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Abstract One of the most remarkable features of contemporary oceanic climate change is the warming
and contraction of Antarctic Bottom Water over much of global ocean abyss. These signatures represent
changes in ventilation mediated by mixing and entrainment processes that may be location-specific. Here
we use available data to document, as best possible, those mixing processes as Weddell Sea Deep and Bot-
tom Waters flow along the South Orkney Plateau, exit the Weddell Sea via Orkney Passage and fill the
abyssal Scotia Sea. First, we find that an abrupt transition in topography upstream of Orkney Passage delim-
its the extent of the coldest waters along the Plateau’s flanks and may indicate a region of especially intense
mixing. Second, we revisit a control volume budget by Heywood et al. (2002) for waters trapped within the
Scotia Sea after entering through Orkney Passage. This budget requires extremely vigorous water mass
transformations with a diapycnal transfer coefficient of 39ð610Þ31024 m2 s21. Evidence for such intense
diapycnal mixing is not found in the abyssal Scotia Sea interior and, while we do find large rates of diapyc-
nal mixing in conjunction with a downwelling Ekman layer on the western side of Orkney Passage, it is
insufficient to close the budget. This leads us to hypothesize that the Heywood budget is closed by a
boundary mixing process in which the Ekman layer associated with the Weddell Sea Deep Water boundary
current experiences relatively large vertical scale overturning associated with tidal forcing along the south-
ern boundary of the Scotia Sea.

1. Introduction

Antarctic Bottom Water (AABW) has undergone significant change in the past three decades. Outside of the
Southern Ocean, AABW has experienced warming and a decrease in volume [Purkey and Johnson, 2010]. This
warming is most notable in the Scotia Sea and the wider South Atlantic [Johnson and Doney, 2006; Meredith
et al., 2008]. Evidence has been provided for a freshening of the dense shelf waters contributing to AABW,
potentially as a result of increased glacial melting around Antarctica [Jacobs and Giulivi, 2010; Rye et al., 2014],
and freshening of AABW in the deep ocean adjacent to Antarctica has also been documented [Aoki et al.,
2005; Rintoul, 2007; Jullion et al., 2013]. While the signatures of warming and freshening are clear, the dynami-
cal linkages between shelf waters and the abyss have not been elucidated. A major contribution to AABW
comes from the Weddell Sea [Gordon et al., 2001; Naveira Garabato et al., 2002]. Within the Weddell Sea, the
properties of Weddell Sea Deep and Bottom Waters (WSDW and WSBW, the regional varieties of AABW,
defined in Table 1) were much more stable through the early 2000s [Fahrbach et al., 2004, 2011], seemingly at
odds with the warming of AABW measured downstream in the Scotia Sea and wider South Atlantic.

Possible explanations for this puzzling inconsistency have been based upon the apparent dominance of
wind stress in modulating the strength of the Weddell Gyre [Martinson and Iannuzzi, 2003], and docu-
mented relationships between AABW properties in the Scotia Sea, variability in regional winds and varia-
tions in the strength of the Weddell Gyre [Meredith et al., 2008; Jullion et al., 2010; Meredith et al., 2011b].
Direct evidence linking variability in the wind stress over the northern rim of the Weddell Gyre to AABW
properties in the southern Scotia Sea on relatively short time scales of months is provided in Jullion et al.
[2010] and Meredith et al. [2011b]. Meredith et al. [2011b] argue that these short time scales are characteristic
of a barotropic response, and that the ensuing perturbations in the strength of the Ekman flow at the bot-
tom boundary are sufficient to change the depths at which isopycnals intersect the South Scotia Ridge,
thereby perturbing the properties of the WSDW overflowing into the Scotia Sea.
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A modified version of this hypothesis is dis-
cussed herein. Evidence is provided for dramati-
cally enhanced boundary mixing and
remarkably thick (O(500 m)) bottom boundary
layers within the major WSDW outflow over the
South Scotia Ridge. We note that Ekman flow on
the steeply sloping South Scotia Ridge is in the
downwelling sense, with a tendency to overturn
isopycnals in the WSDW density range:
increased barotropic transport in response to
wind forcing implies increased bottom veloc-

ities, increased downslope Ekman transports, and increased diapycnal mixing. We also discuss the potential
for flow upstream of Orkney Passage to be hydraulically controlled, with related intense diapycnal mixing in
hydraulic jumps.

Table 1. Neutral Density (cn) and Potential Temperature (h) Defini-
tions for the Regional Varieties of AABW in the Weddell Seaa

Water Mass cn (kg m23) h (�C)

Weddell Sea Deep Water 28:26! 28:40 0:0! 20:7
Lower WSDW > 28.31 –0:25! 20:7
Weddell Sea Bottom Water > 28.40 <20:7

aWeddell Sea Deep Water (WSDW) with cn � 28:31 is too dense
to escape through Georgia Passage and is trapped within the Sco-
tia Sea (Figure 1). Thus this isopycnal serves as the upper surface of
the Heywood et al. [2002] control volume budget, and distinguishes
Upper from Lower WDSW.
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Figure 1. Place names and extant data. Bathymetry is from the Smith-Sandwell data set with contours every 500 m. Additional 100 m con-
tours are used between 2500 and 3000 m water depth to emphasize topographic structure at depths slightly shallower than Orkney Pas-
sage sill depth. In Figures 1b and 1c, circles denote the location of station data obtained as part of ALBATROSS, squares DOVETAIL,
triangles German/Brazilian CTD data, and stars German CTD/LADCP data. The DOVETAIL and ALBATROSS stations are highlighted with thin
white lines and the DOVETAIL stations on the rise of the South Orkney Plateau are highlighted with a thick white line. The CORC-ARCHES
and LTMS moored arrays are delineated by asterisks in Figures 1b and 1c, respectively. ALBATROSS stations 72 and 77 are designated in
Figure 1c. See Figures 4 and 6 for details of the section (Stations 72–73-74–75-76–77) and Figures 3 and 5 for details of Station 75.
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Our study achieves a quantitative focus with the Heywood et al. [2002] control volume study of Lower
WSDW (Table 1), which uses Orkney Passage as a choke point and a bounding neutral density surface cn5

28:31 that grounds within the Scotia Sea. That study diagnoses significant diapycnal transformations in the
southern Scotia Sea, characterized by an area-averaged diapycnal diffusivity Kq53961031024 m2s–1

derived from a temperature budget. Finescale parameterizations for diapycnal mixing driven by internal
wave breaking are used to demonstrate that this mixing is unlikely to occur in the interior of the Scotia
basin. Thorpe scale techniques are employed to document much more vigorous mixing in Orkney Passage,
but such localized contributions do not appear sufficient to close the control volume budget. Even if extrap-
olated along the entire southern boundary of the Scotia Sea, such boundary mixing would only account for
O(10%) of the diapycnal transformations required by the budget.

