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Abstract Several general circulation models have now demonstrated the ability to simulate spontaneous
millennial-scale oscillations that resemble Dansgaard—Oeschger (DO) events. It is often unclear how
representative of DO events these simulations are, particularly outside of the polar regions. To test this, we
directly compare simulated 'O changes from two isotope-enabled models to a compilation of 111 speleothem
records from 67 caves across the low- and mid-latitudes. We find that both models successfully reproduce the
observed pattern of changes in Europe and the Mediterranean, Asia, and Central America. However, they
perform less well for Western North America, South America, and Oceania, and the simulated changes are also
generally too small in their magnitude. Where the models do reproduce the observed changes, we find evidence
that the isotopic variability is influenced by both local and remote drivers, but the remote drivers appear more
important.

Plain Language Summary Dansgaard-Oeschger events, also called DO events, are abrupt climate
changes that occurred in the Earth's past. Evidence of these abrupt changes can be found in the ratio of different
oxygen isotopes contained in cave deposits known as speleothems. We compare the isotope ratios measured in
speleothems from different caves around the world to the results of specialized climate models which can
directly simulate changes in the numbers of isotopes, to test the accuracy of these models. We find that the
models are accurate in some regions, but less so in others, and that the changes they simulate are too small. We
also show that the simulated isotope changes occur because of changes to the climate both nearby and further
away, with the further away climate changes having the bigger influence.

1. Introduction

During the last glacial period, between approximately 120 ka BP (thousands of years before present) and
10 ka BP, a series of abrupt climate changes, known as Dansgaard—Oeschger (DO) events, occurred (Dansgaard
et al., 1993). The trigger of these events may reside in the North Atlantic region (Fohlmeister et al., 2023), and
they are prominent in Greenland ice cores (North Greenland Ice Core Project Members, 2004), which show
temperature increases of up to 16 K in just a few decades (Kindler et al., 2014) during rapid transitions from cold
stadial phases into warm interstadial phases. Speleothem records from across the globe also show shifts in their
isotopic signatures that are simultaneous with the Greenland warming (Corrick et al., 2020), indicating that these
abrupt changes are global in nature (Buizert et al., 2018; Fohlmeister et al., 2023).

Speleothems form from cave drip-water, the stable oxygen isotope ratio 530 of which closely resembles the
amount-weighted 'O of precipitation (henceforth & '801,, Baker et al., 2019). Three key influences on 6 'SOP, and
s0 also on cave drip-water §'80, are the “temperature effect,” an observed positive correlation with temperature
(Dansgaard, 1964); the “amount effect,” an observed negative correlation with precipitation amount (Dans-
gaard, 1964); and changes in the moisture source (Lachniet, 2009), though some studies are now moving away
from the classical “amount effect” and also or instead consider elemental ratios as indicators of wet/dry periods
(e.g., Jiaet al., 2022). Additional processes occur during the formation of speleothems that can alter the isotopic
signal, including temperature-dependent fractionation and site-specific hydrological processes (Lachniet, 2009;
Patterson et al., 2024). Although these additional factors can partially obscure the 5180,, signal, and thus
complicate the interpretation of individual records, speleothems nonetheless represent an excellent source of
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information regarding changes to the global hydroclimate (Comas-Bru et al., 2019, 2020) against which we can
test the accuracy of model simulations of DO events. This indirectly helps to gauge the appropriate level of
confidence regarding projected hydroclimate responses to comparable abrupt changes that are possible in future
(DiNezio et al., 2025).

