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Ice core records from Greenland provide evidence for multiple abrupt cold—warm—
cold events recurring at millennial time scales during the last glacial interval.
Although climate variations resembling Dansgaard—Oeschger (DO) oscillations
have been identified in climate archives across the globe, our understanding of the
climate and ecosystem impacts of the Greenland warming events in lower latitudes
remains incomplete. Here, we investigate the influence of DO-cold-to-warm tran-
sitions on the global atmospheric circulation pattern. We comprehensively analyze
8'%0 changes during DO transitions in a globally distributed dataset of speleothems
and set those in context with simulations of a comprehensive high-resolution climate
model featuring internal millennial-scale variations of similar magnitude. Across
the globe, speleothem 8'®0 signals and model results indicate consistent large-scale
changes in precipitation amount, moisture source, or seasonality of precipitation
associated with the DO transitions, in agreement with northward shifts of the
Hadley circulation. Furthermore, we identify a decreasing trend in the amplitude
of DO transitions with increasing distances from the North Atlantic region. This
provides quantitative observational evidence for previous suggestions of the North
Atlantic region being the focal point for these archetypes of past abrupt climate
changes.

glacial climate | stadial-interstadial transitions | speleothem | climate model

'The last glacial period, which lasted approximately from 120 ka to 15 ka B.P, was punctuated
by rapid millennial-scale climate variations that have been termed Dansgaard—Oeschger
(DO) cycles. These cycles consist of relatively cold (stadial) and warm (interstadial) phases
as well as comparably rapid, decadal-scale transitions between them, and have been observed
in many paleoclimate proxy archives such as ice cores from Greenland (1-3) and Antarctica
(4, 5), marine records (6-8), loess deposits (9), lake sediments (10, 11), and speleothems
(12-14). The core region of these fluctuations is believed to be the North Atlantic (15, 16),
where they manifest most prominently as rapid warming events (3). The transition from
stadial to interstadial climate conditions is accompanied by a rapid warming with an amlpli—
tude of up to 16.5 °C within a few decades over Greenland, as inferred from §'*0 and §"°N
measurements in Greenland ice cores (17). A gradual cooling follows the initial abrupt
warming, before an abrupt transition back to stadial conditions occurs. A pronounced reor-
ganization of atmospheric storm tracks is inferred by the Ca™ proxy, which records the
amount of dust transported to Greenland (3) and which is strongly reduced during inter-
stadials (Fig. 1). Suggestions of a global-scale atmospheric reorganization have been made
on the basis of stable oxygen isotope ratios in speleothems (18-20). Up to now, however,
the complex atmospheric circulation shifts during stadial-interstadial transitions have only
been reconstructed sporadically and locally from this continental archive (Fig. 1512, 13, 19).

The stadial-interstadial transitions are accompanied by large reductions of perennial
sea ice cover occurring contemporaneously with the rapid temperature increase over
Greenland, as suggested by climate model simulations (16, 25, 26) and reconstructions
from marine sediment cores in the Nordic Sea (Fig. 1; (21, 27). The rapid shifts in proxies
of Greenland air temperature (represented by 8"%0 in ice) and atmospheric circulation
(represented by Ca** concentration in ice), as well as of North Atlantic sea ice cover, have
been shown to occur—within age uncertainties—simultaneously with a reorganization
of the Atlantic Meridional Overturning Circulation (AMOC), as recorded by Pa/Th of
marine sediments and 8'>C of benthic foraminifera from the Bermuda Rise (Fig. 15 22).
During interstadials, a decrease in Pa/Th suggests a stronger AMOC, with a strength
similar to Holocene values, while the increase in 8'°C indicates a smaller influence of the
glacial equivalent of modern Antarctic Bottom Water (AABW), a result consistent with
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Significance

