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Ocean bathymetry

Dissipation by bottom drag is a non-negligible, but poorly constrained, component of the ocean’s energy budget.

Estimates of dissipation occurring in the bottom boundary layer range between 0.2 - 0.83 TW.
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Figure 2. Bottom topographic slopes, with 100 km resolution, calculated from the etopo1 data set (https://www.ngdc.
noaa.gov/mgg/global/).

velocity—and hence the cross-isobath velocity—is proportional to the vertical shear divided by the strati-
fication, N2. The latter is weak with exponential stratification, but the deep shear is even weaker (Figure 1b).
In contrast, with constant stratification the deep shear actually increases with bottom slope (Figure 1a). With
a slope of 10−4, the bottom shear-to-N2 ratio is 2 orders of magnitude smaller with exponential stratification
than with constant stratification. The bottom velocities are similarly weaker.

The results for different size waves are similar. Shown in Figure 1c are the first eigenvalues with exponential
stratification, plotted as a function of bottom slope. The corresponding values for the flat bottom BC1 and
for the gravest surface mode are indicated for comparison. As noted, the inverse of the first eigenvalue is
the mode’s deformation radius, so the smaller eigenvalue for the surface mode implies that it has a larger
deformation radius.

The eigenvalue is close to that of BC1 when the slope is weak and approaches the surface mode value when
the slope is strong. But again, the transition between the two limits occurs for modest slopes. Shorter waves
transition over weaker slopes, but in all cases the shift happens for slopes less than 10−4, that is, a topographic
grade of only 0.01%. The largest wave shown has a scale of 1,000 km, but larger waves yield essentially the
same result as for that wave.

Thus, slopes greater than 10−4 should favor surface modes. But how large are the topographic gradients in
the ocean? The answer depends on the lateral scale, but assuming a wave scale of 100 km yields the values
contoured in Figure 2. The slopes vary with region, being largest near the continents and over the mid-ocean
ridges. Nevertheless, they exceed 10−4 nearly everywhere. This suggests that the baroclinic modes should
resemble surface modes in most of the ocean.

2.2. The Forced Ocean Response
Bathymetry affects the forced response similarly. We illustrate this with a simpler QG system, in which the
stratification is represented by two layers of constant density (Pedlosky, 1987; Phillips, 1954; Vallis, 2006), with
thicknesses of 1,000 m (upper) and 4,000 m (lower). The upper layer is forced by the wind, and the bottom
slope lies entirely in the lower layer. This linear problem can also be solved analytically, as shown in section S2
of the supporting information.

We illustrate the response using wave number-frequency spectra of the upper layer stream function,
obtained by solving the system neglecting variations in the y-direction (Figure 3a). The spectra reflect
the upper layer response if the wind forcing has a white spectrum (as is often the case; Frankignoul and
Hasselmann, 1977); different forcing spectra alter the amplitude of the response but not the general char-
acter. Without a bottom slope or friction, the system has two resonances, corresponding to BT and BC1
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transition between high and low dissolved oxygen levels,
whereas across the ADELIE section there is a steady
evolution through the Slope Front from the high shelf
levels to the reduced slope levels. This difference is most
likely a result of finer station spacing across the Slope

Front that better resolves the transition between the
water masses. Although, further north, dissolved oxygen
levels may be modified in water that has circulated
through Bransfield Strait (Heywood et al., 2004; Zhou
et al., 2006).
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Fig. 5. Neutral density gn section. The region with 28:10ogno28:27 is shaded light gray indicating Warm Deep Water (WDW) and the region with
gn428:4 is shaded dark gray indicating Weddell Sea Bottom Water (WSBW). The water mass boundaries are defined using Whitworth et al. (1998) and
Naveira Garabato et al. (2002). Otherwise as Fig. 2.
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crossings, the Coastal Current is easily discernible in
the shipboard ADCP data and found in the same location
(the two crossings of the Coastal Current were separated
by 10 h).

Fig. 9 shows the velocity perpendicular to the ADELIE
section (approximately along the continental slope) from
both the shipboard ADCP and the LADCP measurements
with the tidal contribution removed. Agreement between
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Fig. 9. (Upper panel) Shipboard acoustic Doppler current profiler (SADCP) velocities perpendicular to the ADELIE section to a depth of 600 m with the
tidal contribution removed. Contour intervals are every 5 cm s!1 between !10 and 20 cm s!1; the 30 cm s!1 contour is also included. Positive (northward)
velocities greater than 10 cm s!1 are shaded dark gray while negative (southward) velocities are shaded light gray. The dashed lines indicate the cores of
the Antarctic Coastal Current (CC), Antarctic Slope Front (ASF) and Weddell Front (WF) as determined from the geostrophic velocity section (Fig. 10).
(Middle panels) Lowered acoustic Doppler current profiler (LADCP) velocities perpendicular to the ADELIE section with the tidal contribution removed.
The contour intervals and shading are the same as in the SADCP panel. Station labeling is as in Fig. 2. (Lower panel) Velocity distribution as a function of
height above bottom as determined from the bottom-tracked LADCP data. Contours and shading are the same as above.
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Boundary currents in the northwestern Weddell Sea

Thompson and Heywood (2008)
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Figure 1. Schematic of the bottom boundary layer over a slope; density surfaces are given by
the gray curves. The model domain is 20 m ⇥ 20 m ⇥ 60 m and f = 10�4s�1. The coordinate
is rotated by a slope angle ↵. The barotropic mean flow is associated with a downslope Ekman
transport. The thermal wind shear generated due to the tilting isopycnals is in the positive y
direction, opposite to the mean flow. The near-bottom velocity is the sum of the barotropic
mean flow and the opposing thermal wind shear.

Stratification over a sloping bottom

Isopycnals

Insulating bottom boundary conditions imply a tilting of density surfaces over a sloping seafloor.

f > 0

Phillips (1970); Wunsch (1970)

Stratification / N2
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Figure 1. Schematic of the bottom boundary layer over a slope; density surfaces are given by
the gray curves. The model domain is 20 m ⇥ 20 m ⇥ 60 m and f = 10�4s�1. The coordinate
is rotated by a slope angle ↵. The barotropic mean flow is associated with a downslope Ekman
transport. The thermal wind shear generated due to the tilting isopycnals is in the positive y
direction, opposite to the mean flow. The near-bottom velocity is the sum of the barotropic
mean flow and the opposing thermal wind shear.

