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Abstract Turbulent mixing produced by breaking of internal waves plays an important role in setting
the patterns of downwelling and upwelling of deep dense waters and thereby helps sustain the global
deep ocean overturning circulation. A key parameter used to characterize turbulent mixing is its efficiency,
defined here as the fraction of the energy available to turbulence that is invested in mixing. Efficiency

is conventionally approximated by a constant value near one sixth. Here we show that efficiency varies
significantly in the abyssal ocean and can be as large as approximately one third in density stratified regions
near topographic features. Our results indicate that variations in efficiency exert a first-order control over
the rate of overturning of the lower branch of the meridional overturning circulation.

1. Introduction

The meridional overturning circulation (MOC) of the ocean plays a primary role in the climate system through
its role in the uptake, transport, and storage of heat and carbon in the ocean [Hansen et al., 1985]. The strength
of the abyssal branch of the overturning circulation is proportional to mixing, which enables deep dense
waters formed at high latitudes to rise back toward the surface [Ferrari, 2014]. The mixing is primarily due to
turbulence induced by breaking of internal gravity waves occurring away from ocean margins, but mainly
around bottom topographic features. The waves are generated by barotropic tides or geostrophic eddies
impinging upon bottom topographic features [Garrett, 2003; Alford, 2003; Nikurashin and Ferrari, 2013]. When
internal waves break, energetic turbulence is produced and the density is “mixed,” resulting in a vertical
density flux (an effective vertical mass flux) because the turbulence develops in an ocean that is stably strat-
ified in density. Close to the top and bottom boundaries, the nature of mixing changes from that induced
by the internal wave breaking to boundary layer processes which control the density flux within a narrow
boundary layer.

The spatial scales at which mixing occurs are orders of magnitude smaller than those resolved in numerical
models of the global ocean circulation. Furthermore, direct measurements of turbulent buoyancy fluxes in
the abyssal ocean are sparse for practical reasons and are nearly absent within the bottom boundary layers.
Hence, it is common to represent the collective effect of small-scale mixing of salinity, temperature, and trac-
ers in terms of mixing coefficients, often referred to as cross-density (diapycnal) turbulent diffusivities which
are several orders of magnitude larger than the corresponding molecular diffusion coefficients. The turbulent
diffusion coefficient for buoyancy, «, remains poorly constrained on a regional scale which leads to uncertain-
ties in simulations of the deep ocean circulation; the rate of overturning associated with the abyssal branch
of the MOC in numerical models is directly related to global patterns of mixing represented by spatially vari-
able diffusivity in the models [Munk and Wunsch, 1998; Large et al., 1994; Mashayek et al., 2015]. A common
method for obtaining an estimate of x in the ocean interior (not in the boundary layer) from observations is to
relate it to measurements of the rate of turbulent kinetic energy dissipation, ¢, and stratification, N, through
the relation [Osborn, 1980]:
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where v is the kinematic viscosity of seawater. N is a measure of the density stratification, known as the
buoyancy frequency which is defined as N = 1/(—g/p,)p, where g is the acceleration due to gravity, p, is a ref-
erence density for seawater, and p, is the vertical gradient of neutral density. Neutral density is a variable that
eliminates the dynamically irrelevant compressibility effects from the full density, an important correction in
the weakly stratified abyssal ocean [Jackett and McDougall, 1997].T is the flux coefficient defined as

=——. )

n is the mixing efficiency defined as the ratio of the rate of energy spent on irreversible mixing of different
density waters (M), to the total rate of energy available to turbulence which is the sum of M and the rate of
energy dissipation to heat (¢). (see Peltier and Caulfield, 2003 for a review of the methodology that must be
applied to determine M on the basis of a separation between reversible and irreversible mixing processes.)
We note thatT"is often mistakenly referred to as an “efficiency” in the oceanographic community even though
it can be larger (in fact much larger) than 1. We will refer to it by its original name “flux coefficient,” noting that
the two are interchangeable through (2). Re, = ¢/(vN?), often referred to as the “buoyancy Reynolds num-
ber,” represents the ratio of the tendency of turbulence to mix density vertically to the combined influence
of stratification and viscosity in suppressing vertical motion and turbulence. Re,, is commonly understood
to be a measure of turbulence “intensity.” Equation (1) is widely used to estimate mixing rates in the ocean
[see e.g., Waterhouse et al., 2014] and in global climate models [Jayne and Laurent, 2001; Polzin, 2009].

