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Centennial-scale changes in the global carbon cycle
during the last deglaciation

Shaun A. Marcott"?, Thomas K. Bauska', Christo Buizert!, Eric J. Steig®, Julia L. Rosen', Kurt M. Cuffey®, T. J. Fudge®,
Jeffery P. Severinghaus®, Jinho Ahn®, Michael L. Kalk!, Joseph R. McConnell’, Todd Sowers®, Kendrick C. Taylor’,

James W. C. White® & Edward J. Brook®

Global climate and the concentration of atmospheric carbon diox-
ide (CO,) are correlated over recent glacial cycles'?. The combination
of processes responsible for a rise in atmospheric CO, at the last
glacial termination’” (23,000 to 9,000 years ago), however, remains
uncertain'~. Establishing the timing and rate of CO, changes in the
past provides critical insight into the mechanisms that influence the
carbon cycle and helps put present and future anthropogenic emis-
sions in context. Here we present CO, and methane (CH,) records of
the last deglaciation from a new high-accumulation West Antarctic
ice core with unprecedented temporal resolution and precise chro-
nology. We show that although low-frequency CO, variations parallel
changes in Antarctic temperature, abrupt CO, changes occur that have
a clear relationship with abrupt climate changes in the Northern Hemi-
sphere. A significant proportion of the direct radiative forcing assoc-
iated with the rise in atmospheric CO, occurred in three sudden steps,
each of 10 to 15 parts per million. Every step took place in less than
two centuries and was followed by no notable change in atmospheric
CO, for about 1,000 to 1,500 years. Slow, millennial-scale ventilation
of Southern Ocean CO,-rich, deep-ocean water masses is thought to
have been fundamental to the rise in atmospheric CO, associated
with the glacial termination*, given the strong covariance of CO, levels
and Antarctic temperatures®. Qur data establish a contribution from
an abrupt, centennial-scale mode of CO, variability that is not directly
related to Antarctic temperature. We suggest that processes operating
on centennial timescales, probably involving the Atlantic meridional
overturning circulation, seem to be influencing global carbon-cycle
dynamics and are at present not widely considered in Earth system
models.

Ice cores from Greenland®” provide unique records of rapid climate
events of the past 120 kyr. However, because of relatively high concen-
trations of impurities®, Greenlandic ice cores do not provide reliable
atmospheric CO, records. Antarctic ice cores, which contain an order-
of-magnitude fewer impurities, provide reliable records®, but existing
data from the deglacial period from Antarctica either provide only low
temporal resolution’ or are of relatively low precision'°.

The West Antarctic Ice Sheet Divide ice core (WDC) (79.467° S,
112.085° W, 1,766 m above sea level) was drilled to a depth of 3,405 m
in 2011 and spans the past ~68 kyr. At present, the site has a mean annual
snow accumulation of 22 cm ice equivalent per year and a surface tem-
perature of —30 °C. Annual layer counting to 2,800 m depth (~30 kyr
ago) provides a very accurate timescale for comparison with data from
other archives''. The difference in age (Aage) between the ice and the
gas trapped within it, which is critical for developing a gas-age chrono-
logy, is 205 = 10 yr at present and was 525 % 100 yr at the last glacial
maximum (LGM) (Extended Data Fig. 1). Given the high accumulation
at the site, minimal smoothing due to gas transport and gradual occlu-
sion, and precise chronological constraints, WDC is the best Antarctic

analogue to central Greenlandic deep ice cores, with a substantially
better-dated gas chronology during the glacial period, and is able to
resolve atmospheric CO, at sub-centennial resolution.

We exploit the unique aspects of WDC to reconstruct atmospheric
CO, and CH, concentrations at high resolution over the last deglacia-
tion. The atmospheric CH, record is important in this context because
CH, varies in phase with rapid Greenlandic climate changes during the
deglaciation and therefore provides a means of synchronizing our Ant-
arctic record with Northern Hemisphere climate'®. Atmospheric CH,
is primarily produced by land-based sources, principally tropical and
boreal wetlands' where emissions are driven by changes in temperature
and hydrology, and CH, therefore serves as an indicator of processes in
the terrestrial biosphere.

