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Abstract The long-standing paradigm for the large-scale time-averaged ocean circulation in the world
oceans includes intensified currents at the western boundary, and a much slower interior flow elsewhere.
However, poleward deep boundary currents in the eastern limits of the deep South Pacific, Atlantic, and
Indian Oceans have been observed repeatedly at 2- to 4-km depth. They carry up to a third of the total deep
ocean transports, implying a significant role in climate, yet their dynamics are still not well understood.
Here we develop a theoretical understanding for these currents, using a hierarchy of realistic and idealized
models, focusing on the South Pacific Ocean. The deep eastern boundary current there is shown to be
driven by a traditional interior balance together with a narrow boundary layer scale near the eastern
boundary, which exists only when stratification and topography are both included. A simplified
semianalytical vorticity model is developed for the deep eastern boundary current.

Plain Language Summary Intense ocean currents tend to be found on the western side of
ocean basins, including, for example, the Gulf Stream in the North Atlantic Ocean, the Kuroshio current in
the North Pacific Ocean, and the Somali and Agulhas Currents in the Indian Ocean. However, observations
show that there are also significant currents along the eastern boundaries of the Atlantic, Pacific, and
Indian Oceans in the Southern Hemisphere. These are found at a depth of 2-4 km, where currents

are typically expected to be weak. These currents carry a significant amount of mass, heat, and carbon
and therefore are a significant factor of the climate system, yet the reason for their presence is still not
understood. Here we study these currents using realistic and theoretical models and provide an explanation
for their dynamics. We show that these currents exist due to the ocean bottom topography and that they are
inherently different from ocean currents found on the western side of the oceans, and from upper-ocean
eastern boundary currents.

1. Introduction

The large-scale ocean circulation in each of the major ocean basins is characterized by an intense cur-
rent on the western boundary explained by the classic works of Stommel (1948) and Munk (1950), and a
time-dependent energetic eddy field that, when averaged, shows a broad-scale gyre flow in the ocean interior.
A similar westward intensification is expected in the deep ocean as well (Stommel & Arons, 1960). However,
observations repeatedly reveal not only deep western boundary currents but also concentrated deep eastern
boundary currents (DEBCs) between 2- and 4-km depth in all Southern Hemisphere ocean basins, in par-
ticular the southeast Pacific Ocean near South America and southeast Atlantic Ocean near Africa (Arhan
et al., 2003; Tsimplis et al., 1998). Figure 1 shows the South Pacific DEBC via its observed potential vorticity
(Gouretski & Koltermann, 2004), LADCP measurements in two different years (Schulze-Chretien & Speer,
2019; Talley et al., 2016), and its signature in the Southern Ocean State Estimate (SOSE, Mazloff et al., 2010).
Supporting information Figure S1 shows similar observations for the Atlantic (Uchida & Fukasawa, 2005),
reinforcing the point that such currents occur in different ocean basins. These DEBCs are important com-
ponents of the global meridional overturning circulation and contribute considerably to mass, heat, and
tracer transports (Rintoul et al., 2010; Tamsitt et al., 2017). Yet, numerical simulations using state-of-the-art
climate models do not accurately represent these currents, and their dynamics are still not understood.
Here we suggest a framework for understanding these currents in different ocean basins, with a focus on
the South Pacific Ocean, showing that their dynamics involve a combination of an interior-like (away from
horizontal boundaries) balance driven by topographic vortex stretching through much of the DEBC, and a
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Figure 1. Observations of the deep eastern boundary current in the Southeast Pacific Ocean. (a) Ocean bathymetry in kilometers (colors), and observed
potential vorticity (fo,, contours, WOCE) in southeast Pacific. (b) The deep eastern boundary current simulated in SOSE, in southeast Pacific at 2.5-km depth.
Color: northward velocity (cm/s); black arrows: velocity vectors; contours: large-scale potential vorticity (f o). (c) Northward velocity (colors), and isopycnal
surfaces (black contours, drawn for 36.66 to 37.04 kg m~3, with a contour interval of 0.02 kg m~3) from WOCE P06 section (2009). (d) Same as (c) but for the
2017 repeat of P06. Panels (c) and (d) use the same color bar (right of panel d).

special boundary layer balance close to the eastern boundary between viscosity and diffusion of heat, which
is present only when stratification is included.