Malmierca-Vallet et al. (2023) showed that an increasing number of general circulation models (GCMs) are now
able to simulate spontaneous millennial oscillations that resemble DO events as observed in proxy records (see
Malmierca-Vallet et al. (2023) for a full list and thorough review of these models). In evaluating the performance
of these models, previous studies have generally focused on evaluating their success in reproducing the observed
features of the Greenland temperature and 580 records (e.g., Armstrong et al., 2022; Buizert et al., 2024; Sime
et al., 2019; Vettoretti et al., 2022; Zhang et al., 2014, 2017, 2021). By contrast, only a limited number of studies
have investigated the accuracy of these models across the rest of the globe (e.g., Corrick et al., 2020; Fohlmeister
et al., 2023; Izumi et al., 2023), These studies have either only made indirect comparisons between speleothem
530 (hereafter 5180sp) and simulated temperature or precipitation (Corrick et al., 2020; Fohlmeister et al., 2023;
Izumi et al., 2023; Zhang et al., 2014), have used simulations in which the oscillations occur due to freshwater
forcing (Fohlmeister et al., 2023), or have focused only on a particular region (Dong et al., 2025).

In this study, we conduct the first comprehensive, global comparison between speleothem DO records and
spontaneously oscillating, isotope-enabled GCM simulations. This represents a more direct comparison between
proxies and models than previous research that considered only simulated temperature or precipitation. We aim to
answer the following three questions:

1. Do spontaneously oscillating models correctly reproduce the global pattern—that is the signs of the shifts in
our six regions—of 5'8051, changes across DO events?

2. Do these models correctly reproduce the magnitude of 518051, changes?

3. What are the dominant drivers of the simulated 5180p changes in these models?

2. Materials and Methods
2.1. Proxy Data and Analysis

We take as our benchmark the compilation of abrupt transitions in speleothem 518051, produced by Fohlmeister
et al. (2023) using the SISALv2 database (Comas-Bru et al., 2020). This compilation contains 111 speleothem
records from 61 cave sites. The 601 individual speleothem transitions in the Fohlmeister et al. (2023) compilation
are reasonably evenly distributed across DO events 2-25 (Figure 1), albeit with more recent events slightly over-
represented. Following Fohlmeister et al. (2023), we consider the median value of the interstadial-stadial dif-
ference (henceforth notated by A) in 518051, across all recorded transitions at each cave site. We group these sites
into six geographical regions (see Figure 3), calculating the mean Aa“‘osp across the cave sites in each region to
average out some of the variation in the speleothem records due to site-specific cave processes.

To quantify the magnitude of the DO events associated with the speleothem transitions, we calculate the North
Greenland Ice Core Project (NGRIP) AS'80 (North Greenland Ice Core Project Members, 2004) and AT (Kindler
etal., 2014), consistent with the approach taken by Fohlmeister et al. (2023) to calculate Ad ISOW. The speleothem
transitions correspond to DO events with a weighted median NGRIP A5'®0 of 3.4%o (Figures 1a and 1d) and a
weighted median NGRIP temperature difference AT of 8.5 K (Figures 1b and 1e), where the weights are given by
the number of speleothem transitions associated with each DO event. If we repeat this separately for each of our

six regions, then these values remain relatively consistent, with weighted median NGRIP A5'30 ranging from 3.4
%o0t0 3.5%0 and AT from 7.6 to 8.9 K. We can therefore be confident that the Fohlmeister et al. (2023) compilation

is a representative benchmark against which to test the spatial pattern of 5180,, changes in model simulations, as
the speleothem transitions in each region do not appear to be notably biased toward smaller or larger DO events.

2.2. Model Data and Analysis

We investigate two spontaneously oscillating simulations from the isotope-enabled GCMs COSMOS (Dong
et al., 2025; Zhang et al., 2021) and HadCM3 (Armstrong et al., 2022; Trombini et al., 2025). Details of these
simulations can be found in Supporting Information S1. We use the method of Ditlevsen et al. (2005) to divide the
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Figure 1. The North Greenland Ice Core Project (NGRIP) §'®0 (a) (North Greenland Ice Core Project Members, 2004) and
temperature (b) (Kindler et al., 2014) records from 20 to 120 ka BP, as well as the number of speleothem 58 O, transitions in
the Fohlmeister et al. (2023) compilation from each of our six regions (as shown in Figure 3) that are associated with each
Dansgaard—Oeschger (DO) event (c). DO events 2-25 according to Rasmussen et al. (2014) are marked by dashed lines, with
every fifth event labeled above. Also shown are histograms of the NGRIP AS0 (d) and AT (e) of each DO event, weighted by
the number of associated speleothem transitions in each region, and with the simulated A(SISOP and AT at NGRIP in the two
models overlaid.

