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GENERAL OUTLINE

)

Today

e Winds vs diffusion
e Single Basin MOC
e Dual Basin MOC

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

e Carbon Cycle and Ice Ages
e The Madden-Julian Oscillation.



OCEAN STRATIFICATION (DENSITY), PACIFIC, 150° W /f‘
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THE MOC (MERIDIONAL OVERTURNING CIRCULATION ,&
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z
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£
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The Deacon Cell in the ACC is analogous to the Ferrel Cell — transport quite different if eddies are included

residual vs Eulerian).
( ) Residuals: Loic Joillon after Lumpkin and Speer (2007).  Eulerian: ECCO, courtesy P. Heimbach.



ATMOSPHERIC STRATIFICATION /t]
o

The atmosphere is heated from below and cooled from Atmospheric Temperature
above. So the forcing itself has a tendency towards being ) MlRlocs

statically unstable. :
The level of stratification might be maintained by:

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

2. Baroclinic instability. Moves energy upwards and

sideways. or .
@ » 5 >
Laldu3z

No shortage of ideas for maintaining stratification in the
atmosphere!

The Ocean

But the ocean is heated and cooled from above. In the absence of winds and mixing there will be no
deep stratification (Sandstrom).



THE OLD IDEA: A MIXING DRIVEN CIRCULATION

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

Upwelling diffusive balance:

Heating Cooling g ,
D oT 0T
ttttt: oz ~ <oz
&

Equatorial regions

Surface flow

e But, the diffusivity needed to
produce the observed circulation

is too high.

e Needed value: k ~ 1074 m?2s~!

Observed value (turbulent
diffusivity) in main thermocline:
Kk~ 10 m?s!

e Values in abyss and in coastal
regions is higher, but still
insufficient.

The so-called ‘missing mixing’ problem.



HoRi1zONTAL CONVECTION TI
Fluid heated and cooled from above (llicak and Vallis, 2013) >
Temperature Streamfunction
hot cold hot hot cold hot

0.01 Ra = (AbLS/VK)
b =106

-0.01

10 12 14 16 18
x[m]

-0.02

0.01

0.005

Ra =107

Ra =108

10 12 14 16 18
x[m]
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HORIZONTAL CONVECTION witH STILL HIGHER RAYLEIGH NUMBER.

Temperature
hot cold hot

1027

1026.5

1027.5

1027

1026.5

x[m]

1027.5

1027

1026.5

Streamfunction
cold hot

Ra=10°
Ra=10"
Ra=10"

For real ocean:
Ra ~ 10%,



SCALINGS
(T. Rossby,1965)

¥ =Ra'Po™*Py = (K3L3Ab)' 3

10 107
*  model /x|
O model y
7H31/5
o ,,,Ha—BHU
0 107
s N
£ ~o 0
g ok
SC)
* 10
e
* ~o
* \\\
10‘ a) L L L 0'
10° 10° 10" sz
Ra
1/3
. . kfL?
With rotation: H=
Ab

2, 2)\1/5
L
H= Lo "5Ra /5 = K
o a _Ab

10
——U2Pr®Ra®
* model
- - - 5L/2Pr*Ra™""
10° |
E
=
107}
2| b)
10 ‘m ‘12

10 10

Ra

For realistic (molecular) oceanic parameters: H ~ 10m !



ENHANCED DIFFUSION IN UPPER OCEAN — A MIXED LAYER /ti
Beef up the Surface Fluxes

Surface fluxes are large, but still no deep stratification.

1027

1026.5

1027.5

1027

1026.5




THE OLD IDEA: A MIXING DRIVEN OCEAN CIRCULATION /tl

Robinson and Stommel (diffusive thermocline, 1959); Munk (abyssal recipes, 66).

Upwelling diffusive balance:
Heating Cooling

oT KdzT
W— = k—.
oz 072

Equatorial regions
E - g
»
E
»
3
Polar regions

e But, the diffusivity needed to produce
the observed circulation is too high.

e Needed value: k ~ 1074 m?s™"
Observed value in main thermocline:
kK~ 107 m?s™!

e Values in abyss and in coastal regions

NB Molecular k = 107" m?s7", may be much higher, but may be
Need a wind to create an eddy diffusivity, but that insufficient because abyssal
is still too small. stratification is small.

