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Climate in the high latitudes changed massively during the last deglaciation. Temperature
rose due to the polar amplification more than twice as much as in the global mean leading
predominately to the shrinking of various parts of the cryosphere: decline of northern hem-
ispheric (NH) land ice sheets and permafrost thawing, and a reduction in sea ice extent in
both hemispheres. It is thus a rather natural choice to also analyse how changes in these polar
regions might influence the global carbon cycle and atmospheric CO,. Here we use carbon cy-
cle models to analyse two examples of the impact of high latitude climate change on deglacial
CO,: (i) changes in the position of the westerly winds in the Southern Ocean during the Last
Glacial Maximum (LGM) (based on VOLKER and KOHLER 2013); (ii) Northern Hemisphere
permafrost thawing at the onset of the Bglling/Allergd (B/A) around 14.6 ka ago (based on
KOHLER et al. 2014).

1. Southern Ocean Westerly Winds

The synchronicity of changes in atmospheric CO, and Antarctic temperature found in ice
cores (e.g. PARRENIN et al. 2013) has led to hypotheses which suggest Southern Ocean pro-
cesses as causes for a dominant part of the observed deglacial rise in atmospheric CO,. ToGG-
WEILER et al. (2006) e.g. proposed that changes in the Southern Hemispheric (SH) belt of
westerly winds are the cause for a dominant part of the observed deglacial CO, rise. The rea-
soning of TOGGWEILER et al. (2006) is that nowadays Southern Hemispheric westerly winds
lead to the upwelling of carbon-rich waters via a northward Ekman transport. If this wester-
ly-induced upwelling is reduced (either by a northward shift or a reducing of the strength of
the westerlies), less carbon-rich water is brought to the surface. As a consequence, net oceanic
carbon uptake would drag CO, from the atmosphere to the surface of the Southern Ocean,
where it would finally be transported to the abyss with deep waters formed around Antarctica.
TOGGWEILER et al. (2006) argued about latitudinal shifts in the wind belt (equatorward during
colder climates) while they performed simulation scenarios in which the strength, not the po-
sition of the SH westerly winds, was modified under the assumption that the effect of both on
atmospheric CO, might be similar. In VOLKER and KOHLER (2013) we provided a sensitivity
test of the westerly wind hypothesis in which various shortcomings of the original study or
its successors (MENVIEL et al. 2008, TscHuMI et al. 2008, D’ORGEVILLE et al. 2010, LEE et
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al. 2011) are overcome: We used a (i) full ocean general circulation model (the MITgcm) (i)
including a fully prognostic sea ice model and applied (iii) LGM background conditions us-
ing (iv) a realistic bathymetry. In doing so, the potential role of the different carbon pumps on
atmospheric CO, can be elucidated. In detail, we shifted the Southern Ocean westerly winds
both southward and northward by up to 10°.

We find (Fig. 1) that a southward (northward) shift in the westerly winds leads to an inten-
sification (weakening) of no more than 10 % of the Atlantic meridional overturning circulation
(AMOOQC). This response of the ocean physics to shifting winds agrees with other studies start-
ing from preindustrial background climate, but the responsible processes are different. In our
setup, changes in AMOC seemed to be more pulled by upwelling in the south than pushed by
buoyancy changes and subsequent downwelling in the north, opposite to what previous stud-
ies with different background climate are suggesting. The net effects of the changes in ocean
circulation lead to a rise in atmospheric pCO, of less than 10 patm for both northward and
southward shift in the winds. For northward shifted winds the zone of upwelling of carbon- and
nutrient-rich waters in the Southern Ocean is expanded, leading to more CO, outgassing to the
atmosphere but also to an enhanced biological pump in the subpolar region. For southward
shifted winds the upwelling region contracts around Antarctica, leading to less nutrient export
northward and thus a weakening of the biological pump. These model results do not support
the idea that shifts in the westerly wind belt play a dominant role in coupling atmospheric CO,
rise and Antarctic temperature during deglaciation suggested by the ice core data.
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Fig. 1 Conceptual view of how changes in the SH winds influence the ocean circulation and the carbon cycle (after
VOLKER and KOGHLER 2013). Impact of Southern Ocean westerly winds shifted (left) 10°S, and (right) 10°N as func-
tion of latitude. (Middle) Condensed changes in the carbon cycle comparing the LGM simulations. Strength of the
biological pump (green) and of the gas exchange (blue) depict how carbon varies between atmosphere, surface, and
deep ocean. ACC: Antarctic Circumpolar Current, ET: Ekman transport, and AL: Agulhas leakage.

According to our results, the impact of changes in the SH westerlies on ocean circulation and
on atmospheric CO, during the deglaciation might have been as follows: Independent esti-
mates (KOHFELD et al. 2013) suggest that the SH westerly wind belt was probably shifted to
the north by no more than 5° in the LGM. In the atmospheric forcing of our LGM simulation
the maximum in zonal wind stress was already shifted north by 4°. We, therefore, argue that
starting from our LGM reference simulation, a southward shift of the westerly winds by 5°
is the closest analogue to what might have happened in the past during termination I. These
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changes in the SH winds probably evolved slowly over the whole deglaciation, not abrupt in
a short time window of a few centuries. It might thus explain only a small part of less than
10 % of the deglacial AMOC enhancement and a rise in atmospheric CO, by 7 patm. Thus,
it becomes clear that SH westerly wind belt variation was not the dominant process which
tightly couples atmospheric CO, and high-latitude SH temperature during terminations or
even over whole glacial cycles.

