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ABSTRACT: Cross-shelf transport plays an important role in the heat, salt, and nutrient budgets of the continental shelf.
In this study, we quantify cross-shelf volume transport and explore its dynamics within a high-resolution (2.5–6 km)
regional ocean model of the East Australian Current (EAC) System, a western boundary current with a high level of
mesoscale eddy activity. We find that the largest time-mean cross-shelf flows (.4 Sv per 100 km; 1 Sv ≡ 106 m3 s21) occur
inshore of the coherent western boundary current, between 268 and 308S, while the strongest time-varying flows occur in
the EAC southern extension, poleward of 328S, associated with mesoscale eddies. Using a novel diagnostic equation
derived from the momentum budget we show that the cross-shelf transport is dominated by the baroclinic and geostrophic
component of the velocities, as the EAC jet is relatively free to flow over the variable shelfbreak topography. However,
topographic interactions are also important and act through the bottom pressure torque term as a secondary driver of
cross-shelf transport. The importance of topographic interaction also increases in shallower water inshore of the coherent
jet. Downstream of separation, cross-shelf transport is more time-varying and associated with the interaction of mesoscale
eddies with the shelf. The identification of the change in nature and drivers of cross-shelf transport in eddy versus jet dominated
regimes may be applicable to understanding cross-shelf transport dynamics in other boundary current systems.

SIGNIFICANCE STATEMENT: Cross-shelf transport, i.e., the movement of water from the open ocean on or off
the continental shelf, is not reported often as it is difficult to measure and model. We demonstrate a simple but effective
method to do this and, using an ocean model, apply it to the East Australian Current System and show what drives it.
The results show two distinct regimes, which differ depending on which part of the current system you are in. Our re-
sults help to place observations of cross-shelf transport in better context and provide a framework within which to con-
sider the transport of other things such as heat and carbon from the open ocean to the continental shelf.
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1. Introduction

In coastal and shelf systems, alongshore currents generally
dominate the three-dimensional flow. However, due to the
strong cross-shelf gradients in temperature, salinity, and bio-
logical tracers, cross-shelf flows can have a disproportionately
large impact on the physical and biological variability of the
shelf system despite their relatively small magnitudes (Brink
2016). This disproportionate importance of cross-shelf flows
can be amplified in western boundary current systems, such as
the East Australian Current (EAC). The EAC is the western
boundary current of the South Pacific subtropical gyre and
impacts the continental shelf of eastern Australia in two

distinct regimes; the EAC jet, a continuous current flowing
poleward along the continental shelf between approximately
258 and 328S, and the EAC southern extension, an eddy-
dominated poleward flow which extends from ∼328S to the
southern tip of Tasmania (∼428S) (Oke et al. 2019). These
contrasting flow regimes (illustrated in Fig. 1) are divided by
the EAC separation zone, where the EAC jet leaves the con-
tinental shelf. The exact separation latitude varies from as far
upstream as 288S to as far downstream as 388S, but most often
occurs between 318 and 338S (Cetina-Heredia et al. 2014) and
has been linked to mesoscale eddy-shedding events (Mata
et al. 2006; Cetina-Heredia et al. 2014).

The difficulty in quantifying, and the possible impact of
cross-shelf flows in this type of western boundary system, is
amplified due to large cross-shelf velocity (Fig. 1a) and tem-
perature gradients (Fig. 1b), the latter of which can reach up
to 0.28C km21 in the EAC system (Schaeffer et al. 2013). This
means that an intrusion of the poleward flowing EAC onto
the continental shelf has the potential to carry with it large
amounts of heat or other tracers. However, to quantify the
cross-shelf flows ultimately responsible for these large cross-
shelf tracer transports, one confronts the difficulty of separating
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out a small signal (cross-shelf volume transport), from the much
larger “noise” of along-shelf volume transport. An accurate
understanding of cross-shelf flows and their dynamical drivers is
important as, for example, their relative strength is a key deter-
minant of whether a shelf region is a net source or sink of atmo-
spheric carbon (Cai et al. 2006).

The dynamics of cross-shelf mass and tracer transport
appear to differ considerably across the different western
boundary currents. In the Mid-Atlantic bight on the eastern
seaboard of the United States, cross-shore transport of warm
Gulf Stream water via warm core rings has been well docu-
mented (Cenedese et al. 2013; Zhang and Gawarkiewicz 2015;
Zhang and Partida 2018; Cherian and Brink 2018). In the
southwest Atlantic, Lagrangian tracking methods in a numeri-
cal model show that 95% of shelf water at 328S was advected
onto the shelf far upstream at 228S and that cross-shelf trans-
port is significantly correlated with local wind stress variability
(Combes et al. 2021). In contrast, in the Agulhas Current sys-
tem, large propagating meanders drive cross-shelf exchange
(Malan et al. 2018) and are uncorrelated with local wind vari-
ability. In the Kuroshio poleward of Taiwan, the flow is
known to intrude onto the shelf as it widens, with the resulting
cross-shelf mass transport being attributed to both the
Kuroshio jet encountering a steep rise in the bathymetry
(Hsueh et al. 1996), as well as large intrusions driven by cyclonic
eddies (Vélez-Belchı́ et al. 2013). Similar dynamics appear to be
at play on the Antarctic shelf, with recent work emphasizing the
role of bathymetry in the exchange of circumpolar deep water
and dense shelf water (Morrison et al. 2020), as well as the role
of bottom Ekman transport in driving cross-shelf tracer fluxes
(Spence et al. 2017; Webb et al. 2019).

In the EAC system, previous work looking at cross-shelf flows
has focused on specific locations upstream and downstream

of the EAC separation point using data from mooring arrays
(Roughan and Middleton 2002, 2004; Schaeffer et al. 2013)
and high-frequency radar systems (Archer et al. 2017). Prior
to separation from the coast, the EAC jet itself can act as a
barrier to the onshore movement of simulated Lagrangian
particles (Roughan et al. 2011). Observational work using
moorings at 308 and 348S has shown that both along- and
across-shelf momentum balances are dominated by the baro-
tropic pressure gradient term (Roughan and Middleton 2004;
Schaeffer et al. 2013). Similarly to the Antarctic shelf, bottom
Ekman transport can also drive cross-shelf tracer transport
in the EAC (Roughan and Middleton 2002, 2004). The
encroachment of the EAC jet onto the shelf is stronger at
308S, where the EAC jet is more coherent, compared to down-
stream of separation at 348S. Archer et al. (2017) quantify the
effect of the EAC jet meandering onto the continental shelf
at 308S, showing a dominant scale of variability at 65–100 days,
related to the EAC eddy-shedding time scale.

Other studies have investigated the role of eddy-driven pro-
cesses as potential drivers of cross-shelf volume transport.
Three separate categories have been identified: frontal eddies
inshore of the main EAC jet (Schaeffer and Roughan 2017;
Mantovanelli et al. 2017; Roughan et al. 2017), mesoscale ed-
dies downstream of the separation point (Cetina-Heredia et al.
2019a,b; Malan et al. 2020; Archer et al. 2020), and the semi-
permanent cyclonic eddy occurring in the equatorward part of
the current, sometimes called the Fraser Gyre (Ribbe and
Brieva 2016; Azis Ismail et al. 2017; Azis Ismail and Ribbe
2019). However, the importance of these various processes to
cross-shelf mass and tracer transports in the EAC system is
currently unknown.

