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IntroducJon'K'The'diabaJc'overturning'circulaJon'
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Figure 5. Schematic of the overturning circulation in a two-dimensional view, with important 
physical processes listed, revised from Talley et al. (2011). Colors as in Figures 1 and 4. (a) Most 
complete version, including NADW and AABW cells, and upwelling in the Southern, Indian and 
Pacific Oceans. (b) Incomplete single cell schematic, corresponding to the Gordon (1986) and 
Broecker (1991) “conveyor belt”, which (intentionally) was associated with the global NADW 
circulation, excluding AABW, but thereby incorrectly excluded Southern Ocean upwelling of 
NADW. (c) Incomplete two-cell schematic, emphasizing the NADW and AABW cells, closely 
resembling the globally zonally-averaged streamfunction.  
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Methods'(1/3)'K'Water'mass'transformaJon'

Balance'between'advecJon'and'diffusion:'
DiaKneutral'advecJon'''=''''Divergence'of'buoyancy'flux'

ω ∂zρ = ρ α     ∂z (K⊥ ∂zθ )+ ρ β     ∂z (K⊥ ∂z S) !!
!
!

Or'accounJng'for'nonKlinearity:'

ω ∂zρ = ρ α     ∂z (K⊥ ∂zθ )+ ρ β     ∂z (K⊥ ∂z S) !!
!

ω ∂zρ = ∂z (K⊥ ∂zρ) !!
!

K⊥   N 2 = Rf  εT !!

!
!

εT (x, y, z) !!
!

ω ∂zρ = ρ α     ∂z (K⊥ ∂zθ )+ ρ β     ∂z (K⊥ ∂z S) !!
!

ω ∂zρ = ∂z (K⊥ ∂zρ) !!
!

K⊥   N 2 = Rf  εT !!

!
!

εT (x, y, z) !!
!

To#obtain#ω ,#we#need#a#3.D#map#of#K⊥ .!



Methods'(2/3)'K'ParameterizaJon'of'internal'waveKdriven'mixing'

ω ∂zρ = ρ α     ∂z (K⊥ ∂zθ )+ ρ β     ∂z (K⊥ ∂z S) !!
!

ω ∂zρ = ∂z (K⊥ ∂zρ) !!
!

K⊥   N 2 = Rf  εT !!

!
!

εT (x, y, z) !!
!

To#obtain#ω ,#we#need#a#3.D#map#of#K⊥ .!

Mixing'efficiency''='

WaveKbreaking'
energy'[W'kgK1]'

St'Laurent'et'al.'2002:'

ColumnKintegrated'energy'
dissipaJon'[W'mK2]'

'
Internal'Jde'generaJon'rate'

'
Spread'around'generaJon'sites'

FracJon'of'energy''
dissipaJon'

'
1/3'
'
2/3'

VerJcal'structure'of'energy'
dissipaJon'[mK1]'

'
ExponenJal'decay'from'seafloor'

'
4'tested'structures'

'
!

K⊥ = 1
6ν Reb ##

K⊥ = 4ν Reb ##

Rf = Rf (
εT
νN 2 ) →

N 2→0
0

!!

f εT
νN 2

⎛
⎝⎜

⎞
⎠⎟ →
N 2→0

0 !!

!

Rf = 1 6 !!

!
!

K⊥ = 1
6ν Reb ##

K⊥ = 4ν Reb ##

Rf = Rf (
εT
νN 2 ) →

N 2→0
0

!!

f εT
νN 2

⎛
⎝⎜

⎞
⎠⎟ →
N 2→0

0 !!

!

Rf = 1 6 !!

!
!

Osborn'1980'

Shih'et'al.'2005'

Constant'Rf#

Variable'Rf#

K⊥ = 1
6ν Reb ##

K⊥ = 4ν Reb ##

Rf = Rf (
εT
νN 2 ) →

N 2→0
0

!!

f εT
νN 2

⎛
⎝⎜

⎞
⎠⎟ →
N 2→0

0 !!

!

Rf = 1 6 !!