The so-called ‘missing mixing’ problem.



THE NEW(iISH) IDEA: INTERHEMISPHERIC CIRCULATION ,gr‘

Buoyancy loss Buoyancy gain Buoyancy loss

IR IR

(from Vallis, 2017 adapted from Watson, Vallis, Nikurashin, 2015)
cf, Toggweiler & Samuels, Doos and Webb, Gnanadesikan, Samelson, Wolfe and Cessi, others.



INTERHEMISPHERIC CIRCULATION

&

Plan View: ACC is re-entrant

S. Rintoul

Elevation:
E .
astward wind Cold surface
R
Water pumped ; —
northward Shallow northward flow
Diffusive
upwellin
: A P g$ Sinking dense
Wind-driven ' ' water
upwelling! ' '
! ' '
Deep southward flow
—_—
\A
South Equator North




INTERHEMISPHERIC THEORY

4

Buoyancy W‘_r,’fl Buoyancy Buoyancy
loss % (®) é gain _ Ekman transport loss %
z=0 m———

Wind-driven
upwelling

Eddy-induced
circulation

‘ N
y ==l y=0 Eq y=L
Circumpolar Current region: wind- Ocean interior: downward North Atlantic high
driven upwelling balanced by eddy- mixing of buoyancy balanced by latitudes: convection
induced circulation upward vertical advection due to buoyancy loss

Match solutions in three regions so solutions are smooth.

Nikurashin and Vallis (2013)



FEATURES OF THE SOLUTION
(slightly simplified)

&

1. A wind-driven component:

£ oT N T0 or V. ToL
V ~ — A~ — A —
oz W 97 F
w is streamfunction, Vy is volumetric transport (m>s~")
2. A diffusive component:
ob_ % _ kLo, (KPAbLt 3
W— =k—> ~— ~
or "oz YT d F

b is buoyancy (‘temperature’). Needs algebra as vertical scale is not known a priori.

Ratio:

R =
T3

1/3
K2Abf2L)
0

What wins — diffusion or wind? ($64,000).
And what, exactly is diffusion? Molecular? Turbulent diffusion? Is k even well defined?



)

FEATURES OF THE SOLUTION
(For the professionals)

With parameterized mesoscale eddies...

Let y = £y, z = hZ,y = Y 10/ 1y, etc.

S ¢\ a..b
Buoyancy evolution: oW +5,0,y = —€ (_) zz -
L) o,b
Momentum balance: P=——+ ASsp,
f
~ 0,,b
Boundary condition: Yly—o = —e—=,
o,b

where

Mixing kK, L
d = = —~0.1-1,
an T Wind 1o/ h

_ Eddies K. ﬁ
© Wind  10/fp ¢

The parameter A is a characteristic depth of the stratification, and will be a part of the solution.



SCALING @

Weak diffusiveness

ex 1, A=1, and {<<1
T0/fo Ke L
h= e, V= — .
Ke KVTo/fbf

Depth of stratification is determined by wind and eddies only. Circulation is weak, and goes to zero
with the diffusivity.

Strong diffusiveness

¢
e>1, A =¢, and Z<<1

I3 L
hE= éLe, "llzleVKe?

Depth of stratification is determined by diffusion and eddies. Circulation is stronger, goes as half
power of diffusivity.



RESULTS
Single Hemisphere

Theory:

Temperature (lines) and
overturning circulation (Sv,
colour).

Height. (m)

i i 1
2000 0 2000 4000 6000 8000 10000 12000
Distance, (km)

GCM simulation: (MOM)

Depth, (m)

0
Latitude
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SCALING TesTS, TWO HEMISPHERES

<
—d
&
g 0
=} )
€ s
= 8 o g
) g 10 2
< = o ¢ z o
= 2 5

Z 26 0 °© 3

5 = o

(o]
10 (0]
v 0
T
2 - .
10° 10° 197 10° for 0.02 0.05 0.1 02 03 06
Diapycnal diffusivity Xy {m“s™) SO wind stress 1, st")
Diapycnal diffusivity SO wind stress

Note: NADW strength stays non-zero even as diffusivity goes to zero.