Ribbat et al. (2020) used a limited model domain and
2 years of model output to explore cross-shelf transport at the

FIG. 1. One day snapshot (12 Jan 1994) from the EAC-ROMS model, showing conditions typical of the EAC system
in (a) surface current speed (shaded) and direction (vectors), with the inset map showing the position of the model domain
on the Australian coast and (b) sea surface temperature, in the EAC system. The isobaths at 200 m (dashed line) and
1000 m (solid line) are shown in black. Note the relationship between temperature and velocity, the strong along-shelf
velocities, as well as the narrow current (jet) equatorward of 328S and the eddying southern extension poleward of 328S.
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EAC separation zone. They used boxes approximately aligned
with isobaths to show a maximum in offshore volume trans-
port between 328 and 338S with variable onshore volume trans-
port from 338 to 348S. Here we extend and generalize this
approach to quantify cross-shelf volume transport, including
its variability and dynamical drivers for the first time, along
the entire length of the EAC system over two decades.

The paper is laid out as follows. Section 2 introduces the
model configuration and a budget-based approach for calcu-
lating cross-shelf transport. Section 3 explores the time-mean
state and distribution of cross-shelf transport in the EAC sys-
tem using the budget-based approach. Section 4 derives a new
cross-shelf momentum budget and uses it to examine the dy-
namical drivers of cross-shelf transport. Section 5 looks at
eddy and other time-varying effects. Section 6 concludes and
summarizes the results and their implications.

2. Model configuration and methods

We use a free-running (i.e., non-data-assimilating) configu-
ration of the Regional Ocean Modeling System (ROMS) that
has been used in previous studies of the EAC system (EAC-
ROMS) (Kerry et al. 2016; Rocha et al. 2019; Kerry and
Roughan 2020; Kerry et al. 2020; Schilling et al. 2020; Phillips
et al. 2020; Li et al. 2021b, 2022). The model domain extends
from 25.38 to 38.58S, and from the coast to ∼1000 km offshore.
The grid is rotated 208 clockwise so as to be aligned with the
coastline (Fig. 1). The horizontal resolution is variable in the
cross-shelf direction, ranging from 2.5 to 6 km (1/448–1/188),
with the highest resolution over the continental shelf and
5 km (1/228) in the along-shelf direction. There are 30 vertical
s layers with enhanced vertical resolution in the upper 400 m
and the bottom boundary layer. The 2.5-level, second-
moment turbulence closure scheme (Mellor and Yamada
1982) is used to parameterize the vertical turbulent mixing of
momentum and tracers. Bathymetry is from the 50-m high-
resolution Multibeam Dataset for Australia from Geoscience
Australia (Whiteway 2009), and horizontal pressure gradient
errors are minimized to an acceptable level using careful
smoothing to ensure the position of the shelf break is accurate
(Kerry et al. 2016). The model initial and boundary conditions
are taken from CSIRO’s Australia Bluelink ReANalysis
(BRAN2016), which has a horizontal resolution of 1/108 (Oke
et al. 2008, 2013). The model is forced with the hourly Bureau
of Meteorology Atmospheric high-resolution Regional Rean-
alysis for Australia (BARRA-R) with a horizontal resolution
of 12 km (Su et al. 2019). The tidal forcing used in this study is
extracted from the TPXO8 global tidal model (Egbert and
Erofeeva 2002). The model runs from 1 January 1994 to
1 October 2016, showing a good representation of the hydro-
dynamics of the shelf waters inshore of the EAC (Li et al.
2021a,b). Model output is saved as daily averages, with mo-
mentum diagnostics (used in section 4) output monthly from
2010 to 2015. The higher resolution of the model grid in the
cross-shelf direction enables the mesoscale variability, as well
as the latitude at which the EAC separates from the coast, to
be well represented when compared to satellite altimetry (see
Fig. 2 of Kerry et al. 2016). Full details of the model set up,

physics parameterizations and validation can be found in
Kerry et al. (2016), Kerry and Roughan (2020), and Li et al.
(2021a), specifically the EAC separation latitude which is of
relevance to this study has been shown to be well represented
in this model by Kerry and Roughan (2020).

a. Approaches in quantifying cross-shelf transport

In current systems where along-shelf currents are relatively
weak, cross-shelf flow can be estimated by using velocities
normal to straight sections angled to approximate the coast-
line [e.g., Zaba et al. (2020) in the California Current] or if
the domain is sufficiently small, on isobaths (Azis Ismail and
Ribbe 2019; Ribbat et al. 2020). However, in more typical
western boundary current systems, where along-shelf veloci-
ties can be more than an order of magnitude greater than
cross-shelf velocities, more care is required. Past studies have
quantified cross-shelf transport by rotating the model’s veloci-
ties normal to the local direction of an isobath and then inte-
grating this transport along the length of that isobath (Levin
et al. 2019, 2020, 2021; Guerrero et al. 2020). Unless done
carefully, the interpolation and rotation operations performed
in this process can result in inconsistencies with the mass bud-
get of the underlying numerical model (and may be particu-
larly problematic for high-resolution models which resolve
complex bathymetric gradients). To alleviate these issues, we
apply a “budget-based” approach which remains true to the
numerical discretization of the underlying model (i.e., in this
case to the ROMS Arakawa C grid configuration).

We start with the depth-integrated continuity equation

2ht 5 ∇ · U, (1)

where U5 (U,V)5 �h
2H

u dz is the depth-integral of the hori-
zontal velocity vector u 5 (u, y) and ht is the sea surface
height tendency. This equation is derived from the Boussinesq
continuity equation, integrated over a water column from the
seafloor at z 5 2H(x, y) to the sea surface at z 5 h(x, y, t),
and applying the Leibniz integral rule with no-normal flow
boundary conditions at the sea floor and kinematic boundary
condition at sea surface, and neglecting surface volume fluxes.
Here, x and y are the model coordinate directions (i.e., y points
208 east of north, while x points 208 south of east, Fig. 1).

Using the divergence theorem to integrate Eq. (1) over a
section of the shelf, bounded by two “zonal” model coordi-
nate surfaces y1 to the southwest and y2 to the northeast, the
coastline, and the shelf edge (taken as the 1000-m isobath un-
less otherwise stated) yields

2

� �
A
ht dA 5

� �
A
∇ · U dA 5

�x2(21000m)

x2(0m)
V(x, y2)dx

2

�x1(21000m)

x1(0m)
V(x, y1)dx 1

�
P
U · n̂ d‘, (2)

where xi(h) satisfies 2H[xi(h), yi] 5 h so that x1(0), for exam-
ple, is the x position of the coast at y1, and n̂ 5 ∇H/|∇H| is the
downslope unit vector. In this study we mainly use the 1000-m
isobath as the offshore bound of x, making A the shelf area
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between along-coast limits y1 and y2 and between the coast
and the 1000-m isobath.

