2024). ROMS has also previously been used to simulate submesoscale processes
in many different regions, for example, in the Baltic Sea (Onken et al., 2020), for the Hawai ian Islands (Friedrich et al., 2024),
southern Indian Ocean (Zhou et al., 2024) and the South China Sea (Lin et al., 2020).

For the Southeast Queensland ROMS (SEQId ROMS) we configure the vertical stretching parameters over the 31 vertical
layers to provide enhanced vertical resolution near the surface- and bottom-boundary layers, using the transformation and
stretching functions Vtransform = 2 and Vstretching = 4. With this choice of stretching function, the thickest cells
are distributed towards the bottom of the water column, offering the highest resolution towards the sea surface. This produces
layers with mean thickness of 1.3 m (with minimum thickness of 0.7 m and maximum thickness of 2.2 m) over the continental

shelf region shallower than 100 m, while along continental shelf in water between 100 m to 1000 m deep, the mean layer
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Figure 1. Model bathymetry map showing key features, including K’gari (Fraser Island), Moreton Island, North Stradbroke Island and
Moreton Bay. The Queensland (QLD) and New South Wales (NSW) border (dotted line). Inset map shows Australia and model domain.

thickness is 9.4 m in the top 200 m and 17 m over the full column (with a minimum thickness of 1.7 m). For ocean cells deeper
than 1000 m, the mean thickness is 100 m, with a minimum of 3 m. The model domain extends from 24°S to 31.2°S and from
the coastline to ~159°E, on a curvilinear Arakawa-C grid with horizontal resolution of approximately 900 m (with 733 by
718 tracer points). With a first baroclinic Rossby radius of deformation of ~ 40 — 50 km (Chelton et al., 1998) in the South
East Queensland region, this resolution will resolve a significant proportion of the submesoscale, as well as the mesoscale. The
bathymetry is derived from the General Bathymetric Chart of the Oceans 2023 release (GEBCO Compilation Group, 2023),
which is principally sourced from shipborne surveys over the continental shelf, and from a combined satellite-ship product
in the deeper ocean. Bathymetry is smoothed to achieve a maximum rxo = 0.33, ensuring model stability while maintaining
bedrock realism. We use the Generic Length Scale vertical mixing scheme (Umlauf and Burchard, 2003), which has also been
shown to produce the largest magnitude of submesoscale kinetic and potential energy (Wang et al., 2022). Horizontal viscosity
and diffusivity are set to minimal values (0.01 m?/s) to reduce any artificial numerical damping.

Key features in the model domain are the coastline of South East Queensland and Northern New South Wales and the
continental shelf break (Figure 1). Several large sand islands (K’gari, Moreton Island and North Stradbroke island) form a
barrier on the relatively shallow continental shelf forming a large embayment (Moreton Bay) offshore of Brisbane. Several
guyots (eroded and subsided volcanic seamounts), which top out at a bathymetry of ~450 m, form a chain in the deep ocean,
extending from the north to the south of the domain at ~155.5°E. Within the domain, a total of ~20 submarine canyons incise

the continental shelf break (Huang et al., 2014).
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The model surface and lateral boundaries are forced with reanalysis products through the period of simulation. The lateral
boundaries are forced with temperature, salinity, free-surface variation and currents, obtained from the BlueLink ocean ReAnal-
ysis (BRAN; Chamberlain et al., 2021). BRAN was chosen as the lateral boundary forcing product as it provides dynamically
consistent, data-assimilative, mesoscale eddy-permitting ocean fields for the Australian region, ensuring accurate large-scale
circulation and water mass properties at the model boundaries. Lateral boundaries are forced with the Flather scheme for 2D
velocities, Radiation scheme for the free-surface, and the Radiation-Nudging scheme for 3D velocities and tracers (March-
esiello et al., 2001). The surface boundary is forced with wind stress, evaporative balance (as a virtual salt flux) and heat flux,
extracted from the BARRA-R2 reanalysis (Su et al., 2025). This product has high spatial and temporal resolution, allowing
for mesoscale atmospheric processes (e.g. storm events) to be resolved, which is particularly important for realistic heat and
salt fluxes over the shallow continental shelf. Forcing for lateral and surface boundaries are applied at each model timestep,
with linear interpolation between (daily) forcing fields. Like the lateral boundary conditions, the model initial conditions are
sourced from BRAN, with the temperature and salinity taken for the 01-January-2012, and mapped to the model geometry
using linear interpolation.

