
1.  Introduction
The Atlantic Meridional Overturning Circulation (AMOC) is a global-scale system of currents that is important 
for transporting heat, salt and other tracers both laterally and vertically, including between hemispheres (Jackson 
et al., 2015). As such it plays an important role in the response of the climate system to anthropogenic forcing. 
There are two important cross-equatorial components to the AMOC—the northward-flowing surface-intensified 
North Brazil Current, and the southward-flowing Deep Western Boundary Current (Bower et al., 2019). At 5°S, 
the Deep Western Boundary Current transports 25.5 ± 8.3 Sv (1 Sv ≡ 10 6 m 3s −1), at a depth between 1,200 m 
and 3,600 m below the surface, with a width of approximately 100 km and a peak velocity of around 20 cm s −1 
(Schott et al., 2005). Goldsworth et al. (2021) showed that surface cross-equatorial western boundary currents 
may be susceptible to symmetric instability, but the susceptibility of deep western boundary currents to symmet-
ric instability remains an open question. In this paper we show not only that deep western boundary currents 
are susceptible to symmetric instability, but that this instability can result in the formation of density staircases.

Density staircases are step-like features which can be seen in plots of seawater density against depth, and they are 
ubiquitous in the global ocean (Johannessen & Lee, 1974; Lambert & Sturges, 1977; Melling et al., 1984; Schmitt 
et al., 1987; Stern, 1960; Tait & Howe, 1968). The staircases consist of alternating well mixed regions with low 
stratification and thin interfaces with high stratification. The high stratification interfaces can form “mixing barri-
ers” which inhibit the vertical transport of water properties such as heat and salt, whereas mixing is enhanced in 
the low stratification regions. Density staircases can affect both diapycnal mixing and water mass transformation 
rates (Schmitt et al., 2005), which are known to be important in closing the AMOC's overturning budget (de 
Lavergne et al., 2022). Many staircases are thought to form as a result of double diffusive convection, but other 
staircase generation mechanisms have been identified, such as inhomogeneous mixing (Balmforth et al., 1998). 
An example of a density staircase in the Deep Western Boundary Current, just south of the equator is explored in 
Text S1 in Supporting Information S1.

Abstract  Density staircases are observed in an idealized model of a deep western boundary current upon 
crossing the equator. We propose that the staircases are generated by the excitement of symmetric instability 
as the current crosses the equator. The latitude at which symmetric instability is excited can be predicted 
using simple scaling arguments. Symmetric instability generates overturning cells which, in turn, cause the 
inhomogenous mixing of waters with different densities. The mixing barriers and well mixed regions in density 
profiles coincide, respectively, with the boundaries and centers of the overturning cells generated by the 
symmetric instability. This new mechanism for producing density staircases may require us to re-evaluate the 
origins of some of the density staircases observed in the Tropical Atlantic.

Plain Language Summary  In this study we demonstrate that waters of different density are mixed 
together in a deep western boundary current as it crosses the equator. We show that this is a result of the 
excitement of small-scale symmetric instabilities. The mixing generates density staircases which can affect the 
formation of dense waters and diapycnal mixing—processes which are important for maintaining the Atlantic 
Meridional Overturning Circulation. We use both a high-resolution computer model and a simple toy-model to 
explain how the staircases are generated. Historically, many density staircases have been observed in the region 
we are studying. We suggest that theories of how these staircases are generated may need revising given the 
findings of this study.
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Symmetric instability is a type of submesoscale instability which occurs when the Ertel potential vorticity of 
a flow has the opposite sign to the planetary vorticity (Hoskins, 1974; Stone, 1966). The potential vorticity is 
defined as

