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General Outline

)

Today

Winds vs di usion
Single Basin MOC
Dual Basin MOC

Tomorrow Preliminary, Speculative, add more caveats here ...

Carbon Cycle and Ice Ages

¢e Madden Julian Oscillation.



Ocean Stratificat ion (density), Pacific, 150°W de
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The MOC (M

Global
Residual

Depth (10 Pa  km)

Atlantic
residual

Depth (10 Par  km)

10

0

Latitude

erdional Overturning Circulation

20 40
Latitude

,&

Latitude

Global
Eulerian

Pacic
residual

¢e Deacon Cell in the ACC is analogous to the Ferrel Cell transport diugeent if eddies are included

(residual vs Eulerian).

Residuals: Loic Joillon after Lumpkin and Speer (2007).

riauteECCO, courtesy P. Heimbach.



Atmospheric Stratification @

¢e atmosphere is heated from below and cooled from Atmospheric Temperature
above. So the forcing itself has a tendency towards being ——
statically unstable. =
¢ level of strati cation might be maintained by:

1. Vertical convection, moist or dry. Moves energy and
moisture up.

Pressuie

2. Baroclinic instability. Moves energy upwards and
sideways. or

@ W @

@ o A EY
Lalrudz

No shortage of ideas for maintaining strati cation in the
atmosphere!

e Ocean
But the ocean is heataddcooled from above. In the absence of winds and mixing there will be n
deep strati cation (Sandstrom).



The Old Idea: A Mixing Driven Circulation r

Rdinson and Stommel (1959); Stommel and Arons (1960); Munk (66)

Heating Cooling

ttttt

Equatorial regions

Surface flow

¢€ so-called “missing mixing' problem.

Polar regions

Upwelling di usive balance:

@T_ @T.
Yoz ez

But,the di usivity needed to
produce the observed circulation
is too high.

Neededvalue: ,» ~mfs:

Observed value (turbulent

di usivity) in main thermocline:
B tTmfs:

Values in abyss and in coastal

regions is higher, but still

insu cient.



Horizontal Convection TI
Huid heated and cooled from above (llicak and Vallis, 2013) P

Temperature Streamfunction
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Horizontal Convection

with still higher Rayleigh number.

Temperature
hot cold hot
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For real ocean:
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Scalings lf‘_

(T. Resby,1965)
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Enhancel diffusion in upper ocean a mixed layer @

Beef up the Surface Fluxes

Surface uxes are large, but still no deep strati cation.

1027

1026.5

1027.5

1027

1026.5

2 4 6 8 10 12 14 16 18
x[m]




The Old Idea: A Mixing Driven Ocean Circulation /&

Rdinson and Stommel (di usive thermocline, 1959); Munk (abyssal recipes, 66).

@ Upwelling di usive balance:
2 Heating Cooling g
tebtt: W@T. @1
E g @z @1
o
: ocl But the di usivity needed to produce

the observed circulation is too high.
Neededvalue: , ~mfs:

’

Observed value in main thermocline:
K tmfs-

Values in abyss and in coastal regions

NB Molecular =« "mfs . may be much higher, but may be
Need a wind to create an eddy di usivity, but that insu cient because abyssal
is still too small. strati cation is small.

¢€ so-called "missing mixing' problem.



The New(ish)ldea: Interhemispheric Circulation ,%

Buoyancy loss Buoyancy gain Buoyancy loss

IR IR

(from Vallis, 2017 adapted from Watson, Vallis, Nikurashin, 2015,
c.f., Toggweiler & Samuels, Doos and Webb, Gnanadesikan, Saifiekon G&ssi, others.



Interhemispheric Circulat ion /&

Plan View: ACC is re-entrant

Elevation:
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Interhemispheric Theory <ff

Buoyancy Buoyancy Buoyancy
loss g “‘,“ % gain _ Ekman transport loss g

z=0

Wind

Eddy-induced

S ‘ N
y=-I y=0 Eq y=L,

Circumpolar Current region: wind- Ocean interior: downward North Atlantic high
driven upwelling balanced by eddy- mixing of buoyancy balanced klatitudes: convection
induced circulation upward vertical advection due to buoyancy loss

Match solutions in three regions so solutions are smooth.
Nikurashin and Vallis (2013)



Featuresof the Solution
(slightly simpli ed)

&

1. Awind-driven component:

@
@z
is streamfunctioN is volumetric transport (f1s * )

. .L
fv 9 W T or Vy T
2. Adiusive component:

@b_ @b _ L fpL—"™
W@Z_ @ —) d W or Vd f
b is buoyancy (‘temperature’). Needs algebra as vertical scale is not kiwoivn a p

Ratio: |

fopffL

What wins di usion or wind? ($64,000).
And what, exactigdi usion? Molecular? Turbulent di usion? &ven well de ned?