Dansgaard-Oeschger (DO) events
are pronounced abrupt climate
transitions between so-called
stadial and interstadial
conditions during glacial
intervals. Our study targets a
long-standing question in
paleoclimatology, concerning the
global-scale atmospheric
reorganization during these rapid
large-scale climate transitions
with a comprehensive analysis of
globally distributed speleothem
proxy data. The global dataset
suggests significant large-scale
shifts in the atmospheric
circulation pattern associated
with the DO events. We show
that the proxy-inferred changes
are consistent with simulations
of a state-of-the-art Earth system
model and explain the
reorganization on that basis.
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Climate records of DO cyclicity. Evidence of DO-event is provided from various locations for the period between 60 and 10 ka B.P. (A) Greenland stable

oxygen isotope (blue) and dust (brown) records (3) are proxies for temperature and atmospheric circulation changes. (B) Sea ice cover is provided by the PBIP25
(brassicasterol C25 isoprenoid lipid) sea ice indicator from the SE Norwegian Sea (21). (C) The strength of the AMOC (gray) and the influence of AABW (green)
at the Bermuda Rise is represented by Pa/Th and 8'3 C of benthic foraminifera (22, 23). Wind circulation pattern in (D) Eastern Europe/western Asia (13) and
(E) central North America (19) are obtained from 8'%0 values of speleothem carbonate. Amount of precipitation in (F) South America (24) and (G) Eastern Asia
(5), inferred from 8'0 values of speleothem carbonates. (H) Antarctic temperature changes (5) from stable isotope composition of ice. Gray bars denote the

duration of interstadials as defined from Greenland (3). Locations of records are indicated in Fig. 2.
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increased AMOC strength as derived from a fully coupled ocean—
atmosphere global climate model (28).

It is believed that the signal of abrupt warming spreads from
the North Adantic region over large parts of the Earth in rapid
succession (15, 29). A lag of around 120 y between the warming
transitions in Greenland and corresponding temperature maxima
in Antarctica has been reported (5, 30), supporting evidence for
the interhemispheric redistribution of heat through the ocean by
the so-called bipolar seesaw (31, 32). This result suggests a
north-to-south directionality, propagated by oceanic processes to
the high latitudes of the Southern Hemisphere. In contrast, no
significant and systematic leads or lags between the onset of the
rapid warming events in Greenland and corresponding transition
onsets in independently dated continental archives of the low to
mid-latitudes could be found (14, 33, 34), which hints at a rapid
transport of the initial climate anomaly from the North Atlantic
across the entire northern hemisphere and low latitudes, leading
to a reorganization in storm tracks and atmospheric circulation
patterns.

Materials and Methods

Here, we focus on the amplitudes of these transitions in atmospheric circulation,
investigating their global pattern and spatial distribution, as well as theirimpact
on shifts in moisture source regions, changes in seasonality, and in the amount of
precipitation, as recorded in speleothem &'°0 records. We utilize "0 records of
111 speleothems from 67 different caves distributed across all continents except
Antarctica. The data were extracted from the second version of the Speleothem
Isotope Synthesis and Analysis (SISAL) database (35). A detailed description
of the data and choice of criteria for suitable speleothems is provided in the
supplement. We analyze the time series with respect to abrupt climate warm-
ing events—i.e., detection of DO transitions from stadial to interstadial climate
conditions. To detect the transitions in the different time series, we follow an
established method (9), sliding two neighboring windows through the datasets
of 8'%0 values. The largest difference of the averaged values in both windows
provides an estimate for the center point of a potentlal abrupt transition. To be
assigned as a transition, the strong change in 8'%0 must moreover be close to a
known stadial-interstadial transition (3; fortechmcaldetaﬂs see supplement). In

our study, we focus on interstadial minus stadial 80 differences in precipitation
derived from speleothem 5'°0 values.

In addition to speleothem &'®0 time series, we analyze the global patterns
of temperature and precipitation changes associated with stadial-interstadial
transitions that arise naturally and unforced in a fully coupled version of the
National Center for Atmospheric Research (NCAR) Community Climate System
Model, version 4 (CCSM4; 36, 37). Applied boundary conditions (trace gases,
orbital configuration, land-sea mask, and continental ice shields) were those of
21 ka B.P.The model was run at 1° x 1° for both the atmosphere and ocean, a
resolution comparable to CMIP5 models (for details, see S/ Appendix). We calcu-
lated 100-y averages of precipitation and temperature data during each stadial
and interstadial state and determined the difference in order to compare them
to the speleothem 80 differences.