𝑄𝑄 = (𝐟𝐟 + ∇ × 𝐮𝐮) ⋅ ∇𝑏𝑏𝑏� (1)

where f is the planetary vorticity vector, u is the velocity, and b = −gρ/ρ0 is the buoyancy. Potential vorticity with 
sign opposite to that of the vertical component of planetary vorticity, k · f, is typically described as “anomalous.” 
Anomalous potential vorticity can be generated through mechanical or diabatic forcing, or by changing the sign 
of planetary vorticity. In a deep western boundary current, to leading order, potential vorticity is conserved as the 
current is separated from the surface and bottom boundary layers in which mechanical and diabatic forcings can 
act. This means symmetric instability can only be induced via a change in sign of planetary vorticity, as occurs at 
the equator. Cross-equatorial symmetric instability is unique in this sense—it need not be confined to either the 
surface boundary layer or sloping bottom boundary layer (Haine & Marshall, 1998; Wenegrat & Thomas, 2020). 
A host of recent studies have identified regions where cross-equatorial symmetric instability may be excited 
(Forryan et al., 2021; Goldsworth et al., 2021; Jakoboski et al., 2022; Zhou et al., 2022).

In Section 2 we describe our idealized numerical model of a deep western boundary current crossing the equator. 
In Section 3 we demonstrate the formation of density staircases and the excitement of symmetric instability in the 
model, and propose that the staircases are generated as a result of the onset of symmetric instability. Simple scal-
ing arguments are used to explain the differences between instabilities seen in deep western boundary currents 
and in surface intensified currents. Finally, in Section 4 we summarize our findings and explain the potential 
implications of these results.

2.  Model Configuration
Simulations of an idealized deep western boundary current crossing the equator are performed using the MITgcm 
(Marshall et al., 1997). The domain size is 600 km in the zonal direction, 4,500 m in the vertical, and stretches 
from 2,000 km South to 1,000 km North in the meridional direction. The horizontal grid spacing is 1 km and 
the vertical grid spacing 10 m. The time-step is 144 s and the model is integrated for a total of 239 days. A 
second integration with a 2 km resolution and a 288 s time-step was performed and the findings presented below 
remained the same (see Text S2 in Supporting Information S1 for further detail). The model domain is sited on a 
β-plane. The meridional gradient in the vertical component of the Coriolis parameter is set to 2.3 × 10 −11 s −1 m −1, 
and the meridional component of the Coriolis parameter to 1.5 × 10 −4 s −1.

At the surface, a rigid lid boundary condition is employed. The lateral boundary conditions are set to be free-slip 
and the bottom boundary condition to no-slip. The sensitivity to the choice of boundary conditions was investi-
gated by running a further integration with no-slip lateral and free-slip bottom boundary conditions. The findings 
presented below remained the same regardless of the boundary conditions used—see Text S2 in Supporting 
Information S1 for further details. The model has sloping bathymetry which can be seen in Figure 1b. The model 
is initialized by setting the meridional velocity and density profiles to those shown in Figure 1b, and with a zonal 
velocity of zero. The density profile is based on a neutral density (or γ n) climatology aggregated from the area 
enclosed by the red rectangle in Figure 1a. The model is forced by prescribing the meridional velocity, zonal 
velocity, and the density, at the northern and southern domain boundaries. The same fields used to initialize the 
model are used as boundary conditions. A sponge region is placed at both the northern and southern edge of the 
domain. The northern sponge stretches from 900 to 1,000 km North and the southern sponge from 1,700 km to 
2,000 km South. The inverse relaxation time-scale within the sponges varies from 1 × 10 −5 s −1 (corresponding to 
a time scale of around 1.2 days) at the edge of the domain to 0 s −1 at the sponges' equatorward edges. The inverse 
relaxation time-scale takes the form of a hyperbolic tangent, with a characteristic length-scale of 5 km in the 
northern sponge and 10 km in the southern sponge.

A linear equation of state, is used, with a reference density of 1022.73 kg m −3 and thermal expansion coefficient 
of 2 × 10 −4 K −1. The linear equation of state avoids the complexities added by non-linear effects. The thermal 
diffusion coefficient is set to 1 × 10 −5 m 2 s −1. A second order-moment Prather advection scheme with a flux 
limiter is employed. Salinity is set to be constant and has no impact on the dynamics. Momentum dissipation is 
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provided by a vertical Laplacian viscosity of 4 × 10 −4 m 2 s −1 and an adaptive biharmonic Smagorinsky viscosity. 
Potential vorticity is calculated using the C-grid algorithm of Morel et al. (2019).