Featuresof the Solution
(Fa the professionals)

&

With parameterized mesoscale eddies. ..

Lety = "®,z=hb, =b .f.,etc.
Buoyancy evolution:

Momentum balance:

Boundary condition:

where

_ Eddies Ke h
T oWind  Lef.”

and

. @,b
byb@b=  — :
Qbyb @ b
b
b= -y b
py
.- @b
y=* @b'
_ Mixing_ v L
T Wind ~ .ef. h

¢,€ parameterh is a characteristic depth of the strati cation, and will be a paneafdlution.



Scaling

&

Weak di usiveness

ho e . Ke L],

Ke ' VioLef

Depth of strati cation is determined by wind and eddies only. Circukati@ak, and goes to zero
with the di usivity.

Strong di usiveness

L
= _VL‘; = er\_

Depth of strati cation is determined by di usion and eddies. Circuiat&tronger, goes as half
power of di usivity.



Results
Sngle Hemisphere

jeory:
Temperature (lines) and
overturning circulation (Sv,
colour).
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Testof Scaling with GCM, Single Hemisphere /&
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Scaling Tests, Two Hemispheres
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Note: NADW strength stays non-zero even as di usivity goes to zero.



Conclusions sofar. ..

ﬁ:)

Developed a conceptual model for deep strati cation and overturrdntaton.
Quanti es and extends various previous models.
Di ers in fundamental ways from classical ideas of Stommel Arons and Munk.
Deep circulation and strati cation remains in the limit of zero diapycnal ditysi



Glacial an d Modern Circulations @

» C in the Western Atlantic.

Modern
Shoaling (thinning) of NADW
to about 1,500 m. Expansion
of AABW.

Glacial

Curry and Oppo (2005) as
reproduced by Ferrari et al (2014)
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Glacial an d Modern Circulations r_

Modern
Dissolved Phosphate

Shoaling (thinning) of NADW to
about 1,500 m.

. E Expansion of AABW.
Glacial §

Glacial
Cd (nmol/kg) in LGM

Stieglitz et al (2007)



Glacial an d Modern Circulations

Modern

Glacial
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Watson, Vallis,
Nikurashin
(2014)

show movie!



Uhoh! We've forgotten the Pacific! /&

¢,e famous “conveyor belt’

seoriginal ...

Wally Broecker
Arnold Gordon

Much maligned,
fairly and unfairly...

We have no complete theory for this.
(But see ¢, omson & Stewart, Ferrari and colleagues, Jansen and Nadeau ...)



Uhoh! We've forgotten the Pacific!
¢,e famous “conveyor belt’

&

Heat release and
deep water formation

7

/ Atlantic Paci ¢
Ocean Ocean
\
\ / N\

Indian
Ocean /

| ( Southern Ocean
- -
——

Pacic
Ocean

Heat release and
deep water formation

N Deep, dense ow
Shallow, light ow

)

We have no complete theory for this.

Artists impression. ..

Arnold Gordon
Wally Broecker

Much maligned,
fairly and unfairly...

(But see ¢, omson & Stewart, Ferrari and colleagues, Jansen and Nadeau ...)



Uhoh! We've forgotten the Pacific!
¢,e famous “conveyor belt’

&

Artists impression. ..

Arnold Gordon
Wally Broecker

Much maligned,
fairly and unfairly. ..



Uhoh! We've forgotten the Pacific! <ff

¢,e famous “conveyor belt’

Talley, Lumpkin Speer,
Schmitz

Simplified global overturning circulation



Uhoh! We've forgotten the Pacific! <ff

¢,e famous “conveyor belt’
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Uhoh! We've forgotten the Pacific!

¢,e famous “conveyor belt’

&
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Uhoh! We've forgotten the Pacific! /&
¢ e famous “conveyor belt’ >

Southern Ocean
wind-driven (adiabatic) Subtropical/tropical upper ocean waters
upwelling &
surface buoyawy #ux

SAMW, AAIW

Surface warming

Atlantic only
NADW from L. Talley

formation
(convection)

Antarcdica

formation
(cooling &
brine rejection)

South Pole North Pole



Uhoh! We've forgotten the Pacific! /&
¢ e famous “conveyor belt’ >

Southern Ocean ) )
wind-driven (adiabatic) Subtropical/tropical upper ocean waters

upwelling &
surface buoyagy #ux SAMW, AAIW

Suiface warming Pacil c-Indian
diapycnal upwelling
& di' usion

Atlantic + Paci c

PDW/IDW NADW
formation & formation formation
(cooling & (diapycnal df usion)  [l(convection)
brine rejection)

Antarctica

AABW

South Pole North Pole
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Two Basin Simulations
w/Jon Baker and Andrew Watson




Experiments with an OGCM
Model Set-up
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Experiments with an OGCM /&
MOC a

A control simulation

Atlantic Global

°
(Sv)
=)

(Sv)

2000

3000

4000 L

Change the Climate
(i) Mimic a glacial climate by changing the melting temperature of ice. (Convenience!)

