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GLOBAL CARBON CYCLE

Abrupt CO, release to the atmosphere under glacial
and early interglacial climate conditions

C. Nehrbass-Ahles™>3*, J. Shin®, J. Schmitt'?, B. Bereiter"?, F. Joos'?, A. Schilt?, L. Schmidely?,
L. Silva*?, G. Teste*, R. Grilli*, J. Chappellaz®, D. Hodell?, H. Fischer*?, T. F. Stocker*?

Pulse-like carbon dioxide release to the atmosphere on centennial time scales has only been identified
for the most recent glacial and deglacial periods and is thought to be absent during warmer climate
conditions. Here, we present a high-resolution carbon dioxide record from 330,000 to 450,000 years
before present, revealing pronounced carbon dioxide jumps (CDJ) under cold and warm climate
conditions. CDJ come in two varieties that we attribute to invigoration or weakening of the Atlantic
meridional overturning circulation (AMOC) and associated northward and southward shifts of the
intertropical convergence zone, respectively. We find that CDJ are pervasive features of the carbon cycle
that can occur during interglacial climate conditions if land ice masses are sufficiently extended to be

able to disturb the AMOC by freshwater input.

nalyses of Antarctic ice cores have dem-
onstrated that atmospheric CO, has
been a major driver of Earth’s climate
on orbital to millennial time scales (I-3).
However, evidence of submillennial-scale
CO, variability is only available for the past
~60 thousand years (ka), that is, not beyond
the last glacial period (4-6). Climate-carbon
cycle perturbations during previous inter-
glacial periods serve as first-order templates
for the natural response of Earth’s climate
system to warmer climatic background con-
ditions (7), but the use of CO, records to de-
cipher submillennial-scale variations has thus
far been hampered by insufficient temporal
resolution of existing ice core records.

Previous research identified two principal
modes of CO, variability on millennial to cen-
tennial time scales: (i) millennial-scale carbon
dioxide maxima (CDM) frequently occurring
during the last glacial period (4, 5, 8) and (ii)
centennial-scale carbon dioxide jumps (CDJ)
caused by pulse-like CO, releases to the at-
mosphere, most prominently occurring during
the last deglaciation (6, 9).

CDM are characterized by a triangular shape
of evolving CO, changes. They closely covary
with Antarctic temperature proxy records
on millennial time scales, as evidenced by
the Antarctic isotope maxima (4, 8, 10). Dur-
ing cold periods (stadials) in the Northern
Hemisphere (NH), CO, is observed to increase
gradually and in parallel to the bipolar see-
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saw response in Antarctic temperature (11)
at typical rates of ~1 part per million (ppm)
per century (4, 8). CDM reach amplitudes of
up to 30 ppm before their trends are re-
versed in connection with a sudden strength-
ening of the Atlantic meridional overturning
circulation (AMOC) linking the onset of
Dansgaard-Oeschger (DO) events (i.e., abrupt
warming over Greenland) and the start of
slow cooling in the Southern Ocean (SO) re-
gion (4, 8, II).

In contrast, abrupt CDJ do not directly cor-
respond to variations in Antarctic tempera-
ture but are associated with either DO events
or Heinrich stadials (HS) in the NH (6, 12, 13).
The latter are characterized by extended cold
periods in the NH associated with a weakened
AMOC (14-16). The few CDJ identified so far
are superimposed on gradually increasing mil-
lennial CO, trends connected to CDM or gla-
cial terminations and lead to a sudden 10 to
15 ppm CO, rise within less than ~250 years at
rates of ~10 ppm per century, about 10 times
faster than CDM. As of yet, CDJ have only been
identified during the most recent deglaciation
(Termination I) (6, 9) and for HS 4 (12, 13),
occurring at 39.5 ka BP (thousand years before
present, with the present defined as 1950 CE).
CDJ are synchronous with either major meth-
ane (CH,) rises linked to DO events or small
CH,, peaks associated with HS, suggesting a
link with sudden AMOC changes and pole-
ward shifts of the intertropical convergence
zone (ITCZ) (6, 17, 18). Here, we address whether
CDJ also occur during glacial growth phases
and interglacial climate conditions and there-
fore whether they are a pervasive feature of
the past carbon cycle.