Stratification over a sloping bottom

Isopycnals

f > 0 Geostrophic
shear

Insulating bottom boundary conditions imply a tilting of density surfaces over a sloping seafloor.

Thorpe (1987)
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Figure 1. Schematic of the bottom boundary layer over a slope; density surfaces are given by
the gray curves. The model domain is 20 m ⇥ 20 m ⇥ 60 m and f = 10�4s�1. The coordinate
is rotated by a slope angle ↵. The barotropic mean flow is associated with a downslope Ekman
transport. The thermal wind shear generated due to the tilting isopycnals is in the positive y
direction, opposite to the mean flow. The near-bottom velocity is the sum of the barotropic
mean flow and the opposing thermal wind shear.

Stratification over a sloping bottom

Isopycnals

Geostrophic
shear

f > 0

Interior
flow

The sum of interior flow and geostrophic 
shear is weak --> Ekman arrest

Insulating bottom boundary conditions imply a tilting of density surfaces over a sloping seafloor.

Thorpe (1987); MacCready & Rhines (1991)
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FIQURE 1. Numerical solutions of (2.7) versus z^, with a = lo", f =  1 s-', N = 2 s-l, and 
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compared with solutions (dashed lines) of the slow-diffusion equation (2.20) for the same times 
(at t / 7  = 20 the profiles are nearly identical). The density perturbation, p+p', at t / T  = 20 is shown 
in (b) with all parameters as in (a) except that I.' = +_ 1 cm s-l. The effect of a small density 
diffusivity, K = om2 s-l, on the profiles in (b) is shown in (c). 
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FIQURE 2. Normalized cross-slope transport versus t / 7  from three numerical solutions to (2.7). All 
parameters were as in figure 1 (a) except the slope angly, which was varied aa shown. Also shown 
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perturbation, p+$,  at  t / r  = 20, for two different interior along-slope velocities, 
V = + 1 cm s-l (causes a down-slope transport), and V = - 1 cm s-l (causes an up- 
slope transport). Figure 1 (c) shows the density perturbation for the same situations 
as in (b)  except with g = loa, representative of the actual molecular diffusivity of 
salt. The up-slope favourable case (V = - 1 cm s-l) was statically unstable only in a 

Ekman arrest

“On application of the insulating boundary condition Thorpe (1989) finds that the interior flow far 
from the boundary is specified as a part of the solution.  Thus, while steady solutions exist for 

any interior flow if density is specified at the boundary . . . there is only one interior flow that has 
a steady boundary layer in the insulating case.”

MacCready & Rhines (1991); Brink and Lentz (2010)
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that is, the near-boundary portion of the isopycnal that
experiences the strong topographic mixing. As illustrated
in Fig. 2, Amix(r) includes both the portion of the iso-
pycnal within the BBL, where mixing drives diabatic up-
welling, and the portion of the isopycnal in the stratified
interior, where mixing drives diabatic sinking. We will
refer to the near-boundary region characterized by strong
mixing, but excluding the BBL, as the stratified mixing
layer (SML). While the BBL is of order of tens of meters
thick (Weatherly and Martin 1978), the SML is a few
hundred meters thick (e.g., Polzin et al. 1997; St. Laurent
et al. 2012; Waterman et al. 2013). It is crucial that the
integral is restricted to Amix(r), otherwise E(r) would in-
clude additional diapycnal transports not relevant for
a study of abyssal flows, like upper-ocean mixing and air–
sea fluxes.
Walin (1982) developed an elegant framework to es-

timate the area integral in Eq. (6). Here, we follow the
extensions of this approach described in Garrett et al.
(1995) and Marshall et al. (1999). Using a generalized
form of Leibniz’s integral rule, the area integral is
transformed into an integral over the control volume
V(r, r 1 Dr), sketched in Fig. 2, sandwiched between
isopycnals r and r 1 Dr, in the limit Dr / 0, and

bounded laterally by the sloping ocean topography and
the outer edge of the SML:

E(r)5 lim
Dr/0

1

Dr

ððð

V(r,r1Dr)
= ! F

r
dV. (7)

Gauss’s theorem states that the volume integral of a flux
divergence is equal to the area integral of the flux across
the bounding surface. The turbulent density flux normal
to the outer edge of the SML is negligible by construc-
tion, and the flux into the solid boundary is zero (ig-
noring geothermal effects). Thus, the integral in Eq. (7)
reduces to

E(r)5 ›

›r

ðð

Amix(r)
F
r
! n

r
dA ’ 2

›

›r

ðð

Amix(r)
F(z)
r dA , (8)

where in the last step we approximated the diapycnal
density flux with its vertical component, a good ap-
proximation everywhere except in the thin BBL, which
does not significantly affect the integral. This equation
states that whether the near-boundary mixing trans-
forms waters into lighter or heavier density classes in
the net depends on the rate of change with density of
the integral of the density flux over the part of the
isopycnal experiencing mixing, not the rate of change
with density of individual mixing profiles. To make this
point more explicit, we follow Klocker and McDougall
(2010) and write the equation in terms of quantities
averaged over the near-boundary area Amix where
mixing is strong:

h~ei ’ 2
›hF(z)

r i
›r

2 hF(z)
r i 1

Amix

›Amix

›r
, (9)

where ~e is the magnitude of the diapycnal velocity,
taken to be vertical and positive upward in the stratified
ocean interior. The angle brackets represent the area-
averaging operator h!i [ A21

mix

ðð

Amix
!dA. A positive h~ei

means that waters, on average, rise toward lighter
density classes. A decrease toward the bottom of the
area experiencing strong mixing, ›Amix/›r , 0, drives
diapycnal rising of dense waters, as we argued with the
simple schematic in Fig. 1b.
Equation (9) differs in one very important aspect from

that derived in Klocker and McDougall (2010). Klocker
and McDougall (2010) took the average over the whole
isopycnal layer and thus their equation had the full
isopycnal area A(r) on the right-hand side. Observing
that isopycnals are nearly flat in the stratified ocean, they
concluded that it is the increase in the area of the ocean
basins with depth (the hypsometry) that makes h~ei. 0
and allows waters to rise across density surfaces, in spite