εT (x, y, z) = 1
ρ     q    E(x, y)    F(z) !!
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'
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Near8field#
'
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Methods'(3/3)'–'Bocom'energy'fluxes'E(x,y)'
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1. Diapycnal mixing, thought to be primarily driven by internal wave breaking.�
�

–� Internal tides: 0.9 – 1.3 TW�

�
�
–� Lee waves:     0.2 – 0.4 TW�

�
�
2. Geothermal heating, often assumed to be negligible.�

–� �7:.-7�41->�I?B�E�

�)+��
–� &:>19>5-7�191<3C�=:?</1�E�
�
��)+��

3. Isopycnal mixing, already shown to be a net sink of buoyancy.�
–� Cabbeling and thermobaricity cause buoyancy loss overall.�
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����5B10�85B593�12H/519/C���!D N2 = (1/6)*��
3. Advective-diffusive balance: � �D � = � � �D�!D �DT) + � � �D�!D �DS) �
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Hemisphere abyss where relatively light and homogenous bottom waters 
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full strength of the abyssal overturning.�
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Ocean but consume little AABW north of 30ºS.�
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=> the key is the vertical structure of remote dissipation. 
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Summary: Internal tides and lee waves breaking near their 
3191<->5:9�=5>1=�8-C�=?=>-59�:97C�E���(@�:2����+�I:A�->�


F(���1:>41<8-7�41->593�0<5@1=���(@�:2�-005>5:9-7�-.C==-7�
I:A��%>41<�;<:/1==1=�=?/4�-=�<18:>1�.<1-6593�:2�59>1<9-7�
>501=�-90�.:?90-<C�85B593�/:?70�.1�->�71-=>�-=�58;:<>-9>�2:<�
AABW consumption.�

�����% ���-����
�����%��"����!�410��

�� About  20-30  Sv  of  AABW transport  at  30ºS.  These  waters  must  gain 
buoyancy and upwell across isopycnals north of 30ºS.�
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Dianeutral'transports:'zonal'view'
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1. Diapycnal mixing, thought to be primarily driven by internal wave breaking.�
�

–� Internal tides: 0.9 – 1.3 TW�

�
�
–� Lee waves:     0.2 – 0.4 TW�

�
�
2. Geothermal heating, often assumed to be negligible.�
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3. Isopycnal mixing, already shown to be a net sink of buoyancy.�
–� Cabbeling and thermobaricity cause buoyancy loss overall.�
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3. Advective-diffusive balance: � �D � = � � �D�!D �DT) + � � �D�!D �DS) �
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full strength of the abyssal overturning.�

-� �1:>41<8-7�41->593��E���(@��
-� $1-<�H170�>50-7�85B593��E���(@��
-� "11�A-@1�0<5@19�85B593��E���(@��
�<1-6593�711�A-@1=�;<:0?/1�E�
�(@�:2����+�59�>41�(:?>41<9�
Ocean but consume little AABW north of 30ºS.�
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=> the key is the vertical structure of remote dissipation. 
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What'about'remotelyKdissipaJng'internal'Jdes?'
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Conclusions'

•  Bo<om8intensified#mixing#by#breaking#internal#waves:'small#contributor#to#
AABW#upwelling.#

•  Concentrated#mixing#quickly#saturates.'
! Unless'strong'density'gradients'can'be'maintained,'such'as'in'deep'

overflows.'

'
•  Remotely8dissipaGng#internal#Gdes:#verGcal#structure#is#key.'

'
•  More#work#is#needed#to##

K  Constrain#the#horizontal#and#verGcal#distribuGons#of#internal#wave8driven#
turbulence#from#observaGons#and#theory.#

K  Improve#model#parameterizaGons#of#deep#mixing#accordingly.#

'
de'Lavergne,'Madec,'Le'Sommer,'Nurser'&'Naveira'Garabato,'JPO:#

#On#the#consump6on#of#Antarc6c#Bo;om#Water#in#the#abyssal#ocean#(in#revision)#
#The#impact#of#a#variable#mixing#efficiency#on#the#abyssal#overturning#(in#press)#





Is'it'reasonable'to'assume'a'constant'mixing'efficiency?'

The'noKflux'bocom'boundary'condiJon'
implies'that'mixing'efficiency'is'zero'at'
the'seafloor.'
'
Physically,'the'buoyancy'flux'must'
vanish'together'with'the'straJficaJon:'

ω ∂zρ = ρ α     ∂z (K⊥ ∂zθ )+ ρ β     ∂z (K⊥ ∂z S) !!
!

ω ∂zρ = ∂z (K⊥ ∂zρ) !!
!

K⊥   N 2 = Rf  εT →
N 2→0

0
!

!

N 2 → 0 !!
!
!

εT (x, y, z) = 1
ρ     E(x, y)   q    F(z) !!