Centennial- to millennial-scale CO, varia-
bility between ~150 and 400 ka BP could not
be explored because of insufficient measure-
ment precision and low temporal resolution
of the existing CO, record for this period ().
Here, we investigate the older part of this in-
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terval by presenting a high-resolution record
of CO, mole fractions covering a full glacial-
interglacial cycle from 330 to 450 ka BP [i.e.,
marine isotope stage (MIS) 9e to MIS 12a
(19)], measured on samples from the European
Project for Ice Coring in Antarctica (EPICA)
Dome C (EDC) ice core using an improved dry-
extraction technique (20). In comparison to
earlier data (7, 2), we enhance the precision by
a factor of three (now ~1 ppm) and increase
temporal resolution between four- and sixfold
(now ~300 years on average).

Additionally, we improve the resolution of the
existing EDC CH, record (21) to an average of
~250 years at periods of abrupt changes (20).
This improvement permits a direct comparison
of the CH, imprint of fast climate changes in
the NH with the Southern Hemisphere bipolar
seesaw response in Antarctic temperature and
atmospheric CO, (4, 8). We combine our ice
core data with new records of benthic §'°C
and 5'0 of Cibicidoides wuellerstorfi (22) and
planktic 5'80 of Globigerina bulloides (23).
These stable isotope data are measured on
marine sediment core samples from the Inter-
national Ocean Discovery Program (IODP) site
U1385 located on the Iberian margin off the
coast of Portugal at a water depth of ~2600 m
below sea level (20). A temporal resolution of
~150 years on average enables us to directly
compare our ice core data with this indepen-
dent paleoclimatic archive of hydrological
change in the North Atlantic (NA).

On orbital time scales, our CO, record re-
veals generally high CO, levels persisting
above 260 ppm (24) over ~35 ka during the
exceptionally long interglacial period MIS
11c to 1le, from 427 to 393 ka BP (Fig. 1B),
extending over more than one precessional
cycle (25). The minimum CO, value of 187.6 +
1.0 ppm is reached at 358 ka BP, coinciding
with the lowest sea surface temperature (SST)
(Fig. 2, D, G, and H) (26). However, the onset
of the deglacial CO, rise toward MIS 9e (Ter-
mination IV) only takes place ~13.5 ka later,
at 344.5 ka BP. The end of this deglacial CO,
increase (~335 ka BP) is marked by a peak
CO, value of 300.4 + 1.0 ppm, representing
the highest natural CO, mole fraction de-
rived from Antarctic ice cores over the past
800 ka. We identify, superimposed on this or-
bital trend, different types of millennial- to
centennial-scale CO, variability, occurring
most frequently during, but not limited to,
the glacial growth phase.

On millennial time scales, the CO, record mir-
rors the variability in the EDC temperature
proxy (Figs. 1A and 2A) (I0) and dust flux
records (Fig. 2B) (27), a feature previously ob-
served over the past 800 ka in lower-resolution
CO, data (2, 3). Our new benthic 50 record
from IODP site U1385 follows the same pattern
(Fig. 2C), indicating the influence of southern-
sourced deep water, as first noted for the last
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Fig. 1. High-resolution CO, and improved CH, records compared with Antarctic
temperature during MIS 9e to 12a. (A) Antarctic temperature anomalies (10).

(B) CO, record (this study). (C) CH4 compilation (this study) (20). (D) Rate of
change of CO; in the ice core record derived from a smoothed version of (B) (20).
(E) Rate of change of CH, in the ice core record derived from a smoothed version of
(C) (20). All data are based on measurements of EDC ice core samples and are
plotted on the Antarctic Ice Core Chronology 2012 (AICC2012) age scale (34).

glacial period (MIS 3) (28). Our results dem-
onstrate that this correlation also applies to
MIS 10a to 11a, thereby emphasizing the key
role of SO processes in the bipolar seesaw
(4, 11) and associated global-scale climate re-
gime shifts in shaping atmospheric CO, on
millennial time scales. We identify a total of
seven CDM events (Fig. 1B). The two youngest
events (CDM 9e and 10b) were reported
previously (Z), but the oldest five (CDM 11a.1,
11a.2, 11a.3, 11a.4, and 11e) were not. Further-
more, our record shows that the covariation of
CO, and the Antarctic temperature proxy (10)

also holds for the extended interglacial pe-
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riod MIS 11c (Fig. 1, A and B), where both Ant-
arctic temperatures and CO, gradually increase
along with the summer insolation at 65°N
(25). The time at which CO, and Antarctic tem-
perature cease to covary in our record is at
the end of MIS 11c, when Antarctic tempera-
ture leads the CO, decrease by several thou-
sand years, similar to what is observed for
the glacial inception after the penultimate
interglacial (29).