The WDC deglacial CO, record is characterized by a long-term
~80 p.p.m. increase, similar to other cores™, which begins at 18.1 kyr
ago, occurs in several discrete steps throughout the deglacial transition,
and ends 7 kyr later, during the early Holocene epoch. Given the precise
WDC chronology, the phasing of CO, changes with respect to Antarctic
and global temperature’ can be more precisely evaluated. The timing of
the initial deglacial CO, rise leads the initial rise in global temperature
(17.2kyrago) by several centuries, and continues to lead across the entire
termination (Extended Data Fig. 7). The timing of the initial CO, rise is
consistent with the newest gas chronology of EPICA Dome C° (EDC),
but more highly resolved and precise given the smaller gas-age uncer-
tainty in WDC than in EDC (Extended Data 4). The WDC methane
record shows in detail the abrupt changes at the onset of the Bolling—
Allered and Younger Dryas stadials and the start of the Holocene. We
observe a smaller, but prominent, methane excursion at 16.3 kyr ago
not previously reported from other records (Fig. 1). Our record also
resolves the beginning of the deglacial methane rise at 17.8 kyr ago
(Extended Data Table 1).

The WDC CO, record demonstrates that CO, varied in three dis-
tinct modes during the deglaciation. The first mode is relatively grad-
ual change (~10 p.p.m. kyr~'): such changes in CO, began at 18.1 and
13.0 kyr ago and were broadly coincident with a reduction in the strength
of the Atlantic meridional overturning circulation (AMOG; Fig. 2i), a
cold North Atlantic* and warming in the Southern Hemisphere®. The
second mode is rapid increase: 10-15 p.p.m. increases in CO, occurred
in three short (100-200 yr) intervals at 16.3, 14.8 and 11.7 kyr ago, the
latter two at times of rapid resumption of the AMOC and warming in
the Northern Hemisphere. The rapid changes at 14.8 and 11.7 kyr ago
were first noted at EDC>", but the magnitude, duration and timing are
now more fully resolved because of the unique site conditions at WDC.
The third mode is no change in atmospheric CO,. These apparent pla-
teaus in the WDC CO, record lasted for 1,000-1,500 yr and occurred
directly after the rapid, century-scale increases.
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Figure 1 | Greenhouse gas and stable water isotope measurements from
Antarcticaand Greenland. a, Oxygen isotopes from WDC" (grey; black line is
11-point weighted average) and water-isotope-derived temperature composite
from East Antarctica® (green). %0 = (180/160)Samp1e/(180/ 1%0)vemow - 1
VSMOW, Vienna Standard Mean Ocean Water. b, Atmospheric CO,
concentrations (this study; black line is 5-point weighted average). ¢, Direct
radiative forcing of CO,, CH, and N,O (ref. 31) using a simplified expression®.
d, Atmospheric CH, concentrations (this study and ref. 11). e, Oxygen isotope
measurements from the North Greenland Ice Project® (NGRIP). Coloured
bands at bottom indicate times when CO, is stable (blue), slowly increasing
(pink) or rapidly increasing (red), as described in the text. LGM, Last Glacial
Maximum; HS1, Heinrich stadial 1 (~18.0-14.6 kyr ago); B/A, Belling-
Allered; YD, Younger Dryas; Hol, Holocene.

The increase in CO, from glacial to interglacial states is typically
explained by a combination of changes in deep-ocean ventilation, Ant-
arctic sea-ice cover, ocean salinity and temperature, marine biological
surface nutrient utilization, changes in ocean alkalinity, and carbonate
compensation in the ocean'. These processes are generally thought to
take place at millennial or longer timescales. However, our new obser-
vations from WDC demonstrate that in several instances the observed
atmospheric CO, change was rapid, on centennial timescales; that the
most rapid changes correlate in time with ice-rafted debris eventsin the
North Atlantic or with abrupt changes in the AMOC (Fig. 2); and that
the abrupt changes in CO, do not always have a centennial counterpart
in the Antarctic $'®0 record (Fig. 1).