FIG. 2. A longitude–depth section of the near-boundary region of
the ocean above rough topography is characterized by enhanced
turbulence generated by tidal and geostrophic flows impinging over
topography. The region closest to the boundary is characterized by
a weakly stratifiedBBL a few tens of meters thick. Above the BBL,
there is a SML, a region where topographically generated turbu-
lence is still strong but not so strong as to substantially reduce the
stratification. The combination of strong turbulence and large
stratification results in a strong density flux F(z)

r . The SML extends
a few hundredmeters in the vertical. A typical vertical profile of the
turbulent density flux F(z)

r through the BBL and SML is sketched
on the upper-right corner of the figure. The stratified ocean above
the SML is characterized by weak turbulence rates. The shaded
regionV(r, r1Dr), used inWalin’s (1982) calculation of section 2,
is circumscribed, vertically, by density surfaces r and r 1 Dr and,
laterally, by the outer edge of the SML and the ocean solid
boundary. The black arrows indicate the diabatic sinking of waters
in the SML and the diabatic along-boundary upwelling in the BBL.
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To maintain an overturning you need to 
sustain the stratification --> need to 

exchange with the interior! 
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outside of the BBL. These outer layers evolve on time
scales longer than the bottom mixed layer, similar to a
thermal diffusive layer, and are likely to influence the
interaction between the BBL and the open ocean.

There are many reasons why Ekman arrest may be
absent or weak in the ocean. Most simulations predict-
ing Ekman arrest assume two-dimensional dynamics (as
we do here); the impact of along-slope variations on

FIG. 1. Schematic representation of bottom boundary layer processes considered in this
study: (a) buoyancy shutdown and (b) frictional spindown.Arrows as well as dotted and crossed
circles indicate mean flow direction; gray contours are density surfaces and f . 0. In (a),
a laterally uniform mean flow generates an Ekman transport in a boundary layer de that tilts
isopycnals, which also diffuse in a boundary layer dT. The resulting horizontal buoyancy gra-
dient balances a vertically sheared along-slope flow that opposes the interior flow until Ekman
transport and buoyancy advection ceases; buoyancy shutdown occurs independent of back-
ground flow orientation. In (b), a cyclonic (anticyclonic) circulation over a flat bottom induces
Ekman pumping (suction) related to Ekman convergence (divergence). This results in a sec-
ondary overturning circulation in opposition to the interior pressure gradient, which depletes
the kinetic energy of the background flow.
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where p is pressure, n is the vertical viscosity, and k is the
vertical diffusivity. For the purpose of the scaling argu-
ment, the horizontal diffusion terms and the nonlinear
terms in the momentum equation are neglected.
The continental shelf is a constant depth Hshelf. The

continental slope is inclined to the horizontal at a constant
slope angle u, which is assumed small enough that
sinu ’ u. The slope intersects the flat continental shelf
at the shelf break. Farther offshore, the continental slope
intersects a flat, deep region. The initial flow is depicted
in Fig. 1a.
Within an inertial period, an ageostrophic cross-shelf

flow develops within the bottom boundary layer over
a height hBBL. Over the flat shelf, the bottom cross-shelf
transport V5

Ð hBBL
0 y dz is equal to the bottom Ekman

transport:

Me5
txb
ro f

, (5)

where txb is the alongshelf bottom stress. During this
time period, the density field undergoes an adjustment
with shear-driven vertical mixing within the bottom
boundary layer. Over the flat shelf, the bottom boundary
layer deepens to a height

hPRT 5 23/4
u*ffiffiffiffiffiffi
fN

p , (6)

where u*5
ffiffiffiffiffiffiffiffiffiffiffi
tb/ro

p
is the friction velocity (Pollard,

Rhines, and Thompson; Pollard et al. 1973).

Over the slope, the cross-shelf flow has a contribution
from an interior ageostrophic secondary circulation that
is directed offshore (see Fig. 1b) accelerating the in-
terior, geostrophic alongshelf flow. In addition, the
cross-shelf flow has a contribution from mixing and
frictionally driven flows within the bottom boundary
layer. Downslope buoyancy advection drivesmixing and
thickens the bottom boundary layer. Within the bottom
boundary layer, downward-tilting isopycnals weaken
the near-bottom geostrophic flow. The weakening geo-
strophic flow reduces the bottom stress and hence the
bottom Ekman transport. Second, the thickening bot-
tom boundary layer and weakening near-bottom flow
(first term on the right side of the below equation) bal-
ance an upslope flow within the bottom boundary layer.
Both interior and bottom boundary layer contributions
impact the ageostrophic, cross-shelf flow:

y5
1

f

›u

›t
2
1

f

›

›z

#
n
›u

›z

$
. (7)

To determine how both contributions impact the total
bottom boundary layer transport, we follow the time-
dependent derivation of Brink and Lentz (2010) and
include the interior secondary circulation. We rotate
(1)–(4) into a reference frame where the vertical co-
ordinate is oriented perpendicular to the slope and z is
the height above the bottom. The flow is decomposed
into interior uint and boundary layer uBBL contributions.
The interior flow dynamics are assumed linear and in-
viscid, and the alongshelf flow accelerates when yint . 0:

FIG. 1. Flow adjustment. (a) At initial time, the alongshelf flow is a uniform speed U and the initial density field
rb (gray lines) is linearly stratified. The shelf is flat with a depthHshelf. The slope is inclined at a constant slope angle u
and intersects a deep, flat region. (b)After an inertial period, an offshore bottomEkman transportMe passes over the
shelf break. Over the slope, downslope buoyancy advection tilts isopycnals downward over a bottom boundary layer
depth hBBL. Horizontal density gradients induce vertical shear in the geostrophic flow. The reduced near-bottom
speeds and thickening bottom boundary layer weaken the bottom cross-shelf transport. The bottom cross-shelf
transport converges over a horizontal length scale Lupwelling and leads to upwelling wp out of the boundary layer.
Upwelling drives an interior secondary circulation over the slope, accelerating the alongshelf flow. The secondary
circulation closes offshore where the bottom cross-shelf transport diverges.
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Boundary layer and interior exchange

Armi (1979) Benthuysen and Thomas (2015) Ruan and Thompson (2016) 

A range of processes will enable (enhance?) exchange between the bottom boundary and the interior.