Results

Speleothem 8'°0 is enriched compared to §"%0 in cave drip
water by temperature-dependent fractionation processes during
carbonate deposition on speleothem surfaces. Cave air temper-
ature is generally well represented by mean annual air tempera-
tures. Therefore, we can account for this fractionation process by
using CCSM4-derived mean annual air temperature for stadials
and interstadials and applying a laboratory—based fractionation
equation (38). Thus, we can derive the §'%O values for drip water
during stadials and interstadials. Note that the choice of a differ-
ent temperature—fractionation relationship obtained in other
studies (39, 40) does not influence the results as we focus
on 8'®0 changes instead of absolute temperatures and the
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temperature—fractionation slope is similar for all relevant studies.
‘The oxygen isotope fractionation within the cave due to temper-
ature changes is mostly small, except for Europe where temper-
ature differences between stadials and mterstadlals are largest
(SI Appendix, Fig. S8). Global datasets for §'°O of prec1p1tat10n
and cave drip water indicate that the mean drip water §'°0
closely represents variations in 8'°O of local precipitation (41)
and especially as we investigate climate-driven changes in §'°O
of two climate states, climate- 1ndependent cave site-specific off-
sets will cancel Hence, drip water 8'°O variations as derived by
speleothem 8'°O values can primarily be interpreted as a proxy
for 8'%0 changes in precipitation, which in turn is often used as
a proxy for both precipitation amounts and changes in moisture
sources (19 20), although other less important processes can
impact 8'%0 at slgeaﬁc locations as well.

We find the 8 °O time series to exhibit characteristic patterns
of the stadial-interstadial transmons for each of the 111 speleo-
thems. The range of the §'*O difference in precipitation for indi-
vidual stadial-interstadial transitions is approximately between
—3 5 and +4.9%eo, where a negative sign indicates more negative
8'°0 values during interstadials compared to stadials, and a pos-
itive sign is related to less negative 8'°O values. We take the
median amplitude of these individual transitions over each cave
site for a more robust data evaluation, reducing the impact of
possible outliers originating from growth rate and data resolution
variations. The median stadial-interstadial transition amplitudes
range from -3.1 to +2. 4%0 during the last glacial period.
Compared to the median 8'°O changes of a stadial—interstadial
transition in Greenland’s NGRIP data (around 3.5%o), the abso-
lute median values of 'O changes during stadial—interstadial
transitions are smaller for all speleothem records investigated. We
observe a pronounced global pattern with spatial heterogeneity of
opposite signs in speleothem 8'°O changes (Fig. 2).

Discussion

For Asia, more negative 8'°O values in precipitation during inter-
stadials compared to stadials are observed in the s eleothem records
(Fig. 2). Following the general interpretation of § 80 values in pale-
oclimate data from the South Asian monsoon region (12, 42, 43),
namely that decreases of 8'°O reflect more humid trends, the amount
of precipitation is higher during interstadials than stadials. This is in
line with the interpretation of isotope-enabled GCM data focussing
on freshwater-induced millennial-scale cooling events (44, 45) and
is consistent with the CCSM4 simulations, where large parts of the
southern Asian monsoon region show wetter conditions during
interstadials (Fig. 2A4). We note here that modeling studies focussing
on the East Asian Summer Monsoon system highlight an important
contribution of the precipitation history (44, 45), but also argue for
variations of the precipitation source regions (46) to explain observed
shifts in 8'°0 in precipitation.

Unfortunately, there is only little information from other spe-
leothem precipitation-sensitive proxies available in this region.
Often, the Mg/Ca ratio and Sr/Ca ratio are considered as more
reliable proxies to trace changes in the amount of precipitation.
To date, the only study focussing on 8'°O and trace elements for
millennial- scale varlablhty durlng the deglacial period indeed
suggests that 'O records in the northern/eastern Asian mon-
soon region do not necessarily reflect changes in the amount of
precipitation but possibly in the length of the annual monsoon
rainfall (47).

Changes in the amount of prec1p1tat10n also constitute the
leading interpretation for variations in &' %0 values in speleo-
thems from the South American monsoon domain (18, 48).
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Fig. 2. Stadial-interstadial changes. (A) Global map of interstadial-stadial 8'80 difference as recorded in speleothem data (circles, horizontal color bar, median
values) during the last glacial. The size of the circles highlights the number of detected events per cave site. Please note that some sites can have more DO
events as counted for NGRIP, as several speleothems from one site may exist. In the background interstadial-stadial annual precipitation anomalies are plotted
as modeled with the CSSM4 climate model (37); vertical color bar). Letters a to h refer to sites shown in Fig. 1. (B) Zoom into Europe for a more detailed view on

interstadial-stadial temperature changes. Circles as in (A).