Despite extensive evidence that I varies over a wide range in different geophysical environments [e.g., Moum,
1996; Ruddick et al., 1997; Smyth et al., 2001; Mashayek and Peltier, 2013; Salehipour et al., 2016a] (see supporting
information for a discussion), for practical reasons I" has commonly been approximated by a constant equal
to 0.2 (corresponding to n=1/6) [Wunsch and Ferrari, 2004]. From a global budget perspective, I" plays an
important role, since it represents the fraction of energy available to the turbulent mixing that helps sustain
the abyssal ocean circulation [Wunsch and Ferrari, 2004]. This leading order global impact is the focus of this
work. Recent developments in both numerical simulation and field measurements have allowed us to develop
a refined parameterization of T'.

In a recent study, De Lavergne et al. [2016] investigated the role of a variable flux coefficient in determining
the rate of circulation of the abyssal MOC. They argued that locally breaking internal waves are likely to be
too rare or sparsely occurring to provide sufficient mixing to sustain an abyssal overturning rate of ~15 Sv
(1Sv=10%m3/s), inferred from inverse methods that assimilate a variety of ocean data (to be discussed further
in what follows). They concluded that additional processes ought to be responsible for providing the nec-
essary upwelling required for closure of the abyssal MOC. Their analysis was based on the parameterization
of Shih et al. [2005], as modified by Bouffard and Boegman [2013]. However, these parameterizations do not
account for higher mixing efficiencies of 0.3-0.5 that have been reported in recent literature [Mashayek and
Peltier, 2013; Mashayek et al., 2013a; Salehipour et al., 2015; Chalamalla and Sarkar, 2015]. In this study, we will
demonstrate, based on our recent construction of an unprecedentedly large suite of direct numerical simula-
tions (DNS), (i) that deep ocean mixing is likely significantly more efficient than assumed by De Lavergne et al.,
2016 and hence sufficiently strong, on its own, to provide the energy required for closure of the abyssal MOC
and (ii) that spatial variability of T" plays a key role in vertical patterns and exchanges between the abyssal and
middepth branches of the global MOC.

We emphasize that this study does not cover the turbulence in the bottom boundary layer within which
equation (1) does not necessarily hold and the definition of flux coefficient, in the conventional sense, might
not hold. As discussed in Ferrari et al. [2016], insofar as the global MOC is concerned the value of the flux at
the top of the bottom boundary layer is of concern. In our analysis we make the common assumption that
such flux is set by enhanced internal wave breaking above rough topography. However, we note that under-
standing of the underlying physics of boundary turbulence and the extent to which it may affect the flux at
the top of the boundary layer are coming to the forefront of ocean mixing discussions.

2. A Global Map of Abyssal Turbulence Intensity

Figure 1 (left) shows a global map of e constructed on the basis of an extension of Nikurashin and Ferrari [2013]
as discussed in Ferrari et al. [2016]. Their estimate of ¢ is based on the linear energy conversion from tidal and
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Figure 1. (top) Global map of rate of dissipation of kinetic energy, ¢, plotted on the density surface y = 28 kg/m3 in

the abyssal ocean. The right face shows the same quantity zonally averaged. (bottom) Map of buoyancy Reynolds
number, Re,, as defined in (1), on the same density surface as in Figure 1 (top). The right and front surfaces show zonal
and meridional averages. The black lines overlaid on the contour map on the right face show zonally averaged density
from the World Ocean Circulation Experiment (WOCE). The thick black line represents the neutral density y = 28 kg/m?3,
which marks the boundary between density surfaces which ventilate at high latitudes in both hemispheres and those
which only ventilate in the Southern Ocean. Both maps are constructed based on estimates of rate of dissipation of
kinetic energy from Nikurashin and Ferrari [2013] and WOCE stratification.