CONCLUSIONS SO FAR...

&

o Developed a conceptual model for deep stratification and overturning circulation.
- Quantifies and extends various previous models.
— Differs in fundamental ways from classical ideas of Stommel-Arons and Munk.
— Deep circulation and stratification remains in the limit of zero diapycnal diffusivity.



GLACIAL AND MODERN CIRCULATIONS /Il

8"3C in the Western Atlantic.

-1000

Modern
__-2000
E
< -3000
&
(=)
-4000 . . .
Shoaling (thinning) of NADW
-5000 .
to about 1,500 m. Expansion
6000 of AABW.
Glacial
-1000
__-2000
E
% -3000 Curry and Oppo (2005) as
o

-4000 reproduced by Ferrari et al (2014)

-5000
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GLACIAL AND MODERN CIRCULATIONS lt__

Modern
Dissolved Phosphate

Shoaling (thinning) of NADW to

about 1,500 m.
) Expansion of AABW.

Glacial
53¢
Glacial

Stieglitz et al (2007)
Cd (nmol/kg) in LGM




GLACIAL AND MODERN CIRCULATIONS /t‘
L J

Modern

Glacial Watson, Vallis,
Nikurashin
(2014)

show movie!



UH OH! — WE'VE FORGOTTEN THE PACIFIC! /tz
L ]

The famous ‘conveyor belt’

The original ...

Wally Broecker
Arnold Gordon

Much maligned,
fairly and unfairly...

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



UH OH! — WE'VE FORGOTTEN THE PACIFIC!
The famous ‘conveyor belt’

&

Heat release and

[N Deep, dense flow
deep water formation

{ Shallow, light flow

7

/’ Atlantic Pacific
Ocean Ocean ))
'\\
—
\ N <
Indi
) B

| ( Southern Ocean

——

Pacific
Ocean

Heat release and
deep water formation

We have no complete theory for this.

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

Artists impression...

Arnold Gordon
Wally Broecker

Much maligned,
fairly and unfairly...



UH OH! — WE'VE FORGOTTEN THE PACIFIC!
The famous ‘conveyor belt’

&

Artists impression...

Arnold Gordon
Wally Broecker

Much maligned,
fairly and unfairly...



UH OH! — WE'VE FORGOTTEN THE PACIFIC! /tz
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The famous ‘conveyor belt’

Talley, Lumpkin Speer,
Schmitz




UH OH! — WE'VE FORGOTTEN THE PACIFIC!

The famous ‘conveyor belt’

&

Pacitic-indonesian
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PACIFIC

Rich Lumpkin
Kevin Speer



UH OH! — WE'VE FORGOTTEN THE PACIFIC!

The famous ‘conveyor belt’
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NAD!

) Thermocline water

Bering SAMW Subantarctic Mode Water

Strait AAIW  Antarctic Intermediate Water
NPIW  North Pacific Intermediate Water
IDW Indian Deep Water

PDW  Pacific Deep Water

NADW North Atlantic Deep Water
AABW Antarctic Bottom Water

448y

NADW

—

ATLANTIC

L. Talley



UH OH! — WE'VE FORGOTTEN THE PACIFIC! /{I
)

The famous ‘conveyor belt’

Southern Ocean
wind-driven (adiabatic)
upwelling &
surface buoyancy flux ~ SAMW, AAIW

Subtropical/tropical upper ocean waters

Surface warming

Atlantic only

.g NADW from L. Talley
% formation
b= (convection)
< formation

(cooling &

brine rejection)

North Pole

South Pole



UH OH! — WE'VE FORGOTTEN THE PACIFIC! /tz
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The famous ‘conveyor belt’

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

upwelling &
surface buoyancy flux SAMW, AAIW

Pacific-Indian
diapycnal upwelling

& diffusion

Atlantic + Pacific

AABW 5 PDW/IDW NADW
formation S A formation formation
(cooling & (diapycnal diffusion) (convection)
brine rejection)

Antarctica

AABW

South Pole North Pole
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Two BASIN SIMULATIONS



EXPERIMENTS WITH AN OGCM
Model Set-up

MIT GCM
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EXPERIMENTS WITH AN OGCM /&
MOC >

A control simulation

Atlantic Pacific
0p 20 20 20
1000 10 10 10
2000 0 3 0 3 0
3000 -10 -10 -10
4000 L2 -20 20 20

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.
— Thereby increase buoyancy loss in Southern Ocean, partly through brine rejection.
- Less effect in Northern Hemisphere.