We therefore examine the assumptions of the Heywood et al. [2002] budget, yet are unable to offer a signifi-
cant criticism that would lead to diapycnal transformations more than two standard deviations below the
quoted uncertainty. Our leading hypothesis is to note that the slope of the southern boundary of the Scotia
basin matches that of semidiurnal internal waves, and such critical conditions could, in combination with
downwelling bottom Ekman layers, give rise to very large, transport-dependent diapycnal transformations
that have yet to be documented.

Section 2 describes the data sets and methods employed in this study. Section 3.1 presents an interpreta-
tion of published analyses to motivate the current effort. Evidence for significant diapycnal mixing up and
downstream of Orkney Passage is discussed in sections 3.2 and 4.2, with section 4.1 examining the dynami-
cal processes manifest in individual stations in Orkney Passage. Possible interior and boundary contribu-
tions to the diapycnal transformations required by the Heywood et al. [2002] control volume budget are
presented in sections 4.3 and 4.4. A summary and discussion is offered in section 5.

2. Methods

2.1. Data
We draw upon a broad collection of hydrographic and lowered acoustic Doppler current profiler (LADCP)
data sets in our efforts to understand the transformation of WSDW and WSBW along the flanks of the
South Orkney Plateau and within the Scotia Sea. These include three surveys with the context of docu-
menting the ventilation of the Weddell Sea: the Deep Ocean Ventilation through Antarctic Intermediate
Layers (DOVETAIL) [Gordon et al., 2001], the Antarctic Large-Scale Box Analysis and the Role of the Scotia
Sea (ALBATROSS) [Naveira Garabato et al., 2002] and the Antarctic Deep Water Rates of Export (ANDREX)
[Jullion et al., 2014] programs. The passage itself is a choke point and provides a unique opportunity to
monitor climatic change in AABW, so the region has been instrumented with moorings at various times:
south of Orkney Plateau (Figure 1b), as part of the NOAA Consortium on the Ocean’s Role in Climate – Ab
Rupt climate CHang E Studies (CORC–ARCHES) program (led by A. Gordon and others at Lamont-Doherty
Earth Observatory), and within Orkney Passage itself (Figure 1c), as part of the UK Long Term Monitoring
and Surveying (LTMS) program (led by M. Meredith and others at the British Antarctic Survey (BAS), in col-
laboration with the NOAA Ocean Climate Observation Program (B. Huber and A. Gordon)). Regionally,
there are two repeat hydrographic sections: the SR1b transect [Meredith et al., 2011a] across eastern Drake
Passage, and the A23 transect [Meredith et al., 2013, and references therein] across the eastern Scotia Sea.
ALBATROSS represents the 1999 occupation of A23. JR281 represents the 2013 occupation of SR1b and
LTMS mooring turn around. Thus:

1. The intensity of turbulent diapycnal mixing within Orkney Passage proper is assessed using a
Thorpe scale analysis [Thorpe, 1977] applied to six cross-passage transects. The ALBATROSS survey
of the passage provides the impetus for this work and is complemented by the ANDREX survey
[Meredith, 2010] and 4 BAS LTMS cruises (referred to as ES031 [Nicholls et al., 2007], ES033 [Nicholls
et al., 2009], JR252 [Abrahamsen, 2011], and JR281 [Sheen et al., 2014]) conducted in conjunction
with mooring operations.

2. The intensity of turbulent diapycnal mixing associated with turbulent production from internal wave
breaking is assessed via the application of finescale parameterizations [Polzin et al., 2014]. The parameter-
ization is applied to data from ALBATROSS (along A23), to DOVETAIL in the immediate vicinity of Orkney
Passage and to the 1998 occupation of SR1b.
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3. The measurements from two of the transects across Orkney Passage in which LADCP data quality and
cross-passage spatial resolution are highest (ALBATROSS and JR281) are used to calculate volume trans-
ports of WSDW into the Scotia Sea.

4. The large-scale context of the AABW flow through Orkney Passage is investigated in section 3.2 by exami-
nation of five German and Brazilian-led transects in the northwestern Weddell Sea, discussed by Schr€oder
et al. [2002]. One of these hydrographic surveys (AR XVIII) represents a contribution to DOVETAIL.

2.2. Finescale Parameterization of Diapycnal Mixing
The contribution of internal wave breaking to Kq in the far field of Orkney Passage is assessed using the
finescale parameterization formula for turbulent production, P [Polzin et al., 2014, equation (40)], given by

P5 8310210 f
fo

N2cosh21ðN=f Þ
N2

ocosh21ðNo=foÞ
Ê

2 3ðRx11Þ
4Rx

ffiffiffiffiffiffiffiffiffiffiffiffi
2

Rx21

r
: (1)

The factor Ê represents a band-limited estimate of the shear spectral density relative to the high-wave num-
ber asymptote of the Garrett and Munk [1976] spectrum, 2pN2=10, and Rx is the ratio of shear to strain spec-
tral density. Shear is the gradient analogue of kinetic energy, and strain represents the rarification and
compression of isopycnals as a gradient analogue of potential energy. The factor

ffiffiffiffiffiffiffiffiffi
2

Rx21

q
is a single-

frequency interpretation of the expected value of the aspect ratio, kh=m, in a broadband wave field, in
which kh is the magnitude of the horizontal wave number and m is the vertical wave number. The factors fo

52pX |sin(32.5� latitude)| and No53 cph are normalization constants, with X equal to twice the Earth’s rota-
tion rate. The diapycnal buoyancy flux associated with this turbulent production is RfP, where the flux
Richardson number Rf ffi 0:15.

An extensive review of this finescale parameterization is presented in Polzin et al. [2014], which documents
the parameterization’s use and its potential for bias. The most important of these relating to instrumental
limitations is the bandwidth for estimating the spectral density. The bandwidth (Table 2) was chosen here
on the basis of avoiding noise. No attempt was made to subtract noise or correct for suppression of oceanic
signal by the data processing algorithms. Shear-strain ratios in the upper and lowermost two depth bins
were respectively replaced with representative thermocline and abyssal values to avoid contamination of
strain by nonwave density fine structure. Our analysis of the DOVETAIL data set relies on a strain-only algo-
rithm below 3000 m, due to decreasing signal-to-noise ratios in the LADCP measurements. A significant
physical limitation is that the finescale parameterization is a closure for wave-wave interactions. The associ-
ated downscale energy transfer can be dominated by wave-mean interactions when the Froude number Fr

5�uz=N characterizing the background shear is larger than 1/8 [Polzin et al., 2014, section 2.3.4]. Significantly
larger Froude numbers are found in the Orkney Passage, section 4.1, and thus we apply the parameteriza-
tion only outside this domain.