geostrophic flows into internal waves above rough topography [Nycander, 2005; Nikurashin and Ferrari, 2011]
combined with a parameterization for turbulent energy dissipation resulting from the breaking of internal
waves generated by tidal flows over rough topography [St Laurent et al., 2002]. Of particular importance to
the research reported in this letter are two key assumptions which have a leading order impact on the global
distribution of . First, it was assumed that the fraction of the radiated energy going into dissipation locally is
~30% based on observations, and that this local dissipation decays upward away from the ocean floor with
a decay scale of 500 m. Second, the estimate of ¢ does not explicitly take into account the mixing induced by
breaking of internal waves generated in the far field. This contribution is likely more important at middepths
and, as will be discussed later, we take this somewhat into account by assuming that it results in a constant
background interior mixing. In short, global estimates of € are not available and it is for practical reasons that
we rely on a distribution subject to the collectivity of these assumptions. Our focus is not upon the distribution
of €, however. We will simply employ this map to study the efficiency of mixing and show that it is of leading
order importance for the oceanic bulk energy budget and closure of the abyssal MOC.

The turbulent dissipation rate, ¢, in Figure 1 (left) corresponding to the neutral density surface y = 28 kg/m? is
plotted over this density level. This density level approximately marks the separation between the two coun-
terrotating cells, an abyssal one and a middepth one, that characterize the MOC in a zonally averaged sense,
and it comes to the surface only in the Southern Ocean [Lumpkin and Speer, 2007, see also Figure 4, top].
While the 28 kg/m3 neutral density surface appears to divide the two branches of the MOC, this is just an
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illusion of the zonal average. The two branches exchange waters as they flow between the Atlantic and Pacific
Oceans. Our point here is that waters denser than 28 kg/m? are observed to rise from the abyss crossing den-
sity surfaces and must therefore become lighter as a result of mixing since there are no heating sources in the
ocean interior. The zonally averaged global estimates of € are illustrated on the right face of the domain box in
Figure 1 (left) and show that e is bottom enhanced in the vicinity of rough topographic features which are hot
spots of wave generation and breaking consistent with observations as reviewed by Waterhouse et al. [2014].

The critical parameter which appears in the characterization of x according to (1) is not e but rather the ratio
e/N?, as encapsulated in Re, upon nondimensionalization by v. Figure 1 (right) shows a global map of Re,
on the same isopycnal y =28 kg/m3 along with its zonal and meridional averages on the side planes. (Both ¢
and N? are calculated on the vertical grid of the global hydrogaphy constructed based on WOCE; the vertical
grid spacing changes from a few tens of meters at middepths to ~150 m in the deepest part of the ocean.)
The density contours, shown by lines superimposed on the right face from a few, illustrate the stably stratified
structure of a “pancake ocean” in which increasingly dense waters reside at increasing depth. Our focus is on
density classes that outcrop only in the Southern Ocean, as they are associated with the abyssal branch of
the MOC. The boundary between these isopycnals and those associated with the upper branch of the MOC,
which outcrop in both hemispheres, is marked by a thick black line (i.e., y =28 kg/m?3).