In other words, the cross-shelf transport [last term in
Eq. (2)] can be simply calculated as the convergence of the
“meridional” transport across zonal model coordinate surfa-
ces on the shelf, minus some small influence caused by tempo-
ral variations in sea surface height (negligible in this case).
This calculation can be applied across the entire shelf, as well
as to each individual row of model grid cells extending from
the coast to the shelf edge, which we numerically take as the
last grid cell in each model row having a bathymetric depth
less than 1000 m. Note that this budget-based method does
not rely on along-shelf transport being orthogonal to cross-
shelf transport, only that the faces of the cells used to calcu-
late the alongshore transport intersect the 1000-m isobath.
The method would need to be trivially modified for regions
where the isobaths in question are better aligned with the
model’s U transport component, rather than its V transport
component as in our case. The grid of our ROMS configura-
tion is rotated 208 from true north and as this approximates
the direction of the shelf edge, for convenience we will refer
to transport in the y direction on the model grid as “along-
shelf.”

A test of the efficacy of this method and its ability to con-
serve volume is that when integrating the cross-shelf transport
calculated from Eq. (2) along the length of the EAC shelf
(25.58–38.98S), it should balance with the amount of water
that flows in and out of the northern and southern boundaries
of the EAC shelf. This balance is shown in Fig. 2, with the
northern and southern boundaries shown by the gray lines in
Fig. 3 at 268 and 388S, respectively. The residual between the
cross-shelf transport, the inflow at the north, and the outflow
at the south is negligible (of order 1029 Sv; 1 Sv ≡ 106 m3 s21).
It is associated with small influences from 1) the neglect of
surface volume fluxes over the shelf and 2) any temporal alias-
ing in the offline calculation of the SSH tendency term from
the time-averaged daily output [left-hand side of Eq. (2)].

3. Along and across-shelf transports in the EAC

Using the budget-based approach we quantify the along-
shelf transports and the associated cross-shelf transport across
the 1000-m isobath (as summarized in 28 latitude bands in
Fig. 3a). All time-mean along-shelf transports are southward
(poleward), while cross-shelf transports in the EAC jet region
equatorward of 328S are characterized by large spatially
alternating zones of time-mean cross-shelf transport and low
variability. In contrast, cross-shelf transports are generally
weaker and offshore poleward of 328S, in the eddy-dominated
EAC southern extension. Southward transport on the shelf is
1.89 Sv at 268S and increases to 5.41 Sv at 288S, fed by 3.55 Sv
of onshore transport in this region. However, a cumulative sum
(Fig. 3b) shows that most of this mass leaves the shelf between
288 and 308S, where there is an offshore cross-shelf transport of
3.34 Sv as the southward transport on the shelf reduces to 2.68 Sv.
An increase in southward along-shelf transport to 3.42 Sv at 328S
results in a corresponding onshore transport of 1.12 Sv between
308 and 328S.

In the more eddy-dominated region poleward of 328S, the
time-mean southward along shelf transport of 1.59 Sv at 348S
is progressively lost offshore, with only 0.02 Sv of southward
transport remaining at 388S. In summary, in the EAC jet re-
gion (equatorward of 328S in Fig. 3b), the southward shelf
transport peaks twice (at 288 and 328S) as a result of net on-
shore transport, while poleward of 328S, southward shelf
transport decreases with increasing latitude, resulting in net
offshore transport. Cross-shelf transport also makes up a
greater proportion of the overall shelf circulation (at the
scales captured by Fig. 3) in the eddy-dominated region pole-
ward of 328S than in the EAC jet region. This schematic view
is by necessity a simplification to gain a high-level understand-
ing of the nature of the cross and along-shelf volume transport
along the length of the EAC system. The cumulative sum of
the mean cross-shelf transport (Fig. 3b) shows the complexity
of the cross-shelf flows at smaller scales, especially between
288 and 308S and poleward of 328S where there are multiple
reversals between onshore and offshore transport.

The onshore and offshore transport reversals equatorward
of 328S and thus inshore of the EAC jet appear to be associ-
ated with changes in the orientation of the shelf break (see
1000-m isobath in Fig. 3a). Here the jet meanders on and off
the shelf [previously studied in observations by Archer et al.
(2017)] resulting in high (.0.2 m s21) time-mean bottom cur-
rent speeds on the shelf (Fig. 4a). High bottom speed values
at 288, 298, and 318S coincide with peaks in onshore time-
mean volume transport seen in Fig. 5c. The incursion of the
EAC onto the shelf at these points has previously been con-
nected to bottom Ekman upwelling processes using both
observational data (Roughan et al. 2003; Roughan and
Middleton 2004) and model output (Oke and Middleton 2000),

FIG. 2. Time series of the shelf volume budget from Eq. (2) inte-
grated along the length of the EAC-ROMS model domain
(25.58–38.98S). “Inflow” is the along-shelf transport at the northern
end of the model domain, “outflow” is the along-shelf transport at
the southern end of the domain (positive values are northward
along-shelf transport), “cross-shelf transport” is the line integral of
transport across the 1000-m isobath between 25.58 and 38.98S, with
positive values indicating offshore transport, and “residual” is the
rate of volume change due to changing sea surface height, which is
negligible.
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and is also connected to an acceleration of the EAC
directly downstream of where the shelf narrows and the
coastline extends in the form of protruding capes (Cape Byron
at 28.68S and Smoky Cape at 318S). As was the case for
the cross-shelf transport, the time-mean bottom current
speed weakens poleward of 328S while variability increases
(Fig. 4b).

The latitudinal distribution of the zones of onshore and off-
shore cross-shelf transport persists if, instead of transport
across the 1000-m isobath, we consider transport across the
200-m isobath (Fig. 6). Although smaller in magnitude due to
the shallower water column, the same persistent alternating
bands of cross-shelf transport are seen equatorward of 328S,
while the cross-shelf flows poleward of 328S are far more vari-
able (Fig. 6a). As seen in the 1000-m cross-shelf transport,
mean values of cross-shelf transport across the 200-m isobath
are highest in the equatorward half of the domain, but with

higher standard deviations in the poleward half of the domain
(Fig. 6c). The consistency of the cross-shelf flow between the
1000- and 200-m isobaths shows that the drivers of cross-shelf
volume transport are likely to be coherent across the shelf
break, and not limited specifically to the 1000-m isobath.

4. Diagnosing drivers of time-mean cross-shelf transport

a. Theory

In the previous sections we put forward a simple method
for quantifying cross-shelf volume transport, and we de-
scribed its time-mean state along the latitudinal extent of the
EAC system. Next it is useful to look at the dynamical drivers
of this time-mean cross-shelf transport in terms of a cross-
isobath transport budget derived from the momentum
equations.