3.  Symmetric Instability and Staircase Formation
Figure 2b shows ∂zb in the model after 239 days of integration 250 km south of the equator. Immediately apparent 
are the thin, sharp regions of high stratification (so called “mixing barriers”) separating larger regions of well 
mixed waters with low and uniform stratification. Moving to 500 km south, we see in Figure 2c that some of the 
weaker barriers have dissipated; however the stronger barriers remain. Figure 2a shows the squared buoyancy 
frequency at the equator. At the outer edge of the current's core we see some weak mixing barriers.

Figure 3a shows the average of the meridional component of relative vorticity between 234 and 239 days of 
model integration in a region 250 km south of the equator. This can be thought of as a crude proxy for a zonal 
overturning streamfunction—it measures the local rotation around the meridional axis, that is, the amount of 
zonal overturning. We consider it here as the true zonal overturning streamfunction is ill-defined, since the 
flow is not invariant in the meridional direction. Examining the meridional vorticity, note that there are a series 
of counter-rotating stacked overturning cells between around 1,750 and 3,500 m below the surface. The black 
contours overlain show ∂zb = 2 × 10 −6 s −2 and help identify the locations of the mixing barriers in Figure 2b. We 
can see that the structure of the buoyancy frequency squared and the meridional vorticity are remarkably similar, 
with the horizontal edges of the overturning cells (vorticity zeros) approximately coinciding with the locations of 
the mixing barriers. This is also apparent in Figure 3b. The black line shows neutral density plotted as a function 
of depth at 250 km south and 90 km west (the location of the magenta lines and points shown in the other figures). 
The orange line shows the meridional component of relative vorticity at the same point. Both quantities have 
been averaged over the time period spanning 234–239 days. The treads of the steps in neutral density correspond 
to mixing barriers and the risers to well mixed regions. When comparing neutral density and the meridional 
vorticity we again see that the mixing barriers tend to coincide with vorticity zeros, whereas the mixing barriers 
coincide with vorticity extrema. This suggest that the inhomogeneous mixing driven by the overturning cells is 
what is causing the formation of the staircases.

Figure 1.  (a) Bathymetric map of the western tropical Atlantic. Climatological profiles of neutral density were aggregated 
from the area enclosed by the red rectangle. Bathymetry data from GEBCO Compilation Group (2020). (b) Meridional 
velocity profile (colors) and density profile (solid line) used as initial and boundary conditions for the model. The velocity 
profile is based on observations by Schott et al. (2005), and the density profile on the climatological mean (dashed line) 
(Boyer et al., 2018).
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3.1.  A Very Simple Model of Staircase Formation

The differential mixing which produces the mixing barriers is analogous to the process which produces zonal jets 
on a β-plane (Manfroi & Young, 1999). Manfroi and Young (1999) study a sheared zonal flow on a β-plane and 
find that mixing in the presence of a meridional gradient in planetary vorticity leads to the preferential formation 
of zonal jets—high vorticity filaments. The meridional distance between the jets is set by the strength of the 
mixing. Here, instead of a meridional gradient in planetary vorticity there is a vertical gradient in buoyancy, and 
instead of mixing in the horizontal plane we have overturning in the vertical plane. This leads to the generation 
of high stratification filaments known as mixing barriers.

We can reproduce the formation of mixing barriers with a toy model, in which we consider how buoyancy 
changes over time as a result of vertical diffusion and advection by overturning cells. If we express the overturn-
ing motion as a streamfunction 𝐴𝐴 𝐴𝐴 where 𝐴𝐴 𝐴𝐴 = −𝜕𝜕𝑧𝑧𝜓𝜓 and 𝐴𝐴 𝐴𝐴 = 𝜕𝜕𝑥𝑥𝜓𝜓 and use a constant harmonic diffusivity, κ we 
can express the evolution of b as

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
=

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
−

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+ 𝜅𝜅

𝜕𝜕2𝑏𝑏

𝜕𝜕𝜕𝜕2
.� (2)