On the centennial time scale, we detect
eight CDJ occurring under very different cli-
mate boundary conditions (Fig. 1B). They are
marked by centennial-scale peaks in the rate
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|dentified CDM and CDJ are labeled according to the MIS assignment in (19). Distinct
CDJ in the CO; record are indicated with blue vertical lines, positioned at the peaks
in (D) exceeding a threshold value of 1.5 ppm per century (20). CDJ+ (solid blue
lines) coincide with major CHy rises greater than 50 ppb at growth rates greater than
20 ppb per century (E), whereas CDJ- (dashed blue lines) do not. Further potential
events with positive rates below 1.5 ppm per century (D) are indicated with

gray vertical lines but not labeled. T IV, Termination IV; T V, Termination V.

of change of CO, exceeding a threshold of
1.5 ppm per century in the ice core record (Fig.
1D) (20). The close correlation of millennial-
scale CO, variability with Antarctic temper-
ature (Fig. 1A) does not hold for CDJ (Fig. 3A
and fig. S1IA). While all CDJ lead to an ab-
rupt rise in CO, of ~10 ppm (table S1), their
underlying causes may differ (13, 30). We dis-
tinguish two varieties of CDJ on the basis of
the presence or absence of a major simulta-
neous CH, rise at the same depth level of the
ice core (20).

The first variety of CDJ is synchronous with
rapid rises in the CH, record greater than
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Fig. 2. Comparison of
high-resolution CO, and
improved CH4 records
with marine sediment and
speleothem data covering
MIS 9e to 12a. (A) EDC
temperature anomalies (10).
(B) EDC dust flux (27),
including an ~500-year
running median. (C) Benthic
8180 C. wuellerstorfi from
IODP site U1385 on the
Iberian margin (this study),
including an ~500-year
running median. %o, per mil.
(D) EDC CO, record (this
study). (E) EDC CH4 compi-
lation (this study) (20).

(F) Relative proportion of
the polar planktic foraminif-
era Neogloboquadrina
pachyderma (NPS) from
ODP site 983 (38).

(G) UX5;-based SST from
|ODP site U1385 (26).

(H) Planktic 5'%0 G. bulloides
from IODP site U1385

(this study). (1) Benthic 8'°C
C. wuellerstorfi from IODP
site U1385 (this study).

(J) 580 Sanbao Cave record
in Hubei, China (35).

(K) Global sea level stack
(probability maximum)
including 95% probability
intervals (37). All records
are given on the AICC2012
age scale (34) or are trans-
ferred to AICC2012 (20), with
the exception of (J) and

(K). Arrows in (F) and (J)
highlight potential age-scale
inconsistencies. Labeling

and vertical line styles are
identical to those in Fig. 1.
Vertical blue bands indicate
HS 10.1 and HS 10.2 (see
text for details).
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50 parts per billion (ppb) (Figs. 1C and 3C)
and growth rates exceeding 20 ppb per cen-
tury, as recorded in the EDC ice core (Figs. 1E
and 3E). We dub these pulse-like CO, release
events CDJ+. Using this definition, we identify
five CDJ+ (9e, 11a.2, 11a.3, 11a.4, and 11e) (Fig.
1B). The major CH, rises associated with CDJ+
indicate abrupt DO-like warming in the NH
directly linked to AMOC invigorations (6, 17).
Direct evidence for such AMOC strengthening
comes from associated abrupt rises in SST in
the NH (Fig. 2, F to H) and increases of benthic
513C values (Fig. 21), indicative of the inflow of
NA deep-water masses at IODP site U1385.
These findings are consistent with the two
previously identified CDJ+ events during the
last deglaciation, at the onsets of the Bglling-
Allergd and Preboral periods (6, 9).