simulations into stadial and interstadial periods based on the AMOC strength (Figure 2 and Figure S1 in Sup-
porting Information S1). We calculate interstadial-stadial differences in 6180,,, annual mean temperature 7', and
annual mean precipitation amount P by subtracting the mean over all stadials from the mean over all interstadials.
We use our narrowest and widest definitions to calculate upper- and lower-bound estimates respectively of the
interstadial-stadial differences before averaging these two extremes. To calculate the regional mean simulated
A6180,,, we take the mean over only the grid cells containing speleothem cave sites, weighted by the number of
sites in each grid cell.

To allow for direct comparison between the simulated A6180p and the observed A6]80sp, we must correct for
temperature-dependent fractionation as well as differing standards. Following previous studies (Biihler
etal., 2021, 2022; Comas-Bru et al., 2019; Fohlmeister et al., 2023), we convert the speleothem A(SISOSP values to
their drip-water equivalents A5180dw_eq using the equations given by Kim and O’Neil (1997) and Coplen
et al. (1983), as well as the simulated AT in each model. We verify the robustness of this correction by addi-
tionally using a proxy system model (Dee et al., 2015) and demonstrating that the two approaches lead to
consistent results (see Supporting Information S1).
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Figure 2. The 50-year running-mean AMOC strength for years 800-2,000 of the (a) COSMOS and (b) HadCM3 simulations.
An example stadial (blue) and interstadial (red) period is shaded for each simulation, according to both our widest (pale
shading) and narrowest (dark shading) definitions. Also shown are the interstadial-stadial differences (c, d) AT and (e, f) AP
for (¢, e) COSMOS and (d, f) HadCM3, (a, b) taking the means of the differences given by our widest and narrowest definitions.

Finally, in investigating the drivers of the variability in simulated 5'80,, we consider both local and remote
factors. For possible local drivers, we focus on precipitation amount P and precipitation-weighted temperature 7),.
We separate the variability into interannual and millennial timescales before calculating partial correlations,
rather than regular correlations, to alleviate the confounding effect of the correlation between P and 7), (see
Supporting Information S1). We decompose the remote drivers into a component from changes to the 5'80,,, of
surface seawater in the moisture source regions and a component from changes to the relative contributions of
different moisture source regions. We qualitatively assess this second component using changes in precipitation-
weighted surface winds.

3. Results
3.1. Changes in AMOC, Temperature, and Precipitation

Our research questions regarding the interstadial-stadial isotopic changes must be considered in the context of the
simulated AMOC trajectories as well as the interstadial-stadial differences in temperature and precipitation
(Figure 2). The shapes of the AMOC oscillations simulated by COSMOS closely match those of DO events in the
Greenland ice core record (Zhang et al., 2021), whereas the oscillations simulated by HadCM3 are too gradual
(Armstrong et al., 2022). However, this does not indicate how well these two models may simulate A5180,,
globally. Each of the simulations shows a large increase in both temperature and precipitation in the North
Atlantic, although they differ in magnitude and in the extent of the affected region. Whilst there is little tem-
perature change across the rest of the world in either model, both show heterogeneous changes in precipitation
amount throughout the tropics. In HadCM3, the changes in precipitation over the tropics are indicative of a
northward shift in the Inter-Tropical Convergence Zone, however this pattern is not obviously present in
COSMOS.
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Figure 3. The AlesO,, of precipitation in the (a) COSMOS and (b) HadCM3 simulations (contours) along with the median
A&lSOdw_eq at each cave site in the Fohlmeister et al. (2023) speleothem compilation (colored circles). The sizes of these
circles indicate the level of uncertainty, accounting for the number and variance of the speleothem transitions at each cave
site. Note that the observed values differ slightly between (a) and (b) due to the different simulated temperature changes used
to correct for temperature-dependent fractionation in the speleothems. We give the mean observed (upper) and simulated
(lower, in italics) values for six regions, where the simulated average is taken over the grid cells containing the cave sites. The
given uncertainties for the regional mean values are one standard error. The location of the North Greenland Ice Core Project
ice core is also shown with a black dot.