(ii) Lower the freezing point, less ice, like a warmer climate.

(iii) Raise freeing point, more ice, glacial climate.
¢ereby increase buoyancy loss in Southern Ocean, partly through brinemejectio

Less e ectin Northern Hemisphere.



Experiments with an OGCM
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Change the Buoyancy Forcing in the South

Past, Present ard Future
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Pathways and Mechanisms
Present-day

w N

NADW, as before.

a Wind-driven upwelling in
Southern, southward drift, sinking.

b Sinking and return as AABW and
as upper branch of NADW.

. Some deep water advected into Paci
. Di usively upwells in Paci ¢

. NADW driven by:
(i) Southern Ocean winds,
(ii) Di usive upwelling in Paci ¢cf
Ferrari et al., Jansen and Nadeau)




Present
Change the Buoyancy Forcing in the South

Lower NADW partially
advected into Paci c and
upwells.

NADW driven by Southern
ocean winds and (in part)
di usion.



Cold Past
Change the Buoyancy Forcing in the South

@

More buoyancy loss in
Southern Ocean.
Bottom (AABW) cell expanc
in Atlantic.
NADW cell cannot link to
bottom cell, and does not
connect to lower Paci ¢ Cel
Two basins essentially
separate.
NADW is primarily
wind-driven, and di usive
upwelling in Paci c less
important.



Warm future
Change the Buoyancy Forcing in the South

@

Less buoyancy loss in
Southern Ocean.
Southern surface water too
warm to form AABW cell in
Atlantic.

But not too warm to form an
"AABW!' cell in the Paci c.
NADW is di usively and (in
part) wind-driven.



Past, Present ard Future

&

Cold Climate Today's Climate

More buoyancy loss in South-
ern Ocean. Larger AABW cell.

Atlantic becomes decoupled
from Paci c.

NADW wind-driven

Large NADW Caell.

Small AABW Cell in Atlantic,
larger in Paci c.

NADW wind driven and (in
part) di usively driven.

Warm Climate

Little buoyancy loss in Sout
ern Ocean.

AABW shrinks.

NADW deepens. Di usivel
and wind driven.



Comparison /&

Model and Observations Consistent for Present Day Circulati &>

Subtropical/tropical upper ocean waters

en (adiabatic)
upwelling &

Pacil c-Indian
diapycnal upwelling
» & di' usion

Antarctica

NADW
formation
(convection)

AABW
formation
(cooling &
brine rejection)

formation
(diapycnal df usion)




S What Does it Mean /&t

1. Adding a Paci ¢ and Indian Ocean changes pathways (obviously!).

2. But the main buoyancy drivings of the Atlantic Circulation remain as befaimghgtbasin.
Jansen and Nadeau nd global average circulation similar to Atlantic only ipens. co

3. Buoyancy loss in Southern Ocean leads to growth of bottom cell (as ingimjgle ba

4. Implications (speculations?) for carbon cycle...



Oceans

Carbon

Geo rey K. Vallis

University of Exeter

Jon Baker, Max Nikurashin, Andrew Watson

Noble Lectures, Toronto 2019
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Temperature and COp
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From DOME (Antarctica)Luthi et al (2008).

Temperature is reconstructed by
proxy:
Isotopic fractions of O and
deuterium {H) in snowfall are
temperature-dependent.

CO; lags temperature, especially
during the cooling phase.

CO» at LGM about 190 ppm, a majol
contributor to cool glacial climate.



Temperature and COp

&

From EPICA (European Project for Ice Coring in Antaretiea)limatedatainfo
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Temperature blye CGred
CO lags temperature, especially during the cooling phase.



Carbon Cycle and Ocean Circulation

@

b
air-sea @ @ air-sea
== %99

fluxes fluxes

S S— S ———
Antarctica Biological North
OpumpO Atlantic
wind- and -
eddy-driven
circulation upper cell
lower cell diapycnal mixing

High surface carbon levels in equatorial regions.
(a) Carbon ux into atmosphere.
(b) Carbon sinking in biological pump.
"Remineralization’ at depth
Advection and upwelling into Southern Ocean.
Low surface carbon levels at higher latitudes.
(a) Carbon uxfrom atmosphere.
(b) Transportinto abyssal ocean.

Reference?

In glacial climate more drawdown
in Southern Ocean.

More carbon transport and
sequestration in deep ocean.
Atmospheric C&levels lower.



TheBiological Pump @

Biological production removes carbon from surface waters to fanicomaterial. As organisms die
and sink to the ocean interior, they decompose, releasing the carbon once agaiaiéo, tivbere it
may be advected back to the surface.