DEBCs are observed in all ocean basins in the southern hemisphere. These currents are revealed by
geostrophic calculations (Shaffer et al., 2004), measurements of oxygen, carbon and silicate (Arhan et al.,
2003; Sloyan & Rintoul, 2001; Tsimplis et al., 1998; Wijffels et al., 2001; Wunsch et al., 1983; Well et al.,
2003), inverse models (Arhan et al., 2003; Faure & Speer, 2012; Tsimplis et al., 1998; Wunsch et al., 1983;
Wijffels et al., 2001), and current meter measurements (Shaffer et al., 2004). In the southeastern Pacific
Ocean along the Peru-Chile coast, Pacific Deep Water characterized by low oxygen, high nutrients, and weak
stratification is carried by a DEBC (Figures 1a and 1c) with velocities of 0.6-10 cm/s (Shaffer et al., 2004;
Schulze-Chretien & Speer, 2019) and a significant transport of 6-10 Sv (Sverdrup, 10°m3s~!, Tsimplis et al.,
1998; Well et al., 2003), amounting to about a third of the overturning circulation of the corresponding trans-
port of deep western boundary currents (Whitworth et al., 1999). Similar southward flow is also found in
the southeast Atlantic Ocean along the southern part of the African continent, decreasing southward from
10 to 2 Sv (Arhan et al., 2003; Herndndez-Guerra et al., 2019; Kersalé et al., 2019; Siedler et al., 1996; Sloyan
& Rintoul, 2001), bringing NADW into the southeast Atlantic Ocean (van Sebille et al., 2012), and result-
ing from quasi-zonal flows impinging on the eastern boundary (Arhan et al., 2003). In the southeast Indian
Ocean, off the western Australian coast in the Perth Basin, a southward flow of 4-7 Sv is present, consistent
with a core of low oxygen and high silicate (Robbins & Toole, 1997; Sloyan & Rintoul, 2001), and with cur-
rent measurements (Sloyan, 2006). Radiocarbon observations were alternatively explained by the seafloor
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area distribution with depth (De-Lavergne et al., 2017) that has recently also been argued to play an impor-
tant role in the abyssal circulation (Ferrari et al., 2016). A similar DEBC flow occurs around the southwest
corner of Australia with considerable transport (Tamsitt et al., 2018). While the meridional extent of some
of the observed DEBCs is smaller than that of western boundary currents, they are nevertheless a persistent,
coherent, and strong element of the deep circulation. The Mediterranean outflow that turns north past the
straights of Gibraltar and flows along the European continent (Reid, 1979) may also be an example of a deep
current of similar characteristics, although our focus here is the stronger Southern Hemisphere DEBCs.

Although these DEBCs are collectively an important branch of the meridional overturning circulation
(Arhan et al., 2003; Wunsch et al., 1983), existing state-of-the-art climate models either do not show such
currents or simulate them at the wrong position or with a weak amplitude. Some data assimilation prod-
ucts, such as SOSE, do better, although these models are integrated from observations for a short time and
may not simulate DEBCs without being constrained by the observations. Recent work (Tamsitt et al., 2017)
looking at the upward paths of water masses in the Southern Ocean based on SOSE and other climate mod-
els point to the potential importance of deep eastern boundary transports apparent in particle trajectories in
their simulation. Other, lower-resolution, assimilation products show DEBCs that are unrealistic in some
important ways (Carton & Giese, 2008; Saha et al., 2006).

Barotropic theories of the prominent western boundary currents in a flat-bottomed ocean use western
boundary currents to close the mass budget due to the wind-driven interior flow and are based on a vor-
ticity balance between f term and friction, such as linear bottom drag in Stommel (1948) or lateral mixing
in Munk (1950). These theories successfully explain the zonal structure of the wind-driven surface western
boundary currents. It is now understood, of course, that nonlinearity in the vorticity balance plays a crit-
ical role as well (Hughes & De Cuevas, 2001). Relevant to the present work, Warren (1976) discussed the
structure of the deep western boundary current in a stratified flat-bottomed ocean, with horizontal thermal
diffusion included. He found nested boundary layers near the western boundary: a narrow boundary layer
with a vorticity balance between friction and diffusion, and a wider layer with a balance between g effect
and diffusion. Both balances will be discussed in the context of DEBCs in this paper, with vertical diffusion
also playing a role in the wider boundary layer here. In the presence of a bottom slope, bottom pressure
torque may be a dominant player in the western boundary current vorticity dynamics (Rattray & Dworski,
1978), and it is found to be more important than viscosity and directly balance the g effect (Hughes & De
Cuevas, 2001).

Shallow near-surface or subsurface eastern boundary currents over eastern boundary continental shelves
commonly occur in upwelling zones and have been studied extensively both analytically (Choboter et al.,
2005; Pedlosky, 1974) and numerically (Capet et al., 2008; McCreary & Chao, 1985). These subsurface pole-
ward eastern boundary currents in upwelling zones are driven by the advection of deep isopycnals by the
wind-driven Ekman suction (Choboter et al., 2005) and are at a much shallower level compared to DEBCs
whose dynamics, as we show below, are very different. Near-surface poleward currents driven by a merid-
ional buoyancy gradient and eddies, rather than by wind, have also been studied (Bire & Wolfe, 2018; Godfrey
& Weaver, 1991; Peliz et al., 2003). In general, given the tendency of deep ocean signals to propagate west-
ward, one can consider eastern boundary currents as a trapped signal near the boundary; such trapping,
by vertical ocean mixing, was suggested as an explanation of the deep Mediterranean outflow (Tziperman,
1987) and then used similarly in Kawase (1987). This same idea was used to explain subsurface eastern
boundary currents (McCreary, 1981; McCreary et al., 1986), and other trapping ideas involved zonal mean
flow (McCreary et al., 1992), topographic beta effect (Benthuysen et al., 2014; Furue et al., 2013; McCreary
& Chao, 1985; McCreary et al., 1987), time dependence (Samelson, 2017), and suppression of PV mixing by
strong mean flows and geometric constraints imposed by the presence of the boundary (Bire & Wolfe, 2018).
Another related idea in that context is of the generation of mean bottom flows via the interaction of ocean
eddies and rough bottom topography, analyzed via tools of statistical physics (Holloway, 1992).