Governing equations
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Figure 1. Schematic of the bottom boundary layer over a slope; density surfaces are given by
the gray curves. The model domain is 20 m ⇥ 20 m ⇥ 60 m and f = 10�4s�1. The coordinate
is rotated by a slope angle ↵. The barotropic mean flow is associated with a downslope Ekman
transport. The thermal wind shear generated due to the tilting isopycnals is in the positive y
direction, opposite to the mean flow. The near-bottom velocity is the sum of the barotropic
mean flow and the opposing thermal wind shear.

Cross-slope momentum
equation:

Buoyancy equation:
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Ekman arrest

Ekman balance

• Scalings for the arrested BBL thickness
• Characterize different BBL regimes over a slope.



Ekman arrest scaling analysis (momentum balance)

Cross-slope 
momentum scalings:

Coriolis:

Buoyancy:

The arrested
Ekman height:
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force over a slope:

E
arr

⌘ B/F
c

⇠ ↵N1/f · N1H/V1 = Bu/Fr, (3.4)

where Fr is the Froude number. The magnitude of E
arr

serves as a prediction of the
likelihood of Ekman arrest, with arrest less likely for values less than 1. Since the slope
Burger number Bu in the ocean rarely exceeds unity, (3.4) implies that complete Ekman
arrest is unlikely to occur for supercritical flows (Fr > 1), for typical BML thickness
and time scale of interest. The expression for H

a

in (3.3) is likely an over-estimate of the
arrest height since the mean flow magnitude near the bottom is assumed to be the same
as the far-field flow (V1). However, as isopycnals tilt downslope, the thermal wind shear
reduces the near-bottom mean flow, which reduces H

a

. A more accurate formula for H
a

would use the magnitude of the near-bottom flow V
b

that accounts for this thermal wind
modification, rather than using the far-field mean flow, where

V
b

= V1 � ↵N2H/f. (3.5)

Replacing V1 with V
b

in (3.3) gives

H
a

⇡ fV1/(2↵N2

1), (3.6)

such that H
a

is half of what is predicted in (3.3). The magnitude of the near-bottom
flow V

b

becomes roughly half of the far-field mean flow magnitude at the arrested state:
V
b

⇡ V1/2. The predicted H
a

varies by four orders of magnitude across typical oceanic
parameters (figure 4 a-c). The nonlinear dependence of H

a

on di↵erent parameters
warrants careful examinations of the BBL structures in di↵erent regimes, which is the
focus of section 4. We show below that the estimate of H

a

in (3.6) is consistent with an
independent derivation based on the turbulent characteristics of the BBL.

3.2. Relaminarization and arrested wall stress – turbulent characteristics

Another approach to estimating the arrest height H
a

begins by assuming that a com-
plete balance between buoyancy and Coriolis forces requires the suppression of turbulence
and turbulent stress. The competition between shear production and buoyancy flux can
be characterized by the Obukhov length scale, which is defined by:

L ⌘ �u3

⇤
kF

B

, (3.7)

where k = 0.41 is the von Karman constant and F
B

is the surface buoyancy flux. In
the case of a gravitationally unstable bottom boundary layer, F

B

> 0, the Obukhov
length scale L is negative and characterizes the relative importance of surface stress and
convection in the production of turbulence. When the boundary layer is stable, F

B

< 0,
L is positive and corresponds to the transition depth (height above bottom) at which
the stabilizing influence of stratification begins to suppress turbulence.

In the absence of a buoyancy flux at the wall in the oceanic BBL, which must be
the case at steady state, (3.7) can be revised by replacing F

B

with the depth-integrated
cross-slope buoyancy advection, which results in a new vertical length scale, called here
the ‘slope Obukhov length’:

L
s

⌘ u3

⇤
kUN2

1↵
, (3.8)

where U =
R1
0

udz is the depth-integrated cross-slope transport. Similar to the Obukhov
length scale, L

s

in a stably stratified boundary layer characterizes the height at which
turbulence is suppressed by the stratification. The explicit dependence of L

s

on U can

Cross-slope 
momentum scalings:

Coriolis:

Buoyancy:

The arrested
Ekman height:

Fc ⇠ fV
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�
↵�xN2

1
�
⇠ ↵N2

1H
Ha ⇠ fV
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1
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The appropriate velocity scale will be the along-slope velocity near the bottom:

Ha ⇡ fV1
2↵N2

1

Ekman arrest scaling analysis (momentum balance)



Ekman arrest scaling analysis (turbulence suppression)

We will associate Ekman arrest with a suppression of turbulence.

Obukhov length scale:

Slope Obukhov length scale:

Viscous Obukhov length scale
(non-dimensional):

Ls ⌘
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1

=
�
1 + S2

� fu⇤
k↵N2

1

L ⌘ �u3
⇤

kFb

L+ ⌘ Lu⇤
⌫



Riley and Flores (2011) have shown that in atmospheric boundary layers turbulence collapses and the 
BL re-laminarizes for                . 

Obukhov length scale:
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Ekman arrest scaling analysis (turbulence suppression)

We will associate Ekman arrest with a suppression of turbulence.
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Figure 3. Schematic of the arrest height H
a

= ↵N2. For the same slope angle ↵ and mean
flow magnitude V1, fluid with stronger stratification N2

1 requires a smaller H
a

to balance the
Coriolis force in the cross-slope direction since �x1N

2
1 = �x2N

2
2 and so N2

1H1 = N2
2H2.

