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1.	Introduc+on	



What	is	+dal	mixing?	

ρ1

ρ2

local	mixing	

remote	mixing	

wave	break	

PHYSICAL PROBLEM

low-intensity microstructure. Turbulent dif-
fusivity values for the central Brazil Basin
were about 0.1 3 1024 m2 s21. We ob-
served just a slight enhancement in the
mixing over the rise within 100 m of the
bottom, most likely a result of boundary
layer turbulence. These small dissipation
estimates were surprising in that a bottom-
intensified deep western boundary current
flows above the rise (albeit at speeds of only
about 2 cm s21) that has been implicated in
mixing Brazil Basin waters (13). In contrast,
turbulent dissipation rates were elevated
one to two orders of magnitude above the
rough flanks of the MAR, particularly with-
in 300 m of the bottom.

We repeatedly sampled one spur of the
MAR with the HRP between 3 and 20
February, 1996, a period encompassing both
spring and neap tides. Turbulent diffusivity

values in this region were consistently
greater than 1024 m2 s21 within 300 m of
the bottom; within 150 m, some values
exceeded 1023 m2 s21 (Fig. 3). This region
of rough topography was chosen as the trac-
er release site. Approximately 110 kg of SF6
was released during an 8-day period on a
density surface at about 4010 m depth near
21°409S, 18°259W (Fig. 1) (14). The initial
root-mean-square vertical spread of the
tracer relative to the target density surface,
resulting from shifts in sensor calibration
between tows, was about 9 m. Tracer con-
centration broadened in the 11 days after
injection (Fig. 4). Application of a diffusion
model (15) returned a diapycnal diffusivity
value of 0.5 3 1024 6 0.5 3 1024 m2 s21.
On the basis of the 39 HRP stations made
in this region, we estimate that K between
3960 and 4060 m was 0.3 3 1024 to 0.6 3

1024 m2 s21 (95% confidence bounds). Al-
though a K value close to zero cannot be
ruled out by the tracer data, the best esti-
mate is consistent with those from the
HRP.

The microstructure data show that mix-
ing was enhanced throughout much of the
water column in regions with rough topog-
raphy. Turbulence supported directly by
bottom stress is limited to boundary layers
that are typically only tens of meters high.
That mixing occurs remote from the bot-
tom implicates wave processes that can
transport energy up from the bottom.
Steady and time-dependent bottom cur-
rents flowing over undulating bathymetry
can generate internal waves that propagate
up into the water column (16). Subsequent
instability and breaking of such waves
would provide an energy source for the tur-
bulent mixing. Consistent with this idea,
enhanced fine-scale shear and strain (17)
were observed above rough bathymetry. We
propose that the energy source for the inter-
nal waves supporting the mixing near the
MAR is the barotropic tides impinging on
the rough bathymetry of the ridge. (Mean

Fig. 1. Distribution of HRP
stations (triangles) in the Bra-
zil Basin of the South Atlantic
Ocean. Isobaths greater than
2000-m depth are depicted
with a contour interval of
1000 m. The expanded scale
plot to right shows the ship
tracks during injection of the
SF6 tracer (solid lines). The
dashed lines mark the sam-
pling tracks of the initial trac-
er survey.
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Fig. 3. Profiles of average cross-isopycnal diffu-
sivity versus depth as a function of position rel-
ative to a spur of the MAR (whose bathymetry is
shown versus latitude). Diffusivity profiles have
been offset horizontally to roughly correspond to
their physical position relative to the spur and are
plotted on a logarithmic axis. The tick marks and
color scheme denote decadal intervals, and the
vertical reference lines denote K 5 1025 m2 s21.
The 95% confidence intervals are roughly 650%
of the depicted estimates. The horizontal line
marks the average depth at which the SF6 tracer
was injected.
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Fig. 2. Depth-longitude section of cross-isopycnal diffusivity in the Brazil Basin inferred from velocity
microstructure observations. Note the nonuniform contour scale. Microstructure data from the two
quasi-zonal transects have been combined without regard to latitude. The underway bathymetric data
to 32°W is from the eastward track, the balance comes from the westward track. The white line marks
the observed depth of the 0.8°C surface.
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Figure 2: Depth-longitude section of turbulent diffusivity across the Brazil Basin. The diffusivity was
estimated from velocity microstructure data along two longitudinal transects sampled in 1996. The
white line marks the 0.8¶C isotherm. From Polzin et al. (1997).