FIG. 3. Schematic view of (a) time-mean along-shelf and across-shelf transports through boxes divided into 28 latitu-
dinal bands that extend from the coast to the 1000-m isobath. Gray arrows show poleward shelf transports (values in
dark gray boxes) across sections from the coast to the 1000-m isobath (marked by gray lines), orange lines show cross-
shelf transports across 1000-m isobaths at 28 latitudinal intervals (values in light gray boxes). Negative across-shelf
values show onshore transport and positive along-shelf values show southward transport and (b) cumulative sum of
time-mean 1000-m cross-shelf transport in the EAC system.
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To derive a diagnostic formula for the cross-shelf transport,
we begin with the instantaneous, primitive, and Boussinesq
horizontal momentum equation written as

f k̂ 3 u 5 2∇zp 1 tz 1 a, (3)

where k̂ is the upward unit vector, u is the horizontal velocity,
f is the Coriolis parameter, p is the potential for the pressure
gradient acceleration with ∇zp its horizontal gradient, tz is the
vertical stress divergence, and a captures all remaining terms
(including tendency, advection, and lateral friction). Specifi-
cally, p5 p̃/r0, where p̃ is the pressure and r0 is the Boussi-
nesq reference density. Similarly, let g5 g̃/r0, where g̃ is the
gravitational acceleration. We now vertically integrate Eq. (3)
from2H to h:

f k̂ 3 U 5 2 (h∇ps 1 H∇pb 1 ∇x) 1 ts 2 tb 1 A, (4)

where ps 5 p|z5h and pb 5 p|z52H are the surface and bottom
pressures (scaled by r0),

x 5 g
�h

2H
zr dz (5)

is the potential energy (scaled by r0) relative to z 5 0 and
is a measure of the baroclinicity of the flow, ts 5 t|z5h and
tb 5 t|z52H are the surface and bottom frictional stresses,
and A5

�h
2H

a dz. To obtain Eq. (4), we manipulated the ver-
tically integrated pressure gradient acceleration using the
Leibniz integral rule, integration by parts, and hydrostatic
balance, ­zp5 2gr, as

�h

2H
∇zpdz 5 ∇

�h

2H
pdz

( )
2 ps∇h 2 pb∇H (6a)

5 ∇ psh 1 pbH 2

�h

2H
z(2gr)dz

[ ]

2 ps∇h 2 pb∇H (6b)

5 h∇ps 1 H∇pb 1 ∇x: (6c)

A brief mathematical interlude is needed. In Eq. (3), all
terms are 3D vector fields with zero vertical (k̂) component.
In contrast, all terms in Eq. (4) are 2D vector fields; e.g., ∇ps
is a 2D vector field since ps is a scalar field in 2D space. If
k̂ 5 (0;0;1) is a 3D vector field and U 5 (U, V) is a 2D vector
field, the usual cross product between these variables is

FIG. 4. (a) Time mean and (b) standard deviation of bottom current speed (taken from the deepest model layer)
in the EAC system.
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undefined. Instead, we use k̂ 3U as special notation, de-
fined as follows. Let U3 denote the embedding of the 2D
vector field U into 3D space: U3 5 (U, V, 0). Similarly, let
v2 denote the projection of a 3D vector field v 5 (u, y, w)
into 2D space: v2 5 (u, y). Now we define the 908 counter-
clockwise rotation, the curl of a 2D vector field, and the
cross product of two 2D vector fields, as, respectively,

k̂ 3 U ≡ (k̂ 3 U3)2 5 (2V,U), (7a)

∇2 3 U ≡ k̂ · ∇ 3 U3 5 ­xV 2 ­yU, (7b)

m 3 U ≡ k̂ · (m3 3 U3) 5 mV 2 nU (7c)

where m 5 (m, n) here. These rules allow us to apply many
familiar rules from 3D vector calculus to 2D vectors. The
following identities, with f any (smooth) scalar field in 2D
space, will be useful:

∇2 3 ∇f 5 0, (8a)

∇2 3 (fU) 5 f(∇2 3 U) 1 ∇f 3 U, (8b)

m · U 5 m 3 (k̂ 3 U), (8c)

∇ · (fU) 5 ∇2 3 (f k̂ 3 U): (8d)

Hughes and Killworth (1995) discuss the useful equations
that result from dividing the depth-integrated momentum
equation by 1, H, or f, and then taking its curl. Following the
first option, taking the curl of Eq. (4) eliminates the ∇x term
and yields an equation for the vorticity of the depth-inte-
grated flow (also called the barotropic vorticity equation),

U · ∇f 5 ∇2 3 (2h∇ps 2 H∇pb 1 ts 2 tb 1 A) 1 fht,

(9)

having used Eqs. (8d) and (1). Equation (9) is a diagnostic
equation for transport across f contours (latitude circles). This
classic equation reduces to the even more classic Sverdrup
balance bV5 ∇2 3 ts bV 5 ∇2 3 ts (with b 5 df/dy) in a spe-
cial limit that, most principally, requires constant H.

Next, following the second suggestion of Hughes and
Killworth (1995), dividing Eq. (4) by H and then taking the

FIG. 5. Cross-shelf transport across the 1000-m isobath in the EAC system, showing (a) Hovmöller plot of cross-
shelf transport, (b) location of the 1000-m isobath, and (c) time mean (red) and standard deviation (shaded) of cross-
shelf transport. In (a) and (c), cross-shelf volume transport is given in units of Sv per 100 km of latitude.
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2D curl eliminates the (H∇pb)/H term and yields an equation
for the vorticity of the depth-averaged flow (also called the
barotropic potential vorticity equation),

U · ∇ f
H

( )
5 ∇2 3 2

h

H
∇ps 2

1
H

∇x 1
1
H

(ts 2 tb 1 A)
[ ]

1
f
H

ht, (10)

again using Eqs. (8d) and (1). Equation (10) is a diagnostic
equation for transport across f/H contours (barotropic poten-
tial vorticity contours). The term ∇2 3 (H21∇x) is nonzero
when bathymetric contours (H) are misaligned with contours
of x, and so is known as the joint effect of baroclinicity and re-
lief (JEBAR; Sarkisyan and Ivanov 1971).

Physically, it is the bottom geostrophic flow that interacts
with the bottom topography to produce a vertical velocity
via the no-normal flow boundary condition, and the vortex
stretching imposed by this bottom velocity appears in
the barotropic vorticity equation, Eq. (9) via the bottom
pressure torque. In Eq. (10), the JEBAR term arises be-
cause the vertically averaged geostrophic velocity is made

to interact with the bottom topography. Correcting for this
unphysical interaction, JEBAR can be interpreted in terms
of topographic interactions with the difference between the
bottom geostrophic flow and the vertically averaged geo-
strophic flow (Mertz and Wright 1992). This understanding
of JEBAR as a correction for an unphysical process forms
the basis for a prominent critique of JEBAR, as argued by
Cane et al. (1998): JEBAR can be a large term in Eq. (10)
even in cases where the topographic form drag, i.e., the
pressure force exerted by the bottom topography on the
flow, is precisely zero. For example, consider a layer of
dense, stationary fluid that occupies the ocean up to the
level of the highest (nonvertical) bathymetry. With non-
stationary flow above this level, the flow is baroclinic and
JEBAR can be large, despite there being no interaction be-
tween the flow and the topography. Our case of cross-shelf
transport is analogous: a shallow current can cross deep
isobaths, leading to a nonzero cross-shelf transport that is,
in our vertically integrated analysis, every bit as valid as
the cross-shelf transport created by a barotropic current.
Thus, for our purposes, we do not consider this a drawback
of JEBAR.