2.3. Thorpe Scale Estimates of Diapycnal Mixing
An alternative to the finescale parameterization is the Thorpe scale method [Thorpe, 1977], which relates
overturns at the outer scales of turbulence to the rate of dissipation of turbulent kinetic energy � by molecu-
lar viscosity at subcentimeter scales [Dillon, 1982]. The Thorpe scale LT 5ðz02Þ1=2 represents the rms vertical
displacement z

0
in an overturn resulting from sorting a density profile to be statically stable. The buoyancy

flux is obtained via an empirical relation between the Thorpe scale and the Ozmidov length Lo5ð�=N3Þ1=2,
namely Lo5cLT , where c is an O(1) constant of proportionality (e.g., LT 50:95Lo) [Ferron et al., 1998]. The
buoyancy flux B is thus

Table 2. Bandwidth Particulars for the Application of the Finescale Parameterization in this worka

Cruise Stations Lat S Lon W Shear (m21) Strain (m21)

ALBATROSS 102–110 60.32–57.80 30.96–30.82 1
320 2 2

320
1

320 2 2
320

SR1b 1997 3–20, 23 61.05–58.84 55.96–54.61 1
320 2 3�

320
1

320 2 6
320

DOVETAIL 7–16, 53–55 60.33–59.76 48.26–43.50 1
640 2 2

640
1

640 2 6
640

aThe asterisk indicates reduced bandwidth at the two deepest transform intervals.
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B5Cqo�5Cqoc2L2
T N3: (2)

The Ozmidov length, in turn, represents the vertical scale at which the inertial forces of turbulence balance
buoyancy forces. Implicit is an assumption that the vertical scale is free to evolve so that this is possible. A
note of caution is required here: within a boundary layer, the vertical overturning scale may be dictated by
the boundary layer structure.

While relatively assumption-free in comparison to the finescale parameterization, the Thorpe scale method
is best applied to density profiles obtained with specialized free-falling profilers rather than with wire-
lowered instrumentation, as ship heave is communicated to the instrument package via the lowering wire,
and may thereby trigger a number of CTD sensor response issues [Polzin et al., 2014, section 4.2.1]. Such
contamination is most prominent at periods typifying ocean swell (about 10 s), which translates to 10 m
vertical wavelengths at lowering rates of 1 m s21. There is a healthy discussion [e.g., Gargett and Garner,
2008, and references therein] on the inference of overturns in the presence of noise. The context in this
work, though, is one of highly energetic turbulence with O(10–100 m) vertical scale overturns that mini-
mizes such concerns. Here we estimate the Thorpe scale using 2 dbar pressure-binned CTD data and
employ both neutral density and potential temperature to identify overturns. As a quality control measure,
we require overturns to have a Thorpe scale in excess of 5 m, which translates into an overturn height of
approximately 2LT 510 m, and avoids the worst of package motion contamination. This puts a resolution
limit on the dissipation rate of approximately �min ffi ð5 mÞ2ð5:531024 s21Þ3 ffi 531029 W=kg. This resolu-
tion limit precludes use of the Thorpe scale technique in the basin interior, which hosts abyssal dissipation
rates one order of magnitude smaller (section 4.3). As a further quality control measure we also require a
neutral density (potential temperature) anomaly three times larger than a lower bound, cn

rms5ð0:521:0Þ3
1023=3 (hrms5131024C).

The buoyancy frequency N across the overturn is estimated in two ways: a finite difference version of the
adiabatic leveling method [Polzin et al., 2014] using the CSIRO seawater routines and by least-squares
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Figure 2. Bathymetry with bottom potential temperature measurements superimposed. Bathymetry is from the Smith and Sandwell data
set with contours every 500 m. Additional 100 m contours are used between 2500 and 3000 m water depth to emphasize topographic
structure at depths slightly shallower than Orkney Passage sill depth. Multibeam data taken in Orkney Passage environs add detail and
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WSBW through Orkney Passage.
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regression of the sorted cn profile. For the Lower WSDW layer, we find that 2
g
qo

@cn

@z ffi 2N2, and use this
approximate relation in the Thorpe scale calculations. See Iudicone et al. [2008] for further discussion of the
regional neutral density definition.

3. Context

Here we set the stage by reviewing circulation and temperature distributions in the vicinity of Orkney Pas-
sage (Figure 2).

3.1. Circulation and Transport
Gordon et al. [2001] used LADCP measurements to quantify the absolute velocity field across the northern
limb of the Weddell gyre, and estimated that some 12 Sv of newly ventilated WSDW and WSBW flow east-
ward along the South Orkney Plateau slope. They argued that these waters leave the Weddell Sea through
gaps in the South Scotia Ridge, noting that WSBW (h < 20:7C) is not found to the north of the ridge. This
led them to conjecture that intense mixing at an unresolved sill must be responsible for the absence of
WSBW in the Scotia Sea. The DOVETAIL survey also documented a coarsely sampled 10 Sv westward trans-
port of WSDW north of the South Orkney Plateau.

Naveira Garabato et al. [2002] similarly used LADCP measurements to assess the absolute velocity field dur-
ing the ALBATROSS campaign in April 1999. That section transits along the South Scotia Ridge crest and
crosses Orkney Passage, directly surveying the outflow into the Scotia Sea (Figure 1c). The northward trans-
port of WSDW is evident as a bottom-intensified current on the western side of Orkney Passage, with a
weak southward flow on the eastern flank of the gap. Transport through Orkney Passage dominates the
total observed flux of WSDW over the South Scotia Ridge (6.0 60.6 out of a total 6.7 61.7 Sv). WSBW is
found only within Bruce Passage, just to the east of Orkney Passage. The associated WSBW transport, how-
ever, is negligible, as is the WSDW transport (0.1 61.2 Sv).

These two transport estimates are comparable to, but larger than, a third estimate provided herein (Section
4..2). If transport variability is linked both to the intensity of boundary mixing and to integrated measures of
water mass conversion rates, then the temporally sparse available observations may introduce significant
biases in our estimates of all three terms in (3). See Sections 4..2 and 5. for further discussion. We further note
that DOVETAIL sampling on the steeply sloping flanks of the South Orkney Plateau is too coarse to extract
meaningful Thorpe scale estimates of diapycnal mixing, and that casts from the ODCB data base appear to
have had static instabilities removed from them, such that a Thorpe scale calculation is not viable.

3.2. Upstream Mixing?
A compelling feature of extant data sets is the spatial distribution of bottom potential temperature (Figure
2). Waters colder than 20:85

�
C were found on the southern flank of South Orkney Plateau, just upstream of

Orkney and Bruce passages, in both 1998 [Gordon et al., 2001] and 2000 [Schr€oder et al., 2002]. Downstream
of Orkney Passage, north of the South Scotia Ridge, the coldest bottom potential temperatures in DOVETAIL
are 20:60

�
C or warmer, leading Gordon et al. [2001] to speculate that this lack of WSBW (h < 20:7

�
C) might

imply mixing at an unresolved sill. The ALBATROSS data from 1999 reveal a bottom potential temperature
of 20:71

�
C in Bruce Passage, just to the east of Orkney Passage, but this has little transport associated with

it [Naveira Garabato et al., 2002]. Data from Orkney Passage during ALBATROSS are warmer still (h > 20:60
�
C)

and subsequent CTD surveys (ANDREX and hitherto unpublished LTMS turnarounds) indicate the coldest
water to have relatively stable temperatures, ranging from 20.59 to 20.63�C. This temperature difference
(20.85 to 20.63�C) exceeds the extremes of variability observed in a 4 year time series on the southern flank
of South Orkney Plateau [Gordon et al., 2010], suggesting that either the [Gordon et al., 2001] DOVETAIL meas-
urements to the south are highly anomalous or that a significant conversion of WSBW to WSDW must occur
upstream of Orkney Passage.