In this work, we use a hierarchy of ocean models, including a high-resolution, realistic-geometry, regional
general circulation model (GCM, Marshall et al., 1997), idealized regional GCMs, and a theoretical vorticity
model to explain the dynamics of DEBCs. We show that these currents are not boundary currents in the same
sense as the more intense western boundary currents. We focus on the southeast Pacific Ocean and find a
framework that can explain the DEBC there as a manifestation of topographic stretching plus a dynamical
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mode that decays away from the eastern boundary, which occurs only when the effects of temperature dif-
fusion, viscosity, and stratification are all included. These ideas may be applicable to other observed DEBCs
in both hemispheres.

2. DEBCs and Their Vorticity Budget in the GCM

We use the Massachusetts Institute of Technology GCM (Marshall et al., 1997) in a regional model of the
southeast Pacific, with realistic bathymetry (Figure 1a). The lateral boundary conditions to the north, south,
and west are prescribed monthly averaged temperature, salinity, sea surface height, and velocities interpo-
lated from SOSE (Mazloff et al., 2010) output. The model is forced at the surface by restoring to monthly
temperature and salinity, and by monthly wind stress from Comprehensive Ocean-Atmosphere Data Set
(COADS, Woodruff et al., 1987). The horizontal resolution is 0.1° and there are 66 vertical layers in total,
with thickness ranging from 10 m near the top to 125 m near the bottom. Isopycnal diffusion by unresolved
eddies is parameterized by the Gent-McWilliams (GM) scheme (Gent & McWilliams, 1990) using a weak
diffusivity of 10 m? s7! in the realistic configurations, as eddies are at least partially resolved there. The
model is integrated for 300 years until a statistical steady state is reached, and the analysis below is based
on averages over the final 30 years (further details of model configuration in supporting information).

The realistic simulation shows a concentrated southward current between about 32°S and 38°S, and at 2.5- to
4.0-km depth (Figures 2a and 2b). The current occurs above the prominent Peru-Chile Trench that extends
about a full kilometer below the interior ocean bottom depth (Figure 1a). This current is fed by a nearly
zonal flow from the west at latitudes 28-32°S, whose source is the prescribed inflow in the northeast corner
that first flows to the west and then turns southwest to feed the DEBC. The DEBC then detaches from
the eastern boundary at 38°S and flows southwestward, consistent with observations (Well et al., 2003).
The current collocates with vertically spreading isopycnal surfaces between 2.5- and 4-km depth, above the
trench (Figure 2b). The spreading isopycnals are related to the low large-scale potential vorticity (PV, defined
as the Coriolis parameter times vertical density gradient, and approximately conserved by the flow) signal
carried southward by the DEBC, also seen in observations (Schulze-Chretien & Speer, 2019).

The P06 WOCE LADCP section taken in 2009 (Talley et al., 2016) and shown in Figure 1c shows an alternat-
ing sign feature adjacent to the eastern boundary that might appear to be a transient, propagating feature,
and the DEBC structure is not as clear in the same section taken in 2017 (Figure 1d; Schulze-Chretien &
Speer, 2019). However, careful analysis of these observations (Schulze-Chretien and Speer, 2019) indicates
that the DEBC is a robust current repeatedly appearing in observations at different latitudes, and strongly
influencing the large-scale tracer (Figure S2) and PV (Figure 1a) distributions. The DEBC in our realistic
simulation also shows some time variability and its magnitude oscillates, shedding westward propagating
waves (not shown). The observed and simulated isopycnal slopes (Figures 1c and 1d and 2b) have compara-
ble widths to the trench below, as do both the clearly observed DEBC in 2009 (Figure 1c) and the simulated
DEBC (Figure 2b), implying the important role played by bathymetry in DEBC dynamics, which will be fur-
ther explore below. More tracer observations along the P06 WOCE section in different years are included in
the supporting information.

To aid in the understanding of the dynamics of the DEBCs in observations and in the realistic geometry
simulation, we consider an idealized-geometry 3-D GCM experiment. The idealized configuration uses an
idealized trench bathymetry, which is a latitude-independent polynomial fit to the realistic trench in south-
east Pacific at 30°S near the eastern boundary, and a flat bottom west of it. The idealized experiment is forced
by southward inflow/outflow near the eastern boundary with a Gaussian structure in the zonal and vertical
directions on the northern and southern boundaries (Figure S3). There is no wind forcing and the surface
fields are restored to a constant uniform sea surface temperature. The idealized configuration uses similar
physical parameters as the realistic ones, except for the horizontal viscosity and a larger Gent-McWilliams
diffusivity (kgy, = 200 m? s71) that are needed because these simulations do not show any eddies when the
same parameters are used as in the realistic model, due to the weakness of the simulated flows and the lack
of surface wind and buoyancy forcing.

This idealized configuration shows a poleward DEBC above the trench, starting from 37°S and between 2.0-
and 4.0-km depth (Figures 2d and 2e). This current, as in the realistic southeast Pacific configuration, shows
spreading isopycnals surrounding its core, related to a low PV signal (Figure 2e). The existence of the flow in
this model configuration demonstrates that neither surface wind nor explicit meridional surface buoyancy
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Figure 2. Results of general circulation model experiments. (a) Horizontal map of northward velocity (colors) and
velocity vectors (black vectors), at 3.0-km depth in the realistic southeast Pacific configuration (gray shading: continent
at this depth; black contours: bathymetric contours for depth levels between 6 and 1 km with 1-km interval, 2.5 km,
and 1.5 km), yellow dashed line: position of the vertical section shown in (b). (b) Vertical section of northward velocity
(colors) and isopycnal surfaces (black contours) at 33.8°S. Meridional velocity in (a) and (b) use the same color bar
below panel (b). (c) Three dominant terms of the vorticity budget in the southeast Pacific Ocean (blue: fV; cyan:
vertical stretching; magenta: curl of friction), at depth of 3.5 km and averaged between 33.5° and 34°S. (d-f) Same as
(a)—(c) for the idealized Pacific configuration, and the vertical section is taken at 45°S. The vorticity balance is taken at
3.0-km depth and 46°S. (g-1) Vertical velocity reconstructed from the temperature budget of the general circulation
model, at 3.0-km depth. Black contours denote southward flow. For the realistic simulation: (g) w inferred from
horizontal temperature advection by the mean flows (see equation (2)); (h) w inferred from horizontal temperature
advection by eddies; (i) w inferred from total explicit diffusion. (j-1) The same as (g)-(i) but for the idealized Pacific
simulation.