!

To#obtain#ω ,#we#need#a#3.D#map#of#K⊥ .#

∝      N 2,      N ,      1,      N −1,...? !
!

!

ω = 1
N 2

∂z (K⊥N
2 ) = 1

N 2
∂z (RfεT ) ##

#

#

#

(In'the'limit'of'a'homogenous'fluid,'
mixing'cannot'drive'a'buoyancy'flux.)'
'
'
=>'How'can'we'account'for'reduced'
mixing'efficiency'in'weak'straJficaJon?'

D
ep
th

??#

Rf'='0'

Rf'='1/6'
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Figure 5. Schematic of the overturning circulation in a two-dimensional view, with important 
physical processes listed, revised from Talley et al. (2011). Colors as in Figures 1 and 4. (a) Most 
complete version, including NADW and AABW cells, and upwelling in the Southern, Indian and 
Pacific Oceans. (b) Incomplete single cell schematic, corresponding to the Gordon (1986) and 
Broecker (1991) “conveyor belt”, which (intentionally) was associated with the global NADW 
circulation, excluding AABW, but thereby incorrectly excluded Southern Ocean upwelling of 
NADW. (c) Incomplete two-cell schematic, emphasizing the NADW and AABW cells, closely 
resembling the globally zonally-averaged streamfunction.  
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Candidate'buoyancy'sources'for'AABW'

1.##Turbulent#mixing,'thought'to'be'primarily'driven'by'internal'wave'breaking.'

QuanJfied'deep'ocean'internal'wave'energy'sources'include:'

'
•  Internal'Jdes''0.9'K'1.3'TW'

'

•  Lee'waves'''''''0.2'K'0.4'TW'

'
'

2.##Geothermal#heaGng.''
•  Global'ocean'heat'flux'of'about'30'TW.'
•  PotenJal'energy'source'of'about'0.05'TW'''=>'ooen'assumed'to'be'negligible.'

'

Local'dissipaJon'/'nearKfield'mixing''

Remote'dissipaJon'/'farKfield'mixing''

Local'dissipaJon'/'nearKfield'mixing''

~ 1/3!

~ 2/3!

~ 1/3!



EffecJve'diffusivity:'nearKfield'+'farKfield'+'geothermal'

Profile#of#effecGve#diffusivity#
for#the#32°S848°N#region.#
'
Envelope'corresponds'to'the'
four'tested'verJcal'structures'
of'remote'Jdal'dissipaJon.'
'
Inverse#model##
(Lumpkin#&#Speer#2007)#
Geothermal#
Geothermal#+#Variable#Rf#
Geothermal#+#Fixed#Rf#
'
'



•  Oka#&#Niwa#(2013):##
Internal'Jdes''
NearKfield'+'FarKfield''
Sufficient'to'simulate'8'Sv#Pacific'deep'MOC'
(in'agreement'with'observaJons:'7K10'Sv)'
'
'
'
'

•  Nikurashin#&#Ferrari#(2013):#
Lee'waves'+'Internal'Jdes''
NearKfield''
Sufficient'to'upwell'25'Sv'of'AABW'
'
'
'
'

•  Emile8Geay#&#Madec#(2009):#
Geothermal'heaJng''
5'Sv'of'AABW'upwelling'

Recent'results'

pattern, whereas the other simulations (including T00) failed to
reproduce it and therein the oldest water was located around the
western Pacific Ocean. This indicates that our new parameteriza-
tion offers significant improvements in the reproducibility of
water mass age in the deep Pacific Ocean over the previously
proposed Kv profiles. Furthermore, differences between TideN
and TideNF clearly demonstrate that tidal mixing by far-field
dissipation is essential to control the ventilation of the deep
Pacific Ocean. As the ventilation is a key process of the ocean
carbon and biogeochemical cycles, our finding implies that far-
field mixing also has an important role in such cycles.

Parameter sensitivity in tidal mixing parameterization. In
TideNF, q (efficiency of local dissipation, measure of ratio of
near-field to far-field dissipation) and h (vertical decay scale of
near-field dissipation) were set to 0.33 and 500 m, respectively.
However, their actual values are still unknown, and the values
adopted must be chosen from limited observed information11.
Therefore, we conducted additional OGCM sensitivity
simulations (TideNF-series simulations), in which we changed
the values of q and h in TideNF systematically (Fig. 4a,b). When q
was decreased, the volume transport of the Pacific THC increased
(green line in Fig. 4a), suggesting that far-field dissipation can
drive the Pacific THC more efficiently than near-field dissipation.