EXPERIMENTS WITH AN OGCM

Change the Southern Ocean Buoyancy Forcing

Atlantic

Warm

Present-day

Glacial

-10

-20

(Sv)

(Sv)

(Sv)

50

0

Pacific

50

(Sv)
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-50 0 50
Latitude (degrees)
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Change the Buoyancy Forcing in the South

PAST, PRESENT AND FUTURE




PATHWAYS AND MECHANISMS /I.m

Present-day

1. NADW, as before.
a Wind-driven upwelling in
Southern, southward drift, sinking.

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

2. Some deep water advected into Pacific.
3. Diffusively upwells in Pacific

4. NADW driven by:
(i) Southern Ocean winds,
(ii) Diffusive upwelling in Pacific. (cf
Ferrari et al,, Jansen and Nadeau)




PRESENT
Change the Buoyancy Forcing in the South

ﬁ:)

- Lower NADW partially
advected into Pacific and
upwells.

— NADW driven by Southern
ocean winds and (in part)
diffusion.




CoLp PAsT
Change the Buoyancy Forcing in the South

,&%

More buoyancy loss in
Southern Ocean.

Bottom (AABW) cell expands
in Atlantic.

NADW cell cannot link to
bottom cell, and does not
connect to lower Pacific Cell.
Two basins essentially
separate.

NADW is primarily
wind-driven, and diffusive
upwelling in Pacific less
important.



WARM FUTURE /Ilm

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 Pacific.

- NADW is diffusively and (in
part) wind-driven.




PAST, PRESENT AND FUTURE /fl

Cold Climate Today’s Climate Warm Climate
e More buoyancy loss in South- e Large NADW Cell. o Little buoyancy loss in South-
ern Ocean. Larger AABW cell. o Small AABW Cell in Atlantic, ern Ocean.
e Atlantic becomes decoupled larger in Pacific. e AABW shrinks.
from Pacific. e NADW wind driven and (in e NADW deepens. Diffusively

e NADW wind-driven part) diffusively driven. and wind driven.



COMPARISON /t]

Model and Observations Consistent for Present Day Circulation 4

Subtropical/tropical upper ocean waters

Pacific-Indian
diapycnal upwelling
o & diffusion

NADW
formation
(convection)

Antargtica

formation
(diapycnal diffusion)

formation
(cooling &
brine rejection)




SO WHAT DOES IT MEAN /ét

—_

. Adding a Pacific and Indian Ocean changes pathways (obviously!).

2. But the main buoyancy drivings of the Atlantic Circulation remain as before, with single basin.

e Jansen and Nadeau find global average circulation similar to Atlantic only — pers. comm.

w

. Buoyancy loss in Southern Ocean leads to growth of bottom cell (as in single basin).

N

. Implications (speculations?) for carbon cycle...
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TEMPERATURE AND CO,

,&

Holocene

MIS 2
34
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0 100

From DOME (Antarctica). Luthi et al (2008).

800

Temperature anomaly ('C)

— Temperature is reconstructed by
proxy:
Isotopic fractions of '¥50 and
deuterium (?H) in snowfall are
temperature-dependent.

— CO, lags temperature, especially
during the cooling phase.

— CO; at LGM about 190 ppm, a major
contributor to cool glacial climate.



TEMPERATURE AND CO,

&

From EPICA (European Project for Ice Coring in Antarctica) www.climatedatainfo
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CARBON CYCLE AND OCEAN CIRCULATION

@

fec
air-sea & @ air-sea
B w950 a

fluxes Z luxes N

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

High surface carbon levels in equatorial regions.
(a) Carbon flux into atmosphere.
(b) Carbon sinking in biological pump.
‘Remineralization’ at depth
e Advection and upwelling into Southern Ocean.

Low surface carbon levels at higher latitudes.

(a) Carbon flux from atmosphere.
(b) Transport into abyssal ocean.

in Southern Ocean.