forcing are essential ingredients in the local DEBC dynamics (though they may drive the source and sink
that are prescribed as the boundary conditions from areas outside the domain of the model).

We now use these realistic and idealized experiments to explore the dynamics of the DEBCs in the Pacific
basin, using the vorticity budget (the equations below are written in Cartesian coordinates for simplicity,
but all analysis is done in spherical coordinates used by the MITgcm),

9

_+V.Vé’+ﬂV=fa—VV+i%'VXF. (1)
ot 0z

Here { = dv/ox—adu/dyis the vertical component of the relative vorticity, representing the rotational motion
of fluid elements, with (x, y,z) the (eastward, northward, and upward) coordinates, and v = (u,v,w) the
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(eastward, northward, and upward) velocity field. The Coriolis parameter is represented by f = 2Qsin(6),
p = df/dyis the meridional gradient of the Coriolis parameter, and the last term is the vertical component
of the curl of the friction forces F in the momentum equation (including explicit horizontal and vertical
viscosity).

The southeast Pacific Ocean realistic configuration vorticity budget (time averaged; equation (1) and
Figure 2c) shows a dominant balance in the DEBC region, east of longitude —74°, between the advection
of planetary vorticity (8v, blue, also showing the zonal structure of the DEBC meridional velocity v), vortex
stretching (fow/0dz, cyan), and the curl of the friction (magenta). The time rate of change and nonlinear
terms are generally small in this balance. On the west side of the current (whose structure is shown by the
blue curve), the stretching and beta terms nearly balance. This is a typical ocean interior vorticity balance
away from horizontal boundaries. The source of the stretching is the topographic slope that also sets the
horizontal scale of the current. Near the core of the current and to the east, there are strong compensating
trends in the stretching and friction terms, decaying rapidly away from the eastern boundary. Very similar
structure is observed in the corresponding idealized configuration (Figure 2f). This similarity implies that
the idealized-trench configuration is a proper simplification of the realistic southeast Pacific configuration.
This vorticity balance is different from that expected in western boundary regions, of planetary vorticity
advection versus friction (with a role for nonlinearity as well, Hughes & De Cuevas, 2001). We emphasize
the strong decaying signal away from the eastern boundary, to be explained shortly.

Because vertical stretching is an important part in the DEBC vorticity dynamics, a careful analysis of the
temperature budget in the GCM is made to reconstruct vertical velocity. Here (-) stands for time average,
and ()’ is the deviation from the time average, u, is the vector of the horizontal velocity, v is the vector of
3-D velocity, and TZ is the time-mean, horizontally averaged temperature gradient profile representing the
mean stratification,

w, V,T+V -VI' +wl, = V - (KVT). ©)

where V denotes the three-dimensional Laplacian operator, V,, is the horizontal Laplacian operator, and K
is the diffusivity tensor. This budget closes well (not shown). It is clear from equation (2) that three pro-
cesses contribute to the structure of the vertical velocity w: mean flow advection, eddy transport, and explicit
diffusion representing unresolved eddies. In the realistic simulation (Figures 2g-2i), the vertical velocity
is dominated by explicit diffusion in the DEBC region, while nonlinearity becomes more important in the
west. Similarly, explicit diffusion is also a dominant term in w reconstruction for the idealized experiment
(Figures 2j-21). We notice that mean flow advection becomes important to the west of the core of the cur-
rent (Figure 2j) for the idealized simulation, which may be caused by the strong mean flow due to the strong
inflow/outflow boundary condition. Since it still holds that explicit diffusion is dominant close to the east-
ern boundary and across most of the width of the current, and we are interested in the boundary dynamics,
we use a linearized temperature budget below for simplicity.

3. Developing a Theoretical Understanding of the DEBC Dynamics

3.1. The Simple Vorticity Model

We now use a simple vorticity model to demonstrate the combined effects of stratification, topography, heat
diffusion, and viscosity in the vorticity dynamics of the DEBCs. We begin by prescribing the vertical structure
of the flow to be that of a Gaussian G(z) centered around a depth z,, with a vertical scale . The simplified
and linearized buoyancy or temperature equation wN*/(ag) = «,0°T/dz> + k,,V, T is used to express the
stretching term fow/dz in terms of the temperature, where N? is the vertical profile of squared buoyancy
frequency and « is a constant thermal expansion coefficient. All terms in the resulting vorticity equation
may now be written in terms of a stream function (supporting information) using v = y,, u = -y, and
T = fy,/ag. Writing the stream function as y = ¢(x, y)G(z), leads to a single equation for the horizontal
structure of the stream function, ¢(x, y),