Descending toward the ocean floor, Re, « ¢/N? increases monotonically (Figure 1, right) as ¢ becomes
enhanced and stratification weakens. Although an increase in Re, implies a more intense level of turbulence,
it does not necessarily lead to more efficient mixing. In the limit of weak stratification (small N), there is too
little density contrast to be mixed. On the other hand, in the limit of overly strong turbulence (large ¢), the
stratification becomes irrelevant as most of the energy is lost to viscous dissipation and hence in heat produc-
tion rather than being invested in mixing. Thus, by moving progressively farther into the abyss, it is expected
that mixing efficiency (and hence I') should vary nonmonotonically despite the monotonic increase in Re,,.
There must therefore exist a depth range in which an optimal balance of turbulence and stratification exists
which allows for energetic turbulence to mix the moderate ambient stratification most efficiently.

3. The KH-ansatz: An “ldealized” Model Problem Useful for the Representation
of Oceanic Turbulence

Recent progress, in both observational measurements and DNS analyses of stratified turbulence at sufficiently
high Reynolds numbers, has led to a much improved understanding of the complex nature of oceanic tur-
bulence and its associated mixing. A fundamental question nevertheless concerns the applicability or fidelity
of such idealized DNS analyses as representative of actual mixing processes in the ocean. In particular, an
idealized canonical model for the study of stratified turbulence is that based on a freely evolving stably strat-
ified parallel shear flow that is susceptible to the emergence of a Kelvin-Helmholtz (KH) instability which
subsequently collapses into turbulence (i.e., the “KH-ansatz"). Before we investigate the possible implications
of this idealized model for abyssal ocean mixing, we must ensure that the KH-ansatz provides a plausible
representation of mixing in the real ocean.

Figure 2 compares the variations of I' with Re, as inferred from the DNS data set as well as the observational
oceanographic measurements. To assess carefully the fidelity of the KH-ansatz to ocean turbulence observa-
tions, we have distinguished between “young” and “mature” stages invoking the concept of turbulence “age.”
The young stage is associated with a growing and initially two dimensional KH billow which overturns the den-
sity interface and is characterized by rapid mixing of buoyancy but only weak dissipation of turbulent kinetic
energy (hence, high mixing efficiencies). Turbulence becomes mature as soon as the billow collapses or the
flow becomes fully three-dimensional, after which it begins to decay. In the observations, the age is assessed
using the ratio of the Ozmidov and Thorpe length scales, following Smyth et al. [2001] (see the supporting
information for further details [Smyth and Moum, 2012]).

The agreement between the KH-ansatz and the observations is compelling for both young and mature stages.
Considering all of the idealizations employed in the DNS analyses and the assumptions involved in the obser-
vational estimates, it is encouraging that the KH-ansatz appears to represent the Re, dependence of the
oceanic flux coefficient for each stage quite accurately, (noting the histograms based on observational data
on both the abscissa and ordinate of Figure 2). The DNS results for KH-ansatz turbulence associated with the
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sentation of oceanic turbulence. Although

Figure 2. Re;, dependence of I, comparing the young and mature K R oo
9 b &P paring the young the contribution of young overturns is dif-

mixing events obtained from oceanic measurements of Smyth et al.

[2001] (see Moum [1996] and Lien et al. [1995] for source of data) ficult to quantify, there is little doubt that
and an extensive suite of DNS analyses associated with the growth, its inclusion would increase the mixing
turbulent breakdown, and decay of a Kelvin-Helmholtz instability efficiency (and henceI') of the ocean.

(i.e., KH-ansatz) taken from Salehipour and Peltier [2015]. The

histograms on both abscissa and ordinate illustrate the distribution . " .
of these mixing events in field observations. The DNS data sets are 4. A Practical Recipe for
also binned for clarity of presentation. the Flux Coefficient in the