Figure 4. The predicted arrest height H
a

(logarithmic scale, e.g. 1 = 10 m) and drag coe�cient
as a function of slope angle ↵, background stratification N2

1 and mean flow magnitude V1. The
upper panels show H

a

based on the mean momentum balance, (3.6), and the lower panels show
C

d

based on (3.16). The parameters that are held fixed for di↵erent cases are: (a,d) V1=0.01
m s�1; (b,e) N2

1 = 10�6s�2; (c,f) ↵ = 0.01.

Scaling analysis summary
• Two independent predictions for the arrested Ekman depth (Ha)

• The latter scaling also provides a prediction of the critical friction velocity (that will lead to arrest).
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Figure 6. Temporal evolution of the plane-averaged stratification N2/N2
1 in simulation A (a),

D (b) and F (c), corresponding to initial Bu of 0.016, 0.178 and 0.632, respectively. The evolution
of the non-dimensional parameter H/H

a

is given by the blue curves.

Figure 7. The plane-averaged cross-slope velocity (a), along-slope velocity (b) and Ekman
veering angle (c) at the beginning (dashed) and late stage (solid) of three simulations A, D and
F. The dashed curves correspond to H/H

a

= 0.004, 0.255 and 1.130, respectively. Note that
the along-slope velocity would still satisfy the no-slip boundary condition with the addition of
v = �V1 = �0.1 m s�1.
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Lz = 60 m

Ha = 104 m

Ha = 25 m

Ha = 150 m

• Constant Smagorinsky model for 
sub-grid scale turbulence with constant 
sub-grid scale Prandtl number.

• LES experiments with near-wall 
resolution; resolves ~80% of the 
energy.

• First two grid points are in the viscous 
layer; minimum resolution in slope-
normal direction is             . 2⌫/u⇤

• Domain size is 30 m x 30 m x 60 m; a 
sponge layer is placed at the surface. 

• Three-stage spin-up to focus on 
turbulent state (rather than transition to 
turbulence).

Ruan et al. (2018, submitted)



• 

- Stratification penetrates from above.
- Prominent oscillations although time-
averaged transport approaches Ekman 
state.
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Lz = 60 m

Ha = 104 m

Ha = 25 m

Ha = 150 m

• 

- Formation of a strong pycnocline
- Cross-slope transport is steady

Ruan et al. (2018, submitted)

H/Ha ⌧ 1

H/Ha ⇠ O(0.1)• 

- Pycnocline is weaker
- Vertical buoyancy convergence is 
transferred to being in the lateral direction. 

H/Ha ⇡ 1



Stratified BEL over a slope 27

Figure 8. The evolution of cross-slope velocity (m s�1) (left panels) and depth-integrated
transport (right panels) for simulations A, D and F. The correspondingH/H

a

for each simulation
is shown in blue curves in the right panels.

Figure 9. (a) The evolution of friction velocity u⇤ (ms�1) as a function of time. (b) The
evolution of friction velocity u⇤ non-dimensionalized by the initial friction velocity u⇤0 as a
function of H/H

a

. Di↵erent colors represent di↵erent simulations in Table 1.

Cross-slope transport

Ruan et al. (2018, submitted)
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LES simulations
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Stratified BEL over a slope 29

Figure 12. The evolution of (a) turbulent kinetic energy (TKE, m2 s�2) and (b) viscous slope
Obukhov length (3.11) for simulation F.

Ekman arrest?

Ruan et al. (2018, submitted)

Inertial oscillations give rise to intermittent bursts of TKE, even as the time-averaged transport 
approaches the arrested value [see also Umlauf et al. (2015)]



Future work

• A global distribution of Ekman arrest height (or Earr)?

• Prediction of friction velocity (based on H/Ha); improved parameterizations in GCMs?
- More effective estimates of Vb

• Expand to larger domains to explore other active physical processes.

Stratified BEL over a slope 31

Figure 15. The buoyancy budget given in (5.3) for simulation A (a), D (b) and F (c). The blue
curve is the buoyancy tendency, red curve the cross-slope buoyancy advection, orange curve the
turbulent di↵usion and purple curve the molecular di↵usion.

Figure 16. The evolution of the plane-averaged Ertel PV (hqi), and its two components Q
vert

and Q
bc

, as defined in (5.5), for simulation D.

Potential vorticity
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Figure 1. Overview of the circulation on the WAP shelf, based on multiple sources. Illustrated are the climatological
location of the fronts and southern boundary of the ACC [10]. Solid lines indicate currents for which direct evidence
exists, and dashed lines are suggested pathways. A version of this figure is available for use from https://doi.org/10.6084/
m9.figshare.5954329.

column along the WAP mainland coast, including at the northern section of Gerlache Strait, and
below approximately 100–150 m everywhere else away from the South Shetland Islands slope
[13–16]. There, fresh (salinity less than 34.35) and warm (above −0.4◦C) ‘Shelf Slope Water’
occupies the slope and extends about two-thirds of the Strait width towards the WAP mainland
[17], forming a well-defined surface (approx. 100–150 m) front, sometimes called the Peninsula
Front [18], that separates buoyant water from the cold, salty water of Weddell Sea origin. A
second, sharp front, or Bransfield Front [19], of O(10 km) width is formed at depth along the
slope of the Islands by the downward-sloping isopycnals of the buoyant Shelf Slope Water, and
by a warm (0 < T < 1◦C) and salty (S > 34.50) water core found at varying depths ranging from
200 to 550 m. The latter is thought to be an intrusion of Circumpolar Deep Water (CDW) entering
through Boyd Strait [13,19], while the shallow Shelf Slope Water appears to have contributions
from both Boyd Strait inflow and water advected across the southern boundary from Gerlache
Strait [20–23], and possibly across the gaps separating Bransfield Strait from the warmer, central
WAP. It is also likely to be strongly influenced by meltwater from Shetland Islands glaciers [24],
but this has not been fully quantified on the Strait.
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200 to 550 m. The latter is thought to be an intrusion of Circumpolar Deep Water (CDW) entering
through Boyd Strait [13,19], while the shallow Shelf Slope Water appears to have contributions
from both Boyd Strait inflow and water advected across the southern boundary from Gerlache
Strait [20–23], and possibly across the gaps separating Bransfield Strait from the warmer, central
WAP. It is also likely to be strongly influenced by meltwater from Shetland Islands glaciers [24],
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Figure 1 | Overview of the ChinStrAP (Changes in Stratification at the Antarctic Peninsula) field programme. a, Location of the study site and bathymetry
(colour, in metres). b, Enlarged map of the red box in a with glider sampling locations coloured by sampling date (in days, from 5 December 2014). Glider
transects 1 (red) and 5 (yellow) are indicated with a bold number. Ship-based conductivity–temperature–depth (CTD) transects are indicated with red
squares. This study focuses on the region west of the Shackleton Fracture Zone (SFZ). Climatological frontal positions of the Southern ACC Front (SACCF)
and the ACC’s southern boundary (Bdy)20 are shown as yellow contours. c, Potential temperature composite section obtained from glider Transect 1
(surface to 1,000 m) and from the western CTD section (1,000 m to bottom) overlaid with neutral density (kg m�3) in black contours. Bottom triangles
and vertical dotted lines indicate the position of CTD casts. Surface triangles indicate glider surface positions. d, Potential temperature/salinity (⇥/S)
diagram from full-depth CTD stations coloured by geographical location as in c. Glider measurements from Transect 1 are shown as grey dots. Isolines of
neutral density (kg m�3) are given by the black curves.