Given these new observations, we suggest that the AMOC had a
critical role in the glacial-interglacial rise of atmospheric CO, and may
have acted as a modulator of both the timing and the magnitude of
CO, and CH, change during the last termination, either directly, through
changes in ocean circulation, or indirectly, through the redistribution
ofheat and the associated climate response. Elements of this hypothesis
have been outlined previously: a reduction in the AMOC is thought to
cause increased overturning in the Southern Ocean, which allows CO,
in the deep ocean to enter the ocean mixed layer more rapidly, where it
can exchange with the atmosphere'®. For methane, a cooling in the North-
ern Hemisphere resulting from a reduction in the AMOC and a south-
ward expansion of sea-ice extent may have displaced the intertropical
convergence zone southwards'” resulting in decreased production of
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Figure 2 | WAIS Divide CO, and CH, data plotted against multiple
environmental proxies. a, b, WAIS Divide CH, (a) and CO, (b). ¢, Iceberg
discharge indices from the North Atlantic®® (15-record composite; normalized
units). IRD, ice-rafted debris. d, e, Biological flux proxies from the Southern
Ocean'® (d; TN57-13PC and E27-23) and off New Zealand® (e; MD97-2120).
f, g, Precipitation indices in speleothem records from Borneo® (f) and Hulu*
(g)- h, Carbon 1sot0pes of CO, (line with 1o uncertainty band) from a multi-
core composite* placed on an updated chronology’. 8= ("c/ 12C)Sample/
(**C/*C)vpps - 1; VPDB, Vienna PeeDee Belemnite. i, An AMOC proxy"’
(GGC5). All age models that use radiocarbon dates were recalibrated with
IntCall3 and updated (Supplementary Data). Coloured bands at bottom of plot
indicate times when CO, is stable (blue), slowly increasing (pink) or rapidly
increasing (red), as described in the text. The grey and brown bands denote the
timing of notable climatic transitions (for example LGM to HSI1).

methane from mid- and low-latitude sources, and vice versa when the
Northern Hemisphere warmed. Several studies have proposed other
complementary mechanisms (see, for example, ref. 18) for the CO,
changes across the last termination; here we guide the discussion with a
simple working hypothesis that the AMOC had a critical role, either
directly or indirectly, in the rise of atmospheric CO,.

The gradual changes in CO, that begin at 18.1 and 13.0 kyr ago are
accompanied by a reduction in the AMOC strength' and warming in
Antarctica' (Figs 1 and 2). Like CO,, methane begins to increase grad-
ually at ~18 kyrago (50 p.p.b. kyr "), yet at 13.0 kyr ago it is decoupled
from CO, and instead decreases by 200 p.p.b. in two centuries before
stabilizing during the Younger Dryas (Fig. 1). The CO, rise and abrupt
CH, drop at 13 kyr ago are synchronous within the resolution of the
data (20-60 yr), and both rise almost synchronously at 18 kyr ago (Ex-
tended Data Table 1), suggesting that a common forcing drives the

30 OCTOBER 2014 | VOL 514 | NATURE | 617

©2014 Macmillan Publishers Limited. All rights reserved



LETTER

changes in both gases. Freshwater hosing experiments with a coupled
atmosphere-ocean-biogeochemical model* show that atmospheric CO,
begins to rise because of a decrease in the ocean carbon inventory due
toa collapse in the AMOC, and continues rising until the AMOC resumes.
The rate of CO, rise in the model*® (25 p.p.m. in 1,700 yr) is similar to
rates observed from WDC, and the hypothesis that CO, fluctuations
are controlled by ocean circulation change is consistent with the timing
of the AMOC reduction based on ocean proxies (Fig. 2). Two significant
depletion events in stable carbon isotope ratios of CO, from a com-
posite of multiple ice cores®, by 0.3%o and 0.1%o, are consistent with the
source of the CO, rises at 18.1 and 13.0 kyr ago being from upwelling of
respired carbon from the deep ocean (Fig. 2h).

The most abrupt changes in CO, during the last termination occur
at16.3,14.8 and 11.7 kyr ago and are synchronous with abrupt increases
in CH, within the 20-60 yr resolution of the data (Fig. 3). No relation-
ship between the carbonate chemistry of the ice and CO, concentration
is observed that would suggest in situ production of CO, as observed in
Greenland® (Extended Data Fig. 2), and the sharp increases are resolved
by multiple data points, each multiply replicated. Moreover, the WDC
CO, record is consistent with results from the EDC ice core>>'* after
accounting for the greater smoothing of the EDC gas record by the in-
creased diffusion in the firn and the gradual bubble closure character-
istic of low-accumulation sites (Extended Data Fig. 5b). For all three of
the abrupt CO, increases, the concomitant CH, rise is even more sud-
den, suggesting that the rate of the CO, increase in the WDC record is
not limited by firn smoothing processes, but reflects the true atmo-
spheric rate of change.