The available data are insufficient to ascertain the fate of newly ventilated WSBW found on the southern
flank of South Orkney Plateau. We think it likely that WSBW is increasingly trapped to a topographic bound-
ary upstream of Orkney Deep (Figure 2, dashed lines), entering that deep basin over a � 2500 m deep sill.
The WSBW signature could be erased either as the inflow pitches over a steep (1:4) slope into Orkney Deep,
or prior to that if flow is sufficiently enhanced along the boundary. An alternate passage into Orkney Deep
exists to the east via a deeper (� 3000 m) sill. Multibeam data (not shown) corroborate the relative
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differences in sill height, but do not address the depth of an intervening saddle (Figure 2). Further survey
work is required to document the pathway(s) of deep flow immediately upstream of Orkney Passage.

4. Evidence of Diapycnal Transformations

Qualitative evidence for diapycnal transformations within Orkney Passage is presented (section 4.1) before
revisiting the control volume study of Heywood et al. [2002] (section 4.2). We thereafter assess the relative
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so that it is statically stable returns the thick black line. Figures 3b–3d are progressive enhancements of the total profile in Figure 3a. See
Figure 5 for the corresponding velocity profile.
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roles of turbulent fluxes associated with ‘interior’ (Section 4..3) and ‘boundary’ (Section 4..4) diapycnal mix-
ing in balancing the advection of temperature into the deep Scotia Sea via Orkney Passage.

4.1. Mixing Within Orkney Passage
Enhanced fine structure within the Orkney Passage system is apparent as obvious steppiness in the density
profiles and overturns of tens to hundreds of meters (Figure 3). Though weakly stratified, these overturning
structures have density signatures well above noise levels. Particularly dramatic is an overturning structure
with a height exceeding 400 m at station 75 (Figure 3d). The overturns and steppy stratification are local
features. The density profile of station 77, in the middle of Orkney Passage (Figure 1c), is relatively smooth
(Figure 4) and characteristic of regions outside the passage. A region of reduced stratification occupies the
near boundary region on the western side of the passage (Figure 4), indicating a tendency of isopycnals to
dip downward into that boundary. This region is demarcated by horizontal dashed lines. Overturns in
excess of 50–100 m characterize this bottom boundary region in stations 73–76. Inspection of the velocity
profiles (Figures 5 and 6), suggests the following interpretation.

Above the middepth maximum in along-channel velocity, the velocity is strongly sheared. Froude
numbers (Fr5j�uzj=N) estimated from linear trends over 800 dbar at station 75 are approximately 0.25, and
additional velocity fine structure is embedded within the profile. Similarly constructed Froude numbers
for1500–2000 dbar at station 76 are larger, approximately 0.4. While not large enough to be directly
responsible for producing the overturning structure through a linear shear instability (typically quoted as
Fr > 2 ½Ri � N2=ð�u2

z 1�v 2
z Þ < 1=4	), such values of background shear strongly suggest that turbulent produc-

tion is associated with wave-mean flow interactions rather than wave-wave interactions [Polzin et al., 2014].

Below the middepth maximum in along-channel velocity, the large overturning structure at the bottom of
station 75 appears to be associated with the boundary layer. Standard Ekman layer theory involves a bal-
ance between the Coriolis force and a vertical stress divergence. On a sloping boundary, several investiga-
tors have argued that across-slope buoyancy advection within the boundary layer can create horizontal
density gradients that quash turbulent fluxes and reduce the steady state Ekman layer to a balance

Figure 4. Neutral density profiles on the western side of Orkney Passage. The vertical lines demarcate the cn528:26 and cn528:31 kg m23 isopycnal surfaces. The horizontal dashed
lines represent the top of the bottom boundary layer. Note both a general tendency for reduced stratification at the western boundary, increased finescale variability and the 250–300 m
high overturn centered at 1800 m in the station 76 profile. See Figure 6 for the corresponding velocity profiles.
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between Coriolis force and
pressure gradients [Trowbridge
and Lentz, 1991; MacCready
and Rhines, 1993; Brink and
Lentz, 2010a]. Before a steady
state is achieved, however, the
cross-slope vertical shear in the
Ekman layer can advect light
water under dense and create
statically unstable conditions.
The observed cross-slope
velocity profile at station 75
(Figure 5) indicates increasing
downslope velocity with depth
toward the bottom of the pro-
file. Coupled with nearly verti-
cal isopycnals associated with
reduced near boundary stratifi-
cation, Figure 4, such shear will
advect lighter water under
dense. The downslope velocity
and large overturning structure
(Figure 3d) are coincident in
depth. Hence we interpret
these features as associated
with Ekman dynamics on a
sloping boundary.

The overturning feature of
station 75 indicates a bound-
ary layer of surprisingly large
vertical scale [O � ð500mÞ]
that exceeds a standard
Ekman depth scale [Ralph
and Niiler, 1999] offfiffiffiffiffiffiffiffiffiffiffiffi

s=qfN
p

ffi 60m, with bottom stress s5qCd U2; Cd522331023 and U 5 0.4 m s21. A source of this dis-
crepancy may lie in time-dependent contributions, e.g., tidal or eddy, unresolved by the individual sta-
tions. The topographic slopes along this flank of the South Orkney Plateau are steep, roughly 1

4 2 1
5,

and match the slope of semidiurnal internal wave trajectories of approximately r=N, with r5 2p
12:4 h and

buoyancy frequency estimated at equivalent depths from stations in midchannel (N55:531024 s–1).
Thus this boundary layer may represent the superposition of two distinct phenomena: a downwelling
Ekman layer [Brink and Lentz, 2010a], which sets up a nearly neutral stratification at the boundary and
buoyancy gradients in the cross-slope direction, with differential cross-slope advection of density
(documented in Figure 5) directly leading to overturning; and the amassing of ray characteristics asso-
ciated with semidiurnal tides over a critical topographic slope [e.g., Baines, 1974], which will sustain
cross-slope vertical shear and differential advection. A complicating factor is that, in contrast to the
vertical scale being intrinsically tied to the Ekman dynamics of the time-dependent problem, as in
Brink and Lentz [2010b], the vertical structure of the boundary layer may be externally imposed by the
tidal shear for near-critical topography. Earlier studies [e.g., Padman et al., 2006] have shown this topo-
graphic region to be a site of M2 internal tide generation. We therefore hypothesize that the interac-
tion between the downwelling Ekman layer and the tidally generated cross-slope shear leads to
overturns and enhanced mixing on the western flank of Orkney Passage.