This is just the advection diffusion equation for a passive, conservative tracer being advected around the xz-plane. 
We choose 𝐴𝐴 𝐴𝐴 = 𝑒𝑒−𝑥𝑥

2∕2𝜎𝜎2 sin (𝑘𝑘𝑧𝑧𝑧𝑧) , to represent stacked overturning cells which are localized to a region of width σ 
in the horizontal. We also set b (t = 0) = N 2z, and then solve the equation numerically using a third order Adam's 
Bashforth scheme on a domain stretching from −50 to 50 km in the horizontal and spanning 600 m in the vertical. 
We set σ = 25 km, kz = 2π/200 m −1, κ = 1 × 10 −5 m 2 s −1 and N 2 = 1 × 10 −6 s −2. The grid spacing is set to 1 km 
in the horizontal and 2.5 m in the vertical, and the time step is 240 s. Gravitational instability is parameterized by 
setting κ to an enhanced value of 5 × 10 −3 m 2 s −1 in regions where ∂zb ≤ 0.

The stratification is shown at three different times in Figures  3c–3e. Alternating high and low stratification 
regions develop with time. Initially this is a result of differential mixing; however, at later times the mixing barri-
ers become sharper and start to form filaments due to gravitational instability in the low stratification regions 
producing extra mixing. In the ocean, it is likely that other secondary instabilities will be excited before the flow 

Figure 2.  Squared buoyancy frequency after 239 days of model integration plotted at (a) the equator, (b) 250 km south 
of the equator, and (c) 500 km south of the equator. The figures show the presence of mixing barriers (thin filaments of 
strong stratification) separated by well mixed regions of low stratification. The magenta line indicates the location of the 
vorticity and density profiles shown in Figure 3. An animated version of this figure is shown in Movie S1 in Supporting 
Information S1.
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becomes gravitationally unstable; however, the simple model uses fixed circulations, so in this set up gravitational 
instability produces the extra mixing (via a parameterization).

3.2.  But What Is Generating the Overturning?

Previous work by Goldsworth et al. (2021) has demonstrated that western boundary currents can become unstable 
when crossing the equator as they advect anomalous potential vorticity from one hemisphere into the other. In 
Figure 4a, which shows the potential vorticity on the γ n = 28.04 surface, we can see the advection of positive 
potential vorticity from the northern hemisphere into the southern hemisphere, so we may expect to see symmet-
ric instability excited south of the equator. The excitement of the instability is apparent in a region from around 

Figure 3.  (a) Time mean meridional component of relative vorticity between 234 and 239 days of model integration, plotted 
as a function of longitude and depth, at 250 km south. Alternating red and blue cells indicate the presence of stacked zonal 
overturning cells. Overlain is the contour defined by ∂zb = 2 × 10 −6 s −2, indicating the locations of the mixing barriers. (b) 
Density (black line) and time mean meridional component of relative vorticity (orange line) plotted as a function of depth 
at 90 km west and 250 km south (shown on other figures as a magenta line or point). Vorticity extrema coincide with well 
mixed regions and zeros with mixing barriers suggesting the density staircases are formed by the overturning cells. Panels 
(c–e) show snapshots of the stratification over time from the toy model, showing how the mixing barriers begin to form in the 
presence of inhomogeneous mixing. The contours on panel (c) show the overturning streamfunction. An animated version of 
the lower panels of this figure are shown in Movie S2 in Supporting Information S1.
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25–600 km south of the equator. Figures 4b–4d show the potential vorticity as a function of depth and longitude 
at, the equator, 250 km south and 500 km south respectively, after 239 days of model integration. At the equator 
we see the advection of waters with positive potential vorticity into the southern hemisphere. At 250 km south we 
can see the excitement of symmetric instability, and by 500 km south we can see large pools of neutral potential 
vorticity suggesting the waters here have experienced symmetric instability, with the excitement of symmetric 
instability still underway at around 3,000 m. In Figure 4b we also see symmetric instability like patterns in a 
region of negative potential vorticity. Movie S3 in Supporting Information S1 shows that this is the result of the 