For the abrupt increases at 14.8 and 11.7 kyr ago, both CO, and CH,4
increased by ~13 p.p.m. and ~200 p.p.b., respectively, in 100-200 yr, and
then remained at the new levels. For these two events, the increases are
coincident with proxy evidence for an abrupt recovery of the AMOC
and a rapid warming of the North Hemisphere as recorded by Green-
landic ice cores (Fig. 2). As previously noted, modelling suggests that
slow increases in CO, can occur when the AMOC is reduced®. Conversely,
similar modelling supports the hypothesis that a rapid resumption of
the AMOC can result in an abrupt increase in atmospheric CO, and CH,
through changes in carbon storage on land”' and increased precipitation
in wetland regions. Other modelling studies™ suggest that the CO, in-
crease at the onset of the Bolling warming could have been much higher

given the large smoothing at EDC. Such an overshoot in CO, is not
recorded at the Bolling onset at WDC, but smaller overshoots at 11.7
and 16.3 kyr ago do lend partial support to this mechanism.

At 16.3 kyr ago, CO, and CH, also abruptly increased by 12 p.p.m.
and 50 p.p.b. in 100 yr, respectively, although the elevated methane levels
were short lived (Fig. 3). However, unlike the changes at 14.8 and 11.7 kyr
ago, these increases show no apparent evidence for an abrupt AMOC
resumption or warming in the Northern Hemisphere. We propose that
the abrupt rise in CO, at 16.3 kyr ago is directly related to an iceberg dis-
charge event recorded in several ocean cores from the North Atlantic®,
which occurred while the AMOC was already reduced (Fig. 2¢). One
potential cause of the CO, increase at this time could be a southward
shift in the position of the Southern Hemisphere westerlies*, leading to
increased ocean upwelling and outgassing of respiration-derived CO,
(ref. 18). Other archives preserve geochemical signals attributed to the
iceberg discharge event at 16.3 kyr ago, for instance an increase in up-
welling in the Southern Ocean'® (Fig. 2d) and off the coast of New Zea-
land* (Fig. 2e), drying in northern Borneo®® (Fig. 2f), and an inferred
sharp decrease in monsoon intensity in central China*” (Fig. 2g). Cooling
and drying of large regions of the globe may also be a consequence of
iceberg discharge and freshwater input into the North Atlantic*®, which
could have initiated a rapid release of carbon from land stocks®.

The small increase in methane at the time of the CO, rise at 16.3 kyr
ago is somewhat puzzling because a southward shift in the intertropical
convergence zone related to an iceberg discharge event would be expected
to suppress northern tropical sources of CH,. However, observations
from cave deposits suggest wetter conditions at southern equatorial sites
during Heinrich stadials*, which could compensate for reduced north-
ern sources” and explain the small CH, increase.

Finally, the apparent plateaux in CO, concentration that occur directly
after each of the abrupt CO, increases at 16.3, 14.8 and 11.7 kyr ago
(Fig. 1) deserve explanation. These plateaux last for 1,000-1,500 yr,and
the plateaux following the abrupt changes at 14.8 and 11.7 kyr ago are
contemporaneous with reinvigorated AMOC, cooling in Antarctica’®
and a decreased north-south gradient in global temperature®. One pos-
sible explanation is stratification of the Southern Ocean, perhaps in
response to large freshwater discharges from the Antarctic ice sheet™,
which would lead to a reduction in outgassing of CO, to the atmosphere
through decreased exchange of deep water with the surface ocean and
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Figure 3 | Detailed view of greenhouse gas and stable isotope measurements
from WDC. Oxygen isotope measurements from WDC'' (black line is

11-point weighted average), water-isotope-derived temperature composite from
East Antarctica® (green), and atmospheric CH, (purple) and CO, concentrations
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(black line is 5-point weighted average) across the abrupt CO, transition at
16.3 (a), 14.8 (b) and 11.7 kyr ago (c). Purple bands represent the durations of
the abrupt CO, transition and orange lines show their magnitudes (durations
and magnitudes also in parentheses; Extended Data Table 1).
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atmosphere. Alternatively, the plateaux in CO, could be associated with
the slow equilibration of atmospheric CO, with the ocean following the
input of relatively large pulses of carbon during the CO, jumps (Ex-
tended Data Fig. 5), or uptake of atmospheric CO, by the slow regrowth
of the terrestrial biosphere.