FIG. 6. Cross-shelf transport across the 200-m isobath in the EAC system, showing (a) Hovmöller plot of cross-shelf
transport, (b) location of the 200-m isobath, and (c) time mean (red) and standard deviation (shaded) of cross-shelf
transport. In (a) and (c), cross-shelf volume transport is given in units of Sv per 100 km of latitude.
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For small study regions where f varies far less than H in rel-
ative terms, Eq. (10) can serve as an approximate equation to
study the cross-shelf transport. However, the EAC stretches
meridionally over a vast region, from 268 to 388S, meaning
that f varies by 33% (relative to its value at 328S). A diagno-
stic equation for flow across H contours, rather than f/H
contours, is therefore preferred.

To obtain such a diagnostic equation for the cross-shelf
transport, we can deviate from the manipulations suggested
by Hughes and Killworth (1995), and instead take a new ap-
proach, dividing Eq. (4) by ( fH) and then taking the 2D curl
to obtain

U · ∇H21 5 ∇2 3 2
h

fH
∇ps 2

1
f
∇pb 2

1
fH

∇x
[

1
1
fH

(ts 2 tb 1 A)
]
1

1
H

ht: (11)

Defining n̂ 5 ∇H/|∇H|, the cross-shelf transport in the di-
rection of increasing seafloor depth is

U · n̂ 5 (U · ∇H21) 2H2

|∇H|
( )

, (12)

and hence may be diagnosed from Eq. (11) with a simple re-
scaling of the right-hand side by2H2/|∇H|.

A different formulation of the (scaled) cross-shelf transport
budget can be obtained directly from Eq. (12). Starting with
U · ∇H21, applying Eq. (8c) turns this into ∇H21 3 (k̂ 3U),
then substituting in Eq. (4) yields

U · ∇H21 5 f21∇H21 3 (2h∇ps 2 H∇pb
2 ∇x 1 ts 2 tb 1 A): (13)

This can be re-expressed, using Eq. (8b), as

U · ∇H21 5
1
f
∇2 3 2

h

H
∇ps 2

1
H

∇x 1
1
H

(ts 2 tb 1 A)
[ ]

2
1
fH

∇2 3 (2h∇ps 2 H∇pb 1 ts 2 tb 1 A):
(14)

Reminiscent of the depth-integrated and depth-averaged vor-
ticity equations, the bottom pressure torque is eliminated in the
top line, and JEBAR is eliminated in the bottom line. Indeed,
Eq. (14) can be also obtained by combining the depth-averaged
and depth-integrated vorticity budgets Eqs. (10) and (9): noting
that ∇H21 5 f21∇( f/H) 2 ( fH)21∇f, the linear combination
f21 2 ( fH)21 yields Eq. (14) and eliminates the ht terms.

We will use Eq. (14) to analyze the dynamic drivers of cross-
shelf transport in our model. Next, we discuss the reasons to
prefer Eq. (14) over Eq. (11) for this task, but readers who are
primarily interested in the results may skip to section 4b.

Relative to Eq. (11), the advantage of Eqs. (13) and (14)
is that they do not pack many terms together into a term in-
volving ∇ · U 5 2ht. This means that the transport U can be
decomposed, from Eq. (4), into a sum of flows with distinct
drivers, and the (scaled) cross-shelf transport associated with

each of these components is correctly diagnosed in Eqs. (13)
and (1), simply by its projection onto n̂ or ∇H21. For example,
the Ekman transport UEk 5 2f21k̂ 3 ts is the transport
driven by ts, and its (scaled) cross-shelf transport is

UEk · ∇H21 5 ∇H21 3 (k̂ 3 UEk) (15a)

5 ∇H21 3 ( f21ts) (15b)

5 f21∇2 3 (H21ts) 2 (H21ts)21∇2 3 ts, (15c)

as appears in Eqs. (13) and (14). In contrast, it is incorrect to
take ∇2 3 [( fH)21ts] from Eq. (11) as the (scaled) cross-shelf
transport driven by ts, because UEk has nonnegligible diver-
gence, which combines with the divergences of other compo-
nents to produce the negligible term H21ht in Eq. (11). That is,
∇23 [( fH)21ts]5 ∇ · (H21UEk)5 UEk · ∇H211 H21(∇ · UEk);
the second term in the last expression is not negligible.

The dominant transport component is the geostrophic
transport, which we can further decompose into baroclinic
and barotropic components. One common definition of the
barotropic flow is the depth-mean flow extended uniformly
over a depth H 1 h, but then the baroclinic component has
zero transport}in any direction, not just the cross-shelf
direction}so this is not a useful decomposition for our purposes.
Instead, we decompose the geostrophic transport into

1) the barotropic geostrophic transport defined as ugbH, i.e.,
the bottom geostrophic flow extended vertically over a
distance H, and

2) the remainder, which is the baroclinic geostrophic trans-
port from z 5 2H to z 5 0 plus the total geostrophic
transport from z 5 0 to h.

To better understand component 1, consider the bottom
geostrophic flow ugb, which satisfies

f k̂ 3 ugb 5 2∇zp|z52H 5 2(∇pb 2 rbg∇H), (16)

where rb 5 r|z52H is the bottom in situ density. The transport
of the barotropic geostrophic component 1 is Hugb and its
(scaled) cross-shelf transport is

Hugb · ∇H21 5 ∇H21 3 (k̂ 3 Hugb) (17a)

5
21
H2 ∇H
( )

3 (2∇pb 1 rbg∇H)H
f

(17b)

5
1
fH

∇2 3 (H∇pb): (17c)

Thus, the bottom pressure torque term in Eq. (14) is the
cross-shelf transport caused by component 1. This is readily
understood: in Eq. (17b), the transport Hugb is decomposed
into a flow along pb contours and a flow alongH contours; the
latter, by definition, produces no cross-shelf transport, while
the former produces cross-shelf transport wherever the pb
contours are misaligned with the H contours, i.e., when the
bottom pressure torque is nonzero.
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The (scaled) cross-shelf transport due to the geostrophic
component 2 is simply the ps and x terms in Eq. (14) that arise
from the pressure gradient. To understand these better, note
that

∇x 5 rsgh∇h 2 rbgH∇H 1 g
�h

2H
z∇zr dz (18)

via the Leibniz integral rule. Consider the right-hand side of
Eq. (18): the last term gives the total baroclinic geostrophic
transport; the first term combines with the h∇ps term in
Eq. (13) to give the (scaled) cross-shelf transport due to the
surface geostrophic flow extended over a distance h; the mid-
dle term is part of the bottom geostrophic flow and generates
precisely zero cross-shelf transport. However, this decomposi-
tion of ∇x undesirably separates component (ii) into subcom-
ponents (the total baroclinic geostrophic transport and the
surface geostrophic transport between z 5 0 and h) that
have nonzero curl, which would manifest when going from
Eqs. (13) to (14). In our system, the surface geostrophic trans-
port between z 5 0 and h is negligible compared to the total
baroclinic geostrophic transport, so we leave ∇x undecom-
posed, and use Eq. (14) as our primary diagnostic equation.

b. Results

To explore the role of each of the terms in Eq. (14), we cal-
culate the contributions to the cross-shelf transport using di-
agnostic output from EAC-ROMS for the depth-averaged
lateral momentum equation. Due to resource constraints we
did not run the momentum budget for the full 22 years, and
instead use the years from 2010 to 2015. Figure A1 in the
appendix shows that use of this 5-yr period is consistent with
the longer 22-yr period used elsewhere. As our analysis is
restricted to the mean state, we assume that the mean momen-
tum balance [Eq. (14)] driving this mean cross-shore transport
is also consistent over the 5- and 22-yr periods.