While the flow field is highly sheared in the vertical, large horizontal velocity gradients are also inferred.
First-difference estimates between station pairs return Ro5f=f � Oð1Þ. Despite such large spatial velocity
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Figure 5. LADCP velocity profile for ALBATROSS station 75. Observed velocity components
have been rotated into cross- (green) and along- (blue) slope coordinates. The along-slope
velocity is strongly sheared above the middepth velocity maximum, with a Froude number
of approximately 0.25 over the depth range of the shallow solid black line. The deep solid
black line delineates the depth range over which downslope shear in the cross-slope veloc-
ity is found. The dashed line represents the nominal height of the bottom boundary layer.
The vertical axis of the figure extends to the bottom boundary. See Figure 3 for the corre-
sponding density profile.
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gradients, much of the observed large-scale structure in the velocity profile is crudely consistent with geo-
strophic estimates (Figure 6).

To summarize, inspection of the hydrographic and velocity measurements collected to date in Orkney Pas-
sage reveals that the passage outflow lies in an extreme dynamical regime characterized by high Rossby
and Froude number (Ro � 1; Fr � 1) flow along topographic slopes that are critical with respect to semidiur-
nal internal wave trajectories. While the deepest layers of the outflow experience strong diapycnal upwell-
ing immediately upstream of the passage, possibly as a result of downslope flow along the abrupt entry to
Orkney Deep, elsewhere very intense boundary mixing appears to occur in association with downwelling
Ekman flow on the passage’s western slope. In the next section, we examine the relative importance of dia-
pycnal mixing along boundaries within Orkney Passage and that in the interior of the Scotia Sea in closing
the deep buoyancy budget of the basin, with a view to shedding light on the mechanisms controlling the
evolution of the properties of the AABW exported from the Weddell Sea.

4.2. A Control Volume Budget of the Deep Scotia Sea
The mean diapycnal diffusivity averaged over the area spanned by the cn528:31 kg m23 isopycnal in the
Scotia Sea was estimated as Kq5ð39610Þ31024 m2 s21 by Heywood et al. [2002] based on a control volume
budget, which for potential temperature takes the form (A12):

Kq ffi T i h
c2hi

Ahc
z
; (3)

in which Ti is the volume transport at Orkney Passage, hc is the volume weighted transport on an upper
bounding neutral surface, elected here to be the Lower WSDW boundary, hi the volume weighted transport
into the control volume at Orkney Passage, hc

z the mean potential temperature gradient on the upper

Figure 6. Velocity profiles on the western side of Orkney Passage. Observed velocity components have been rotated into cross- (green) and along- (blue) slope coordinates, and the
ascending and descending traces averaged. The thick lines are geostrophic velocity estimates using the adjacent stations multiplied by a geometric factor to map the section normal
geostrophic velocities into the along-slope velocity field. An offset has been added to produce a visual ‘‘best fit.’’ The horizontal dashed line represents the top of the bottom boundary
layer, based upon the detailed structure of the neutral density profile. See Figure 4 for the corresponding density profiles.
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boundary, and A and area of that
surface in the interior basin.
Approximations required to arrive
at (3) are discussed in Appendix A.

Our reassessment of this calcula-
tion indicates that this large value
is robust, the only possible minor
issue being the estimation of the
area A using a coarse-resolution cli-
matological data set. Inspection of
Heywood et al. [2002, Figure 2] sug-
gests that the area occupied by the
cn528:31 kg m23 surface does not
extend to the Shackleton Ridge,
whereas Jullion et al. [2013] find
that this surface exists on all occu-
pations of the SR1b section. We
estimate the potential low bias of A
as being roughly 30% for the data
set used by Heywood et al. [2002].

There are a number of methods
for estimating the volume trans-

port, Ti, and associated potential temperature transports (A11) with the ALBATROSS data set. The value
quoted by Heywood et al. [2002], T i54:0 Sv (Table 3), corresponds to geostrophic velocities rendered abso-
lute by reference to the station pair-averaged LADCP velocity profiles. One can also estimate the volume
transport from the individual LADCP velocity profiles, which yields T i55:2 Sv. Differences in these transport
estimates are perceived to be largely associated with the treatment of bottom triangles and pronounced
finescale variability in the LADCP data. The transport-weighted potential temperature flux, hi, decreases by
a similar amount when using the LADCP velocities directly rather than the geostrophic velocities.

The Heywood et al. [2002] budget assumes that hc is given by the area-averaged potential temperature on
the bounding neutral density surface, implicitly presuming that upwelling is uniformly distributed over the
Scotia basin interior. This assumption introduces an Oð10%Þ potential bias into the results, as water on the
cn528:31 kg m23 isopycnal tends to be warmer and saltier toward the north.

The last parameter in (3) concerns the diapycnal gradient of potential temperature. The value of hz is repre-
sentative of the abyssal stratification. Using Heywood et al.’s hc

z and Sc
z , we find that

N25ahc
z1bSc

z53:031027 s–2, which compares well with interior stratification profiles in Figure 7.

The diapycnal velocity associated with isopycnal stirring and nonlinearity in the equation of state is

w� ffi 2
gKk
N2 ðCbh

c
y Pc

yÞ523:53105 m2 s21 ffi Oð10%T iÞ: (4)

Information regarding the isopycnal stirring coefficient Kk is limited to a mixing length-based estimate in
Naveira Garabato et al. [2011]. Those authors present estimates of ceKk in their Figure 5g, where ce repre-
sents the correlation between eddy velocity and eddy potential temperature anomaly in the mixing length
parameterization of the potential temperature flux. Averaging these estimates yields Kk ffi 3000 m2 s21 with
ce50:15 [Naveira Garabato et al., 2014]. Upstream of Drake Passage, Tulloch et al. [2014] provide a model
based isopycnal stirring coefficient of 500–1000 m2 s21 at depths greater than 2500 m. With Kk53000 m2

s21, the contribution of isopycnal stirring amounts to O(10%) of the advective residual. Thus, the eddy-
induced downwelling associated with cabbeling is nontrivial, yet not a leading-order process. The estimates
of meridional potential temperature gradient on the neutral density surface (Table 3) constrain variability in
the approximation (A11) to O(10%).