Photosynthesis in upper ocean takes up carbon:

H;Oy COfy Nutrients) CH;Oy Of

Needs light, and in reality more complicated. Nutrients are phosphaitess,nityn, silica

Organic matter sinks, and decomposes and respires (remineraliation):

CHOy Oy y Nutrients) H;0y COy]

Carbon then advected back to the upper ocean by the circulation.



TheBiological Pump

Photosynthesis
Ingredients ! Product
@ sunlight +
H,0 + CO, + Nutrients ™ “CH,O" + O,
Water Carbon  Nitrate NO, “Organic Oxygen
dioxide Phosphate PO, | matter”
fron A
Silica - E g
g
S
Decomposition (and respiration) z,a
Products Ingredients %
Chemical energy +
H20 + COZ + Nutrients Q""CH:O. +'02
Water Carbon Nitrate Organic Oxygen
dioxide Phosphate matter
Iron (dead o atve)

Silica



Surface Carbon (PCQ)

Takahashi et al 2002

Climatological pCQin Surface Water [940K] for February 1995
QG 300600 900 1200 1500 1800 1500 1200 900 604300
P 7> T .

Climatological pCQ in Surface Water [940K] for August 1995
300600 Oﬂ 1200 1500 1800 1500 1200 900600300 D

250

275 300 325 350 375 400
Seawater pCO, (uatm) at SST

High values (red) in equatorial Paci ¢
ux to the atmosphere

Low values (greén blue! purple)
ux to ocean.



Atmosphere-Ocean Carbon Fluxes /&

From ocean to atmosphere at low latitudes (dark or red shading).
From atmosphere to ocean at high latitudes (light or blue shading).

Mean Annual Air-Sea Flux for 1995 (NCEP 41-Yr Wind, 940K, W-92)
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7 1 3

7 g

(N [ [ | [ .
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Net Flux (moles CO, m2 year?)

Sabine and Feely (2007), Takahashi et al (2002).




Simplified Carbon in the SAMBUCA Model

after Ito and Follows (2005).
Dissolved Inorganic Carb@) &nd Phosphaté@] only. Advected, di used, and sedimented.

Phosphate:
oP_ @p
Dt - @i y @Z Fpio
Carbon: be dc &
i @iyRed@FbIO

Fpio is the downward ux of sinking organic material due to biological ux and reminienaliv\ée
take:
Fbio= CpeXp zeHpjo™

whereCp is proportional to phosphate conte@t = Pz ¢ pjo:



Model Results for "Atlantic’ and "Pacific'
Sambuca

Circulation

Phosphate

Carbon

gray is low
red is high



Observations for Atlantic and Pacific

Temperature

Phosphate

Carbon

blue is low
red is high

5 world Ocean Atlas (Garcia et al 2010); GLODAP (Key et al 2004).



Glacial an d Modern Circulations

» C in the Western Atlantic.

Modern R
o
:;» \&##H#
o et . .
Shoaling (thinning) of NADW
s ' to about 1,500 m. Expansion
v of AABW.
Glacial

Curry and Oppo (2005) as
reproduced by Ferrari et al (2014)
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Glacial an d Modern Circulations

Modern
Dissolved Phosphate

Glacial
» C

Glacial
Cd (nmol/kg) in LGM

Shoaling (thinning) of NADW to
about 1,500 m.
Expansion of AABW.

Stieglitz et al (2007)



Glacial an d Modern Circulations

Modern

Glacial
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Watson, Vallis,
Nikurashin
(2014)

show movie!



Results

"#$%&'()*+
o

o
]
<]

Depth, (m)
=
1)
Is]
o
Depth, (m)

1500

2000

! 1500D !éOOO ‘l 500 o
567488 5} istance, (km)
23 4

4000
7 12000 O 2000 4000 6000 8000 100001200014000

D D Distance, (km)

J#$-.1/00.+

E
g
=
5
a

Depth, (m)

@
8
s
S

11000 ! 500
Distance, (km)

4000
12000 O 2000 4000 6000 8000 10000 12000 14000
Distance, (km)




Results
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What's going on?

Upwelling is moved north and there is a greater reach of the southwards oveiog water.
Longer residence time of surface water in Southern Ocean.

More time for biota to remove carbon.

Carbon levels in surface water is reduced, drawing more down from atenospher

¢éis carbon is then sequestered in the abyss.

Is not returned by the circulation.



Conclusions and Speculations

A re-arrangement of the ocean circulation in glacial times draws dewW€are suggesting a
mechanism.

Model produces plausible distributions of carbon for present datjc/dlad Paci c.
A mechanism for the carbon dioxide draw-down in glacial periods and clat@o of
temperature and GO
Enhanced bottom cell.
Longer residence time at surface gives time for biota to photo-syntheslrayashaivn
carbon.’
Lower atmospheric CO

Results are reproduced by a full OGCM with carbon cycle stay tuned...