The model simulation period is chosen to be the year 2012, which was selected for the availability of observational studies
for comparison (Sloyan et al., 2024) as well as the availability of the high-quality reanalysis forcing products (e.g. Chamberlain

et al., 2021). Model spin-up was a repeat-year forcing of the 2012 forcing conditions.

3 Model evaluation & results
3.1 Mean state evaluation

We evaluate the ability of this SEQld ROMS configuration to represent the dominant surface and subsurface characteristics of
the EAC, through the shelf and deep ocean regions offshore South East Queensland and Northern NSW. We first characterise
the surface oceanography represented in the model, focussing on the mesoscale and longer-term variability through annual
mean sea surface height (SSH), mean kinetic energy (MKE) and sea surface temperature (SST) maps (Figure 2).

Surface ocean characteristics are compared between observations and model output. The annual mean sea level from
satellite-observed altimetry (IMOS, 2025b) shows close agreement (Figure 2a) with model free-surface elevation (Figure 2b),
including the lower surface height over the continental shelf, higher SSH over most of the deep ocean, except for a persistent
low SSH anomaly between 156°E, 26 — 27°S and in the far south of the domain at 158°E, 31°S. For the 2012 year analysed
here, the surface mean kinetic energy (calculated as MKE = % (HQ + @2) , where u and v are the eastward and northward ve-
locity components) is strongest along the continental shelf break, and weak through most of the rest of the domain, though
there is some elevated energy in the clockwise circulation that concidies with the previously mentioned low SSH anomaly
at 156°E, 26 — 27°S (Figure 2c). The model representation of the surface MKE field has the same broad pattern, though is
distinctly weaker in the jet between 27°S and 30°S compared to the observations, noting that the observations are also inferred
from a lower resolution satellite product and rely on an assumption of geostrophy. The distribution of recirculation features

east of the EAC jet agree well with observations. The annual mean SST field IMOS, 2025c¢), derived from satellite sensor
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Figure 2. Surface ocean characteristics are compared between observations and model output. The annual mean sea level from (a) satellite-
observed altimetry (IMOS, 2025b) and (b) model free-surface elevation SSH is compared. The annual mean surface kinetic energy field,
with vectors streamline of mean surface velocity is shown from (c) satellite observations and (d) the model. In (c), satellite SSH observations

are used to infer geostrophic velocities, from which the MKE and the streamlines are calculated. Surface temperature fields are compared

between (e) satellite observations and (f) the model.
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Figure 3. Timeseries of model (blue) and observations (orange) for (a-d) SST, (e-h) SSH and (i-1) spatial mean instantaneous kinetic energy

((KE)). In all panels, the root-mean-square error value (RMSE = \/ (Zmodel () — Zobs(t))?) is shown. The timeseries are calculated over
four regions: the shelf (< 100 m deep), the slope (between 100 m to 1500 m deep, and west of 154.3°E), the EAC region (deeper than 90 m
and west of 155°E, and offshore (east of 155°E).

product (RAMSSA; Beggs et al., 2011), displays a pattern of generally cooling temperatures with increasing latitude, with a
tongue of warmer surface water close to the coast carried by the EAC jet (Figure 2e). The model representation of this field is
good, with a broad pattern of decreasing temperature with increasing latitude, though the eastern half of the domain displays a
warm bias.

Timeseries of spatially-averaged SST (Figure 3a-d), SSH (Figure 3e-h) and kinetic energy (Figure 3i-1) are compared be-
tween the model (blue line) and observations (orange line). This analysis is further broken up, with spatial averages over four

regions: shelf, slope, EAC and offshore (with region definitions given in the caption). The root-mean-square error (RMSE =

\/ (Zmode1(t) — xobs(t))2) between model and observation is shown for each series. There is generally good agreement be-
tween model and observation. The model representation of SST is slightly high in summer, though very reasonable through
the rest of the year. Likewise, SSH is represented with low RMSE through the year, especially given that the exact details of
the mesoscale circulation (and hence SSH) would not be expected to be represented with the correct timing without any data
assimilation (Figure 3e-f). Kinetic energy is shown to be stronger in the model, but this represents the extra energy captured

in the submesoscale permitting simulation, compared to the coarse resolution satellite altimery that produces the geostrophic
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Figure 4. 0-S diagrams of water properties throughout 2012 are compared between (a) profiling Argo float measurements and (b) ocean
model conditions. The 2012 net volume transport through the ~27°S latitude is compared for observations from the (c) EAC mooring array
(red) and the ocean model (blue). The annual mean state meridional (v) velocity from (d) the EAC moorings and (e) model is compared. In

