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Ice core records show tight coupling
between CO2 and climate

Ocean control is required

Suite of possible control mechanisms
proposed by Broecker 1982

No single process can regulate
observed variability

Multiple synergistic processes required



Ice core records show tight coupling
between CO2 and climate

Previous studies invoked control by
varying rates of upwelling in the
Southern Ocean

Deep water masses are ventilated
primarily in the Southern Ocean

But:  No direct evidence until now
to support this hypothesis!



Why Upwelling?



Upwelling is tied to efficiency of the
ocean’s “biological pump”

Surface nitrate illustrates high efficiency of the biological pump
over most of the ocean.  Principal exception is the Southern
Ocean. From:   iridl.ldeo.columbia.edu/SOURCES/.LEVITUS94



Efficiency of
the biological

pump is
measured in

terms of
nutrient

utilization and
“preformed
nutrients”

From:   Sigman and Boyle, 2000
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CO2 sensitivity to preformed nutrients

Princeton Ocean
GCM runs with
different So. Ocean
nutrient utilization
scenarios.

Constant ocean
nutrient inventory.

From:   Marinov et al., 2006



Mechanisms to increase nutrient
utilization efficiency

1) Increase nutrient utilization (e.g.,
John Martin’s “Iron Hypothesis”)

2) Reduce nutrient supply (e.g.,
glacial stratification hypothesis)



Iron fertilization was not pervasive in
the glacial Southern Ocean

Reconstructed change  in export production (Glacial - Holocene):  
Blue = lower during glacial;    Red = higher during glacial

Kohfeld et al., Science, 2005



Ice core records show tight coupling
between CO2 and climate

If not iron fertilization, then what
about control by varying rates of
upwelling in the Southern Ocean?

Proposed more than 10 years ago.

But:  No direct evidence until now
to support this hypothesis!



Upwelling occurs South of the Zero
in Wind Stress Curl

Figure of K Speer redrawn by T Trull 



Deep waters are enriched in CO2

Figure of Marchal et al., 1998 

Biomass formed in the surface ocean sinks after organisms die.
Decay of organic matter in the deep ocean enriches water in CO2



Upwelling occurs South of the Zero
in Wind Stress Curl

Figure of K Speer redrawn by T Trull 

Upwelling ventilates CO2-rich deep water masses S of the APF

CO2



Ventilation and CO2 exchange
controlled by SH Westerlies?

Toggweiler, 2006

Northward shift of winds reduced ventilation during glacials.
Evidence for wind shift from precipitation proxy records.  



Evidence for increased upwelling
during deglaciations?

GOAL:
Demonstrate that opal flux
in So. Ocean sediments is
a proxy for upwelling, and
that it is correlated with the
deglacial rise in CO2.

 



Principle:  Upwelling brings
nutrients (N, P, Si) as well as CO2

Figure of K Speer redrawn by T Trull 

Maximum nutrient supply is between the APF and the SACCF



Principle:  Between APF and
SACCF Si is consumed by diatoms

Figure from US JGOFS/AESOPS 
Although N and P go largely unused, nearly all Si is consumed
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Principle:  Between APF and
SACCF Si is consumed by diatoms

Figure from Sarmiento et al., 2004 

Although N and P go largely unused, nearly all Si is consumed.
This is true throughout the Southern Ocean.  

APF

SACCF



Review:  Features of the region
between the APF and SACCF

This does NOT mean that uptake of N, P and CO2 would not
be stimulated by increasing light or Fe.

Si uptake by diatoms is decoupled from uptake of N and C!

•  Maximum upwelling and nutrient supply
•  Nearly all Si used by diatoms
•  Annual opal production is limited by Si

i.e., by upwelling
Not by light or by Fe



Implication for the region between
the APF and SACCF

Production of opal by diatoms in this
region can exceed today’s maximum
values only by increasing the supply of
dissolved Si…

…i.e. By increasing the rate of upwelling



Sites where deglacial maxima in
opal burial have been observed

Feature occurs:

 • South of the APF

 • In all sectors

 • Results from 
selected sites



Sites where deglacial maxima in
opal burial have been observed

Opal burial flux:

 • Peaks during
deglaciation

 • Correlates with
231Pa/230Th

 • Flux reflects diatom
   production, not opal
   preservation

 



 

Maximum So. Ocean upwelling
coincided with deglacial rise in CO2

SUMMARY OF EVIDENCE:

Peak upwelling (opal flux)
coincided with:
• warming in Antarctica,
• deglacial rise in CO2
• deglacial drop in atm. Δ14C

Including pause during ACR



Atm CO2 increased during NH cold
intervals surrounding earlier HEs

High resolution CO2 record from Byrd ice core (red CO2)
extended through last glacial period (Ahn and Brook, 2008)



TN057-14:  Opal flux upwelling
proxy through last glacial period

Sediment focusing
changed with climate.