Our results provide evidence that the observed CO, rise during the
last deglaciation was divided into two modes: a slow, millennial-scale
mode that is closely linked to Antarctic temperature and associated with
8'3CO, decreases (Fig. 2), suggestive of an oceanic origin; and a fast,
centennial-scale mode that is closely linked to CH, and Northern Hemi-
sphere climate, potentially controlled by AMOC strength and the assoc-
iated climate teleconnections. Given that a large portion of the direct
radiative CO, forcing during the glacial-interglacial rise occurred in
approximately four centuries, future modelling and isotopic investi-
gations should focus on explaining these abrupt CO, variations to fur-
ther our understanding of the sensitivity of the carbon cycle under
natural forcing.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
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METHODS

Measurements of CO, were made at Oregon State University, and CH, measure-
ments were made at Oregon State and Penn State University. CO, measurements
were made with a mechanical crushing system using methods described by Ahn
et al>®. Approximately 1,030 measurements were made on ~320 separate depths
spanning the time frame of 23,000-9,000 years BP with a median sampling reso-
lution of 25 years. All samples were measured at least in duplicate and one to three
times more for some depths. Nitrogen isotope data were used to correct the CO,
data by 1.0-1.4 p.p.m. for gravitational fractionation. The mean standard error of all
measurements was 1.0 p.p.m. A consistent 4 p.p.m. offset between WDC and EPICA
Dome C CO, concentrations is observed. A similar offset is observed between WAIS
Divide and other CO, reconstructions®. Methane concentrations were measured
for approximately 1,100 ice samples from ~580 depths covering 23,000-11,500
years BP (20-year median resolution) using methods described by Mitchell et al.** at
Oregon State University and combined with data measured at Penn State University''.
Duplicate methane measurements were made on all but fifty samples, and the
mean standard error of all measurements made at Oregon State University was
0.8 p.p.b. CO, and CH, measurements were calibrated using dry standard air with
known mole fractions calibrated at the NOAA Earth System Research Laboratory
(WMOX2007 scale for CO,; NOAAO04 scale for CHy).

WAIS Divide timescale. The gas chronology used in this study (WDCO06A-7) is
based on the layer-counted WDCO06A-7 chronology''. Gas ages were obtained by
subtracting a modelled ice-age/gas-age difference (Aage) from the ice-age time-
scale®®. Aage was calculated using a dynamical firn-densification model with heat
diffusion. The modelling is constrained by measurements of §'°N of N5, a proxy
for past firn column thickness”. 3'°N was measured on the WAIS Divide ice core
(WDC) at the Scripps Institution of Oceanography with a 300-year average reso-
lution (Extended Data Fig. 1b) following procedures outlined elsewhere®®*. The
air was extracted from ~13 g ice samples using a melt-refreeze technique, and
collected on a cold finger at liquid-He temperatures. The samples were analysed on
a Thermo Finnigan Delta V dual-inlet mass spectrometer to determine '*N/"*N of
N, (3°N), '*0/°0 of O, (8'°0), **0,/**N; (80,/N,) and “°Ar/**N; (SAr/N,).
Routine analytical corrections were made to the data for pressure imbalance and
chemical slope, and results were normalized to the La Jolla present-day atmosphere.

We use a dynamical adaptation of the Herron and Langway firn-densification
model* coupled to a heat diffusion-advection model*'. We use the present-day con-
vective zone thickness of 3.5 m and a parameterization for surface snow density*>*.
The forward model requires past temperatures and accumulation rates as inputs,
and generates Aage and 5'°N as outputs. Surface temperatures (Extended Data
Fig. 1a) are obtained from the 3'®0 isotopic composition of the ice'’, with the §'*0-
temperature relationship calibrated'"**** to fit observed borehole temperatures.
Accumulation rates were obtained in two ways. First, accumulation can be recon-
structed from the observed annual layer thickness, corrected for thinning due to ice
flow (Extended Data Fig. 1¢, black curve). However, the thinning function becomes
increasingly uncertain with depth (the CO, data presented here were measured
over the depth range of 1,700-2,600 m within the 3,405 m-long core). Second, accu-
mulation can be reconstructed from the §'°N data using a firn-densification inverse
model*'. Using the temperature history, the model determines the accumulation
history that optimizes the fit to the 3'°N data by making small adjustments to the
thinning function (Extended Data Fig. 1c, red curve). The model fit to the §'°N
data is shown in Extended Data Fig. 1b. We find a good agreement between both
accumulation rate reconstructions.