3.2. The Global Pattern of §'30 Changes

We first consider how successfully the models simulate the observed pattern of changes in the speleothems across
the globe by assessing whether the mean simulated A6]80p in each region is of the correct sign. COSMOS has
mixed success in this regard (Figure 3a), successfully reproducing the positive mean speleothem AélsOdw_eq in

the Europe/Mediterranean region (though this positive regional mean masks slightly negative A5'30,,_,,, values

—eq
for some coastal sites), as well as the negative mean AélSOdw_eq in the Asia and Central America regions.
However, it is unable to reproduce the observed changes in Western North America, South America, and Oceania,
simulating a regional mean A6180,, that is zero within uncertainty.

Compared to COSMOS, HadCM3 has a better match to the observed pattern of changes (Figure 1b). HadCM3

again correctly reproduces the sign of the mean A§'0,,_,, for the Europe/Mediterranean, Asia, and Central

—eq

America regions, but it additionally reproduces the positive mean A§'®0,,,_,, over Western North America and

—eq
Oceania. Although HadCM3 again simulates regional mean A5180p for South America that is zero within un-

certainty, it does show large, positive AélSOp over the nearby South Atlantic. This suggests that this observed
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feature does exist in the simulation, but that it is too small or displaced. Overall, HadCM3 has a better repre-
sentation of the global pattern of A5]80p, but both simulations generally capture the correct sign of the changes in
the Northern Hemisphere.

3.3. The Magnitude of §'®0 Changes

The two models both simulate smaller changes at NGRIP than the median observed in the NGRIP record
(Figure 1). For COSMOS the simulated change in 5180,, is 0.8 £0.1%0 (24% + 3% of the median observed
change) and the temperature change is 2.6 + 0.4 K (30% + 4% of the observed median), whilst for HadCM3 the
change in 6180p is 1.5+ 0.3%0 (40% = 10% of the median observed change) and the temperature change is
5.6 £ 0.8 K (67% = 9% of the observed median). This suggests that the simulated oscillations in these two models
have smaller amplitudes than most DO events as they occurred in the real world, possibly because they are
representative only of the successive, smaller DO events that follow non-Heinrich stadials (Zhang et al., 2021)
and/or because their sea ice changes are too small (Figure S2 in Supporting Information S1). We must therefore

consider 5180p changes in other regions with respect to these small amplitudes at NGRIP.

In COSMOS, the mean simulated A6180p for our Europe/Mediterranean region is consistent within uncertainties
with the mean observed speleothem AélSOdW_eq, even though this simulation fails to reproduce the negative
A6180dw_eq observed around the Mediterranean (Figure 3a). Conversely, the mean simulated A5180,, are too
small for Central America (18% = 12% of the observed mean) and Asia (19% =+ 4% of the observed mean). The
small simulated A5180p for Central America and Asia are consistent with each other, as well as with the A5180p
simulated at NGRIP, but there is nonetheless an unavoidable inconsistency with the large simulated Ad 'SOp in the
Europe/Mediterranean region.

By contrast, in HadCM3 the ratios of simulated A6180I, to observed AélSOdw_eq across the Europe/Mediterranean
(34% + 17%), Central America (37% = 22%), and Asia (29% =+ 9%) regions in the Northern Hemisphere all agree
within uncertainty. Furthermore, these ratios also all agree with that of simulated A6180,, to observed A5'30 at
NGRIP (40% + 10%). This indicates an impressive level of agreement in the magnitude of the simulated changes
across disparate regions of the Northern Hemisphere, although Western North America is an exception to this as
the ratio of the simulated to observed changes (11% =+ 7%) is too small. The simulated mean in Oceania is also
much too small (6% * 3% of the observed mean), following the general difficulty that both models have in
reproducing the observed changes in the Southern Hemisphere.