However, modeling studies showed that §'*O changes, espe-
ciall%r in eastern Brazil, are also enhanced by a direct propagation
of & 8O—dcpleted meltwater effects (49). During stadial-inter-
stadial transitions, speleothems from South America show an
increase in their stable oxygen isotopic composition, represent-
ing dryer conditions during interstadials compared to stadials.
Thus, the 8'%0 values of the stadial-interstadial transitions in
this region react in the opposite way compared to the Asian
monsoon region, where the 8'0 shifts have been mainly
ascribed to a northward shift of the Intertropical Convergence
Zone (ITCZ, (18, 48, 50). Such a shift was previously predicted
by modeling studies investigating the impact of high-latitude
warming and reduced sea ice cover on the position of the ITCZ
(51). A northward shift in the mean position of the ITCZ goes
in concert with an associated asymmetry in the Hadley circu-
lation in the two hemispheres (18) as well as a northward dis-
placement of the upper-level subtropical westerly jet.
Hemispherically averaged, this asymmetry results in more pre-
cipitation in the northern hemisphere monsoon regions and
less precipitation in the Southern Hemisphere monsoon regions
during interstadial conditions (42). A similar feature is also
present in the CCSM4 model data. Indeed, the northward-shifted
ITCZ during interstadials is expressed by a higher (lower) rain-
fall amount in the northern (southern) hemispherical (sub)
tropical regions (Fig. 24).

Stable oxygen isotope and model results indicate that other
regions, such as the subtropical northern hemisphere, are also affected
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by the shift of the ITCZ and an associated reorganization of the
Hadley Circulation. For example, we see a decrease in speleothem
8"%0 in the Caribbean (Fig. 2A4) during stadial-interstadial transi-
tions. This has been reported to reflect an increased amount of rain-
fall in response to an ITCZ shift toward more northern locations
during interstadials (52, 53) and is present in all speleothem records
from this region. In contrast, the CCSM4 model results show a
heterogeneous precipitation pattern for the Caribbean and do not
indicate a clear direction and high level of agreement compared to
South and South-East Asia and the northern part of South America.

For all of Europe, we observe a consistent increase in 8'80 values
in precipitation during stadial-interstadial transitions (Fig. 2B),
which most likely has a common cause. One possible process is a
change in the 8'%0 values and temperature of the moisture source.
Stable oxygen isotope values derived from planktonic foraminifera
of marine sediments in the Atlantic (Iberian Margin and off Ireland)
show differences of about 1%o with lower values during interstadials
(13, 54). At the same time, they show warmer surface waters by
about 10 °C. A 10 °C change of surface water (8, 55, 56) indicates
that seawater 8'°0 values must have been about 1.2%o higher in
interstadials compared to stadials using commonly accepted oxygen
isotope fractionation factors (38—40). This value is comparable to
the observed averaged interstadial-stadial 8"%0 differences in pre-
cipitation at European cave sites (0.95%o). We conclude that 8'°*O
changes at the moisture source seem to be the main reason to explain
most of the observed 8'°0 differences during stadial-interstadial
transitions over the European continent.

pnas.org
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Another cluster of speleothem records located over North America
also shows an increase in 8'°O values during stadial-interstadial
transitions. This region is situated well within the present-day west-
erly wind system. The stadial-interstadial shifts in speleothem 5"%0
from the North American continent have originally been interpreted
in terms of northward shifts in the westerly storm tracks (Fort
Stanton Cave; 19) and related to changes in seasonal precipitation,
with summers usually showing higher §'°O values compared to
winters. The other speleothems from the North American continent
show a consistent pattern compared to Fort Stanton speleothems
and thus highlight the general applicability of this interpretation.
The change in precipitation seasonality is also present in the model
data, which show either a strong increase in summer precipitation
(Midwest United States) or a reduction of winter rainfall (Western
United States) for interstadial compared to stadial conditions
(81 Appendix, Fig. S9). An updated explanation is provided by a
recent proxy data—climate model comparison study (57). This study
suggests tropical—extratropical teleconnections for observed 5"%0
changes as the driving mechanism for increased winter moisture
supply from subtropical latitudes during stadial periods in the
Western United States. This explanation again stresses the impor-
tance of precipitation seasonality.