salinity, dissolved oxygen, fluorescence and optical backscatter (see
Methods for data processing). Each glider dive described aV-shaped
pattern with a surface spacing between 1 and 5 km, depending on
water depth and currents, and a vertical resolution of ⇠1m. The
glider surveywas designed to completemultiple cross-slope sections
and to sample to the seafloor or to 1,000m, whichever was shallower
(see Methods). We focus here on observations collected from the
glider deployed west of the Shackleton Fracture Zone (SFZ). This
study region is characterized by a steep continental slope that hosts
theACC’s eastward-flowingBdy along the⇠2,000m isobath, aswell
as a westward-flowing frontal current over the shelf break, typically
found at 500m in this region.

Hydrographic and hydrodynamic information
The Bdy is defined as the southern limit of UCDW, the warmest
water mass found around Antarctica20. The interaction of the Bdy
and the continental slope produces a sharp front, where changes

in temperature greater than 2 �C over a distance of only 10 km are
common. In this region, the Bdy is also characterized by many
intrusive features (Fig. 1c), indicating a vigorous exchange between
shelf water and o�shore Circumpolar DeepWater (CDW). In Drake
Passage, the core of UCDWhas a neutral density � n =27.95 kgm�3,
which connects, along isopycnals, to colder and fresher waters over
the continental shelf (Fig. 1c,d). Below the UCDW temperature
maximum, LCDW, identified by a maximum in salinity, incrops on
the continental slope.

At the Antarctic margins, slope boundary currents typically
exhibit up to 20 cm s�1 mean speeds21. The channelling of the ACC
into the narrow Drake Passage elevates the near-bottom eastward
flow to velocities greater than ⇠30 cm s�1 (Fig. 2a). The strong and
narrow boundary current produces large Rossby numbers (⇠0.5) at
subsurface levels, where the Rossby number is defined by the ratio
of the vertical component of the relative vorticity ⇣ to the Coriolis
frequency f (see Methods for discussion of vorticity calculation
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salinity, dissolved oxygen, fluorescence and optical backscatter (see
Methods for data processing). Each glider dive described aV-shaped
pattern with a surface spacing between 1 and 5 km, depending on
water depth and currents, and a vertical resolution of ⇠1m. The
glider surveywas designed to completemultiple cross-slope sections
and to sample to the seafloor or to 1,000m, whichever was shallower
(see Methods). We focus here on observations collected from the
glider deployed west of the Shackleton Fracture Zone (SFZ). This
study region is characterized by a steep continental slope that hosts
theACC’s eastward-flowingBdy along the⇠2,000m isobath, aswell
as a westward-flowing frontal current over the shelf break, typically
found at 500m in this region.

Hydrographic and hydrodynamic information
The Bdy is defined as the southern limit of UCDW, the warmest
water mass found around Antarctica20. The interaction of the Bdy
and the continental slope produces a sharp front, where changes

in temperature greater than 2 �C over a distance of only 10 km are
common. In this region, the Bdy is also characterized by many
intrusive features (Fig. 1c), indicating a vigorous exchange between
shelf water and o�shore Circumpolar DeepWater (CDW). In Drake
Passage, the core of UCDWhas a neutral density � n =27.95 kgm�3,
which connects, along isopycnals, to colder and fresher waters over
the continental shelf (Fig. 1c,d). Below the UCDW temperature
maximum, LCDW, identified by a maximum in salinity, incrops on
the continental slope.

At the Antarctic margins, slope boundary currents typically
exhibit up to 20 cm s�1 mean speeds21. The channelling of the ACC
into the narrow Drake Passage elevates the near-bottom eastward
flow to velocities greater than ⇠30 cm s�1 (Fig. 2a). The strong and
narrow boundary current produces large Rossby numbers (⇠0.5) at
subsurface levels, where the Rossby number is defined by the ratio
of the vertical component of the relative vorticity ⇣ to the Coriolis
frequency f (see Methods for discussion of vorticity calculation
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The EKE dissipation rates averaged over a 3 months period
(Fig. 4c) have values up to 2! 10" 4 W m kg" 1, which are only
slightly smaller than the instantaneous values. This shows how
remarkably sustained are the topographic generation of vorticity
and the subsequent centrifugal instability. The kinetic energy
dissipation rates are roughly an order of magnitude larger than
the dissipation rates due to the same mechanisms in the
California Undercurrent12, where the velocity shears are
weaker. The rate of conversion from mean to eddy kinetic
energy downstream from the Bimini Islands reaches values up to
4! 10" 4 W m kg" 1 (Fig. 4d) and are on average three times
larger than the values of the EKE dissipation rates at the same
location. The ratio between the EKE dissipation and the EKE

source, averaged over the region of eddy generation downstream
from the Bimini Islands only (Fig. 4d), is 35%, showing that about
a third of the energy extracted from the mean flow by the
instability processes and small-scale turbulence is locally
dissipated. A smaller fraction of the EKE is converted to EPE
through VBF (Fig. 4e). The ratio of the EKE converted to
potential energy divided by the EKE lost to viscous dissipation
gives the efficiency of the mixing20. Averaged over the domain of
(Fig. 4e) in the region where VBFo0 and the dissipation is large
( Eh i40.5! 10" 4 W m kg" 1), this efficiency is about 0.20.