The advantages of far-field dissipation driving the Pacific THC
result from differences in the vertical structure of dissipation.
This was confirmed by comparison with the results for h¼ 100 m
(red line in Fig. 4a) and h¼ 2,000 m (blue line in Fig. 4a). The
volume transport of the Pacific THC significantly changed for
h¼ 100 m when we varied q, whereas the Pacific THC became
almost independent of q for h¼ 2,000 m. Near-field dissipation
cannot efficiently drive the Pacific THC when it is trapped near
the sea bottom (that is, when h¼ 100 m), which means that the
replacement of far-field dissipation by near-field dissipation (that
is, increase of q) considerably decreases the Pacific THC. Con-
versely, near-field dissipation can drive the Pacific THC in a
similar way to far-field dissipation when it is very loosely trapped
near the sea bottom (that is, when h¼ 2,000 m), resulting in
almost no dependency of the Pacific THC on the value of q.
Figure 4b summarizes the results of D14C simulations and sug-
gests that q¼ 0.33/h¼ 500 m (that is, TideNF) or q¼ 0.2/
h¼ 100 m can simulate the oldest water mass in the Pacific Ocean
most realistically.

To investigate the pure effects of near-field dissipation, we
conducted TideN-series simulations in which we systematically
varied q and h from the values set in the TideN simulation
(Fig. 4c). For h¼ 500 and 2,000 m (green and blue lines in Fig. 4c,
respectively), the Pacific THC became stronger for larger q, as
should be expected from equation 1 (see Methods) where the
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pattern, whereas the other simulations (including T00) failed to
reproduce it and therein the oldest water was located around the
western Pacific Ocean. This indicates that our new parameteriza-
tion offers significant improvements in the reproducibility of
water mass age in the deep Pacific Ocean over the previously
proposed Kv profiles. Furthermore, differences between TideN
and TideNF clearly demonstrate that tidal mixing by far-field
dissipation is essential to control the ventilation of the deep
Pacific Ocean. As the ventilation is a key process of the ocean
carbon and biogeochemical cycles, our finding implies that far-
field mixing also has an important role in such cycles.

Parameter sensitivity in tidal mixing parameterization. In
TideNF, q (efficiency of local dissipation, measure of ratio of
near-field to far-field dissipation) and h (vertical decay scale of
near-field dissipation) were set to 0.33 and 500 m, respectively.
However, their actual values are still unknown, and the values
adopted must be chosen from limited observed information11.
Therefore, we conducted additional OGCM sensitivity
simulations (TideNF-series simulations), in which we changed
the values of q and h in TideNF systematically (Fig. 4a,b). When q
was decreased, the volume transport of the Pacific THC increased
(green line in Fig. 4a), suggesting that far-field dissipation can
drive the Pacific THC more efficiently than near-field dissipation.

The advantages of far-field dissipation driving the Pacific THC
result from differences in the vertical structure of dissipation.
This was confirmed by comparison with the results for h¼ 100 m
(red line in Fig. 4a) and h¼ 2,000 m (blue line in Fig. 4a). The
volume transport of the Pacific THC significantly changed for
h¼ 100 m when we varied q, whereas the Pacific THC became
almost independent of q for h¼ 2,000 m. Near-field dissipation
cannot efficiently drive the Pacific THC when it is trapped near
the sea bottom (that is, when h¼ 100 m), which means that the
replacement of far-field dissipation by near-field dissipation (that
is, increase of q) considerably decreases the Pacific THC. Con-
versely, near-field dissipation can drive the Pacific THC in a
similar way to far-field dissipation when it is very loosely trapped
near the sea bottom (that is, when h¼ 2,000 m), resulting in
almost no dependency of the Pacific THC on the value of q.
Figure 4b summarizes the results of D14C simulations and sug-
gests that q¼ 0.33/h¼ 500 m (that is, TideNF) or q¼ 0.2/
h¼ 100 m can simulate the oldest water mass in the Pacific Ocean
most realistically.