(b), only wintertime and summertime snapshots are combined to reduce data density. In (c), the data uncertainty is shaded.

velocities required for calculating the kinetic energy (e.g. Figure 3k-1). Shelf observations may also contain significant error
- arising from coarse resolution and complex coastal geography - such that the model representation may in fact be closer
to reality than implied by the calculated RMSE (e.g. Figure 3a). Overall, the RMSE values show good agreement with the
observed temporal evolution - this complements the realistic spatial representation shown above.

An accurate subsurface representation is important for capturing density gradients that set pressure gradients and for water-
mass properties, as well as understanding baroclinic instability. Profiling float observations (IMOS, 2025a) taken from Argo
floats (Wong et al., 2020) throughout the model domain region, display a typical subtropical ocean 6-S relationship (Figure 4a).
These water masses comprise warm, saline surface waters that transition to a salinity minimum at depth, before retroflecting
to a higher salinity, temperature minimum at the bottom. This represents the warm and saline subtropical surface waters
advected southwards by the EAC, overlying Sub-Antarctic Mode Water, Antarctic Intermediate Water at the salinity minimum
(Bostock et al., 2013), and Lower Circumpolar Deep Water at the bottom (Sokolov and Rintoul, 2000). This distribution is well
represented in the model (Figure 4b), though it displays larger variation - likely due to the large region captured by the model
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compared to the biased locations sampled by Argo. The total transport through ~27°S, as captured by the EAC mooring array
(Figure 4c), varies between 5 Sv northward to 35 Sv southward with periods of stronger and weaker transport. The model
similarly shows variability between 5 Sv northward to 35 Sv southward. The model EAC transport has a similar seasonal
cycle, but appears to be slightly delayed, with the observed period of northward flow in May, being delayed in the model
until September. Annual-mean meridional v-velocity transects measured by the EAC mooring array (Figure 4d) compared
to velocity in the model at the same latitude (Figure 4e) display differences in the magnitude of velocity close to the surface
(above 250 m), with the model velocities being too weak. Below this depth, the velocity structure is remarkably similar between
observation and model, with the strong southwards flowing jet and deep extension of the current.

Overall, the model represents the mesoscale and mean circulation relatively realistically, with good representation of the
SSH field and the broader patterns in MKE and SST. The subsurface oceanography is particularly well represented, with
representative temperature and salinity properties and transport through the EAC. The biases (low EAC jet MKE through the
south of the domain and warm SST over the east of the domain) are not considered to be fundamental issues. This is because
the MKE varies through the year, with the periods of high and low energy, and hence transport, which are well captured
by the model (as shown in Figure 4c,d). Furthermore, the purpose of this model was developed to exploit the high spatial
resolution to examine submesoscale processes, for which these biases are not critical. Assimilation of SST and SSH fields
would dramatically improve the mesoscale circulation (e.g. Gwyther et al., 2022), but at the the cost of degrading subsurface
baroclinic modes and energy pathways - features that are important to preserve for a physically realistic representation of

submesoscale dynamics.

4 Submesoscale dynamics

To demonstrate the emergence of submesoscale features in this model, Rossby number, horizontal divergence and density
gradient are analysed at three time slices (Figure 5). The relative vorticity normalised by the Coriolis parameter represents
the relative contribution of local rotation compared to planetary rotation, i.e. the Rossby number; Ro ~ §, where ¢ is the
relative vorticity defined as ( = % — %Z and f is the Coriolis parameter. The magnitude of the Rossby number indicates
whether the flow is geostrophic (JRo| < 1), mostly geostrophic - but with important ageostrophic corrections (|Ro| ~ 1), or
where geostrophy has broken down (JRo| = 1) due to the dominance of submesoscale processes. The horizontal flow diver-
gence, 0 = Vj-u= g—’; + g—;, indicates lateral expansion or contraction of fluid parcels, and when normalised by f, values
of % ~ O(1) indicate submesoscale activity often associated with frontal and filamentary flow. This metric complements the
Rossby number by directly identifying areas of pronounced ageostrophic motion which can contribute to vertical exchange.
The horizontal density gradient [V, p| = 4/ %52 + %2, where p is the seawater density, quantifies lateral variations in seawater
density. Regions of strong density gradient indicate sharp spatial contrasts in temperature and/or salinity — these gradients can
store potential energy that can be subsequently released through instabilities that drive ageostrophic circulation. While this