These observations meant that assumptions of uniform diffusivity and upwelling and the

restriction to a few local property profiles were no longer justified. To estimate large-scale

mean diffusivities, Munk and Wunsch (1998) considered the horizontally-averaged density

balance of the 40¶S-48¶N ocean domain, between 1,000 and 4,000 m depth, under given

boundary transports. Assuming the northern plus southern inflow of dense waters below

4,000 m depth to be 30 Sv, and that all of it upwells across density surfaces to 1,000 m depth,

they obtained a mean vertical profile of the diffusivity (Fig. 3). The mean diffusivity was found

to be almost independent of depth and just over 10≠4 m2 s≠1. Though matching the previous

estimate of Munk (1966), the value was no more interpreted as a uniformly-acting diffusivity

but rather as an effective diffusivity resulting from concentrated density fluxes along bound-

aries.
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Depth-longitude	transect	of	
turbulent	diffusivity	across	
the	Brazil	Basin.	
	
From	Polzin	et	al.	(1997).	
	

!dal	flow		

internal	+de	



•  Remote:	tuneable	background	Kz	(≈	10-5	m2s-1).	
–  Independent	of	ocean	state.	
– No	control	on	(evolving)	energy	required	to	maintain	
such	background	mixing.	

	

•  Local:	bo`om-intensified	mixing	energy.	
– 2D	map	of	locally-dissipa+ng	internal	+de	energy	(qE).	
– Fixed	(exponen+al)	ver+cal	energy	structure	(F).	
	

Kz	=	0.2	qE	F	/	ρN2	

Typical	prac+ce	in	OGCMs	



•  No	background	diffusivity.	
	
•  All	mixing	comes	from	known	energy	sources.	
– 4	sta+c	2D	maps	of	internal	+de	energy	dissipa+on		
			(for	4	dissipa+ve	processes).	
– Stra+fica+on-dependent	ver+cal	structures		
			(each	map	goes	with	a	specific	ver+cal	structure).	

Proposed	mixing	scheme	



Proposed	scheme	 Previous	scheme	of	NEMO	

500	m	

3000	m	

Consequent	change	in	ver+cal	diffusivity	in	NEMO	



2.	Implica+ons	for	energe+c	
consistency	of	ocean	models	



Energy	flows	in	real	ocean	

Mixed	layer	
Ocean	interior	

Winds	Surface	buoyancy	fluxes	

Tides	

Irreversible		
mixing	

General	
circula+on	

local	
remote	



Energy	flows	in	typical	ocean	models	
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Energy	flows	in	models	with	proposed	scheme	

Mixed	layer	
Ocean	interior	

Winds	Surface	buoyancy	fluxes	

Tides	

Irreversible		
mixing	

General	
circula+on	

local	
remote	

Numerical		
dissipa+on	
(and	mixing)	



3.	Ingredients	of	the	mixing	
parameteriza+on	



4	sta+c	maps	of	power	input	to	turbulence…	



…corresponding	to	4	processes…	

Wave-wave	
interac+ons	
636	GW	
(61%)	

Shoaling	
95	GW	
(9%)	

Cri+cal	
slopes	
128	GW	
(12%)	

Abyssal		
hills	

185	GW	
(18%)	



…and	4	ver+cal	structures…	

∝ N2
∝ N

∝ exp(-hab/Hcri)
   rbot: ∝ (1+hab/Hbot)-2

1-rbot: ∝ N2

Gregg	1989	
Polzin	et	al.	1995	
Kunze	2017	

Legg	2014	

Polzin	2004	
St	Laurent	et	al.	2002	



…including	3	parameters	mapped	using	obs.	