Numerically, we first multiply the depth-averaged lateral
momentum diagnostics by h 1 H averaged onto the U and V
grids, as the model does, to obtain the depth-integrated lateral
momentum terms. Next, we decompose the pressure gradient
acceleration as in Eq. (6a), with the model diagnostic provid-
ing the left-hand side of Eq. (6a). We directly calculate the
surface and bottom pressure terms by averaging h andH onto
the U and V grid and by taking first differences of ps and pb.
Then, we take the baroclinic term ∇x as a residual. Next, we
take the curl of these diagnostics to obtain the depth-
integrated vorticity terms, which we then divide by f and H
(both averaged onto the vorticity grid from four surrounding
tracer grid points) to obtain the bottom line of Eq. (14). Simi-
larly, we divide these diagnostics by H (averaged onto the U
and V grids) then take the curl to obtain the depth-averaged
vorticity terms, which we then divide by f (again, averaged
onto the vorticity grid) to obtain the top line of Eq. (14).
Applying both of these operations to the Coriolis diagnostic
term and subtracting yields the scaled cross-shelf transport,
U · ∇H21 via Eq. (8d) on the left-hand side of Eq. (14).
Finally, we scale everything by 2H2/|∇H|, with H averaged
onto the vorticity grid as above, and with |∇H| obtained by

squaring the first differences of H on the U and V grids, then
interpolating these onto the vorticity grid, summing, and
taking the square root. Crucially, our numerics satisfy the
vector identity ∇2 3 (H21∇H) 5 0, so that the bottom pres-
sure torque, ∇2 3 (H21∇pb) is independent of the passive
part of the bottom pressure, namely, gHr0 for an arbitrary
density r0.

Figure 7 shows the contributions of the x (JEBAR), bottom
pressure torque, surface stress, bottom stress, and nonlinear
advection terms to the time-mean cross-isobath transport
Eq. (14). The other terms, namely, those due to surface pres-
sure, tendency, and lateral viscosity, are negligible and hence
not shown. The terms are multiplied by the scale factor
2H2/|∇H| as per Eq. (12), giving units of m2 s21, then multi-
plied by 0.1 to get Sv per 100 km (consistent with previous
figures). To highlight the shelf region, the terms are plotted
on axes of distance offshore from the coast and latitude.

We now examine the various cross-shelf transport terms
at the 1000-m isobath. The cross-shelf transport calculated
from the Coriolis term in the online momentum equation
diagnostic, i.e., the left-hand side of Eq. (14), produces cross-
shelf transport values (Figs. 7a,b) consistent in magnitude and
sign with those calculated using Eq. (2) barring some small
(,1 Sv per 100 km) isolated differences where the shelf edge
is particularly steep (These differences arise because of model
numerics, time-averaging and the need to interpolate between
the separate locations of the two velocity components on an
Arakawa C grid.). The x term (Fig. 7c), which accounts for
baroclinic geostrophic cross-shelf transport plus a small con-
tribution from the surface geostrophic flow, is 5 times greater
in magnitude than the other terms of the balance, dominating
the cross-shelf transport, particularly between the 200- and
1000-m isobaths. The second most important contribution
comes from direct interaction between the flow and the
bathymetry via the bottom pressure torque (Fig. 7d), which
accounts for cross-shelf transport driven by the bottom geo-
strophic flow. The dominance of these two terms together im-
plies that cross-shelf transport in this region is predominantly
geostrophic. The balance of terms is in broad agreement with
the observational cross-shelf momentum balance calculated at
308S by Schaeffer et al. (2013), who find geostrophy domi-
nates, with secondary contributions from bottom stress and
nonlinear advection. Between 268 and 308S, the cross-shelf
transport driven by x covaries strongly with the bathymetry
and drives onshore transport on the upstream side of the max-
ima in shelf width (at 288 and 29.58S) and offshore transport
on the downstream (lee) side. In other words, the cross-shelf
transport here is associated with meanders in the isobaths
underneath the baroclinic EAC jet that carries much of its
transport high in the water column and so has little direct
interaction with topography.

Bottom stress (Fig. 7e) has been documented to play an im-
portant role in local upwelling, through the bottom Ekman
transport processes examined observationally by Roughan
and Middleton (2002, 2004). The influence of these processes
can be seen in zones of onshore transport at 298–308S and
318–328S, but bottom stress does not play a large role in the
overall cross-shelf transport.
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The surface stress term (Fig. 7f) is notable for its lack of in-
fluence on the time-mean cross-shelf transport. This minor in-
fluence of wind on net cross-shelf transport had been hinted
at in previous observational studies (Wood et al. 2012; Rossi
et al. 2014), but here we are able to show the limited impact
of surface stress across the whole EAC system. However, it is
important to note that our analysis so far is restricted to the
time-mean cross-shelf transport. The surface stress term could
have a larger impact on cross-shelf transport variability, e.g.,
associated with higher-frequency atmospheric variability such
as storms or the sea breeze.

At any single location, nonlinear advection (Fig. 7g) plays
a small but not insignificant role in comparison to the
geostrophic terms, x and pb. Nonlinear advection consistently
drives onshore transport across the shelf break between the
200- and 1000-m isobaths over the length of the EAC system,
rather than alternating between onshore and offshore trans-
port as is the case for the x and pb terms. Inshore of the
200-m isobath (on the midshelf), cross-shelf transport due to
nonlinear advection is much weaker and more variable. There
is a local maximum in the magnitude of the nonlinear term
(at 288S) which occurs in an area which has high barotropic
instabilities, indicating the shedding of anticyclonic eddies
from the EAC jet (Li et al. 2021b). The exact drivers of the
nonlinear term are difficult to diagnose, but in general it
appears to be positive (pointing offshore) where bottom
speeds are high (generally on the inshore edge of the jet) and

negative (pointing onshore) where bottom speeds are lower,
such as beneath the main EAC current core (Fig. 4). The
importance of the consistent onshore transport driven by
nonlinear advection is revealed when looking at the along-
shelf integral (from 268 to 388S) of the terms in Eq. (14)
(Fig. 8). When integrated along the length of the shelf, the
net onshore transport driven by nonlinear advection balances
the net offshore transport associated with x and bottom
pressure torque at both the 200- and 1000-m isobaths. This
balance shows the importance of nonlinear advection in
maintaining the overall shelf mass balance. The role of non-
linear advection in driving cross-shelf transport is not well
understood in the literature, and this term is often neglected
for simplicity in studies of the momentum balance (Everett
et al. 2012; Cetina-Heredia et al. 2014; Oke et al. 2019).
Also notable in Fig. 8 is the increase in the importance of
bottom pressure torque at the 200-m isobath compared to at
1000 m. This indicates that cross-shelf transport becomes
more barotropic and direct topographic interactions become
more important in the shallower water closer to the shelf.