is not a specifically submesoscale quantity, co-alignment of sharp density gradients with high Rossby number, or horizontal

divergence, indicates frontal activity that has been developed by submesoscale processes.
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Figure 5. Diagnostics of submesoscale activity are presented, showing (a-c) the normalised relative vorticity (i.e. Rossby number), (d-e)
the horizontal convergence, and (g-i) the horizontal density gradient |V p|. These fields are calculated for several snapshot periods, (a,d,g)
10-July, (b,e,h) 08-October and (c,f,i) 27-December. These periods were chosen to highlight times with strong submesoscale activity across
both winter and summer. In (a), a length scale marker indicates the approximate boundary between mesoscale and submesoscale motions at

this latitude.
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Rossby number at the three time slices show widespread occurrences of |Ro| > 1: along the inland edge of the EAC jet (Fig-
ure 5a), along elongated filaments (e.g. Figure 5b) and in small submesoscale eddies (e.g. Figure 5c). Likewise, the divergence
fields have patches of O(1) which shift through time, as well as regions of consistent O(1), for example, downstream of K’ gari
(Figure Se-f). Filaments of strong horizontal density gradient emerge throughout the domain at each snapshot (Figure 5g-i)
and are generally co-located with strong Rossby number. The signature of the EAC is visible at each time through the bands of

elevated vorticity, divergence or density gradient on the edges of this jet.
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Figure 6. Time-mean diagnostics from (a-c) this ocean model are compared to (d-f) BRAN. The annual-mean Rossby number ({/ f) for our
model (a) and (d) BRAN are compared. The normalised magnitude of strain (|S|/f) is shown for (b) our model and (¢) BRAN. The vertical

velocity variance (w'?), averaged over the top 100 m, is shown for (c) our model and (f) BRAN. In (c,f) the colour axis is logarithmic.

We present a comparison between our model (Figure 6a-c) and BRAN (Figure 6d-f) to illustrate the difference between our

submesoscale permitting model and a commonly-used mesoscale permitting model, BRAN. As BRAN assimilates a broad
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range of observational products, it produces a surface representation of the mesoscale ocean with low error. It would be unfair
to expect time slices from this SEQId ROMS model and BRAN to be closely aligned, especially for rapidly evolving subme-
soscale metrics, and so we compare annual-mean fields of Rossby number (¢/ f), magnitude of the total strain, normalised by
the Coriolis parameter (|S|/f) and the variance in the vertical velocity (w'2), averaged over the top 100 m. The Rossby number
shows broadly similar patterns between SEQId ROMS and BRAN, with higher Rossby number over the continental shelf (Fig-
ure 6a,d). The hotspots of persistent elevated Rossby number emerge in the wake of the coastal islands and headland promonto-
ries, which are resolved only in SEQId ROMS. The horizontal velocity gradient may be decomposed into divergent, rotational
and strain components. The strain component is characterised by normal and shear components that represent deformation of
1=/ (8- 5) "+ (5 8)"

captures the combined stretching and compression associated with this deformation and acts to sharpen lateral temperature and

the flow through stretching and compression with constant area. The magnitude of strain,

salinity gradients, thus generating and maintaining fronts and submesoscale features. The ROMS simulation (Figure 6b) dis-
plays significantly stronger strain along the EAC jet in the wake of the coastal islands, as well as across the domain as a whole,
as compared to BRAN (Figure 6e). The variance in vertical velocity is defined as w2 = m where the w is the vertical
velocity field and an overline, U denotes the time-mean operator. Vertical velocity is diagnosed from the continuity equation
under the hydrostatic approximation in both of these models. While non-hydrostatic vertical accelerations are neglected, the
vertical velocity variance represents the resolved horizontal divergence and associated ageostrophic vertical circulation. The
vertical velocity variance is at least an order of magnitude higher in the higher resolution ROMS simulation as compared to
BRAN (Figure 6c,f). These metrics indicate stronger rotational ageostrophy, enhanced strain associated with frontogenesis,
and larger vertical velocity variability in the ROMS simulations. This reflects the ability of the higher-resolution ROMS con-
figuration to resolve submesoscale and partially unbalanced motions, that are parameterised or smoothed in coarser simulations
(such as BRAN).