There is relatively less data available from the Southern Hemisphere
outside the tropics. Nevertheless, the negative values observed from
the two cave sites in New Zealand (Fig. 24) suggest a northward
shift in the westerly wind system of the Southern Hemisphere during
interstadials, which occur in concert with the derived northern hem-
isphere westerly and ITCZ shifts. This shift in the westerlies most
likely led to a change in the source of precipitation.

Recently, there was a model setup published, which was designed
to model the stable oxygen isotope composition of precipitation
during the last deglaciation (isotope-enabled transient climate
experiment—iTraCE, (45, 58) with different forcing (greenhouse
gases, ice sheet topographies, orbital parameters, injection of fresh-
water). When considering the transition from the Heinrich 1 state
to the Bolling/Allerad phase during the last deglaciation and using
the fully forced experiment setup (greenhouse gases, orbital forcing,
freshwater, and ice sheets) as an equivalent for the glacial stadial—
interstadial transitions, it might be suitable to compare the spele-
othem data with the iTraCE results. Overall, there is excellent
agreement between the speleothem-derived interstadial-stadial
8"°0 offsets in precipitation and the results for the stable oxygen
composition of precipitation of the iTraCE model experiments
(81 Appendix, Fig. S6 and section 5). This comparison, using an
additional, independent model simulation, strongly corroborates
our results presented in Fig. 24.

We proceed with analyzingfr the cave-site-specific mean inter-
stadial-stadial differences in 8"°O with respect to latitude (Fig. 3).
The northern hemisphere high to midlatitudes show strong pos-
itive values. Toward lower latitudes, the offset becomes less positive
and turns into a negative shift until a minimum is reached in the
latitudinal belt between 20°N and 40°N. The more southward
isotope shift for the North American sites compared to the ones
in Europe and Asia might likely be explained by the more south-
ward extent of the Laurentide ice sheet as compared with the
Fennoscandian one. From about 20°N toward the equator and
further south (10°S to 30°S), the 8'%0 differences for stadial—inter-
stadial transitions increase. In general, the absolute values of the
data between 10°S to 30°S are smaller than those in the northern
hemisphere mid-latitudes, albeit some large interstadial-stadial
differences are observable on the South American continent. The
values even further south than 30°S show less positive intersta-
dial-stadial 8'°0 differences again. In the Southern Hemisphere,
only a few cave sites are available and the robustness of those
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Fig. 3. Latitudinal distribution of interstadial-stadial differences in §'°0
in precipitation. Results from all individual stadial-interstadial transitions
(SI Appendix, Fig. S10) shown as median for individual cave sites. The color
code of data points reflects the location of the sites, while the size of the data
pointvisualizes the number of detected transitions. A S-like shape is observed,
where the bow in the Southern Hemisphere shows smaller interstadial-stadial
differences than its counterpart in the northern hemisphere.

observations could be questioned, but the described features
appear also to be valid, when accounting for all detected individual
events (8] Appendix, Fig. S10).

Outside of Europe, where strong moisture source temperature
and 8"%0O changes superimpose the precipitation 'O changes, the
8"%0 pattern in precipitation is consistent with the above-discussed
changes in global atmospheric circulation patterns. During a stadial—
interstadial transition, the mean I'TCZ position is shifted northward,
resulting in decreased precipitation in South America, while at the
same time the northward ITCZ shift results in lower 8'0 values in
the monsoon regions of the northern hemisphere — e.g., in the
Caribbean, on the Indian subcontinent, and over large parts of
China. At the same time, the northward ITCZ shift during the
phases of strong sea ice reduction is accompanied by a northward
shift of the westerlies, which contributes to the observed changes in
8"80 over North America and New Zealand.

To further investigate the geographical origin of stadial-inter-
stadial transitions, we consider the change of the absolute ampli-
tude of interstadial-stadial 6'°O differences with increasing
distance from the North Atlantic region. Our analysis shows that
among all records, the largest speleothem 8'°O interstadial—stadial
differences are from caves closest to this region (Fig. 4).