Reference?

e In glacial climate more drawdown

e More carbon transport and
sequestration in deep ocean.
o Atmospheric CO; levels lower.



THE BioLoGICAL Pump /ff

Biological production removes carbon from surface waters to form organic material. As organisms die
and sink to the ocean interior, they decompose, releasing the carbon once again to the water, where it
may be advected back to the surface.

Photosynthesis in upper ocean takes up carbon:

H>0 + CO, + Nutrients = CH,0 + Oy

Needs light, and in reality more complicated. Nutrients are phosphates, nitrates, iron, silica

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

CH,0 + O, + Nutrients = H,O + CO, \

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



THE BioLoGICcAL Pump

Photosynthesis
Ingredients Product

@ sunlight +
H,0 + CO, + Nutrients = ‘CH,0" + O,

Water Carbon  Nitrate NO, | “Organic Oxygen
dioxide Phosphate PO, | matter”
fron :
Silica !
H
H

among nthes

Decomposition (nd respiration)

Burokoay JuaLynN 10§ syred

Products Ingredients

Chemical energy +
H20 + COZ + Nutrients Q""CH:O. +'02

Water Carbon Nitrate Organic Oxygen
dioxide Phosphate matter
fron (dead o atve)

Silica



SURFACE CARBON (PCO,)

Takahashi et al 2002

Climatological pCO, in Surface Water [940K] for February 1995
© 30" 60° 90" 120° 150° 180° 150° 120° 90° 60° 30° O
e -/ 77 S

High values (red) in equatorial Pacific —

flux to the atmosphere
Cllmatologlcal pCO, in Surface Water [940K] for August 1995
’90° 120° 150° 180° 150° 120° 90' 60"
=

Low values (green — blue — purple) —

flux to ocean.
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Seawater pCO, (uatm) at SST



ATMOSPHERE-OCEAN CARBON FLUXES /I.—
o

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



SIMPLIFIED CARBON IN THE SAMBUCA MODEL @

after Ito and Follows (2005).

Dissolved Inorganic Carbon (C) and Phosphate (P) only. Advected, diffused, and sedimented.

Phosphate:
DP Ka2P L9~
Dt ' 0z2 oz °°
Carbon: 5 )
C o°C o}
EZ 02+Red0 Fbio

Fbio is the downward flux of sinking organic material due to biological flux and remineralization. We
take:
Fbio = —Cp exp(—2z/Hpio).

where Cp is proportional to phosphate content: Cp = PAzq /pio-



MODEL RESULTS FOR ‘ATLANTIC’ AND ‘PACIFIC’

.
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OBSERVATIONS FOR ATLANTIC AND PACIFIC

L Atiantic (30W) . Pacific (160W) o
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5 World Ocean Atlas (Garcia et al 2010); GLODAP (Key et al 2004).



GLACIAL AND MODERN CIRCULATIONS /Il

8"3C in the Western Atlantic.
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GLACIAL AND MODERN CIRCULATIONS lt__

Modern
Dissolved Phosphate

Shoaling (thinning) of NADW to

about 1,500 m.
) Expansion of AABW.

Glacial
53¢
Glacial

Stieglitz et al (2007)
Cd (nmol/kg) in LGM




GLACIAL AND MODERN CIRCULATIONS /t‘
L J

Modern

Glacial Watson, Vallis,
Nikurashin
(2014)

show movie!



REsSuULTS
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RESULTS

)

Buoyancy forcing
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WHAT’S GOING ON? /Il

Upwelling is moved north and there is a greater reach of the southwards flowing surface 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 atmosphere.

This carbon is then sequestered in the abyss.

Is not returned by the circulation.



CONCLUSIONS AND SPECULATIONS /]l

A re-arrangement of the ocean circulation in glacial times draws down CO,. We are suggesting a
mechanism.

e Model produces plausible distributions of carbon for present day Atlantic and Pacific.
e A mechanism for the carbon dioxide draw-down in glacial periods and close correlation of
temperature and CO;:
- Enhanced bottom cell.
— Longer residence time at surface gives time for biota to photo-synthesize, and draw-down
carbon!

- Lower atmospheric CO,.

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