The topographic generation of centrifugal instability is
remarkably sustained in time given that the current is forced
through the Straits and interacts with topography consistently
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Bottom boundary layer turbulence 
& interactions with sloping topography

• High-resolution numerical models show evidence of small-
scale instabilities that enhance dissipation.

• These dynamics are linked to the injection of PV anomalies 
into the interior along isopycnals.
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with the gliders). The front is also characterized by a weak vertical
stratification, defined by the buoyancy frequency N 2 = @zb, an
enhancement of the vertical shear @u/@z , and an enhancement
of the lateral buoyancy gradient M 2 = @yb (Fig. 2c), where
b=�g (⇢ �⇢0)/⇢0 is the buoyancy and ⇢0 is a reference density.
The weak stratification and high shear reduce the Richardson
number Ri=N 2/(@zu)2 (Fig. 2b). Large values of Ri are indicative
of regimes where stratification can suppress the growth of shear
instabilities. While Ri < 0.25 is the typical criteria to overcome
this suppression, regions of low Ri indicate locations where vertical
mixing may be active (that is, Ri<10 in Fig. 2b).

Information related to horizontal and vertical gradients in the
velocity and buoyancy fields can be encapsulated in a single diag-
nostic, the Ertel potential vorticity (PV, defined in Methods), which
is a materially conserved property that can be used to identify and
classify flow regimes susceptible to hydrodynamic instabilities. We
approximate the PV using cross-slope gradients only. Where PV
takes the opposite sign of f , which for the Southern Ocean is where
PV > 0, the flow will be unstable and generate mixing that will
return the PV to neutral stability, or PV= 0. The vertical strati-
fication fN 2, relative vorticity ⇣N 2, and baroclinic �M 4/f terms

all make leading-order contributions to the PV. A weak vertical
stratificationN 2 and strong lateral stratificationM 2 leads to positive
PV values in discrete, thin, O(10)m, layers over the continental
slope (Fig. 2d); these layers are collocated with the intrusive features
at the CDW–shelf boundary (Fig. 1c). The positive PV regions are
found on the cyclonic side of the boundary current (shoreward),
where |M 4/f |> |fN 2|, suggesting that the flow instability type is
symmetric22. The positive PV values are likely signatures of strong
BBLmixing that are exported along isopycnals to the ocean interior,
in agreement with recent numerical simulations4.

Bottommixed layers and water mass modification
Additional evidence of strong bottom mixing comes from the
large bottom mixed layer (BML) thickness observed by the gliders
across all transects (Fig. 3). Typical BML thickness approaches
40m for most of the North Atlantic basin23. In contrast, along
the southern boundary of Drake Passage, BML thickness, defined
with a 10.02 kgm�3 density threshold from the bottom, is typically
100m or larger (Supplementary Fig. 2) over the continental shelf
and slope. This BML thickness is similar to recent observations
within theGulf Streamover topographic features24, and complement
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the Ri calculations, which typically show the lowest values just o�
the shelf break. Moving o�shore, the BML becomes thicker and
denser (Fig. 3). The hydrographic, velocity and potential vorticity
fields, as well as the deep BML observations, all provide evidence
of vigorous mixing over the continental slope. However, diabatic
transfer, or water massmodification, is required to provide a closure
mechanism for the LCDW circulation in the overturning.

For the twelve transects collected by our gliders, there are
distinct di�erences between water mass properties when the
CDW core is located near the shelf break or further o�shore. In
particular, when the Bdy is close to the shelf break, positive PV
values are more common and water masses that are a mixture
of LCDW and shelf waters occur (Fig. 4a,b). In contrast, when
the CDW core is located o�shore, shelf and o�-shelf waters
are well separated (Supplementary Fig. 3) and modified water
masses are absent. The modification is aided by the strong near-
bottom eastward flow of the Bdy that produces an onshore (and
convergent) bottom Ekman transport that brings deeper density
classes up the slope25,26. Additionally, tidal mixing contributes to
water mass modification. At ebb, CDW is pulled onshore, over
the upper slope, leading to strong mixing near the bottom. At
flood, modified waters are injected o�shore, leading to additional
mixing in lighter density classes27. Here, the source of lighter water
comes from the continental shelf leading to a lightening of LCDW,
but similar submesoscale processes happening elsewhere in the
ACC could cause LCDW to become denser depending on the
configuration of the density surfaces incropping on topography.
Modification of LCDW in the BBL over topography provides a
potential pathway that ‘connects’ the overturning’s upper and lower
branches away from the ocean surface. This process is distinct from

the entrainment of LCDW into bottom water plumes that occurs
over the continental slope in the subpolar gyres17.

Quantifying the contribution of the proposed submesoscale
mechanism to the overturning requires an estimate of the water
mass transformation rate, ideally derived from direct turbulent
dissipation measurements. In their absence, we turn to well-
tested parameterizations of dissipation due to shear-inducedmixing
(see Methods), which will necessarily be an underestimate, since
other mixing processes, for example, symmetric instability, are
not included. Assuming the leading-order balance in the BML
is between shear production and dissipation, and that shear
production can be estimated from the velocity profiles, we estimate
that the local dissipation rate in the BML is on the order of
10�7 Wkg�1. This dissipation rate agrees with direct microstructure
observations near Elephant Island16 (⇠61� S, 54.5� W); these
latter measurements may even exceed our glider estimates over
short time periods. These values are considerably larger than
Southern Ocean background dissipation values, which are typically
between 10�10 and 10�9 Wkg�1. Based on these dissipation values,
water mass transformation rates, both locally and integrated
over the path of the ACC, are estimated in the Supplementary
Methods. Our extrapolation to the entire Southern Ocean is poorly
constrained, but provides transformation values, between 1 and 5 Sv
(1 Sv = 106 m3 s�1), that warrant further exploration.