Figure 4.  Potential vorticity after 239 days of model integration plotted on (a) the γ n = 28.04 surface, (b) at the equator, (c) 
at 250 km south of the equator, and (d) at 500 km south of the equator. Black lines show the latitudes at which sections have 
been plotted. The figures show the advection of positive potential vorticity from the northern hemisphere into the southern 
hemisphere and the excitement of symmetric instability. The solid magenta line and point indicate the location of the vorticity 
and density profiles shown in Figure 3. The dashed magenta line shows the γ n = 28.04 surface. An animated version of this 
figure is shown in Movie S3 in Supporting Information S1.
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retroflection of symmetrically unstable waters crossing the equator from south to north. This also explains the 
presence of the weak staircases at the equator seen in Figure 2a.

The vertical spacing between the overturning cells and mixing barriers seen in the numerical model is approx-
imately 120 m. This suggests that when searching for evidence of symmetric instability in observations of the 
Deep Western Boundary Current we should look for mixing barrier spacings of this width. However, it has been 
shown that the vertical length-scale of the overturning cells generated by symmetric instability are controlled by 
the stratification and the rate of dissipation within the fluid (Goldsworth et al., 2021; Griffiths, 2003; Plougonven 
& Zeitlin, 2009). In our model, we represent dissipation as an eddy viscosity, which is several orders of magni-
tude higher than the molecular viscosity of sea-water—this viscosity represents unresolved mixing processes 
within our model. In reality it will be neither the model's eddy viscosity nor sea-water's molecular viscosity that 
sets the length-scale of the overturning cells. Kelvin-Helmholtz instabilities, rather than molecular diffusion are 
known to be the predominant dissipation mechanism for the overturning cells generated by symmetric insta-
bilities (Griffiths, 2003; Taylor & Ferrari, 2009). Based on the work of others, we estimate a model resolution 
of 25 m would be required to adequately resolve such processes, which would require approximately 10 4 times 
more computational resources than those used in the numerical model considered here, making such calculations 
unfeasible (Taylor & Ferrari, 2009; Yankovsky & Legg, 2019).

In the limit of no vertical shear it is possible to obtain an analytic estimate of the overturning cell spacing, for a 
given velocity profile, latitude, stratification and viscosity. For the Deep Western Boundary Current, all of these 
parameters are either known or observationally constrained, with the exception of viscosity which sets the rate 
of dissipation. As previously discussed, we know that the value must be greater than the molecular viscosity of 
sea-water, but lower than a typical eddy viscosity used in numerical models. We can use this to put a lower and 
an upper limit on the size of the staircases we expect to see in the ocean.

For a flow symmetric in the y direction we expect the overturning streamfunction generated by symmetrically 
unstable motions to be expressed as 𝐴𝐴 𝐴𝐴(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) = 𝜓̂𝜓(𝑥𝑥)𝑒𝑒𝑖𝑖(𝑘𝑘𝑧𝑧𝑧𝑧−𝜔𝜔𝜔𝜔) . Plougonven and Zeitlin (2009) show that on an 
f-plane in the limit of no vertical shear, this streamfunction satisfies the equation

(

𝜔̂𝜔2 −𝑁𝑁2
)

𝑘𝑘2
𝑧𝑧

d2𝜓̂𝜓

d𝑥𝑥2
+ 𝑓𝑓𝑓𝑓 𝑓𝑓𝑓 = 𝜔̂𝜔2𝜓̂𝜓 𝜓� (3)

where 𝐴𝐴 𝐴𝐴𝐴 = 𝜔𝜔 + 𝑖𝑖𝑖𝑖𝑖𝑖2

𝑧𝑧 , ζ is the absolute vorticity of the flow, and f is the vertical component of the Coriolis param-
eter. In the above we see that overturning cells with a whole spectrum of vertical wavenumbers are generated by 
the action of symmetric instability. However, stratification suppresses the growth of cells with low wavenumbers, 
whereas dissipation suppresses the growth of cells with large wavenumbers—this means that there exists an 
overturning cell with a vertical wavenumber which maximizes its growth rate, and that this cell will become the 
dominant mode within a few e-folding timescales. Solving the eigenvalue problem for fixed values of f, N 2, ζ and 
κ, we can find the value of kz which maximizes the imaginary component of ω, that is, the overturning cell with 
the largest growth rate.