To calculate the kinetic energy spectra (Figure 7a), two-dimensional Fourier transforms are applied to the horizontal velocity
components u and v. Spectral kinetic energy density is then computed using Parseval’s theorem as E(k,,ky,) = 5(||? +
|9|?) where 4 and 9 are the Fourier components. The resulting two-dimensional spectrum is converted to a one-dimensional
isotropic spectrum by computing the total wavenumber magnitude k = , /k2 + k% and radially binning energy into annuli of
constant k. This produces the isotropic kinetic energy spectrum E(k), which represents the distribution of kinetic energy across
spatial scales. Motions at length scale A correspond to wavenumber k = 1/\. The reference slopes k2 and k—5/3 indicates
power law behaviour of the kinetic energy spectrum, where the slope describes how kinetic energy is distributed across spatial
scales (Callies, 2019). A spectrum approaching ~ k=3 is consistent with quasi-geostrophic dynamics, in which velocity varies
smoothly in space and most kinetic energy resides in the mesoscale (Charney, 1971). A shallower spectrum closer to k~/3
indicates a larger contribution from ageostrophic or submesoscale motions, which introduce sharper fronts and smaller-scale
variability and therefore increase the relative energy at high wavenumbers (Rocha et al., 2016). Slopes steeper than k~2 (e.g.
~ k~%) may imply rapid removal of small-scale variance due to dissipation, or limited observational resolution. The effective

model resolution, defined as the spatial scale at which the model kinetic energy departs from the nominal regime, is typically
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Figure 7. (a) The spectrum of the spatial kinetic energy distribution against wavenumber, F(k), computed from surface velocities is shown
for ROMS (blue line), BRAN (orange line), and geostrophic currents sourced from satellite altimetry (green line). Spectra is shown as a
function of horizontal wavenumber k, with dashed and dotted lines showing reference slopes k~5/% and k3, while vertical lines show the
effective model resolution (4Ax) for ROMS (blue line) and BRAN (orange line), and an indicative mesoscale-submesoscale boundary at
30 km. (b) The corresponding cumulative fraction of the total kinetic energy is shown as a function of wavelength, for ROMS (blue line),

BRAN (orange line) and geostrophic currents (green line).

larger than the horizontal grid spacing (Soufflet et al., 2016). Here we use a value of 4Ax to show an approximate scale below
which model numerical dissipation influences dynamics.

ROMS exhibits a larger KE magnitude across scale, compared to the coarser-resolution BRAN, and even larger compared to
satellite-derived geostrophic KE (Figure 7a). The spectral slopes show that ROMS has the shallowest gradient, closest to k~5/3,
indicating significant submesoscale activity. BRAN closely follows the &~ relationship, consistent with quasi-geostrophic dy-

namics, but with limited submesoscale energy, and the satellite geostrophy has a steeper slope than k3 indicating likely
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damping and observational smoothing. Furthermore, ROMS carries energy into the submesoscale (beyond the 30 km bound-
ary), while spectra of BRAN and satellite observations either capture the transition or roll off before this transition. The roll
off in model KE near the effective resolution is expected. Together, this shows that at the large scale, the spectral energy dis-
tribution of all systems is comparable, but below ~ 100 km, the submesoscale processes, permitted with the resolution used in
this SEQld ROMS application, are an important contributor to energy dynamics.

The cumulative fraction of the total for each spectra shows that the total KE in the domain is reached at larger spatial scales
for the satellite-derived and BRAN, compared to ROMS (Figure 7b). The ROMS simulation derives ~ 4% of the total KE from
processes occurring in the submesoscale, as opposed to BRAN (0.3%). Together, Figure 7 illustrates the richer, more energetic
spectrum of dynamics that emerges from the higher resolution ROMS simulation.

An example assessment of submesoscale processes is conducted for the continental shelf in the vicinity of K’ gari (Figure 8).
This region exhibits strong emergence of submesoscale activity even under an annual-mean, indicating submesoscale features
that are persistent throughout the year. The surface ocean displays elevated small-scale rotation (Rossby number) and local
patches of divergence and convergence (Figure 8a,b), as well as a band of strong strain (Figure 8c), all of which initiate up-
stream of K’ gari, propagate past the island, and extend downstream shorewards of the 100 m bathymetric contour, before dying
out as the bathymetry sweeps inland at ~26.5°S. The surface horizontal density gradient over the shelf and downstream of
island promontories displays elevated values (Figure 8d), indicating the sharpening of density gradients relative to the more
weakly stratified open ocean. This pattern is consistent with wake-driven strain and shear downstream of K’gari, together
with flow-bathymetry interactions along the continental shelf edge, which act to intensify density fronts and generate persis-
tent submesoscale frontal hotspots. A vertical transect at 25°S (see Figure 8a for location) shows strong subsurface vertical
velocity variance and elevated values over the continental slope (Figure 8e). Along the same transect, the isopycnal slope