∝ N2
∝ N

∝ exp(-hab/Hcri)
   rbot: ∝ (1+hab/Hbot)-2

1-rbot: ∝ N2

Gregg	1989	
Polzin	et	al.	1995	
Kunze	2017	

Legg	2014	

Polzin	2004	
St	Laurent	et	al.	2002	



4.	Methodology	to	construct	the	
parameteriza+on	



Methodology	

GENERATION PROPAGATION DISSIPATION

2D 3D

modes 1-5

modes 6-10

abyssal hills
(modes     50)

Lagrangian
energy
tracker

critical slopes

shoaling

wave-wave
interactions

scattering by
abyssal hills

[Falahat et al. 2014b]
[Melet et al. 2013a] [de Lavergne et al. 2019] [this study]

Tracking	the	energy	of	internal	!des	from	sources	to	sinks	



GENERATION PROPAGATION DISSIPATION

2D 3D

modes 1-5

modes 6-10

abyssal hills
(modes     50)

Lagrangian
energy
tracker

critical slopes

shoaling

wave-wave
interactions

scattering by
abyssal hills

[Falahat et al. 2014b]
[Melet et al. 2013a] [de Lavergne et al. 2019] [this study]

Methodology	
2D	mapping	using	the	WOCE	climatology	of	stra!fica!on	



GENERATION PROPAGATION DISSIPATION

2D 3D

modes 1-5

modes 6-10

abyssal hills
(modes     50)

Lagrangian
energy
tracker

critical slopes

shoaling

wave-wave
interactions

scattering by
abyssal hills

[Falahat et al. 2014b]
[Melet et al. 2013a] [de Lavergne et al. 2019] [this study]

Methodology	
Ver!cal	structure	applied	to	model-simulated	N2(z)	



5.	Comparison	with	finestructure	
observa+ons	



Param	(top)	vs	Argo-finestructure	(bo`om)	at	400m	



Param	(top)	vs	ship-finestructure	(bo`om)	at	400m	



Two-dimensional	histograms,	param	vs	obs	
Kunze	(ship)																												Whalen	(Argo)	

93%	86%	



6.	Comparison	with	
microstructure	observa+ons	



Microstructure	data	

19	projects,	1169	profiles	



Brazil	Basin	transect,	param	(top)	vs	obs	(bo`om)	

microstructure	

this	study	
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Figure 8: Project-average microstructure profiles (black) compared to parameterized profiles (blue).
Parameterized profiles are obtained by sampling the global distribution of internal tide energy dissipation
at the location and depths of each available microstructure profile. Thin lines delimitate 95% confidence
intervals from bootstrapping. Project locations are shown in Fig. 7.
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Project-mean	profiles,	param	(blue)	vs	obs	(black)	
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Project-mean	profiles,	param	(blue)	vs	obs(black)	
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Figure 8: Project-average microstructure profiles (black) compared to parameterized profiles (blue).
Parameterized profiles are obtained by sampling the global distribution of internal tide energy dissipation
at the location and depths of each available microstructure profile. Thin lines delimitate 95% confidence
intervals from bootstrapping. Project locations are shown in Fig. 7.
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Two-dimensional	histogram,	param	vs	obs	
85%	



7.	Conclusions	



Conclusions	(1/2)	

•  Global	3D	map	of	internal	+de-driven	mixing.	
	

-  Numerous	simplifica+ons	and	substan+al	uncertain+es.	
-  Encouraging	comparison	with	microstructure	and	with	

upper-ocean	finestructure	observa+ons.	
-  Range	of	applica+ons:	mixing	climatology,	forward	models,	

inverse	models,	budgets,	etc.	
	

•  Successful	implementa+on	in	NEMO.	
-  A	step	toward	energe+c	consistency.	
-  Sta+c	2D	maps	(much)	be`er	than	sta+c	diffusivi+es!	
-  Low	computa+onal	cost.	
-  Used	in	several	models	par+cipa+ng	to	CMIP6.	



Conclusions	(2/2)	

•  Maps	publicly	available	on	SEANOE:	
h`ps://doi.org/10.17882/73082	

•  Documenta+on	in	two	open-access	publica+ons:	
	

de	Lavergne,	Vic,	Madec,	Roquet,	Waterhouse,	Whalen,	Cuypers,	
Bouruet-Aubertot,	Ferron,	Hibiya.	A	parameteriza+on	of	local	and	
remote	+dal	mixing.	JAMES,	in	press.	
h`ps://doi.org/10.1029/2020MS002065	
	
de	Lavergne,	Falahat,	Madec,	Roquet,	Nycander,	Vic.	Toward	
global	maps	of	internal	+de	energy	sinks.	Ocean	Modelling,	137,	
52-75	(2019).	
h`ps://doi.org/10.1016/j.ocemod.2019.03.010	
	