As before, we set N 2 = 1 × 10 −6 s −2. We use the Bickley jet as a model of the velocity field, that is,

𝑉𝑉 (𝑥𝑥) = 𝑉𝑉0

(

1 − tanh
2

(

𝑥𝑥 − 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚

𝛿𝛿𝑏𝑏

))

� (4)

with V0 = −0.2 m s −1, xmid = 60 km and δb = 30 km. We set f = −1.91 × 10 −6s −1 which corresponds to a latitude of 
0.75°S and κ to either 1 × 10 −6 m 2 s −1 or 4 × 10 −4 m 2 s −1, representing the viscosity of seawater and a typical eddy 
viscosity, respectively. The step size of the staircase is half the vertical wavelength of the overturning cells, giving 
step sizes of between 13 and 90 m. This constrains the size of the staircases produced by symmetric instability in 
the Deep Western Boundary Current to within an order of magnitude. To confirm whether an observed staircase 
has been formed by the action of symmetric instability or some other process will require supplementary obser-
vations. If the absolute vorticity (or better still, potential vorticity) of the flow is near-zero, it is likely a staircase 
will have been formed by symmetric instability (Castelão & Johns, 2011; Goldsworth et al., 2021). Strong lateral 
coherence within around 100 km of the boundary would also be indicative of a staircase formed by the action of 
symmetric instability in the Deep Western Boundary Current—seismic imaging techniques may be particularly 
effective for identifying such features (Fer et al., 2010). If a staircase has variable step size, in the event it has 
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been formed by symmetric instability, we would expect to see larger steps where the background stratification is 
weaker and smaller steps where the background stratification is stronger.

3.3.  Estimating at Which Latitudes Symmetric Instability Occurs

Unlike in the study of Goldsworth et al. (2021), we see the excitement of symmetric instability close to the equa-
tor followed by the formation of eddies, whereas in the former study we see the spinning up of large anti-cyclonic 
eddies followed by the excitement of symmetric instability further away from the equator. This is due to the reduced 
growth rate of barotropic instability in the deep western boundary current (Edwards & Pedlosky, 1998), mean-
ing that symmetric instability dominates over short time-scales. This is further exacerbated by the anti-cyclonic 
eddies seen by Goldsworth et al. (2021), which act to reduce the growth rate of the symmetric instability in their 
experiments, allowing anomalous potential vorticity to persist whilst the eddies grow (Buckingham et al., 2021).

We can in fact be more quantitative about the latitude at which the instability is forming. There is an e-folding 
timescale, τe, associated with symmetric instability which can be converted into an advective meridional length 
scale, y with the equation y = Vτe, where V is a typical meridional velocity. From linear stability theory we know 
that for a parallel shear flow, like a deep western boundary current (Hoskins, 1974) the time scale of symmetric 
instability is given by

𝜏𝜏𝑒𝑒 ∼

(

𝛽𝛽𝛽𝛽

(

𝑓𝑓 +
𝑉𝑉

𝐿𝐿𝑥𝑥

))−1∕2

� (5)

and that for the case of an eddy, such as a North Brazil Current ring, the symmetric instability timescale is 
(Buckingham et al., 2021)

𝜏𝜏𝑒𝑒 ∼

(

𝛽𝛽𝛽𝛽

(

𝑓𝑓 +
2𝑉𝑉

𝑅𝑅

))−1∕2

.� (6)

We can then convert these expressions to a meridional length scale, giving

𝑦𝑦 ∼ 3

√

𝑉𝑉 𝑉𝑉𝑥𝑥

𝛽𝛽
� (7)

for parallel shear flows, and for an eddy

𝑦𝑦 ∼ 3

√

2𝑉𝑉 𝑉𝑉

𝛽𝛽
.� (8)