(s= i 5:7510 shows steepened isopycnals over the shallow waters (< 100 m deep) immediately seaward of K’ gari, as well as

on the continental slope at 153.75°E (Figure 8f).

These diagnostics illustrate that the continental shelf region to the north and east of K’gari is a region of intense subme-
soscale activity that is persistent over long timescales, rather than being stochastic events. The enhanced Ro, ¢ and |S| are
evident upstream of the northern tip of K’gari and extend downstream along the shelf edge, largely confined landward of
the 100 m isobath. This spatial distribution suggests that submesoscale activity is closely associated with the East Australian
Current impinging on the continental shelf, combined with local enhancement by the coastal promontory along the eastern
boundary of K’gari. The vertical transects display relatively high vertical velocity variance and increased isopycnal slope over
the continental shelf, as well as even higher rates on the continental slope. These factors thus suggest that submesoscale ac-
tivity, shown through elevated vorticity, strain and divergence, is associated with increased vertical motion particularly in the
subsurface, as well as steepening of isopycnals typically associated with frontogenesis. The persistent submesoscale activity
north and east of K’gari likely contributes to the upstream adjustment region of the EAC intensification zone. In particular,
the elevated strain and vorticity resolved by the model demonstrates active frontogenesis at the shelf edge. Frontal sharpening

converts available potential energy into kinetic energy, accelerating the flow, while the accompanying divergence indicates
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Figure 8. Annual-mean (a) Rossby number ¢/ f, (b) normalised horizontal divergence ¢/ f, (c) normalised magnitude of strain |S|/f (d)

horizontal density gradient V5, p are shown for the region east of K’ gari. Black contour in (a) is for |[Ro| = 1. Vertical profiles of (e) vertical

Vel

velocity variance and (f) isopycnal slope (s = [op/ %] ) are shown for the transect illustrated by the blue line in (a).

lateral contraction

of the jet, which further enhances acceleration. In addition, headland-generated vorticity along the coastline

285 modifies the local flow structure and may contribute to instability development downstream near the separation zone.
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5 Discussion

We have developed a model application that has been specifically chosen to focus on the EAC intensification zone with a
horizontal resolution chosen to allow the development of submesoscale dynamics. The South East Queensland and Northern
New South Wales continental shelf represents an under researched corner between the more heavily researched regions of the
Great Barrier Reef (e.g. Baird et al., 2021; Steven et al., 2019) and the separation zone of the East Australian Current further
south (e.g. Kerry and Roughan, 2020). Additionally, larger-scale models which represent this study area, such as BRAN,
provide time-accurate representations of the mesoscale circulation, which are well suited to studies of mesoscale variability
and boundary current dynamics, but necessarily under-represent submesoscale processes due to their coarser resolution. The
present model therefore represents an important step towards resolving the multiscale dynamics of the East Australian Current
system in the intensification zone, enabling process-based investigation of how mesoscale and submesoscale processes interact
along the continental shelf in this region.

The results of this study demonstrate that the SEQld ROMS presented here produces a dynamically rich submesoscale field,
in addition to a realistic representation of the mesoscale circulation. The simulated submesoscale activity, characterised by
enhanced stretching, rotation and horizontal divergence, manifests as sharp fronts, filaments and small eddies occurring at
spatial scales finer than those resolved in many existing model configurations of the region. These features are associated with
increased horizontal and vertical velocities and elevated variability in these fields. Such variability is consistent with enhanced
vertical and lateral exchange processes, which are known to influence nutrient distribution, upwelling, and cross-shelf exchange
(Klein et al., 2008; Balwada et al., 2018).