A further clue regarding the magnitude of the diapycnal transformations is that the volume occupied by
Lower WSDW (Table 1) along the SR1b transect exhibits a decreasing trend with marked variability on

Table 3. Control Volume Particularsa

Heywood et al. [2002] 1999 LADCP 2013 LADCP

Ti/m3 s21 4:0 6 0:5 3 106 5:2 3 106 2:2 3 106

hi=
�
C 2 0:438 6 0:007 20.470 20.467

hc=
�
C 20:250 6 0:003

Si 34.654 6 0.002
Sc 34.663 6 0.003
A/m2 (7:0 6 1:0Þ3 1011) 1 3 1012

hc
z=
�C m–1 ð2:7 6 0:3Þ3 1024

Sc
z=m–1 ð6:8 6 0:5Þ31026

Kq=m2s–1 39 6 10 3 1024

ac=
�
C–1 1:3159 3 1024

bc 7:5142 3 1024

hy/� C m21 7:9 3 1028 4:1 3 1028

Py/dbar m21 2:131023 2:5 3 1023

Kk=m2s–1 3000
Cb 2:82 3 1028

Tb 1:12 3 1025

aThe second column contains geostrophic transport estimates by Heywood et al.
[2002] and associated parameters for the Lower WSDW control volume. The third
column revisits the Heywood et al. [2002] transport estimates using the direct LADCP
velocity estimates, and the fourth presents a new direct transport estimate using
data from JR281. Meridional gradients of pressure and potential temperature on the
cn528:31 kg m23 isopycnal represent linear regressions to data from the SR1b and
A23 hydrographic lines in the western and eastern Scotia Sea, with quoted values
indicating the average of the two regressions.
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periods of 3–5 years (E. P. Abrahamsen et al., in preparation). This area represents only the upper part of the
control volume, and so is likely to undergo more significant oscillations in response to variations in trans-
port at the inlet than is the entire control volume, V53:060:531014 m3, for which Heywood et al. [2002]
estimate a residence time of V=T i ffi 2:4 years. Crudely, the Lower WSDW volume represents an average
height of V=A ffi 400 m, whereas the thickness along the SR1b transect in 1998 is approximately 200 m.
That the volume of lower WSDW on the SR1b line oscillates on time scale shorter than decadal suggests
that the damping (mixing) time scale is O(years) rather than O(decades).

Finally, one additional transport estimate is possible with the JR281 data set obtained in 2013. This yields a
direct (i.e., LADCP-based) volume transport of T i52:2 Sv, and a transport-weighted potential temperature
of hi520:467

�
C, see Table 3. This transport estimate is notably smaller than those obtained over a decade

earlier during DOVETAIL and ALBATROSS, and raises the question of whether the differences are associated
with either a trend or stochastic variability. Regardless, a volume transport of 2.2 Sv still requires large dia-
pycnal transformations to occur downstream of the Orkney Passage sill. Similarly, while the biases that we
report are potentially larger than Heywood et al.’s estimates of statistical uncertainty, their control volume
budget appears to be sensibly robust, so we next consider where and how the implied very intense diapyc-
nal mixing happens.

4.3. Mixing in the Basin Interior
Estimates of diapycnal mixing rates were obtained through the application of the finescale parameterization
(1) to LADCP and CTD data from three cruises of the same approximate vintage as the Heywood et al. [2002]
control volume budget: DOVETAIL, ALBATROSS, and the 1998 occupation of the SR1b section. These data
were discussed in Naveira Garabato et al. [2004] as part of a study with a broader scope. Here we present
averaged profiles for stations containing the c528:31 kg m23 density surface (Figure 7), which characterize
turbulent mixing in the basin interior.

Diapycnal diffusivities and turbulent dissipation rates on the c528:31 kg m23 density surface in the basin
interior are found to be one order of magnitude smaller than the basin-averaged values from the Heywood
et al. [2002] control volume budget. Comparisons between finescale estimates and microstructure measure-
ments made of mixing and dissipation rates conducted as part of the DIMES [Sheen et al., 2013] and SOFine
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Figure 7. Fine structure parameterization based estimates for the dissipation rate and diffusivity. (left) the 1997 occupation of SR1b. (middle) DOVETAIL. (right) the eastern Scotia Sea
segment of ALBATROSS. See Table 2 for station particulars. Black curves represent dissipation � times 104, blue N2 and red Kq50:2�=N2. The vertical extent of the green line indicates the
depth interval over which c528:31 kg m23 is encountered in the station. The c528:31 kg m23 horizon avoids regions of weak stratification in a trench at the base of the South Scotia
Ridge and localized depressions in the eastern Scotia Sea. These weakly stratified regions have low signal-to-noise ratios in the LADCP and have been omitted from the figures.
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[Waterman et al., 2014] programs suggest a regional tendency for the fine structure parameterization to
overestimate Kq. This reinforces the disparity between the fine structure-derived estimates and Heywood
et al.’s control volume result. On a similar note, Sheen et al. [2014] discuss finescale observations from the
SR1b section and present evidence of interannual variability of parameterized mixing tied to eddy activity
and wind forcing in the northern and central sections of the Scotia Sea, with limited variability to the south.

Given the evidence of limited temporal variability of diapycnal mixing and a tendency of (1) to overestimate
mixing rates in the region, we are led to infer that the mixing required by the Heywood et al. [2002] budget
is not to be found in the interior of the Scotia Sea.

4.4. Boundary Mixing
The finescale parameterization (1) is a closure for the downscale cascade of energy associated with nonlin-
ear internal wave interactions. In a highly sheared flow regime such as that in Orkney Passage, wave-mean
interactions can dominate the downscale transports of energy that the parameterization [Polzin et al., 2014]
attempts to capture. The finescale parameterization is also not intended to represent dissipation associated
with boundary layers. We thus turn to a Thorpe scale analysis for mixing diagnostics.

Thorpe scale estimates of the turbulent buoyancy flux were made using station data from six occupations
of Orkney Passage (Table 4 and Figure 8). Overturns were identified, and the rms overturning scale LT was
estimated using both neutral density and potential temperature. The buoyancy frequency N was estimated
over slightly larger scales using both the adiabatic leveling method and the sorted neutral density profile
(see Section 2..3 for details). The different methods provide section-average estimates of the buoyancy flux
that differ by less than 50%. Variability is related to the potential temperature diagnostics providing frac-
tionally larger estimates of overturning height, and to the neutral density-based estimates of N at the bot-
tom boundary being occasionally larger. A relatively conservative approach to contamination of the density
profile was taken by rejecting overturns with Thorpe scales smaller than 5 m. This requires an overturn
height greater than about 10 m.

The Thorpe scale analysis clearly and consistently demonstrates enhanced mixing on the western side of
Orkney Passage in conjunction with the outflow. Values of the buoyancy flux in excess of 131027 W kg–1

apparent in the ALBATROSS occupation are more than two orders of magnitude larger than the interior val-
ues required to balance the Heywood et al. [2002] control volume budget. Yet considerable temporal vari-
ability is apparent, and the most intense mixing is limited to a short segment of steeply sloping
topography.