5. Exploring time-varying cross-shelf transport

In addition to varying spatially along the coast, the cross-
shelf volume transport is also highly variable in time (Figs. 5a
and 6a). Onshore transport between 278 and 288S, responsible
for the transport of almost 4 Sv of water onto the shelf, is

FIG. 7. Time mean of the dominant terms in the cross-isobath volume transport budget (Sv per 100 km of latitude), namely, 2H2/|∇H|
times Eq. (14). Positive (red) values indicate offshore transport. (a) The cross-shelf transport U · n̂ at the 1000-m isobath, (b) the cross-
shelf transport U · n̂, and the cross-shelf transports driven by (c) the baroclinic geostrophic flow (x), (d) the bottom pressure torque ( pb),
(e) the bottom stress (tb), (f) the surface stress (ts), and (g) the vertically integrated nonlinear advection (

�h
2H

u · ∇u1 wuz dz). Note that
the terms in (d)–(g) have been multiplied by a factor of 5 for clarity. Axes in (b)–(g) are distance offshore from the coast in kilometers
and latitude. The 200- and 1000-m isobaths are shown by the dashed and solid contours, respectively.
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highly persistent. The return of this water offshore at 288S is
also semipermanent, with the notable exception of short
events, such as those in 2007 or 2013, where the flow structure
is interrupted for a period of approximately 2 months (Fig. 5a).
As the EAC flows poleward from 288 to 328S, the alternating
spatial peaks of onshore and offshore transport (visible in both
the time-mean and cumulative sum of cross-shelf transport;
Figs. 5c, 6c, and 3b) reduce in magnitude, as does the pole-
ward shelf transport (Fig. 3a), while variability increases in
the poleward direction (Figs. 5c and 6c). Poleward of 328S,
the magnitude of the time-mean cross-shelf transport is less

than a quarter of that observed upstream. However, the vari-
ability remains high (Figs. 5c and 6c), and the time-invariant
alternating pattern of onshore–offshore volume transport
bands observed between 268 and 328S is no longer present,
with cross-shelf transport becoming more variable in both
magnitude and sign.

As it is known that mesoscale eddies dominate the flow in the
EAC southern extension (Everett et al. 2012; Cetina-Heredia
et al. 2014; Oke et al. 2019), it is useful to decompose the vari-
ability by time scale. When filtered to retain variability in the
mesoscale time band [taken here as 60–200 days, following

FIG. 8. Time mean of dominant terms of the cross-isobath volume transport budget, Eq. (14), integrated from 268 to
388S, along the 200- and 1000-m isobaths.

FIG. 9. Hovmöller plot of cross-shelf transport anomalies (Sv per 100 km) bandpass filtered from 60 to 200 days, across the 1000-m iso-
bath between 2005 and 2015. The gray dashed line shows the timing of the case study in Fig. 11 and the black dashed lines show propaga-
tion of anomalies due to mesoscale eddies at a speed of approximately 1.85 km day21.
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Kerry and Roughan (2020)], the cross-shelf transport is charac-
terized by events that propagate poleward along the length of
the system (Fig. 9, highlighted by black dashed lines). These
events are most intense between 328 and 358S and propagate at
a rate of 0.58 of latitude per month, which equates to an eddy
advection speed of approximately ∼1.85 km day21. This speed is
consistent with the propagation rate of eddies observed in this
region (Pilo et al. 2015). Variability in the mesoscale time band
increases in magnitude poleward of 328S (from 2 to 3.5 Sv
per 100 km), with a peak at 338S and secondary peaks at
288 and 358S (Fig. 10). In contrast, variability at low frequencies
(.2 years) is relatively small and uniform with latitude. The
strongest cross-shelf transport events in the mesoscale band
(Fig. 9) occur at the same latitude (338S) as the median position
of eddy dipoles in the EAC separation zone. These counterro-
tating paired eddy structures have been observed to drive
strong jets directed toward the coast (Malan et al. 2020; Archer
et al. 2020) which deliver biota to the shelf (Cetina-Heredia
et al. 2019a). These eddy dipoles result in a maximum of
onshore transport variability at mesoscale frequencies at 338S
(Fig. 10). The secondary peak in cross-shelf transport variability
amplitude in the mesoscale time band at 288S also occurs in a
known area of cyclonic eddy activity (Li et al. 2021b), although
the signal is more complex here due to the strong time-mean
onshore transport associated with the acceleration of the EAC.

At the 5–30-day time scale, chosen to represent the “weather
band” where storm events and smaller instabilities such as
frontal eddies could drive cross-shelf transport, maxima in
variability occur at 278 and 348S (blue line in Fig. 10). The
link of this maxima in cross-shelf transport at 278S at a
5–30-day time scale to frontal eddy activity is consistent
with Azis Ismail and Ribbe (2019) who report frontal eddies

exporting order 1 Sv of shelf water at time scales ranging
from 7 to 38 days. As frontal eddy activity has been observed
along the length of the EAC system (Ribbe and Brieva
2016; Schaeffer and Roughan 2017; Roughan et al. 2017), the
presence of small frontal eddies could account for the vari-
ability in cross-shelf exchange of 1–3 Sv per 100 km from
268 to 388S (Fig. 10). An example of one of these small frontal
eddies can be seen in Fig. 11a between 358 and 368S, just
offshore of the 1000-m isobath.

The understanding of the dynamical conditions associated
with cross-shelf transport in different parts of the EAC system
described above is exemplified in a snapshot of SST and SSH,
along with the associated cross-shelf transport (Fig. 11). This
scenario shows a peak in onshore transport at 278S and alter-
nating patterns in the “jet regime” consistent with the time-
mean cross-shelf transport patterns shown in Figs. 5c and 6c.
However, the largest onshore transport actually occurs at
338S. As noted above, this onshore transport is associated
with a counterrotating eddy dipole structure, which drives
flow directly onshore. Notably, the interaction of the anticy-
clonic part of the eddy–dipole pair (centered at 358S) with the
shelf break can be seen in the deformation in shape of the sea
surface height contour which changes from circular to more
elongated where it crosses the shelf break at 338S. This defor-
mation occurs where onshore transport is largest and is con-
sistent with the findings of Cetina-Heredia et al. (2019a) that
eddies leak water when their shape is changed as they interact
with the shelf break. The details of how cross-shelf transport
is driven by the differing mechanisms of EAC jet bathymetry
as well as eddy–eddy–shelf interaction, one mostly time in-
variant and the other highly time variant, are evident in this
single snapshot of the EAC system.