Deep Ocean

A more diverse set of observations as well

as DNS data sets derived from KH-ansatz
turbulence are employed in Figures 3a and 3b to illustrate the leading order variability of I" with Re,. The
oceanic observations of Smyth et al. [2001] in Figure 3a are here a binned representation of the mature turbu-
lence in their data set obtained from two different expeditions that have been jointly shown in Figure 2. Taken
together, these panels reveal a nonmonotonic dependence of I on Re,: " Reg'5 for Re, < Re; where Rej
represents the peakI’,and I" « Re;"‘5 for Re,, > Re;.The former scaling limitin the range of small to intermedi-
ate Re, is consistent with previous observational, experimental, and numerical evidence as recently reviewed
by Bouffard and Boegman [2013], whose data, shown in the figure, are also dominated by mature turbulence.
For the right “flank” of the curve I'(Re,), our data collectively support the scaling relation of I" « Re‘0 5 as pre-
viously suggested based on DNS [Shih et al., 2005] and observations [Walter et al., 2014]. As a practlcal recipe
we may join these two scaling regimes through a Padé approximant in the form

1

sk Rep z
or <RE;>
1+ (Reb)
Re,

where I'* is the maximum value of the flux coefficient at Re, = Re;.

T'(Re,) =

The two dashed curves in Figures 3a and 3b illustrate this parameterization with (ReZ,F*) =(100,0.2) and
(300,0.5) which enclose the upper and lower bounds on our collection of data and simulations in Figures 3a
and 3b. This variability is associated with variations in parameters other than Re, (for example, shear as rep-
resented by a bulk Richardson number; see the supporting information). The main goals of this study are
to (a) explore the global implications of the nonmonotonic dependence of I" on Re, and (b) highlight the
implications of the uncertainty enclosed within these lower and upper bounds for the impact of mixing on
the MOC.

We note that I" cannot be fully parameterized in terms of Re, alone; it depends on other parameters [Mashayek
and Peltier, 2013; Mashayek et al., 2013a; Salehipour et al., 2015, 2016a]. Our choice here is for practical reasons
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Figure 3. Re;, dependence of I' as inferred from (a) various observational data sets and (b) DNS data sets (see supporting materials and Winters et al. [1995] and
Caulfield and Peltier [2000] for details of quantification of mixing from DNS). The shadings, except for the orange curve in Figure 3a, illustrate the spread in data
after binning (see supporting information for details). (c-f) Global maps of normalized flux coefficient I'/T"* constructed based on the upper and lower bounds
of I marked by dashed lines in the top panels. Figure 3c shows the global map on the abyssal density level 28 kg/m3 corresponding to the lower bound curve
with its globally zonally averaged I in Figure 3d. Figures 3e and 3f show the same for the upper bound curve. For reference, y = 28 kg/m?3 surface is shown with

a white line in Figures 3e and 3f.

since (a) those parameters are hard to identify over the global ocean and (b) the dependence of T" upon
them is still very much an active topic of research. Our focus is on the leading order impact of variations of T,
parameterized in terms of a practical definition of the Reynolds number, on the deep ocean circulation.

5. Global Distribution of I in the Deep and Abyssal Ocean

Figures 3c-3f show maps of flux coefficient for the abyssal ocean. The maps correspond to the upper and
lower bounds of " in Figure 3a and have been made by combining equation (3) with the three-dimensional
map of Re, in Figure 1 (right).

Based on the lower bound parameterization, Figures 3c and 3d suggest that " ~0.2 at middepths and
becomes maximum about the interface between the upper and lower branches of the MOC, by the density
level 28 kg/m3.T"is much smaller below the depth of 3500 m for this lower bound on the parameterization. For
the upper bound parameterization, Figures 3e and 3f suggest that I"is intensified in the abyssal ocean (to ~0.5)
and is approximately half that value at intermediate depths that mark the upper limit of the abyssal branch of
the MOC. In both maps, there exists a depth range in which the balance of ambient stratification and turbu-
lence leads to optimal mixing. I" decays to zero toward the ocean floor where stratification vanishes. The rate
of abyssal circulation depends on turbulence intensity and stratification (the two being interconnected) and
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Figure 4. (top) Global zonally averaged meridional overturning circulation in Sverdrups (1 Sv=10% m3/s), taken