The most pronounced CDJ+ (CDJ+ 9¢) takes
place during early interglacial conditions, when
CO, values are already above 285 ppm, a level
that is higher than typical peak-CO, mole
fractions during interglacial conditions over
the past 800 ka (3). The time resolution for
CDJ+ 9e is better than 90 years and shows
an exceptionally fast CO, increase of ~10 ppm
per century, as measured on the two neigh-
boring ice samples (Fig. 3B). Accounting for

the smoothing of atmospheric signals by the
bubble enclosure process, we estimate an orig-
inal rate of atmospheric CO, increase of 26.2 +
17.6 ppm per century (Fig. 3B and table S1)
(20), which provides a benchmark for the pos-
sible range and speed of positive carbon cycle
feedbacks connected to AMOC variations during
the deglaciation. This rate exceeds previous es-
timates of maximum preindustrial atmospheric
increase rates (31) by a factor of seven but is still
a factor of nine lower than recent anthropo-
genic growth rates over the past decade (32).
The CO, decrease after CDJ+ 9e shows that
natural processes during interglacial condi-
tions allowed for a sustained CO, removal
from the atmosphere estimated at ~2 ppm per
century for ~2 ka (Figs. 1B and 3B).

The second variety of CDJ occurs inde-
pendently from major responses in the EDC
CH, record (Fig. 1, C and E) (see supple-
mentary text section of the supplementary
materials) and is dubbed CDJ-. We identify
two CDJ- (10a and 11a.2), which share sim-
ilar characteristics with the two CDJ- events
associated with HS 1 during the last degla-
ciation (~16 ka BP) and HS 4 (6, 12, 13). We
speculate that CDJ- can be attributed to car-
bon cycle processes caused by AMOC weak-

ening. Although direct AMOC records do not
yet exist for MIS 9e to 12a, abrupt decreases
of benthic §°C indicate intrusions of Ant-
arctic bottom water masses at IODP site
U1385 (Fig. 2I) likely due to AMOC weakening,
similar to what occurred during HS in the
last glacial period (14, 15). Note that major HS
(HS 10.1 and 10.2) are identified in Fig. 2 by
the drop in alkenone saturation index (U 5;)-
based SST (Fig. 2G) and the decrease in ben-
thic 8'C (Fig. 2I) indicative of a reduced state
of the AMOC. Whereas CDJ- 10a is likely re-
lated to carbon cycle responses to an AMOC
slowdown caused by massive ice discharge
during HS 10.1 (Fig. 2I), there exists only
ambiguous evidence for CDJ- 11a.2 being
associated with freshwater forcing. Low CH,
levels (Fig. 2E) and cold SST in the NA (Fig.
2F) indicate stadial conditions in the NH as-
sociated with CDJ- 11a.2. Given the relative
age uncertainties between our ice core and
independently dated records (33, 34), the §°0
calcite record from Sanbao Cave (Fig. 2J) (35)
indicates a major shift of the ITCZ that may be
associated with CDJ- 11a.2 (I8, 36).

Most notably, the new CO, record reveals
the clearly distinguishable CDJ 1lc (12.9 +
2.7 ppm increase within 191 + 123 years) (Fig.
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Fig. 3. Detailed view of the two varieties of CDJ. (A to E) Identical to Fig. 1.
The black linear segments in (B) indicate first-order approximations of the
atmospheric CO, evolution. The blue segment highlights the actual CDJ event.
These approximations for the atmospheric trajectories are optimized so that the
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CO, curve after smoothing by the bubble enclosure process (gray lines) fits the
ice core data (red dots) best. The firn smoothing is realized by applying
improved gas enclosure characteristics for the EDC ice core (20). See table S1
for details. All remaining CDJ are shown in fig. S1.
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3B and table S1) at 415 ka BP, occurring ~10 ka
into interglacial temperature conditions at
Dome C, but still at a time of considerable sea
level rise (Fig. 2K) (37). A hiatus in the sec-
tion older than 407 ka BP at IODP site U1385
obscures potential signals related to this event
(20). A distinct peak found in a proxy for SST
conditions at 412 ka BP (Fig. 2F) (38) is in-
dicative of hydrographic disturbance in the
NA. A possible perturbation of the AMOC at
the same time (39) may be connected to this
event, both of which may be attributed to a
major freshwater forcing at the time of near-
deglaciation of the southern Greenland Ice
Sheet in the early part of MIS 11c (40). An-
other recent study suggests a major ice sheet
discharge event into the SO that might also
coincide with this CDJ at 415 ka BP (41), but
dating uncertainties do not permit an un-
ambiguous attribution. While there is limited
evidence supporting an AMOC perturbation
around 415 ka BP, it remains unclear whether
CDJ 11c is associated with an AMOC weaken-
ing or strengthening. Given the lack of a major
CH,, rise in our record (Fig. 3, C and E), we
classify this event as CDJ- (CDJ- 1ic); how-
ever, it could mechanistically also be CDJ+,
with an atypical CH, response caused by al-
ready warm climate conditions in the NH.