The submesoscale characteristics exhibited by the model are consistent with a growing body of observational and modelling
studies documenting energetic submesoscale activity along the inshore edge of the EAC. Observations from HF radar and
in situ measurements have identified high Rossby number filaments (Mantovanelli et al., 2017), vertical shear (Archer et al.,
2020) strong frontal strain and regions of enhanced convergence and divergence (Schaeffer et al., 2017). These studies further
emphasise the inshore edge of the EAC as a hotspot for vorticity generation (Kerry et al., 2020), with the shelf-boundary current
interaction as a key trigger (e.g. Mantovanelli et al., 2017). In this context, the emergence of elevated vorticity upstream of
K’gari in the present model, and the subsequent propagation of these anomalies along the continental shelf break, is consistent
with boundary current impingement and shelf-current interactions. Modelling studies of other shelf-boundary current systems
have suggested that submesoscale frontogenesis at prominent headlands is a result of coastline influenced vorticity generation,
which is then amplified by horizontal advection (e.g. Dauhajre et al., 2017).

The KE spectra indicate that while comparable to coarser-resolution models at mesoscale wavelengths, ROMS retains sub-
stantially more energy at smaller scales and exhibits a shallower spectral slope, consistent with enhanced ageostrophic and
submesoscale motions enabled by its finer grid spacing. The cumulative spectra confirm that submesoscale processes con-
tribute a meaningful fraction of total kinetic energy in ROMS but are largely absent in the coarser systems.

The purpose of this model is to resolve the mesoscale circulation of the EAC intensification zone and the submesoscale

variability associated with fronts, filaments and boundary current-shelf interactions. Thus, it is suited for process studies of
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shelf-boundary current dynamics, and particularly for the diagnosis of mechanisms driving and resulting from submesoscale
activity. It can also be used as a physical backbone for ecosystem and biogeochemistry models, sediment transport and resus-
pension studies and larval dispersal experiments. The submesoscale-resolving dynamics are particularly relevant for nutrient
injection into the euphotic zone and cross-shelf exchange pathways. We anticipate that the mechanistic understanding devel-
oped from this model will also apply more broadly to other shelf systems and western boundary currents.

However, some processes are not resolved or parameterised in the model, in particular tides and river sources. The absence
of barotropic and baroclinic tides may impact representation of shelf/slope mixing and energy dissipation, while the lack of
river discharge and associated buoyancy input will affect coastal stratification. The chosen boundary conditions (BRAN) and
surface forcing products (BARRA) adequately capture mesoscale circulation and surface heat and salt fluxes, as well as daily
forcing wind, though sub-daily variability may be under-represented. We argue that these are acceptable due to the initial
design focus: resolving submesoscale processes over the continental shelf and slope, and their interactions with the mesoscale
circulation. As this model is not data assimilating, it is not designed for predictive skill of individual events. Phase errors in
mesoscale features should be expected and submesoscale features should be interpreted statistically and mechanistically, not
as exact realisations. Nevertheless, the absence of assimilation avoids the unphysical adjustment of vertical modes leading to
degradation of subsurface representation (e.g. Gwyther et al., 2023a, b). This model complements existing forecast studies
(e.g. Kerry et al., 2026) by providing a dynamically rich, high-resolution framework for examining the processes driving the
emergence of submesoscale dynamics.

Future development will include extension to longer, interannual simulations allowing examination of longer-term variability
and large-scale climate forcing as well as incorporation of additional physical forcing, such as tides and river discharge, to

improve shelf mixing and coastal stratification.

6 Conclusions

We have developed and assessed a high resolution, submesoscale-permitting ocean simulation of the intensification zone of
the East Australian Current and adjacent shelf sea, in the South East Queensland and Northern New South Wales region of
Eastern Australia. This model captures the mean mesoscale structure and variability of the EAC well, especially for a non-
assimilative configuration. The fine horizontal resolution allows the emergence of submesoscale features such as eddies, fronts
and filaments. This submesoscale activity arises naturally from the resolved dynamics, and preliminary analysis indicates the
downstream wakes of the coastal islands as hotspots of persistent submesoscale activity. This model complements existing
coarser reanalysis products, by resolving processes that are otherwise parameterised. We anticipate that this model will be

useful for developing process-based understanding of this complex and energetic Western Boundary Current.

Code and data availability. The current version of ROMS is available from the ROMS website (www.myroms.org/) under the MIT/X li-

cense. The exact version of the model used to produce the results used in this paper is archived on repository at https://doi.org/10.5281/
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zenodo.19247625 (Gwyther et al., 2026), as are input data and scripts to run the model. Code used to produce all figures presented in this
paper are archived at https://doi.org/10.5281/zenodo.19230573 (Gwyther, 2026).
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