To connect with the control volume we note that the Heywood et al. [2002] estimate of a diapycnal mixing
coefficient implies an area-integrated buoyancy flux B of

þ
cB dA ffi qoKqN2A ffi 93105kg m s23: (5)

Using the empirical relation between Ozmidov length and Thorpe scale, Lo5cLT (with c 5 0.95 from Ferron
et al. [1998]), the buoyancy flux B5qoCc2N3L2

T , so that after integrating in the across-slope direction, the
Thorpe scale analysis yields

þ
B dA ffi

ð
dxð
ð

dy qoCc2N3L2
T Þ

ffi Lx
~B;

(6)

where y is taken to be the cross-channel distance, x is the along-channel distance, and ~B is the result of
averaging the Thorpe scale-derived buoyancy flux over a neutral density window of cn528:3160:02 kg
m23 and integrating across the channel. The last line characterizes the area-integrated buoyancy flux as the
product of ~B and a characteristic along-channel distance. See Table 4 for section-integrated estimates of
the buoyancy flux.

While there is variability between occupations of Orkney Passage, the message is clear: the average Thorpe
scale-derived estimate suggests that boundary mixing contributes Oð10%Þ to the Heywood et al. control vol-
ume budget, if the near-boundary numbers in Orkney Passage can be extrapolated along the southern
boundary of the South Scotia Sea, from Orkney Passage to the Shackleton Ridge, a distance of
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approximately 850 km. A typical value of B=qo5231028 W kg21 over a cross-slope distance of 5 km and
an along-slope distance of 1000 km returns an area-integrated buoyancy flux of Oð105Þ kg m s23, not the
Oð106Þ kg m s23 required by the control volume budget. Unfortunately, limited resources negate further

Table 4. Estimates of Diapycnal Mixing From Thorpe Scalesa

Cruise Data Set ~B Via cn Lx
~B Via h Lx

ALBATROSS April 1999 2.4e-01 4.1 2.6e-01 3.8
ES031 February 2007 2.7e-02 37 2.6e-02 38
ES033 February–March 2009 4.7e-02 21 5.9e-02 17
JR239 (ANDREX) March–April 2010 2.5e-02 40 2.8e-02 35
JR252 March 2011 4.4e-02 22 6.1e-02 16
JR281 March–April 2013 1.9e-02 52 1.9e-02 52

aThe tabulated values of Lx represent the distance required for closure of the Heywood et al. [2002] budget, i.e., 93105 kg m21 s23/ ~B ,
in multiples of 850 km, which is the distance along the southern boundary of the South Scotia Sea (from Orkney Passage to the Shackle-
ton Ridge).

Figure 8. Buoyancy flux estimates B=qo from a Thorpe scale analysis of four transects across Orkney Passage. Clockwise from top left: ALBATROSS, ES033, JR281 and ANDREX. White
circles depict the first encounter of the WSDW upper boundary, cn528:26 kg m23, and the thick white lines represent cn528:3160:02 kg m23. The color scheme is logarithmic with
units of W kg21. The ES031 and JR252 occupations of Orkney Passage have significantly fewer stations and are not shown. The station spacing is highly nonuniform with steeply sloped
pitches typically having greater mixing but representing smaller lateral extent. See Table 4 for the cross-slope integrated buoyancy flux estimates of all six sections.
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investigation. DOVETAIL sampling on the steeply sloping flanks of the South Orkney Plateau is too coarse
to extract meaningful Thorpe scale estimates of diapycnal mixing and casts from the ODCB data base
appear to have had static instabilities removed from them, such that a Thorpe scale calculation is not
viable.

5. Summary and Discussion

The rate and mechanisms of diapycnal water mass transformations in the Orkney Passage environs, and
their standing in the buoyancy budget of the AABW in the abyssal Scotia Sea, are examined in this work,
using data from multiple historical surveys of the regional hydrographic and velocity fields. A reassessment
of the control volume study of Heywood et al. [2002] supports their conclusion that Lower WSDW experien-
ces very large diapycnal transformations in the Scotia Sea after flowing over the Orkney Passage sill. These
transformations are shown to not occur in the basin interior by a fine structure analysis of hydrographic and
velocity data. Evidence of very intense turbulent dissipation and diapycnal mixing, respectively character-
ized by rates of 131027 W/kg and 60031024 m2 s21, is found in the Passage from a Thorpe scale analysis.
However, extrapolation of the high rates of mixing estimated in Orkney Passage along the entire southern
boundary of the Scotia Sea is found to account for only O(10%) of the basin-integrated buoyancy flux
required by the control volume budget. We are thus unable to balance the Heywood et al. [2002] budget.
We close by considering various hypotheses to resolve this tension.

Our leading hypothesis is that the budget is closed by boundary mixing along the southern boundary of
the Scotia Sea. The western side of Orkney Passage hosts a downwelling bottom Ekman layer, associated
with the WSDW outflow, that leads to nearly neutral stratification and pronounced cross-slope buoyancy
gradients. Differential cross-slope advection of density (Figure 5) results in intense diapycnal overturning
and mixing. This phenomenon is likely exacerbated by the criticality of the topographic slopes of the pas-
sage’s western flank and southern Scotia Sea (typically 1

4 2 1
5) to the semidiurnal internal tide [e.g., Baines,

1974], as previous studies [e.g., Padman et al., 2006] have shown the southern boundary downstream of the
Passage to be a site of marked generation of M2 internal tides. There is presently insufficient evidence to
assess the extent to which this Ekman and tidal-related mixing occurs downstream of Orkney Passage. How-
ever, a high-ranking role of the boundary mechanism is consistent with the ‘‘wind control’’ hypothesis that
Meredith et al. [2011b] put forward to explain the dependence of WSDW properties in the Scotia Sea on
wind forcing of the northern Weddell gyre, reliant on the coupling between WSDW outflow transport and
diapycnal mixing in Orkney Passage via bottom Ekman flows. Multiple mechanisms may provide a link
between transport and mixing, as intense mixing in association with the plunging of AABW into the 6000 m
deep Orkney Deep (Figure 2) is indicated by the range of bottom potential temperatures found within and
immediately downstream of Orkney Passage (20.63 to 20.58�C), which is both substantially warmer than
bottom potential temperatures of 20:85

�
C reported by Gordon et al. [2001] south of Orkney Plateau, and

limited relative to the interannual range in bottom potential temperature of 0.14�C documented by Gordon
et al. [2010] in the same area.

A second hypothesis is that the lack of closure of the buoyancy budget of the abyssal Scotia Sea indicated
by our work arises from methodological issues in the estimation of boundary mixing rates, and/or the spa-
tially inhomogeneous and temporally intermittent nature of boundary mixing. Specifically, the empirical
relationship between the Thorpe and Ozmidov scales upon which our estimates of boundary mixing rates
hinge implicitly assumes that the vertical scale of turbulent overturns is free to evolve so that gravity balan-
ces the inertial forces of turbulence. This assumption is problematic in a boundary layer, as the overturning
scale can be externally imposed. Another way of stating this is that the mixing efficiency in the relation (2)
may well differ in the near-boundary region from its nominal value of C50:2. As noted above, we have very
little information on the extent to which our Orkney Passage analysis may be representative of other loca-
tions within the WSDW outflow’s path along the southern Scotia Sea.