3.4. Drivers of 6180p Variability

Next, we examine both the local (temperature and precipitation changes) and remote (moisture source changes)
drivers of 5'8 O, variability, starting with the local drivers. The partial correlation between & 18 O, and T), at constant
P(psiso, . p) 1s generally positive, whilst that between & 1801, and Patconstant 7, (ps15¢, p.7,) is generally negative,

for both models (Figure 4). These trends respectively reflect the “temperature effect” and the “amount effect”
(Dansgaard, 1964). As observed in previous studies that investigated simulations of the last millennium (Biihler
et al., 2021, 2022), the temperature effect is generally dominant at high latitudes, whilst the amount effect dom-
inates at low latitudes (Figures 4c and 4f). However, many of our speleothems lie in mid-latitude regions where the
dominant influence is unclear; each of temperature and precipitation appear more dominant for subsections of our
Asiaregion, and the two models do not even agree on the sign of p1s 0,1, P here. A broadly similar pattern is seen for
millennial variability (Figure S5 in Supporting Information S1). Although this timescale is more directly relevant
for understanding the drivers of isotopic changes under DO-like oscillations, the reduction in the effective degrees
of freedom due to autocorrelation means that the partial correlations are more uncertain and less statistically
significant, particularly for the short HadCM3 simulation. Additionally, at millennial timescales it is more difficult
to disentangle the local drivers from the large changes to remote drivers discussed below.

The two models differ in terms of the remote drivers of 5180,, variability. Although both models show a positive
shift in seawater 6'30,,, in the Arctic and North Atlantic (Figures 4g and 4h), this shift is several times larger in
COSMOS (~1.0%o0) than in HadCM3 (~0.2%o). This discrepancy in North Atlantic A5'30,,, changes explains the

difference between the two simulations in the magnitude of the simulated mean A5180p for the Europe/
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Figure 4. Partial correlations at interannual timescales in (a—c) COSMOS and (d—f) HadCM3. The partial correlation between
6180p and T, at constant P (pﬁmoﬂp .p) is shown in panels (a, d), and that between 6180P and P at constant 7}, (p5lx0pp,rp) is

shown in panels (b, e). Panels (c, f) show whichever of these partial correlations is stronger, with green shading where P is
dominant, and brown for T,. Grid cells with partial correlations that are not significant at the 5% level are hatched, whilst those

with no precipitation in some years are masked in gray. A5'80,,, (filled contours) and precipitation-weighted surface wind
averaged over both stadials and interstadials (arrows) are also shown for (g) COSMOS and (h) HadCM3.

Mediterranean region. The further southward extent of this feature in COSMOS is also the likely cause of the
disagreement between simulation and observation around the Mediterranean (Figure 3). In the Southern Hemi-
sphere, 5'30,,, shows no change in either simulation. A similar pattern is seen in the precipitation-weighted mean
surface winds (Figure S4 in Supporting Information S1), in that the only notable changes are in the North Atlantic
region.

4. Discussion and Conclusions

We have presented the first comprehensive comparison between speleothem DO records and spontaneously
oscillating, isotope-enabled GCM simulations. We have further demonstrated that the Fohlmeister et al. (2023)
compilation of abrupt transitions in speleothem & ISOSP is arepresentative benchmark data set against which one can
assess simulated isotopic changes across DO events over the low-to-mid latitudes of Eurasia and the Americas.