The modelled Aage is shown in Extended Data Fig. 1d (orange curve), where we
have used the accumulation rates from the inverse 8'°N method. A sensitivity
study in which we varied past convective zone thicknesses, temperature history,
dust sensitivity*® and firn-densification physics*’ shows a 1o uncertainty in Aage
of ~15%. We also calculated Aage using the depth-difference method developed
by Parrenin et al.’ (Extended Data Fig. 1d, black curve). This method also suffers
from uncertainty in the layer thinning function. Both methods agree within the 1¢
uncertainty band. We note that at around 12 kyr Bp the WDC site experienced a
very sudden and short-lived increase in accumulation rates as inferred from the
annual layer thicknesses (Extended Data Fig. 1¢). This event is also recorded in the
8'°N as a thickening of the firn column (Extended Data Fig. 1b).

Potential for in situ production of CO,. Prior work in Greenland® has demon-
strated that CO, records can be compromised through in situ production when
abundant concentrations of calcium carbonate are present. Calcium is delivered to
the ice in the form of carbonate dust that blows onto the ice-sheet surface and is
buried by subsequent accumulation. Although problems with in situ production
have never been detected in CO, records from Antarctic ice cores, probably because
Antarctic sites experience an order of magnitude less calcium carbonate deposition
than Greenland*, each ice core from Antarctica is both geographically unique and
affected by distinct atmospheric processes that can deliver various chemical species

to the sites. To examine whether abrupt changes in CO, in WDC are related to in situ
production, we compared the non-seasalt component of calcium, which we take
as a proxy for terrestrial dust, with the carbon dioxide concentration at times of
abrupt change in CO, (Extended Data Fig. 2). We find no relationships and note
that the non-seasalt Ca also is an order of magnitude lower at WDC than in Greenland
ice cores, similar to other ice cores from Antarctica®**. In addition to calcium car-
bonate, the oxidation of organic compounds can also affect the CO, concentration
from ice cores”. At WDC the concentration of the oxidant H,O, in the upper
section of the core (WDC-05A) averaged less than 30 p.p.b.>>*', which is similar to
other values from Antarctic ice cores™, and does not covary with CO, concentra-
tions over the interval from 1,940 to 2,000 m (average 20 p.p.b.) in the deeper section
of WDC from where we have data.

Smoothing of the CO, record by firn processes. Although it may appear that the
WDC and EDC CO, records exhibit fundamentally different patterns over short
timescales (Extended Data Fig. 3), these differences are expected as a result of the
dramatically different conditions at the ice-core sites, which dictate how much
smoothing atmospheric gas records experience before being locked into the ice-
core record. Temperature and accumulation rates at WDC vary between 233 and
243 K and, respectively, between 0.10 and 0.30 m ice equivalent per year over the
deglacial transition. At EDC, in contrast, conditions are colder and dryer, aver-
aging 209K and 0.015myr ™. Because of this, firn models predict that Aage and
the age distribution (a measure of smoothing) should be an order of magnitude
smaller at WDC than at EDC (Extended Data Fig. 4).

To demonstrate the consistency of the two CO, records, we generate a smooth-
ing function for EDC using the OSU firn air model®* (Extended Data Fig. 5a). The
function describes the age distribution of the air in the closed porosity of the ice
core, and accounts for gradual bubble closure as ice is advected through the lock-in
zone. We then apply this filter to the WDC gas record, using it as a proxy for the
true atmospheric history. Because WDC gases experience very little smoothing
during bubble trapping, we argue that this is a reasonable assumption (smoothing
WDC with a WDC filter does not change the record). The resulting curve agrees
well with the EDC CO, record™'*** (Extended Data Fig. 5b), supporting the idea
that differences between the two records arise because of differences in site con-
ditions and bubble-trapping processes, and reflect no disagreement about the
nature of the deglacial rise in atmospheric CO,.