6. Summary and implications

In this study we have used a high-resolution regional model
to explore the spatial structure and dynamical drivers of verti-
cally integrated cross-shelf transport in the EAC system. We
identified two separate regimes of cross-shelf volume trans-
port, associated with the dominant geostrophic flow pattern.
The EAC jet-dominated regime equatorward of 328S is char-
acterized by large spatially alternating time-mean cross-shelf
transport and low variability. In contrast, south of 328S in the
eddy-dominated regime the time-mean cross-shelf transport is
weak, but the variability is high. This clear difference in cross-shelf
transport dynamics between the jet and eddy-dominated regions
of the EAC may be useful for the interpretation of cross-shelf
flows in other western boundary currents, which all feature eddy
or jet dominated regions to some extent despite differing in their
bathymetry, separation points, and total transport.

From our results, the relationship between the baroclinicity
of the surface-intensified western boundary current jet and
the depth of the shelf break appears important for the magni-
tude of cross-shelf volume transport in the jet region. This
could lead to less cross-shelf transport in systems with a
deeper jet, such as the Agulhas Current, where velocities
exceed 0.5 m s21 as deep as 1000 m}far deeper than the shelf
break (Beal et al. 2015).

FIG. 10. Standard deviation of cross-shelf transports (Sv per
100 km) partitioned into low frequency (.730 days), mesoscale
(60–200 days) and weather band (5–30 days) time scales.
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To give context to the magnitudes of the time-mean cross-
shelf transport, they can be compared to the mean alongshore
transport of the EAC itself. We consider this comparison at
the scale of 28 of latitude, a similar length scale used by Kerry
and Roughan (2020) in calculating the EAC transport in the
same ROMS domain. From 268 to 288S, cross-shelf transport
across the 1000-m isobath is 19% of the total EAC transport
(18.97 Sv) while from 368 to 388S, where time-mean cross-
shelf transport is weakest, the cross-shelf transport is only 5%
of the total EAC transport (17.05 Sv). Our results also expand
on the earlier work of Ribbat et al. (2020). Both our study
and Ribbat et al. (2020) find time-mean offshore transport of
order 2 Sv per 100 km between 328 and 338S, transitioning to
very weak time-mean onshore transport at 348S. Our results
reveal that 328–348S is in fact one of the regions with the
lowest time-mean cross-shelf transport in the EAC system
and that the high variability of cross-shelf transport at this
latitude is related to mesoscale eddy dipole events.

The momentum budget for cross-shelf transport reveals
that cross-shelf flow is predominantly comprised of a baro-
clinic, geostrophic flow. Dynamically, this indicates most of
the cross-shelf transport (∼80%) is due to the meandering of

the surface-intensified geostrophic EAC jet on and off the
shelf. This kind of intrusion caused by a geostrophic western
boundary current jet “overshooting” bathymetric protrusions
also occurs north of Taiwan in the Kuroshio (Hsueh et al. 1996;
Guo et al. 2006). While the Kuroshio bifurcates into the East
China Sea, in the EAC this type of intrusion occurs twice: once
at the protruding bathymetric feature at 288S, and again at
29.58S. The strength of the intrusion is dependent on the
strength and vertical extent of the EAC jet itself. At 278S the jet
is narrow and shallow, with a large vertical shear of velocity in
the top 1000 m of the water column (Kerry and Roughan 2020).
This shallow baroclinicity allows the jet to meander relatively
unconstrained onto the shelf, hence the large cross-shelf trans-
port values at this latitude. As the EAC jet proceeds poleward it
broadens and deepens (Kerry and Roughan 2020), becoming
more barotropic and thus more constrained by the bathymetry,
transporting less volume on and off the shelf. The pattern
changes south of 328S, the mean separation latitude of the EAC
jet, where offshore transport occurs (at 338S) as the EAC jet
turns eastward and leaves the shelf. This marks the transition
from the shelf region dominated by the EAC jet, to the more
eddying regime of the EAC southern extension.

FIG. 11. Snapshot of (a) sea surface temperature (shaded) and sea surface height anomalies (contours at 0.1-m in-
tervals, dashed contours indicate negative values), along with (b) cross-shelf transport across the 1000-m isobath, for
the 1 Apr 2009.
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Direct topographic interactions, through the bottom pres-
sure torque term, are also important as a secondary driver of
cross-shelf transport, with their importance increasing at the
shallower parts of the shelf break. The surface stress and bot-
tom stress play negligible roles in the overall cross-shelf trans-
port. The nonlinear advection term, while small at individual
locations, is consistent in driving onshore transport along the
length of the shelf break. When considering the whole length
of the shelf, this means that nonlinear advection plays the pri-
mary role in balancing the net offshore transport of the baro-
clinic (x) and bottom stress terms.

Recent work on trends in the EAC system has shown an in-
crease in eddy kinetic energy (Li et al. 2021b), an increase in as-
sociated ocean heat content (Li et al. 2022) and a strong shelf
warming trend (Malan et al. 2021). Furthermore, it has been sug-
gested that shelf warming may be related to increased eddying.
The eddy-driven cross-shelf transport results presented in
section 5 provide a plausible mechanism via which trends in off-
shore eddying and shelf warming may be closely coupled in the
eddy-dominated regime. However, cross-shelf heat transport
(and trends) in the EAC system require further investigation.

The high level of eddy-driven variability poleward of EAC
separation could have consequences for our understanding of
carbon fluxes from the shelf to the deep ocean in this region.
Macdonald et al. (2009) examined these dynamics using an
idealized coupled physical–biological–chemical model and found
that the EAC is a net sink for carbon poleward of its separation
point. However, the model used in their study is only run for
21 days, and hence may only capture a single phase of the
eddy-driven variability, which occurs on 60–200-day time scales
(Bowen et al. 2005; Mata et al. 2006; Schaeffer et al. 2014; Kerry
and Roughan 2020). In this paper we show that this eddy-driven
shelf transport variability is large, and so if there are significant
correlations between cross-shelf volume transport and dissolved
carbon concentration, it may have a significant impact on the
carbon uptake dynamics on the shelf poleward of 328S.

This paper has quantified the cross-shelf transport along the
length of the EAC system and provided explanations for the domi-
nant patterns, distribution, and drivers of cross-shelf transport. Our
results allow for improved interpretation and contextualization of
earlier observations of cross-shelf flows. Our results also provide a
context for future studies of cross-shelf variability of tracers such as
heat and salt, or biological quantities such as nutrients, dissolved
carbon, passive floating plankton, or eggs and larvae.
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APPENDIX

Comparison between 1994–2016 and 2010–15 Time-Mean
Cross-Shelf Transport

This appendix shows a comparison (Fig. A1) between the
time-mean cross-shelf transport for the shorter 2010–15 time pe-
riod used to diagnose the drivers of cross-shelf transport and the
longer 1994–2016 period that is used in the rest of the paper.
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