Both COSMOS and HadCM3 accurately capture the observed pattern of the changes across the Europe/Medi-
terranean, Central America, and Asia regions, whilst HadCM3 also reproduces the observed pattern for Western
North America and Oceania. Notably, however, both models entirely fail to simulate the clear isotopic shifts
observed in many South American speleothems. Both models also generally underestimate the magnitude of the
isotopic changes, as models systematically do for regional, supradecadal variability (Laepple et al., 2023), but the
magnitudes of the simulated changes are more consistent across different regions in HadCM3.

Our analysis of the drivers of 6180sp changes in the models allows us to comment on possible explanations for the
observed isotopic changes in speleothems for those regions in which the models correctly reproduce the signs of
the changes. Considering first our Europe/Mediterranean region, the observed positive shifts in speleothem
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880 —eq
effect (Corrick et al., 2020), or remotely due to an increase in North Atlantic §'80,,, (Fohlmeister et al., 2023). Our
simulations suggest that both of these drivers play a role, but that the remote change in '%0,, of the North
Atlantic moisture source is more important.

here have previously been suggested as arising either due to local warming through the temperature

We next consider Asia, where although 6'80,,,_,, changes in speleothems across DO events have long been

—eq
considered to indicate changes in Asian Monsoon strength (e.g., Wang et al., 2001, 2008), their precise inter-
pretation has been subject to debate (Cheng et al., 2016). Our analysis lends support to the view that these changes
are driven remotely by continent-wide changes in the Asian Monsoon circulation that modulate the moisture
sources and transport (He et al., 2021; Tabor et al., 2018). Our simulations show a coherent negative shift in
o 18OI,, despite both very small precipitation changes and heterogeneous partial correlations in much of East Asia.
This again points toward a dominant role for remote drivers, perhaps linked to the increased precipitation and
negative A8'80,,, which both models simulate in the Bay of Bengal. For Central America, a similar negative shift

in seawater 5'%0,,, likely also plays a key role.

A further step toward understanding the remote drivers of the observed isotopic changes in would be to quantify
the contributions of changes in 8'80,,, as well as in moisture source locations and rainout along moisture
pathways. Moisture-tagging experiments using isotope-enabled models would be particularly well suited to
addressing this problem, as has recently been demonstrated regarding DO events as observed in Greenland ice
cores (Buizert et al., 2024) as well as present day variability in Antarctica (Gao et al., 2024).

Finally, it is also worth considering why these models fail to reproduce the observed changes in Western North
America, South America, and Oceania. The simplest explanation is that these regions show no change in either
temperature or precipitation (Figure 2). This would imply that these models are missing the teleconnections
between the likely origin of DO events in the North Atlantic and their impacts elsewhere around the world.

We have shown that the two models considered in this study have some success in reproducing the observed
pattern and magnitude of speleothem 5'%0 changes across DO events, justifying their use to understand the
processes behind these isotopic shifts. We have also demonstrated evidence for both local and remote drivers of
these changes, with the remote drivers more dominant. Based on this study, we suggest the following lines of
future research: First, an update to the Fohlmeister et al. (2023) compilation of speleothem transitions using the
since-published SISALv3 database (Kaushal et al., 2024) would improve the geographic coverage of the spe-
leothem records and allow for more thorough proxy-model comparisons. Second, further isotope-enabled sim-
ulations would allow more models to be tested against speleothems as we have done here. Finally, moisture-
tagging experiments would allow for a more comprehensive and quantitative understanding of the impact of

remote drivers on the 5'30 changes observed in speleothems.

Data Availability Statement

The compilation of speleothem 5'30 transitions can be reproduced using the code in Fohlmeister et al. (2023). The
NGRIP 580 record on the GICCO5modelext chronology (Wolff et al., 2010) is available from https://www.
iceandclimate.nbi.ku.dk/data/2010-11-19_GICCO5modelext_for_NGRIP.txt. The NGRIP temperature record is
available from the supplement of Kindler et al. (2014) https://doi.org/10.5194/cp-10-887-2014. The code and
processed model simulation data required to reproduce the figures in this manuscript are available at https://doi.
org/10.5281/zenodo.17037885 (Slattery, 2025).
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