%__(thz
ax N2

AV~ LA )

o
+Av> Vid g -

This is a fourth-order differential equation in longitude (x), and ignoring meridional derivatives and assum-
ing an exponential zonal profile of the solution as ¢ ~ exp(Kx) in order to identify near-boundary dynamics,
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equation (3) becomes an equation for the zonal scale K,

2
AK* - pK = — (M +Av>

KZG_" B vaz el

G N G~ @

N2

This equation has two solutions decaying from the eastern boundary, with decay scales of 37 and about
12,000 km, and two modes decaying from the west. The classic Munk model of western boundary currents
(Munk, 1950) has two modes decaying from the west and only one decaying from the east, plus a constant
solution. This means that the Munk model cannot satisfy a no-normal flow condition at the eastern bound-
ary, and this condition must be satisfied by the interior flow (Pedlosky, 1987). Given the very long decay
scale of one of our eastern boundary modes, our model effectively also has a single eastern boundary mode.
We therefore conclude that both in this model and in the Munk model a significant boundary current that
can satisfy a no-normal flow condition, can only exist near the western boundary.

The signature of the rapidly decaying mode from the eastern boundary is clearly seen in both the realistic
and idealized GCM experiments (Figures 2c and 2f) where the friction and stretching terms strongly increase
toward the boundary. The narrow decaying mode thus explains the strong signals trapped near the eastern
boundary that are an important part of the GCM-simulated DEBC vorticity budget. The dominant terms
in (3) near the eastern boundary include the horizontal viscosity (4,,) term and the horizontal diffusion of
temperature (x;,) that does not exist in the Munk model, with the g term playing a role a bit farther away
from the boundary. Thus, the eastern boundary decaying modes exist when the «;, term is not negligible.
The balance between this term and the Munk viscosity gives a zonal scale for the decaying mode, L, =
2z /K = =n(Hé/ | f1)\/24,/K;, ~ 37 km, which would be equal to the Rossby radius of deformation if the
eddy viscosity and diffusivity are the same. This is also consistent with the scale of the decaying signals near
the eastern boundary in the GCM results seen in Figures 2c and 2f. We note that a related scaling was derived
by Barcilon and Pedlosky (1967), attempting to satisfy a no-slip boundary condition in a linear stratified
ocean theory, not in the context of explaining the existence of a boundary current. A related scaling was also
developed to explain upper-ocean eastern boundary currents (Bire, 2019; Wolfe & Bire, 2019), balancing
eddy thickness diffusion and viscosity and deriving a length scale of 5 km.

The longer decay scale from the eastern boundary is set by a dominant balance between thermal diffusion
and the g effect, where vertical diffusion is about three times as important as the horizontal diffusion. If we
assume a balance as K ~ «, f2/(H*N?), the length scale is approximately 8,200 km. The difference between
the scaling and the full-parameter solution is due to contribution by horizontal diffusion, the inclusion of
which will recover the 12,000-km length scale (not shown).

The sensitivity of the results for the eastern boundary decaying mode was explored over a large parameter
regime, varying all parameters from tenth to 10 times of their reference values magnitude, including A;, A,
Kp,» Ky, N2, and §. Over the entire parameter regime, there are always two decaying solutions from the eastern
boundary. It is interesting to note, even if not relevant to the ocean, that in some extreme parameter regimes,
usually characterized by unrealistically large vertical diffusion, the two eastern boundary decay scales are
comparable, making DEBCs boundary currents in the same sense as western boundary currents.

For the above parameter regime based on the eddy diffusivity from the idealized GCM, there are also two
expected modes decaying from the western boundary, with scales of 0(40) and O(3000) km. The decay scales
from both the eastern and western boundaries are generally sensitive to the vertical structure specified (the
parameter ). When the vertical scale is made larger (say, 1.5 km instead of 500 m), the western boundary
scales both become O(100) km, as expected. As our objective is to study the eastern boundary dynamics, a
further exploration of the effects on western boundary currents is beyond the scope of this work.

In summary, the specific physics added relative to the Munk model that allows the eastern boundary mode
to exist is the horizontal diffusivity by ocean eddies, (k},) that are resolved in our realistic simulations and
parameterized in the idealized GCM runs. This analysis suggests that the DEBCs should not be considered
boundary currents in the same sense as western boundary currents such as the Gulf Stream, nor in the sense
of upper-ocean eastern boundary currents that are obtained by one of the trapping mechanisms reviewed in
the Introduction. Rather, DEBCs combine dynamics typical of the ocean interior over most of the width of
the current, with a narrow sublayer of width L near the eastern boundary that leads to the strong decaying
signals seen in the vorticity budget and help set the along-shore velocity to zero near the coast. Additional
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idealized GCM experiments (not shown) demonstrate that the DEBC width is controlled by the topographic
slope width, while the scale of the decaying modes is not, consistent with the above picture.

Munk (Munk, 1950), in his discussion of western boundary currents, also showed that a near-surface eastern
boundary current can be forced by meridional wind stress. Our mechanism for DEBCs can be thought of as
relying on a similar mechanism, with the stretching being due to thermal diffusion and topography rather
than wind stress. The dynamics we are considering in equation (1) are also similar to those considered by
Warren (1976) in his discussion of the effects of stratification on western boundary dynamics (his equation
(5)), although he did not consider modes decaying from the eastern boundary. Our eastern boundary mode
is also distinct from solutions discussed in works on the linear circulation of a stratified ocean (Gjermundsen
& Lacasce, 2017; LaCasce, 2004), which balance vertical diffusion and the beta effect.