A third hypothesis is that the buoyancy budget of the southern Scotia Sea is closed in association with non-
internal wave form drag related to flow separation and vortex shedding from complex two-dimensional
topography in the interior basin. As a noninternal wave phenomenon, the associated buoyancy fluxes
would not be addressed by the finescale parameterization (1). As a nonpropagating phenomenon, the
related buoyancy fluxes would be closely tied to topography and potentially difficult to sample with free-
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fall turbulence profilers. A common closure in the atmospheric literature [Baines, 1995] is to address this
form drag with a quadratic drag law and O(1) drag coefficient.

Finally, E. P. Abrahamsen et al. (in preparation) note a decadal-scale signature of decreasing volume of
Lower WSDW in the Scotia Sea commencing near the turn of the century. Further considering the difference
between the relatively large transport estimates in DOVETAIL and ALBATROSS and the smaller one in JR281,
a reduced volume of Lower WSDW is consistent with a decreasing transport Ti and diapycnal transfers that
are weakly dependent upon the average transport. If one were to argue that the area-averaged turbulent
fluxes provided a negative feedback at a rate more than linearly proportional to Ti, the balance (3) would
imply an increasing area A during the period of our data.

We surmise that resolving the abyssal Scotia Sea buoyancy budget problem may be contingent upon gain-
ing a detailed quantitative understanding of boundary mixing mechanisms and associated temporal vari-
ability within Orkney Passage and along the basin’s southern edge. To achieve a major advancement in our
understanding of how mixing processes in the Orkney Passage contribute to the closure of the AABW con-
trol volume budget in the Scotia Sea (and, ultimately, how those processes mediate the wind’s control of
the AABW outflow through the passage), two new types of observations will be required. First, the detailed
along-stream evolution of the thermohaline properties and velocity structure of the AABW outflow will
have to be documented with a quasi-synoptic survey, to quantify the net transformations in the passage
and identify the key mixing sites. Second, unambiguous identification of the processes underpinning AABW
mixing in the passage will hinge on dedicated fine and microstructure measurements being obtained
across the passage and over a sufficiently extensive period to resolve the major tidal frequencies.

Appendix A: Control Volume Budgets

Heywood et al. [2002] use approximate constructs for their control volume budgets that assume the fluid to
be incompressible. We review the construction of such control volume statements to assess their sensitivity
to that assumption.

The starting place for our concerns is the prescription for the diapycnal (dianeutral) velocity w� [McDougall,
1987],

w�5
@Kq

@z
1

gKq

N2
ða�hzz2b�SzzÞ2

gKk

N2
ðTbrn

�h 
 rn
�h1Cbrn

�h 
 rn�pÞ; (A1)

in which Kq is the diapycnal diffusivity, N is the buoyancy frequency, and Cb and Tb are cabbeling and ther-
mobaric coefficients related to nonlinearity in the equation of state. These are defined as

Tb5
@a
@h

12
a
b
@a
@S

2
a2

b2

@b
@S
;

and

Cb5
@a
@p

2
a
b
@b
@p
:

Here �h might more properly be considered conservative temperature rather than potential temperature
[Klocker and McDougall, 2010], but the distinction is immaterial for this application. Of concern are the
effects of compressibility associated with isoneutral gradients of potential temperature and pressure in
combination with large values of the cabbeling parameter at high pressure.

A control volume balance is constructed using the flux form of the conservation equations. Starting from
the advective form of the conservation statement of a constituent C,

@t C1u 
 $C50; (A2)

and incorporating mass conservation, i.e.,

@tq1u 
 $q1$ 
 u50; (A3)

where q is in situ density, we obtain the flux form of the conservation equation of C, namely
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@tqC1$ 
 qCu50 : (A4)

The control volume balance is constructed by integrating (A4) and/or (A3) over that volume and
invoking Green’s theorem to change the volume integral into a surface integral. The typical situation
is one in which dense fluid is provided to a basin through a choke point, which we label as an
‘inlet’ with superscript i, and potentially leaves via an outlet, with these contributions to the budget
being advective in nature. These inlet/outlet advective fluxes are balanced by a combination of
advective and eddy (turbulent) fluxes on an upper bounding surface. The eddy fluxes are treated by
invoking a Reynolds decomposition into time mean and fluctuation. We first assume the bounding
surface to be one of constant neutral density (cn5constant), so that the control volume version of
the mass conservation equation (A3) is

þ
i �q �u 
 dA1

þ
c�q �u 
 dA5

þ
c u0q0 
 dA; (A5)

having neglected eddy fluxes at the inlet. An integral constraint on the transports

T i �
þ

i �u 
 dA; �q i5

þ
i �q �u 
 dA=T i;

Tc �
þ

cw�dA; �qc5

þ
c�q �u 
 dA=T c;

(A6)

where w� denotes the diapycnal velocity, can be easily derived. Representing advective in situ density fluxes
in terms of transport-weighted means �q i and �qc yields

�q i T i2�qcT c5

þ
cKq

qoN2

g
dA;

�q iT i2ð�q i2d�qÞðT i1dTÞ ffi Kq
qoN2

g
A;

dT
T i

2
dq
�q i ffi

qoKqN2A
g�q i T i

:

(A7)

Even if the diapycnal diffusivity, Kq, is large, the right hand side of (A7) is small, specifically Oð1025Þ for val-
ues in this work. Since dq=�q i is Oð1023Þ or smaller, dT=T i is similarly Oð1023Þ or smaller.

Thus, the advective contributions to w� originating from nonlinearities in the equation of state
[

gKk

N2
Cbrn

�h 
 rn�p in (A1)] will be cancelled by nearly equivalent amounts of diapycnal upwelling driven by
turbulent motions, @Kq

@z 1
gKq

N2
ða�hzz2b�SzzÞ.

With this integral constraint, the steady balance for C becomes
þ

�q �C �u 
 dA ffi 2

þ
�q u0C0 
 dA: (A8)

If variations of in situ density are neglected, consistent with approximating the flow as being incompressible
[r 
 u50 in (A3)], then one arrives at the usual statement,

þ
�C �u 
 dA ffi 2

þ
u0C 0 
 dA; (A9)

or, in a neutral coordinate,
þ

i �C u 
 dA1

þ
c�C w� 
 dA52

þ
c u0C 0 
 dA: (A10)

Using (A7), one may write

T iCi�
þ

i �C �u
dA;

T cCc�
þ

c�C w�
dAffiw�
þ

c�C dA5T i Cc;

(A11)
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where the second (approximate) equality of the last line assumes that upwelling is evenly distributed over
the upper bounding surface of the control volume. Here the contribution of the flux u0C0 to the integral is
in the dianeutral direction, and hence is turbulent. Therefore,

T iCi2T cCc ffi KqA�C z : (A12)
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