In the case of the eddying flow, we have assumed the meridional velocity is of a similar order of magnitude 
to the azimuthal velocity. In both expressions we have assumed y to be small and only considered terms of the 
lowest order in y. We can now evaluate the expressions for the latitude of the onset of symmetric instability. For 
the deep western boundary current we choose V ∼ 0.2 m s −1, Lx ∼ 30 km and β ∼ 2.3 × 10 −11 m −1 s −1, giving 
y ∼ 60 km. For the North Brazil Current rings we choose V ∼ 1 m s −1, R ∼ 100 km and the same value for β, 
giving y ∼ 200 km. These predictions of the latitude of instability are of the same order of magnitude as those we 
see in the numerical models. In the case of North Brazil Current rings, Goldsworth et al. (2021) see instability at 
around 400 km north, and in this study we see instability from around 25 km north of the equator.

4.  Conclusions
Density staircases are step-like features which become apparent when density is plotted as a function of depth and 
are common throughout the Earth's oceans. In an idealized model of a deep western boundary current crossing 
the equator we see density staircases form. The staircases are generated by overturning cells which are in turn 
generated by the excitement of symmetric instability as the current crosses the equator. Symmetric instability in 
cross-equatorial flows is excited due to the advection of anomalous potential vorticity from one hemisphere to 
another. The stacked overturning cells that generate the staircases are, however, a feature of symmetric instability 
regardless of what is forcing it, suggesting we may see staircase formation in other symmetrically unstable flows, 
including when anomalous potential vorticity is induced by frictional torques or diabatic processes. Differences 
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in the latitude of instability between surface intensified western boundary currents and deep western boundary 
currents can be adequately explained using simple scaling arguments relating to growth rates of symmetric insta-
bility and advective timescales.

It is thought that diapycnal mixing may play an important role in closing the overturning budget of the Atlantic 
Meridional Overturning Circulation's deep limb. Figures 2 and 4 clearly show that vigorous mixing is taking place; 
however, accurately calculating the amount of mixing that is occurring is tricky. This is due to the importance of 
secondary Kelvin Helmholtz instabilities in transforming water masses. In order to resolve these processes we 
would need a model with around 40 times the resolution used here (e.g., Yankovsky and Legg, 2019), which is 
computationally infeasible—such a model would require at least 10 4 times more computational resources to run. 
Simplified two dimensional models may help in accurately quantifying the induced diapycnal mixing, however. 
It is not clear whether such processes would enhance or erode the staircases we observe here. We hypothesize 
that the instability will be most active in regions of large shear which corresponds to the well mixed regions at the 
overturning cell centers. This would lead to an enhancement of the staircases; however, only further experiments 
can confirm this. Furthermore, we hypothesize that weaker staircases will be eroded more quickly by isotropic 
turbulence.

Density staircases are well documented in the Tropical Atlantic and are often said to form as a result of salt 
fingering and double diffusive convection (e.g., Schmitt et al., 1987; Schmitt et al., 2005). In light of this work, 
we suggest new insights into mixing in the region could be gained by revisiting existing observations and reexam-
ining the origins of observed staircases. Using linear stability theory, we estimate that the step-size of staircases 
generated by symmetric instability in the Deep Western Boundary Current will be in the range 13–90 m. They 
will be accompanied by waters with near zero potential vorticity, have strong lateral coherence and the step-size 
will vary with stratification.

Data Availability Statement
Model integrations were run using the MITgcm model (checkpoint 68i) (Campin et al., 2022) on the ARCHER2 
HPC facility. The git repository Goldsworth et al. (2022b) contains model configuration files, and the python 
scripts used for analyzing the model output. The repository Goldsworth et al. (2022a) contains the data required 
to recreate the model's initial conditions and a subset of processed model output. The analysis performed on the 
data made heavy use of the open source xarray (Hoyer & Hamman, 2017), xmitgcm (Abernathey et al., 2021) and 
Dask (Dask Development Team, 2016) software libraries.
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