3.2. Vertically Integrated Form of the Simple Vorticity Model

In order to further investigate the interaction between DEBCs, stratification and the topography, we derive
a related simple vorticity equation, describing the two dimensional horizontal depth-integrated flow, by
integrating equation (1) in the vertical from the bottom z, = —h to above the core of the deep inflow, z, =
Z, + 6, to find,

By = f(w, —wy) +k-Vx(F). (5)

Here, (-) denotes a vertically integrated variable, the bottom boundary condition is w, = —udh/ox, and the
linearized temperature equation used to derive (1) provides the vertical velocity just above the current at
depth z, + 6. This leads to a single equation, this time for the horizontal structure of the vertically integrated
stream function. This vertically integrated simple vorticity model is subjected to no flow boundary condition
in the west and east, and inflow/outflow boundary conditions similar to that used in the idealized GCM
experiments in the north and south. The model (5) is solved by writing its finite difference equation in matrix
form and inverting to find the solution.

When the vertically integrated vorticity model includes all terms and is forced by a Pacific-like trench (“con-
trol” case; Figures 3a, 3e, and 3i), it shows a concentrated DEBC whose zonal extent is similar to that of the
trench (Figure 3a). This current grows stronger to the south, similar to the DEBC in the idealized-trench
GCM experiment (Figure 2d). The vorticity budget of this DEBC (Figure 3e) is very similar to that in the
realistic and idealized GCM configurations (Figures 2c and 2f) as well, showing a balance of the beta term,
stretching and friction, with a strongly decaying mode from the eastern boundary to the east of the core of
DEBC, which is shown by the beta term in blue. It also shows the two compensating peaks in stretching and
friction to the west of the core of the current.

The integrated vorticity model also allows us to verify the role of the trench: when the trench is replaced by a
flat bottom (Figures 3b, 3f, and 3j), the DEBC disappears and the inflow is directed to the western boundary
current, indicating that bathymetry forms an important source of vertical vortex stretching in the DEBC
dynamics. The western boundary current is connected to the inflow and outflow via northern and southern
boundary currents. The control case of the integrated vorticity model (Figures 3a, 3e, and 3i) also shows a
weak western boundary current, although most of the transport occurs in the DEBC there. The same result
is found in the realistic GCM configuration: When the trench is eliminated, the DEBC is not present (not
shown).

Next, we examine the effects of stratification, which is not included in the standard Munk model. When the
stretching due to thermal stratification and diffusion is removed, effectively making this into an unstratified
Munk model, the solution shows no DEBC in the absence of a trench (Figures 3d, 3h, and 31), and the western
boundary current shows the standard balance of beta and friction. When a trench is added to the unstratified
Munk model (Figures 3c, 3g, and 3k), a concentrated DEBC appears with a weak western boundary current
as well. However, the vorticity balance in this case does not include the decaying mode away from the eastern
boundary, and is thus different from that of the realistic balance and that of the control case of the simple
vorticity model (compare Figures 3e and 3g). This shows that the realistic DEBC dynamics are not driven by
the trench alone, but require the stratification and eddy mixing as well. The integrated vorticity model (5)
allows us to examine the importance of topography versus horizontal temperature diffusion (parameterized
eddy mixing) in setting the stretching term. We find that both eddy mixing and the bottom topography
contribute roughly equally to the stretching.
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Figure 3. Results of different configurations using the vertically integrated vorticity model. Top panels: meridional velocity (v, color, cm s~1) shown by velocity
vectors (black arrows). Middle panels: vorticity balance showing the beta term (blue), stretching (cyan) and friction (magenta). Bottom panels: bathymetry.

(a, e, and i) Full model (control case) forced by a trench; (b, f, and j) full model with a flat bottom; (c, g, and k) Munk model with a flat bottom and no
stratification; (d, h, and 1) Munk model with a trench.

The stratification and dynamics that allow for a deep decaying mode from the eastern boundaries exist in
many areas of the ocean. DEBCs will exist only where two additional conditions are satisfied: First, the
existence of significant deep inflows near the eastern boundary (whose origin is beyond the scope of this
work). Second, and the main insight here, is that the eastern boundary modes need to be forced by the
topography in the presence of stratification and eddy mixing. Given these conditions, flows impinging the
eastern boundary encounter the trench (or a South Atlantic-like slope, discussed in future work), leading to
a vortex stretching signal that forces the decaying mode that results in the DEBC vorticity budget observed
in our simulations. This stretching appears as a forcing term on the right-hand side of the integrated simple
vorticity model (equation (5)). We emphasize that the DEBCs are not due to the trapping of Rossby waves
near the boundary by vertical diffusion (Tziperman, 1987), or by the topography (Furue et al., 2013), or other
mechanisms leading to boundary currents.

Additional experiments with the integrated vorticity model (not shown) show that for the topography to
be able to efficiently force the eastern boundary decaying modes, its zonal scale needs to be of the order of
magnitude of decay length scale or larger. In particular, a too sharp continental slope would not be able to
effectively force the decaying modes and may not allow a DEBC to exist.