In light of our findings,we propose an additional pathway to close
the overturning circulation and transformCDWover sloping topog-
raphy along the path of the ACC (Fig. 4c,d). Strong frontal currents
are found uniformly around Antarctica, and models indicate that
flow–topography interactions can generate submesoscalemotions28.
Due to its unique characteristics, Drake Passage possibly favours
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Figure 4 | Water mass transformation over the continental slope and schematics of the upper overturning closure in the Southern Ocean. a, Potential
temperature–salinity (⇥/S) diagram from Transect 5 (Fig. 1b), where o�shore and shelf waters are well-mixed. Neutral density surfaces are shown as black
contours. The bottom-most water mass (� n >28.1 kg m�3) becomes lighter due to mixing, filling in the region between the 28 and 28.1 neutral density
contours. Two families of modified waters (blue and purple) are found. Green stars show those locations in ⇥/S space that correspond to PV>0 values,
indicating strong mixing. b, Glider Transect 5 showing the position of the blue, purple and green dots defined in a. Neutral density surfaces are shown as
black contours. Referenced geostrophic velocity (m s�1, as in Fig. 2a) are shown as dashed contours. One family of the modified water is found near the
continental shelf and the other family is exported o�shore from the mixing region along isopycnals. c, Traditional Southern Ocean overturning schematic
where both UCDW and LCDW outcrop at the surface along adiabatic pathways and are modified by surface buoyancy forcing after turbulent entrainment
into the mixed layer (red and blue squiggly arrows indicate positive and negative surface buoyancy fluxes). Upwelling into a region of negative buoyancy
forcing leads to Antarctic Bottom Water (AABW) formation and upwelling into a region of positive buoyancy forcing leads to Antarctic Intermediate Water
(AAIW) formation. d, Modified schematic where LCDW principally incrops on the continental slope or other topography. The generation of strong mixing
due to flow–topography interactions transforms LCDW into lighter waters. Adiabatic pathways to AABW or AAIW formations sites, over the shelf or at the
surface respectively, are available in UCDW density classes.

the strongest mixing of LCDW and shelf waters, making this site
disproportionately significant in closing the overturning circulation.
Nevertheless, the propensity for LCDW to incrop on continental
slopes (Supplementary Fig. 1) and for deep-reaching ACC currents
to intersect topography in the Southern Ocean (Supplementary
Fig. 4) suggests that BBL mixing due to submesoscale turbulence
may contribute significantly to the modification of LCDW. This
study suggests that the relationship between the incropping of den-
sity classes on sloping topography and the location of swift ACC
boundary currents may be as critical as surface outcropping for
understanding the overturning closure. Intricate patterns of deep
water mass modification must be considered in e�orts to map the
traditional two-dimensional SouthernOcean residual overturning1,2
to more realistic three-dimensional overturning pathways11,12,29,30
and their changes across di�erent climate regimes13.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Figure 4 | Water mass transformation over the continental slope and schematics of the upper overturning closure in the Southern Ocean. a, Potential
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contours. The bottom-most water mass (� n >28.1 kg m�3) becomes lighter due to mixing, filling in the region between the 28 and 28.1 neutral density
contours. Two families of modified waters (blue and purple) are found. Green stars show those locations in ⇥/S space that correspond to PV>0 values,
indicating strong mixing. b, Glider Transect 5 showing the position of the blue, purple and green dots defined in a. Neutral density surfaces are shown as
black contours. Referenced geostrophic velocity (m s�1, as in Fig. 2a) are shown as dashed contours. One family of the modified water is found near the
continental shelf and the other family is exported o�shore from the mixing region along isopycnals. c, Traditional Southern Ocean overturning schematic
where both UCDW and LCDW outcrop at the surface along adiabatic pathways and are modified by surface buoyancy forcing after turbulent entrainment
into the mixed layer (red and blue squiggly arrows indicate positive and negative surface buoyancy fluxes). Upwelling into a region of negative buoyancy
forcing leads to Antarctic Bottom Water (AABW) formation and upwelling into a region of positive buoyancy forcing leads to Antarctic Intermediate Water
(AAIW) formation. d, Modified schematic where LCDW principally incrops on the continental slope or other topography. The generation of strong mixing
due to flow–topography interactions transforms LCDW into lighter waters. Adiabatic pathways to AABW or AAIW formations sites, over the shelf or at the
surface respectively, are available in UCDW density classes.

the strongest mixing of LCDW and shelf waters, making this site
disproportionately significant in closing the overturning circulation.
Nevertheless, the propensity for LCDW to incrop on continental
slopes (Supplementary Fig. 1) and for deep-reaching ACC currents
to intersect topography in the Southern Ocean (Supplementary
Fig. 4) suggests that BBL mixing due to submesoscale turbulence
may contribute significantly to the modification of LCDW. This
study suggests that the relationship between the incropping of den-
sity classes on sloping topography and the location of swift ACC
boundary currents may be as critical as surface outcropping for
understanding the overturning closure. Intricate patterns of deep
water mass modification must be considered in e�orts to map the
traditional two-dimensional SouthernOcean residual overturning1,2
to more realistic three-dimensional overturning pathways11,12,29,30
and their changes across di�erent climate regimes13.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Figure 6. Temporal evolution of the plane-averaged stratification N2/N2
1 in simulation A (a),

D (b) and F (c), corresponding to initial Bu of 0.016, 0.178 and 0.632, respectively. The evolution
of the non-dimensional parameter H/H

a

is given by the blue curves.

Figure 7. The plane-averaged cross-slope velocity (a), along-slope velocity (b) and Ekman
veering angle (c) at the beginning (dashed) and late stage (solid) of three simulations A, D and
F. The dashed curves correspond to H/H

a

= 0.004, 0.255 and 1.130, respectively. Note that
the along-slope velocity would still satisfy the no-slip boundary condition with the addition of
v = �V1 = �0.1 m s�1.
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Conclusions
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• LES simulations show that scalings for an arrested Ekman layer depth is useful for characterizing turbulence;
• Observational evidence suggest that submesoscale stabilities can catalyze water mass transformation in BBLs.