from Lumpkin and Speer [2007]. The blue and red streamlines indicate clockwise and counterclockwise overturning,
respectively. The vertical axis represents neutral density which increases with ocean depth. While this figure is for a
zonally and globally averaged streamline, the peak of the abyssal circulation is 12.4+2.6 Sv at 32°S in the Atlantic Ocean
and 14.9+3.4 Sv at 32°S in the Pacific Ocean, while the net circumpolar circulation is 20.9+6.7 Sv at 32°S. (bottom)
Estimates of rate of turbulent mixing across density surfaces, obtained based on a calculation similar to that of
Nikurashin and Ferrari [2013] with three modifications as described in Ferrari et al. [2016] (see the supporting information
for details). The calculation employs the Re, map shown in Figure 1b and the two flux coefficient parameterization
bounds of Figure 3a.

hence on T (as in (1)). Thus, when compared to a globally constant I’, the lower bound maps (Figures 3c and
3d) imply a weaker abyssal ocean circulation while the upper bound maps (Figures 3e and 3f) imply a strong
abyssal MOC. This may prove critical for setting the amount of carbon stored in the abyssal ocean, because
the stronger the abyssal circulation, the faster deep carbon-rich waters come in contact with the surface and
increase atmospheric CO,.

In addition to the vertical variations in T (Figures 3d and 3f), its geographical distributions (Figures 3c and 3e)
are also characterized by significant variability. The two parameterization limits differ in an important way: for
the lower I" bound (Figure 3c), there is anticorrelation between e and T, while for the upper bound (Figure 3e)
the correlation is positive. In other words, for the upper/lower bound, turbulence is most/least efficient at the
depths where the abyssal MOC appears to be strongest.

6. Discussion

Figure 4(top) shows a decade-mean globally and zonally averaged ocean meridional overturning circula-
tion from Lumpkin and Speer [2007] which was estimated using inverse techniques that incorporated air-sea
fluxes of heat and freshwater, hydrographic sections, and current measurements. The ragged line represents
the mean depth of ocean ridge crests. Mixing is enhanced and influential on the MOC below the crest of
mid-ocean ridges, because the abyssal wavefield is radiated from topography and some of its energy gets
converted to mixing due to wave breaking in the close vicinity of topography. Based on Figure 1 (right; right-
most face of the domain), the 28 kg/m3 density class that marks the upper extent of the zonally averaged
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abyssal MOC lies within the ragged line in Figure 4 (top), confirming that it is exposed to vigorous mixing and
thus its strength must be sensitive to the value of mixing efficiency.

Figure 4 (bottom) shows the rate of transport of water masses across various density levels (i.e., across
horizontal levels in Figure 4, top) calculated for I" = 0.2 as well as for the upper and lower bounds of our
parameterization of I" (shown in Figures 3a and 3b). See the supporting information for a detailed discus-
sion of the methodology employed to construct this figure. Since the estimate considers only the waves that
break locally close to topography (i.e., only 30% conversion of energy into mixing plus dissipation), it does not
take into account the contribution due to upward propagating waves which radiate away from topography
(i.e,, the other 70% of energy). As discussed by Waterhouse et al. [2014], in most regions, mixing is primarily
due to the local internal wavefield while in a few cases (out of many oceanic data sets they compiled to study
global patterns of mixing), the contribution due to remote internal wave sources becomes relevant. At most
locations, they found that in the abyssal ocean the total power lost through turbulent dissipation is less than
the input into the local internal wavefield, suggesting that the radiating energy is dissipated in the far field
likely in shallow continental margins. Thus, we argue that our assumption of mixing due to locally generated
turbulence is reasonable for this study which focuses on the abyssal branch of the MOC (within the shaded
region in Figure 4, bottom). For lighter water classes, above the shaded region, we have added a constant
background dissipation rate (based on the compilation of observations reported in Waterhouse et al. [2014])
to represent the interior mixing by the background radiating field.