To investigate the pure effects of near-field dissipation, we
conducted TideN-series simulations in which we systematically
varied q and h from the values set in the TideN simulation
(Fig. 4c). For h¼ 500 and 2,000 m (green and blue lines in Fig. 4c,
respectively), the Pacific THC became stronger for larger q, as
should be expected from equation 1 (see Methods) where the
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the commonly used water-mass transformation framework
[Walin, 1982], we estimate the interior transformation D as

D g!n
! "

¼ # @

@g!n

Z

gn>g!n

@

@z
kvN2! "

dV : (5)

Note, that we consider here only mixing processes due to
breaking of internal gravity waves and thus do not account
for water-mass transformation by processes due to the
nonlinear equation of state such as thermobaricity and
cabelling [e.g., Klocker and McDougall, 2010].

3. Results

[12] We obtain a global three-dimensional distribution of
internal wave-driven mixing in the ocean by applying the
St. Laurent et al. [2002] parameterization to stratification
and energy conversion estimates. The zonally averaged inter-
nal tide and lee wave-driven mixing is shown in the middle
and lower panels in Figure 2 to illustrate the global distribu-
tion of mixing with depth. Consistent with observations, the
diapycnal diffusivities are fairly constant in the ocean interior
of O(10#5) m2 s#1 [e.g., Ledwell et al., 1998] and enhanced
within a kilometer of rough topography [e.g., Polzin et al.,
1997; Naveira Garabato et al., 2004]. The internal tide-
driven mixing is concentrated in the bottom kilometer of
the ocean and widespread across all latitudes. The diapycnal
diffusivities vary generally fromO(10#3)m2 s#1 near the bot-
tom to background values within a kilometer from the bot-
tom. Only in the Southern Ocean radiation of internal tides
and the associated mixing are weak.
[13] Zonally averaged lee wave-driven mixing is enhanced

in the equatorial region and in the Southern Ocean, where the
associated energy conversion is large in Figure 1. The
diapycnal diffusivities are comparable in the two regions,
even though the energy conversion is weaker in the equato-
rial region, because it takes less energy to mix the weakly
stratified equatorial bottom waters than the more heavily
stratified Southern Ocean waters (the diapycnal diffusivity
is inversely proportional to stratification). Also, the strongest
mixing of O(10#3) m2 s#1 appears to take place a few

kilometers above bottom in the Southern Ocean, because
the highest conversion rates are found in the Drake
Passage, where the ocean depth is a few kilometers shallower
than in the Southern Ocean abyssal plains. Overall, most
of the tidal and lee wave-driven mixing takes place on
neutral density surfaces greater than 28 kgm#3, i.e. in the
Antarctic Bottom Water (AABW) formed around the
Antarctic continent.
[14] Turbulent mixing across density surfaces results in the

transformation of water masses, i.e. in a water-mass flux
across density surfaces. In Figure 3, we show estimates of
the water-mass transformation associated with internal
wave-driven mixing as a function of neutral density. We find
that internal wave-driven mixing in the ocean interior sus-
tains up to 25 Sv of water-mass transformation across the
28–28.2 kgm#3 density surfaces. This maximum value is
comparable to the peak water-mass transformation rates in-
ferred for these dense water masses from surface air-sea
fluxes [Speer and Tziperman, 1992; Marshall et al., 1999;
Nurser et al., 1999] and inverse box models [e.g., Lumpkin
and Speer, 2007]. The density surfaces where the water-
mass transformation is largest correspond roughly to the
boundary between the upper and lower cells of the meridio-
nal overturning circulation, associated with the North
Atlantic Deep Water (NADW) and AABWmasses. The den-
sity range of this maximum is set by the distribution of water
masses with respect to topography in the ocean, rather than
by the vertical profile of mixing. The largest mixing is con-
fined very near the bottom topography, because mixing
decays exponentially with height above bottom. Hence the
water-mass transformation driven by mixing tracks closely
the ocean bottom topography. For the present climate, this
distribution is such that the mixing impact is largest at the
boundary between AABW and NADW.
[15] The water-mass transformation above 28 kgm#3 is

dominated by internal tide-driven mixing and varies from
1–3 Sv in the upper ocean on density surfaces corresponding
to the Antarctic Intermediate Water to 15–20 Sv at mid-depth
on density surfaces corresponding to NADW and AABW.
The mixing-driven transformation of 1–3 Sv in the upper
ocean is smaller than the transformation by surface fluxes
[Speer and Tziperman, 1992; Marshall et al., 1999; Nurser
et al., 1999]. This is consistent with the present notion that
mixing drives a small fraction of transport in the upper ocean,
but accounts for most transport in the abyss [e.g., Marshall
and Speer, 2012, review]. In terms of equation (4), the upper
cell experiences surface buoyancy gain in the south and sur-
face buoyancy loss in the north, so that S and D are small
residuals. In the lower cell, the surface buoyancy loss around
Antarctica is balanced by interior mixing D. The water-mass
transformation by lee wave-driven mixing reaches up to
5–10 Sv and is limited to the NADW and AABW masses,
as it hardly extends above the 28 kgm#3 density surface.
Lee wave-driven mixing has a comparable impact, in terms
of the global water-mass transformation rate, as internal
tide-driven mixing, even though lee wave generation is
weaker and limited to the Southern Ocean.