As some caves and speleothems might not detect the full 580
amplitude of stadial-interstadial transitions (S7 Appendix, sec-
tion 6), we consider only the amplitude for those cave sites that
represent the largest 33% of all values per 2,500 km distance bin
in the following. The mean 8'*O difference of the speleothems
within the group of the maximum amplitude sites for a given
distance decreases with increasing distance from the high
northern latitudes (Fig. 4). This is a robust feature, independent
of the applied cut-off value (S Appendix, supplemental text and
Fi§. S7) and with a correlation coefficient between the considered
8"°0 differences and distance from Greenland of -0.62 (p <
0.01). Modeled relative absolute precipitation changes between
interstadials and stadials at the cave sites show a similar behavior.
This proxy data- and model-based observation provides addi-
tional information on the geographical origin of the DO events.
From a potential source region where the transitions are trig-
gered, any signal is expected to attenuate with increasing distance
from that origin. We hypothesize that this is also a valid feature
in the complex and highly nonlinear climate system, because for
longer distances, the influence of other processes modifying the
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Fig. 4. Change in the absolute amplitude of interstadial-stadial §'0
differences in precipitation (circles, left y axis, median values) and CCSM4-based
relative absolute precipitation changes at the cave sites (crosses, right y axis)
with respect to their distance from the North Atlantic region, i.e., the location
of NGRIP. A decreasing trend of the 33% of the largest 5'°0 transitions per
2,500 km bin (cyan marker stroke color and according cyan colored trendline
with y = -0.0001 x +2.3142 and r = -0.62, p < 0.01) is observed, highlighting
an attenuation of the climate effect of stadial-interstadial transitions with
increasing distance to the North Atlantic, which is also supported by the
climate model. The bins beyond 12,500 km distance were not used, due to
the small number of cave sites.

signal will increase. We hence present empirical evidence that
the origin of DO events can be traced back to the northern high
latitudes.

A similar feature is also present for the Hemrlch 1—Bolling/
Allered transition in the iTraCE experiment. The 8'*O differences
in precipitation between the warm B@lhng/Allemd and the preceding
cold Heinrich 1 event show a similar decreasing 8'*O difference with
increasing distance from the North Atlantic core region (S Appendix,
Fig. S7) providing support for our speleothem-derived observation.
It is expected that the direct response in the mid-latitudes of the
northern hemisphere is larger than the response in the Southern
Hemisphere because of atmospheric wave propagation. This could
explain why there exist some regions closer to the North Atlantic
core region in both simulation products (e.g., the Mediterranean
sites), which show a smaller response than some locations farther
away (e.g., southern American sites). Nevertheless, the statistically
highly significant relationship between signal and distance from the
North Atlantic core region suggests the existence of a general physical
mechanism responsible for the signal attenuation despite deviations
from the overall trend due to local characteristics. We propose that
the signal attenuation is driven by temperature and temperature
gradient changes during stadial-interstadial transitions being largest
close to the North Atlantic. As relevant variables for precipitation
and its isotopic signature such as sea level pressure, evaporation, and
winds are strongly influenced by the temperature and temperature
gradient changes (59, 60), the signal attenuation could be imprinted
onto precipitation and its oxygen isotope signature. This would lead
to these two variables showing a similar signal attenuation structure
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as temperatures. However, the exact processes have yet to be
investigated.

We have thus provided a consistent global analysis of stadial—
interstadial transitions with a focus on associated changes in
atmospheric circulation and precipitation. The maximum ampli-
tudes support the hypothesis that the North Atlantic region is the
trigger of the stadial-interstadial transmons We were able to
obtain a global picture of changes in §'°O of precipitation related
to stadial-interstadial transitions, which helps to define the geo-
graphical constraints on the maximum shifts of the mean position
of the ITCZ and an associated relocation in the mid-latitude west-
erlies. Our proxy-based findings are in remarkable agreement with
simulations of unforced DO-type oscillations with a state-of-the-art,
high-resolution climate model and simulated oxygen isotope
changes in a fully forced transition between Heinrich stadial 1 and
the Bolling/Allerad phase. Our results will be used as benchmarks
for other isotope-enabled general circulation models to investigate
the stadial-interstadial transitions in future research, aiming for a
more complete picture of abrupt climate changes in comprehen-
sive climate models.
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