A consistent 4 p.p.m. offset between WDC and EPICA Dome C CO, concen-

trations is observed in our new deglacial reconstruction after consideration for firn
smoothing processes (Extended Data Figs 3 and 5). This offset represents 1-2% of
the total concentration measurements and is outside the stated uncertainties for
both records. A similar offset of 2-4 p.p.m. has also been observed between WDC
and CO, reconstructions from Law Dome and EPICA Dronning Maud Land*,
along with a 2 p.p.m. offset between Dronning Maud Land and the South Pole*.
On the basis of interlaboratory comparisons between Law Dome and WDC?, the
offset between the ice cores is unlikely to result from laboratory methods and rep-
resents a real difference between the two ice cores, though the exact nature of the
offset still remains to be determined.
Modelling CO, pulses and plateaux. Using the WDC CO, record as a proxy for
the true atmospheric history, we employ a box model of the ocean carbon cycle™ to
explore how a pulse of CO, emissions is attenuated and potentially creates a plateau
in the concentration record. The model is divided into three boxes: a well-mixed
atmosphere, a well-mixed surface ocean mixed layer and a diffusive thermocline/
deep ocean. The model does not account for sedimentation of CaCOj in the ocean.
To simulate an abrupt increase in CO,, we apply a pulse input of 0.5 Pg Cyr ™! that
lasts for 100 years. Following the 100-year pulse, the model simulates a slow ocean
uptake over the next 1,500 years (Extended Data Fig. 6). Although this model is not
designed to simulate the entire CO, variability in the WDC record, this simple
simulation suggests (but does not require) that the three abrupt CO; rises at 16.3,
14.8 and 11.7 kyr ago could represent brief injections of CO, into the atmosphere
that are superimposed on a longer-term increase, with the plateau that follows each
of the abrupt rises explained by the drawdown of the additional carbon in the
atmosphere into the ocean.

Kohler et al”' performed a similar experiment using a more comprehensive carbon
cycle box model to describe an abrupt CO, change at the onset of the Bolling. Using
similar modelled pulses of CO,, they also reproduced the abrupt CO, features. They
concluded that the magnitude of the CO, change could have been as high as 30 p.p.m.
fora2.5 Pgyr™ " injection of carbon into the atmosphere after considering smooth-
ing of the atmospheric signal in the firn at EDC. Unlike the low-accumulation site
at EDC, however, the high-accumulation WDC site provides a CO, record that has
experienced very little firn smoothing (see Methods section on the WAIS Divide
timescale), and provides a much closer approximation of the true atmospheric his-
tory. Therefore, we conclude that if there were a pulse input of CO, its magnitude
and duration would be of the order of 0.5 PgCyr~' and would last for 100 years.
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Breakpoint determination. To provide an objective means for determining the
timing and duration of the CO, and CH, transitions across the last deglaciation,
we employed the functions Breakfit>® and Rampfit™. For the three abrupt jumps in
CO,, both the timing and duration of the changes were quantified (Extended Data
Table 1) using the Rampfit™” function with a 500-year search window. For each, the
same seed generator number (200) was used, and 200 bootstrap (wild) iterations
were performed to determine the uncertainties. For the CO, and CH, transitions
at the start of the deglaciation and beginning of the Younger Dryas, the Breakfit*®
function was used to determine the timing of the transitions. The window length
for each was 1,000 years and the same seed number (200) and bootstrap number
(200) were used to quantify the timing uncertainty.
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Extended Data Table 1 | Timing of five abrupt transitions in CO, and CH, during the last termination

Uncertainties are 1o.

LETTER

Rampfit | Search Window Breakpoint 1 Breakpoint 2 Duration
(CO,) (yrs BP) (yrs BP) (yrs BP) (yrs BP)
“16.3ka" rise | 16,500 - 16,000 16,200+20 16,300+20 100+30
“14.8ka" rise | 14,900 - 14,400 14,560+30 14,760+30 200440
"11.7ka" rise | 11,900 - 11,400 11,550+40 11,650+30 100+50
Breakfit | Search Window | Breakpoint CO, | Breakpoint CH,
(CO, & CH,) (yrs BP) (yrs BP) (yrs BP)
“18.1ka"” | 18,500 - 17,500 18,140+80 17,820+60
“13.0ka” | 13,500 - 12,500 13,020+40 13,010+170
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