4. Summary and Discussion

[16] The main result of this work is that internal wave-
driven mixing drives up to 25 Sv of waters from the abyss to-
wards the surface. This transport peaks at the 28–28.2 kgm#3

AAIW

NADW

AABW

Transformation rate, (Sv)

N
eu

tr
al

 d
en

si
ty

 γ
n,

 (
kg

m
−3

) 

0 5 10 15 20 25 30

27

27.5

28

28.5

Internal tides
Lee waves

Figure 3. A stacked bar diagram of the water-mass trans-
formation rates in [Sv] (1 Sv = 106m3 s#1) by (blue) internal
tide-driven diapycnal mixing and (red) lee wave-driven
diapycnal mixing as a function of neutral density gn.

NIKURASHIN AND FERRARI: MOC DRIVEN BY BREAKING INTERNAL WAVES

3136

16#+#9##
=#25#Sv#

210 J. Emile-Geay and G. Madec: Geothermally-induced MOC

(a)

(c)

(b)

5

4

3

2

0

de
pt

h 
(k

m
)

1

latitude40o 40o 80oN80oS

5

4

3

2

0

de
pt

h 
(k

m
)

1

5

4

3

2

0

de
pt

h 
(k

m
)

1
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of the bottom water circulation of about 5 Sv in CBW Quni, and the zonal mean warming of the bottom 2000m of the ocean.

deep circulation again intensifies, as shown in Fig. 8a, how-
ever the difference in streamfunction maxima is found less
extreme than for CBW Quni–CBW (3 Sv instead of 5 Sv).
This is because lateral temperature gradients are larger in this
set of experiments, so a lesser increase in circulation is re-
quired to evacuate the heat input from the seafloor.

In Table 2 we summarize the results obtained by the two
independent methods (density binning and GCM transport in
the limit of small vertical mixing) to evaluate the response of
the ocean to a uniform heatflow. It is seen that the maximum
in transformation is systematically greater than the circula-
tion diagnosed from GCM experiments, confirming that di-
apycnal mixing partially compensates geothermally-induced
advection in the model. The discrepancy proves even larger
in the case of strong vertical mixing (not shown). This oc-
curs because the bottom boundary heatflow acts to erode the
initial stratification, which diminishes the downward turbu-
lent heat flux Kz@zT . There is thus less heating convergence
at depth, thus less need for a cold water source to balance
the heat budget, which in steady-state implies a circulation
slowdown. Therefore, any finite amount of diapycnal mixing
will lead to circulations systematically lower than those diag-
nosed from the geothermal transformation alone. However,

the interplay between the two processes is quite non-linear,
as will be seen again in Sect. 5.4. It is also noteworthy that
this discrepancy is much larger in the Atlantic basin than in
others: this is not surprising, since we have seen in Sect. 3
that it is where the water mass configuration most strongly
favors the impact of diapycnal mixing over geothermal heat-
ing.

5.3 Effect of a spatially variable geothermal heat flux

In Fig. 8c we plot the global streamfunction difference be-
tween experiments STD Qvar and STD Quni. One can see
that the effect of the spatial variations is to reduce the AABW
circulation by ⇠1.5 Sv (Fig. 8b). In the temperature field
(Fig 9), the effect is to enhance the warming at mid-depth
by about 0.02 degrees, and to reduce it near the bottom
(by up to 0.1�C in the North Pacific). This can be easily
understood by considering the horizontally-integrated heat-
flow at each depth in the “realistic” and “uniform” case
(Fig. 10). The dash-dotted line, representing the difference
between the two cases, explains this result: with a spatially
variable heatflow, the ocean receives more heat at moder-
ate depths (2000 to 3000m) where the flux is at a maxi-
mum near mid-ocean ridges. It receives comparatively less
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