2. Northern Hemisphere Permafrost Thawing

One of the most abrupt and yet unexplained past rises in atmospheric CO, (10 ppmv in two
centuries in the EPICA Dome C [EDC] ice core) occurred in quasi-synchrony with abrupt
northern hemispheric warming into the Bglling/Allergd, about 14.6 ka ago. In KOHLER et
al. (2014) we used a U/Th-dated record of atmospheric A'*C from Tahiti corals to provide
an independent and precise age control for this CO, rise. We also used model simulations to
show that the release of old (nearly '“C-free) carbon can explain these changes in CO, and
A™C. The A™C record provides an independent constraint on the amount of carbon released
(125 PgC). We suggest, in line with observations of atmospheric CH, and terrigenous bio-
markers, that thawing permafrost in high northern latitudes could have been the source of
carbon, possibly with contribution from flooding of the Siberian continental shelf during
meltwater pulse 1A. Our findings highlight the potential of the permafrost carbon reservoir
to modulate abrupt climate changes via greenhouse-gas feedbacks. These calculations and
conclusions were challenged by the new CO, data (MARCOTT et al. 2014) from the West
Antarctic Ice Sheet Divide Ice Core (WDC), which have a higher temporal resolution. We
therefore revised our carbon release experiments (Fig. 2) in order to meet these new WDC
CO, data. We furthermore used a new age distribution during gas enclosure in ice which in-
cludes the most recent understanding of firn densification. We then can align EDC and WDC
CO, data and propose a peak amplitude in atmospheric CO, of about 15 ppmyv around 14.6
ka BP corresponding to a C pulse of 85 PgC released in 200 years (0.425 PgC per year). This
is 68 % of the initial suggested strength of the C pulse of 125 PgC, that then led to a peak
amplitude in true atmospheric CO, of 22 ppmv. CO, data from other ice cores suggest that
the amplitude in atmospheric CO, was in-between both these scenarios. The revised scenario
proposes a carbon release that is still large enough to explain the atmospheric A*C anomaly
of —(50-60) %o in 200250 years derived from Tahiti corals. However, in the revised scenar-
io the released carbon needs to be essentially free of '4C, while in the previously suggested
scenario there was still the possibility that the released carbon still contained some '*C and
had a difference in the AC signature to the atmosphere A(A'*C) of —700 %o. The previous
scenario, therefore, contained a larger possibility that the released carbon might eventually
been released from the deep ocean. The revised interpretation proposed here strengthens the
idea that the carbon was released from permafrost thawing, since this had more likely a nearly
YC-free signature than any other known source. We therefore conclude, that the new WDC
CO, data are not in conflict with our permafrost thawing hypothesis, but indicate only that the
magnitude of the released carbon might have been smaller than initially suggested.
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Fig. 2 Simulated atmospheric CO, and A'*C anomalies around 14.6 ka BP following the idea of NH permafrost
thawing (KOHLER et al. 2014). True atmospheric CO, as simulated by either a carbon release of (A) 125 PgC or (B)
85 PgC. Signal filtered with the log-normal function with a mean width E of (4) 400 years to mimic gas enclosure in
EDC or by (B) 30 and 150 years to mimic gas enclosure in WDC or EDC, respectively, following the newly proposed
age distribution characteristics of the OSU firn densification model (MITCHELL et al. 2013, MARCOTT et al. 2014).
Shape of the log-normal filter function is determined by the parameter ¢ given in the subscript to E with ¢ = 1.0 be-
ing the previous standard choice leading to a long-tailed filter function, while new evidences point to a more narrow
age distribution, thus to 6<1.0 (A): Ice core CO, data (+1SD) from EDC (ScHMITT et al. 2012, MONNIN et al. 2001,
LouraNnToOU et al. 2010) on two different chronologies (PARRENIN et al. 2013, VEREs et al. 2013) AICC2012 and
PARRENIN, Taylor Dome on revised age model (SMITH et al. 1999, AHN et al. 2004), Siple Dome (AHN et al. 2004),
Byrd on age model GICCO5 (NEFTEL et al. 1988, PEDRO et al. 2012). (B): Additionally to CO, data in (A) the new
WDC CO, data (MARCOTT et al. 2014) are plotted as individual data points and as 3-point-running mean (blue line),
both shifted by —3 ppmv. All CO, time series in (A, B) are shifted to have the beginning of the abrupt CO, rise att =0
ka. (C): Impacts of both scenarios of a carbon release event around 14.6 ka BP on atmospheric A'“C, including tran-
sient background anomalies and compared with the Tahiti-based A*C signal (start and stop of A'*C anomaly given
by bold black circles, mean+1SD) derived in KOHLER et al. (2014) from the data published in DURAND et al. (2013)
(magenta circles, mean+1SD) and how this disagrees with the IntCall3 stack (REIMER et al. 2013).
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