The rate of overturning of the abyssal MOC cell is largest based on the upper bound parameterization of I',
with the peak being ~20 Sv (1 Sv=10° m3/s). This value lies within the low-intermediate range of the var-
ious observationally constrained estimates [Ganachaud and Wunsch, 2000; Talley et al., 2003; Lumpkin and
Speer, 2007; Garabato et al., 2014]. More specifically, it is close to the mean value of 20.9 + 6.7 Sv overturning
according to Lumpkin and Speer [2007] and as reported in the caption of Figure 4 (top). The overturning rate
obtained based on the lower bound parameterization of I', instead, falls short of the lower limit of this estimate
(i.e., <14.2 Sv). The crucial point here is that the difference between the upper and lower bounds of I" produces
a leading order difference in the strength of the MOC, and hence, such variability needs to be considered in
our assessments of the mixing-induced abyssal branch of ocean circulation.

From a globally averaged perspective, the constant flux coefficient of 0.2 (i.e., efficiency of one sixth) produces
the same abyssal MOC strength as that produced by the upper bound parameterization of T. This fortuitous
finding, despite being interesting, should not be construed to imply that the value of 0.2 is a robust estimate
for the flux coefficient on different spatial or temporal scales (e.g., see Figures 3¢ and 3e for spatial distribu-
tions away from 0.2). Furthermore, there is no reason to assume a priori that an abyssal mean value of 0.2 is a
property of the ocean under a variable climate.

As noted earlier, it has been suggested by De Lavergne et al. [2016] that mixing due to breaking of internal
waves near rough bottom topography may be insufficient to explain the strength of the abyssal circulation
inferred from inverse techniques. This would suggest that other processes are necessary to provide addi-
tional energy to sustain the abyssal MOC, with geothermal heat flux proposed as one candidate by earlier
works [Adcroft et al., 2001; Emile-Geay and Madec, 2009; Mashayek et al., 2013b; De Lavergne et al., 2016]. While
Waterhouse et al. [2014] provided some evidence that the contribution to mixing from the remotely generated
waves in the deepest density classes might not be significant in a global sense, the question regarding their
share of mixing is still open. Furthermore, it has been suggested that turbulence within the stratified bound-
ary layer above the ocean floor can contribute to considerable mixing which, in combination with lateral
advection, enhances the net mixing in the ocean interior [Armi, 1978; Garrett, 1990; Mashayek et al., 2017].

Our results presented in Figure 4b take the influence of the geothermal heat flux into account [Davies and
Davies, 2010], thereby providing an additional ~4.5 Sv of transformation to what was reported in Ferrari et al.
[2016]. They suggest that while the upper bound on T" provides sufficient (if not excessive) mixing for main-
taining the lower branch of circulation, the lower bound clearly comes significantly short of it. This implies that
all or some of the above mentioned additional processes may be necessary to provide the rest of the required
mixing. As a result, the conclusion of De Lavergne et al. [2016] concerning the necessity of incorporating the
geothermal heat flux in order to improve the closure of the abyssal circulation appears to be unwarranted:
while the role of the basal flux should not be ignored, at this stage it is well within the uncertainty window.
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7. Caveats and Road Map

Our analyses relies on a number of assumptions whose validity is a topic of active research in the field of
density stratified turbulence. Three of those assumptions are worth discussing in more detail.

First, we argue that the standard parameterization I" = 0.2 can be improved upon by assuming aI" = 7(Re,)
functional relationship. In fact, I' has dependence upon other parameters. Such dependence is the topic of
active research, likely of higher-order importance, and difficult to account for in a global scale calculation. Our
focus was on exploring the nonmonotonic dependence of I" on Re,, on the large-scale ocean circulation. We
note that a more comprehensive parameterization of I was introduced in Canuto et al. [2010].