TN057-13 has an
expanded deglacial
section.

TN057-14 has an
expanded section
during the last glacial
period.



 

Upwelling proxy correlates with
pCO2 throughout last glacial period

pCO2 (ppm)

TN057-14:  Increased
upwelling (opal flux)
coincided with:

Cold in Greenland

Warmth in Antarctica

Rising CO2

Increased upwelling



Upwelling Summary

Deglacial Si supply to surface waters south of the APF
exceeded supply before or after; increased upwelling is the
only plausible cause.

Increased upwelling (opal burial) coincided with earlier
periods of rising atmospheric CO2.

Wind-driven upwelling in the Southern Ocean is
a primary mechanism driving changes in
atmospheric CO2.



 Proposed Trigger

Heinrich Events (and Younger Dryas)

• Extreme cold in N. Hemisphere

• N. Hemisphere iceberg discharge

• Increased sea ice covered N. Atlantic

• Reorganization of wind systems



Teleconnection via winds
(global atmospheric circulation)
• Change in N. Hemisphere Westerlies during

HE1 and YD recorded in Lake Lahontan level
(Benson, 1995) and during YD recorded in
German Lake sediments (Brauer et al., 2008)

• Southward shift of ITCZ and reorganization of
monsoons during HEs (many references, land
and ocean records)

• Southward shift of S. Hemisphere westerlies:
SST records off S. Chile (Lamy et al., 2007)
Coupled GCMs (Timmermann et al., 2007)



Wind stress at 60°S increases in
response to waterhosing (~HEs)

Timmermann et al., 2007



Increased wind stress at 60°S
drives upwelling in the So. Ocean

Toggweiler, 2006

Maximum wind stress at the latitude of the Drake Passage
favors upwelling of deep CO2-rich water masses.



Summary of Winds and CO2

Extreme N Hemisphere cold events (HEs)
induced reorganization of global atmospheric
circulation.

Southward shift of SH Westerlies during HEs
forced increased upwelling in the Southern
Ocean and release of CO2 from deep waters.

Asymmetry of polar temperature changes
caused the southward shift of SH Westerlies to
be more extreme during HEs than during the
Holocene or warm interstadials.



Implications and Challenges

Southern Annular Mode has intensified during the past half
century and is projected to continue, creating upwelling-
favorable conditions in the Southern Ocean.

IPCC AR4 Fig 10.17



Implications

Le Quéré et al., 2007



Implications
Lovenduski et 
al., 2008



Implications
Metzl, 
DSR-II
in press



Challenges



Do eddies offset Ekman transport?

Illustration based on figure in Thompson (2008) modified by Khatiwala  

ψEkman
ψEddy

ψResidual



Summary and Recommendations
Paleo data suggest intensification of SH winds
induced increased ventilation of deep ocean waters
and rising atmospheric CO2.

Historical data and models suggest So. Ocean CO2
sink is weakening due to intensifying SAM.

But:  Theoretical arguments suggest wind forcing is
ineffective in inducing So Ocean overturning.



Unanswered Questions
1) How does upwelling in the Southern Ocean
respond to historical changes in the intensity and
mean position of wind stress?

2) How does biological utilization of nutrients
respond to changes in the physical environment
associated with changes in the winds?



Strategy to Address Questions
1) Observing system(s) to monitor changes in:

a) Physical parameters such as upwelling,
mixed layer depth, etc.  (ARGO?)
b) Biogeochemical parameters related to
nutrient utilization.

2) Models that:
a) Resolve eddies and accurately simulate their
impact on ACC transport.
b) Accurately represent species composition and
the sensitivity of nutrient utilization to changing
physical and chemical environment.

3) Experimental studies to constrain (2a&b).