4. Conclusion

DEBCs are a significant, yet relatively unexplored component of the large-scale deep ocean circulation. A
combination of realistic and idealized GCMs, together with theoretical vorticity models, was used here to
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investigate the dynamics of DEBCs. We first showed that the vorticity balance over much of the DEBC
is typical of ocean interior away from horizontal boundaries, balancing stretching by vertical velocity and
meridional advection of planetary vorticity. The vertical velocity leading to the vortex stretching is driven by
the flow over topography and is sustained in the interior away from the bottom by the effects of stratification
and subgrid scale eddy mixing of temperature. The DEBC vorticity balance involves a characteristic decaying
mode away from the eastern boundary that exists when the effects of stratification and eddy temperature
mixing are included. Unlike the case of western boundary currents, we find that nonlinear advection of
vorticity, whether by mean flow and resolved ocean eddies in our realistic simulation, is not a dominant
process. Eddy temperature mixing does enter the scaling of the decaying mode, and the scale of the decaying
mode predicted here requires climate models to have a very high resolution in order to be able to successfully
simulate DEBCs. We also showed that the DEBC can exist without local wind or buoyancy forcing, although
the existence of the driving inflow and outflow may be due to such surface forcing factors away from the
DEBC area.

There are some caveats to note. The DEBCs simulated in both our realistic and idealized configurations,
as well as in SOSE, appear weak compared to observations. It is possible that higher model resolution that
well resolves both the topography and the decaying mode will lead to improvements, although the lack
of continuous observations at the same site that allow better estimates of the time-averaged flow makes
the comparison difficult. The linearized framework proposed in this paper does not work as well for the
southeast Atlantic DEBC where nonlinearity is important. Improvements on this matter will be addressed
in future work. The origins or drivers of the eastern boundary inflow and outflow are not addressed here,
nor do we address what sets their depth and horizontal and vertical scales (Furue et al., 2013; McCreary
& Chao, 1985; McCreary et al., 1987), as we focus on the dynamics of the deep currents that connect these
inflows and outflows.

The transport of deep water into the Southern Ocean is important in the present-day ocean and may have
played arolein glacial-interglacial CO, variations that were likely driven by the Southern Ocean (Toggweiler,
1999). A significant fraction of this transport occurs in DEBCs, and it is therefore important that we
understand and properly simulate these deep flows in climate models.
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Text S1. MITgcm setup.

We use the Massachusetts Institute of Technology General Circulation Model (Marshall
et al., 1997) in a regional model of the southeast Pacific with realistic bathymetry. The
lateral boundary conditions to the north, south and west are prescribed monthly temper-
ature, salinity, sea surface height and velocities interpolated from SOSE output, averaged
over 6 years, and applied through a 20-grid-point wide sponge layer with restoring time
scale as 1 day on the outer edge and 20 days on the inner edge. The model is forced at
the surface by restoring to monthly temperature and salinity on a 1-week time scale, and
by monthly wind stress from the Comprehensive Ocean-Atmosphere Data Set (COADS,
Woodruff et al., 1987). The horizontal resolution is 0.1° and there are 66 vertical layers in
total, with thickness ranging from 10 meters near the top to 125 meters near the bottom.
Prescribed physical parameters are harmonic horizontal viscosity (A, = 10 m?s™1!), ver-
tical viscosity (A4, = 107* m?s™'), and vertical diffusivity (k, = 107 m?s™!). Isopycnal
diffusion by unresolved eddies is parameterized by the Gent-McWilliams (GM) scheme
(Gent & McWilliams, 1990) using a weak diffusivity of 10 m2s~! in the realistic configura-
tions, as eddies are at least partially resolved there. Biharmonic viscosity and diffusivity
(kg = Ay = 10 m?s™1) are used for numerical stability. A no slip condition is applied at
horizontal boundaries, and a linear bottom drag coefficient of 1072 s~! is used.

The Pacific-like idealized configuration uses an idealized trench bathymetry which is a
polynomial fit to the realistic trench in southeast Pacific at 30°S near the eastern boundary,
and a flat bottom west of it. This idealized bathymetry does not vary in the meridional

direction. This idealized experiment is forced by southward inflows and outflows near
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the eastern boundary that have a Gaussian structure in the zonal and vertical directions
on the northern and southern boundaries. This run uses temperature only and a linear
equation of state. The prescribed isopycnals at the northern and southern boundaries
near the inflow/ outflow are calculated using the thermal wind balance with the prescribed
velocities (Fig. S3).

The idealized configuration uses similar physical parameters as the realistic one, except
for the horizontal viscosity (A4, = 400 m2s™!) and a larger Gent-McWilliams diffusivity
(k = 200 m?s™1) that is needed because these simulations do not show any eddies when the
same parameters are used as in the realistic model, due to the weakness of the simulated
flows and the lack of surface wind and buoyancy forcing. The surface temperature is

restored to a horizontally uniform value of 18°C.

Text S2. Derivation of the simple vorticity model.