Second, we argue that the mature phase of KH turbulence, as computed via DNS, is a good model for ocean
turbulence. The high mixing efficiency of very young billows in DNS results from the exceptionally sharp den-
sity interface that develops in the braid region between adjacent billows. In the real ocean, the persistent,
compressive strain that sharpens that interface [Smyth, 1999] is scrambled by ambient small-scale turbulence,
slowing the diffusion of mass across the interface and therefore reducing I'. While we cannot yet quantify this
effect, it is clear that it makes the young phase more like the mature phase.

Third, we further assume that the coevolution of instantaneous I';(t) and Re,(t) in decaying KH turbulence
provides a good model for our hypothetical function I" = F(Re, ). While our study provides some preliminary
evidence in support of this, it will be subject to future confirmation as we explain below.

The above mentioned assumptions are open to question, but together they allow us a glimpse of the effect
that improved I" parameterizations will have on estimates of global ocean circulation. Variations in efficiency
of mixing are of leading order importance for the ocean bulk energy budget and circulation and hence should
be included in ocean and climate models.

In future work, of the above assumptions will be relaxed as follows. Our first assumption can be relaxed by
including other parameters, such as Richardson number (Ri; see supporting information), as is pursued in
ongoing work. Establishing the fluid dynamical basis of such dependence, while challenging on its own, has
led to some recent progress, but a global estimate of Riis not practically feasible at the moment. Regarding our
second assumption, evidence to date suggests that the highly efficient young phase contributes one fourth to
one third of net mixing. Rather than include the young phase explicitly (which would greatly complicate the
parameterization problem), we recognize that our estimates are conservative and suggest that larger values
of I" are plausible. And finally, our third assumption can be relaxed by using I',.,, a I" defined as the integral
over the whole life cycle of individual turbulent events, in place of I'; [e.g., Smyth et al., 2001]. Due to the
significant computational cost associated with the DNS data provided herein, this will require many more
(time-consuming) simulations. This third assumption allows us to make progress in the very short term.

8. Summary

By comparison to ocean and lake measurements, we have verified the fidelity of the KH-ansatz as an appro-
priate model for the study of the mixing properties of oceanic turbulence. Based on a diverse set of direct
numerical simulations and field measurements, we have proposed two bounding curves as parameteriza-
tions for I' that describe its nonmonotonic dependence on Re,,. These two curves imply significantly different
global distributions for abyssal ocean mixing, which in turn lead to substantial differences in the overturning
strength at various isopycnal levels. Crucially, we have demonstrated that turbulent mixing due to bottom
enhanced internal wave breaking can range anywhere from being fully capable of producing the overturning
rate necessary for closure of the abyssal MOC to coming significantly short of it.

We emphasize that our focus is upon abyssal mixing above the bottom boundary layer. Understanding
of variations of density flux within the boundary layer and across its interface with the overlying internal
wave-induced mixing zone is of leading order importance and is rapidly evolving [Ferrari et al., 2016; Mashayek
etal., 2017]. We expect such understanding, once sufficiently mature to be extended to the global ocean and
to be complementary to this study. In the meantime, our parameterization provides a physical mechanism
through which the effective buoyancy flux can tend towards zero within the well-mixed boundary layers in
which stratification becomes vanishingly small. Of particular interest will be the variation of flux coefficient
from the ocean interior, in which mixing is primarily induced by internal waves to the boundary layers in which
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other physical processes induce a turbulent buoyancy flux. Within such boundary layers the flux transitions
from that in the interior to the geothermal flux at the ocean floor.

A primary goal of the climate community over the past several decades has been to quantify the ability of
the abyssal ocean to sequester carbon. Such storage partly depends on the residence time of carbon in the
abyssal MOC cell, which in turn depends on both the rate of overturning and the rate of turbulent exchange
of tracers between the abyssal and middepth MOC cells. Our study demonstrates that variations in " exert a
leading order influence upon the rate of abyssal MOC.
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