Invigorations of the AMOC during DO events
lead to abrupt increases in cross-equatorial heat
transport to the NH (75, 42), which may be a
necessary (yet insufficient) condition for the
occurrence of CDJ+ events (6, 43). As a direct
consequence of this energy imbalance, the
ITCZ shifts northward and promotes a pole-
ward shift and intensification of westerlies
in the NH (I8, 42). Driven by this shift in the
ITCZ, new tropical wetlands are formed in
the NH, which leads to an extended increase
in CH, production (17, 18).

Conversely, we presume that CDJ- are asso-
ciated with a weakening of the AMOC, causing
a southward shift of the ITCZ, which promotes
the formation of wetlands in the SH. The latter
results in an initial overshoot in the CH, pro-
duction that coincides with CDJ- during HS 1
and HS 4 (I8). These small, short-lived CH,,
peaks of amplitudes smaller than ~50 ppb are
distinct from major CH, rises associated with
CDJ+; however, both CH, responses proceed
at comparable growth rates. The absence of
any short-lived CH,, peaks related to CDJ- in
our record (Fig. 3C and fig. S1C), similar to
those found for HS 1 and HS 4 (I8), can be
explained by a combination of relatively low
sample resolution and the bubble enclosure
process that smooths the EDC gas record.
The latter results in the obliteration of any
potential CH, peaks smaller than ~50 ppb
lasting for less than 200 years (see supplemen-
tary text). Accordingly, we use the absence of
a major CH, rise as a criterion to distinguish
CDJ- from CDJ+. Whereas the climate condi-
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tions for CDJ+ are characteristic for DO events
in the NH, CDJ- appear to be connected with
major freshwater forcing and stadial condi-
tions in the NH (6, 13, 18).

The strong correspondence of the CO, record
with Antarctic temperature and benthic §'%0
at the Iberian margin on the millennial time
scale (Fig. 2, A, C, and D) suggests a causal link
of CDM formation with SO processes (8). Pro-
posed CDM-generating mechanisms include
perturbations in the carbon cycle owing to
changes in deep SO ventilation related to
changes in stratification, buoyancy forcing,
and Southern Hemisphere westerlies (44, 45);
variations of the southern sea ice edge (46);
and efficiency of the biological pump caused
by either changes in the magnitude of dust-
induced iron fertilization (44) or mode changes
in the AMOC (7).

In contrast, the underlying CO, release mech-
anisms for the CDJ are poorly understood.
Suggested marine mechanisms include out-
gassing due to increasing SST (30), rapid ven-
tilation of accumulated respired carbon from
intermediate-depth Atlantic (43, 48), or SO
deep-water masses (49, 50). Despite the co-
herence of CDJ with AMOC changes and as-
sociated deep-water reorganizations in the NA
(Fig. 2I) (6, 43), the carbon source for CDJ may
not necessarily originate from the ocean. Pro-
posed terrestrial sources include permafrost
thawing in the NH (57), drought-induced bio-
mass decomposition (6, 30), and changes in
precipitation and vegetation distribution con-
nected to ITCZ shifts (I8, 36). To explain a 10-ppm
CDJ in the atmosphere caused by carbon re-
lease from the land biosphere, ~80 Pg of carbon
are needed (52). For most of these processes, a
shift of the position of the ITCZ and resulting
changes in the mid- to high-latitude westerly
winds (53) are necessary to couple the cross-
equatorial heat transport in the NA to the
global carbon cycle (11, 42).

Our CO, record from the EDC ice core pro-
vides evidence for centennial-scale CDJ during
glacial, deglacial, and early interglacial con-
ditions. The CDJ identified here suggest fast,
pulse-like CO, releases to the atmosphere during
MIS 9e to 12a that are likely related to abrupt
changes in AMOC (Fig. 2I) and shifts in the
position of the ITCZ (Fig. 2E). Our data imply
that CDJ are a pervasive feature of the natural
carbon cycle that may go undetected in CO,
records of insufficient temporal resolution and
precision. We stress that such CDJ also occur
during interglacial temperature conditions,
as long as freshwater discharge from remnant
ice sheets persists and is able to disturb ocean
circulation. Anthropogenic warming and the
committed ice sheet melting and associated
sea level rise over the coming millennia (54)
constitute new drivers that might trigger ocean
circulation changes, and hence, pulse-like CO,
releases such as those detected in our record
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during an earlier interglacial period when
AMOC was perturbed.
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