Analysis of the vorticity budget (equation 1 in text) in the realistic configuration GCM
run reveals that nonlinearity due to resolved eddies is small compared to other terms.
Similarly, the temperature balance in the idealized GCM experiment (Fig. 2j.k,1 in text)
is dominated by vertical advection of the mean profile balanced by horizontal diffusion,
parameterizing sub-gridscale eddy mixing. Zonal and meridional advection of tempera-
ture cancel to a significant degree in the DEBC area in the realistic simulation (but not
elsewhere). Based on these findings and on the need for simplicity in the vorticity model
that is meant to extract the O(1) dynamics rather than be realistic, we remove the non-

linear terms in the momentum and horizontal temperature advection used to derive the
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vorticity model. The governing equations are then,
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Here (x,y,z) are (eastward, northward, upward) coordinates, (u,v,w) are the corre-
sponding velocities, p is pressure, p is density, 7' is temperature, « is thermal expansion
coeflicient, Ap(,) is horizontal (vertical) viscosity, sn( is horizontal (vertical) diffusivity,
and N? = —gp./po. The simplified temperature balance used here replaces GM long-
isopycnal mixing with horizontal and vertical harmonic diffusion, for simplicity. We also
note that, in principle, eddy diffusivity should be diminishing toward the boundary, but
we neglect this effect for simplicity which is justified in hindsight by the comparison of
the simple model results to those of the fuller eddy-resolving GCM. The simplified tem-
perature balance is further justified by the analysis of the temperature budget within
the main text, used to reconstruct the vertical velocity and showing that resolved eddy
heat transport is negligible around the Pacific DEBC. This may indicate that an analysis
taking eddy effects into account as was done in Bire and Wolfe (2018) in the context of
upper ocean eastern boundary currents forced by surface meridional buoyancy gradient,
may not be needed for the Pacific DEBC.

We take the curl of the horizontal momentum equations, use the continuity equation to

express the horizontal divergence in terms of dw/dz and use the temperature equation to
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express the vertical velocity w in terms of the temperature diffusion terms, to find,
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Next, assume quasi-geostrophic scaling so that we can write the velocities and tem-
perature in terms of a streamfunction, in dimensional form, as u = —,, v = 1, and
T = fi./(ag) and w = flkp Vi, + Ku1,..] /N2 Note that in some boundary flows the
alongshore flow is geostrophic while the cross-shore flow is ageostrophic at lowest order.
Here, the relevant cross-shore flow is the interior flow impinging on the topography, and
it is large scale and geostrophic to first order. The above vorticity equation written in
terms of the streamfunction is,
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Text S3. Vertically Integrated Vorticity Model.

The idealized GCM experiment, which is forced by a Gaussian-shaped inflow/outflow
boundary condition, produces a DEBC that also has a Gaussian vertical structure away
from the northern and southern boundaries in the idealized southeast Pacific GCM exper-
iment (Fig. S4). Therefore, in the simple vorticity model, the solution is assumed to have
a Gaussian vertical structure whose center is at zy (representing a depth of about 3 km)
and a width given by . The streamfunction can be decomposed into its vertical and hor-
izontal structures as ¥ (z,y,z) = exp (—(z — 20)?/0%) ¢(z,y). Equation (3) is integrated
vertically from zy — &, where the bottom ocean boundary condition is applied, to zg + ¢
above the core of the DEBC. This implies that, following QG scaling, topographic devia-

tions from the flat bottom are small perturbations compared to the total thickness of the
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water column, so that we can apply the bottom boundary condition at zg — 0 rather than
at the actual bottom depth. The bottom boundary condition is w = —uh, = (¢y)ph,.

The final form for the simplified vorticity model becomes:

20+0
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Z 20—0
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The first three terms are the vertically integrated version of horizontal viscosity, 8 term,
and vertical viscosity respectively. The third term is the vertical velocity at depth zy + d,
and the fourth term is the vertical velocity at the ocean bottom.

Equation (4) is solved on a 1000 km x 2000 km domain with 5-km horizontal resolution,
on a [-plane whose center latitude is the same as the corresponding GCM idealized
experiments. The finite difference version of (4) is written in matrix form and solved

for the stream function at all grid points.
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Figure S1.  Observed and simulated DEBCs in the southeast Atlantic Ocean. (a) Ocean
depth in km (colors) and large-scale potential vorticity (fo,, contours), from WOCE, at 2.5
km depth (Gouretski & Koltermann, 2004). (c) Bottle measurements of oxygen (colors) and
silicate (contours) (umol/kg) on the A10 section (28°S), in 2003 (Uchida & Fukasawa, 2005). (b)
Horizontal map of the DEBC simulated in SOSE. Color: northward velocity at 2.5 km depth;
black arrows: velocity vectors; contours: large-scale potential vorticity (fo.). (d) Vertical map

of the DEBC simulated in SOSE (33&8¢mber 11, 2019, 10:42am
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Figure S2. Oxygen and silicate bottle measurements (umol/kg) in the southeast Pacific

Ocean on the P06 WOCE section (32.5°S) of different years. Color: Oxygen anomaly relative to
the distance weighted zonal averages in the shown longitudinal ranges. Black contours: silicate
concentrations, contour from 112 umol/kg to 130 umol/kg, with 2umol/kg interval. (a) 1992
observation (Tsimplis et al., 1998); (b) 2003 observation (Uchida & Fukasawa, 2005); (c) 2010
observation (Talley et al., 2016); (d) 2017 observation (Schulze-Chretien & Speer, 2019).
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Idealized configuration

20
-0.5
15
-1
) 10
1.5 -
-2
45
€25 e
= ‘o
< 3 -0 E
a \ =
(O]
0 35 =
H-5
-4
45 10
-5
15
-5.5
-20
-84 -82 80 -78 -76 -74 -72
Longitude ( )
Figure S3. Idealized trench configuration. Colors: V velocity; Black contour: isopycnal

surfaces; grey shading: bathymetry.
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Figure S4. A least square fit of the vertical V velocity profile to Gaussian vertical structure.

Blue: meridional velocity v from the MITgcm; Red: least-square fit to a Gaussian profile.
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