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Abstract

Dansgaard—Oeschger (D—O) warming events are comparable in magnitude and rate to the
anticipated 21st century warming. As such, they provide a good target for evaluation of the
ability of state-of-the-art climate models to simulate rapid climate changes. Despite the wealth
of qualitative information about climate changes during the D-O events, there has been no
attempt to date to make quantitative reconstructions globally. Here we provide reconstructions
of seasonal temperature changes and changes in plant-available moisture across multiple D-O
events during Marine Isotope Stage 3 based on available pollen records across the globe. These
reconstructions show that the largest warming occurred in northern extratropics, especially
Eurasia, while western North America and the southern extratropics were characterised by
cooling. The change in winter temperature was significantly larger than the change in summer
temperature in the northern extratropics, indicating that the D-O warming events were
characterised by reduced seasonality, but there is no significant difference between the summer
and winter temperature changes in the southern extratropics. The antiphasing between northern
and southern extratropical changes, and the west-east pattern of cooling and warming in North
America are consistent across the eight D-O events examined, although the signal at individual
sites may vary between events. Globally, changes in moisture were positively correlated with
changes in temperature, but the strength and the sign of this relationship vary regionally. These

reconstructions can be used to evaluate the spatial patterns of changes in temperature and



29  moisture in the transient simulations of the D-O events planned as part of the Palacoclimate

30 Modelling Intercomparison Project.
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1. Introduction

Dansgaard—Oeschger (D—O) events are characterised in Greenland by a transition from cold
Greenland Stadial (GS) to warmer Greenland Interstadial (GI) conditions (Dansgaard et al.,
1993). The surface air temperature in Greenland increased by 10-15° C during the warming
phases; these warming events occur over an interval of between 50 and 200 years (Huber et
al., 2006; Kindler et al., 2014). Thus, the D-O events offer a parallel in terms of speed to
projected future warming, although both the baseline state and the mechanism inducing this
warming differ from anticipated 21st century climate changes. D-O events could therefore
provide an opportunity to determine how well climate models that are used for future
projections can simulate rapid climate changes (Malmierca-Vallet et al., 2023), particularly
regional patterns of warming (and cooling) that are regarded as a challenge for modelling
(Doblas-Reyes et al., 2021; Lee et al., 2021) and are highly important in assessing the

vulnerability of human societies to future climate changes (IPCC 2022).

D-O events are registered globally (Voelker, 2002; Sanchez Goiii and Harrison, 2010; Harrison
and Sanchez Gofii, 2010; Sanchez Goiii et al., 2017; Adolphi et al., 2019; Corrick et al., 2020).
Shifts in vegetation types between GI and GS states have been interpreted as primarily a
temperature signal in the extratropics and a moisture signal in the tropics (Harrison and
Sanchez Goii, 2010). Speleothem records provide a good time-control on the synchroneity of
climate changes globally with the D-O events registered in Greenland (Adolphi et al., 2019;
Corrick et al., 2020), but the driver of this signal can either be temperature or precipitation
depending on the region. There are quantitative climate reconstructions based on terrestrial
pollen records from La Grande Pile (Guiot et al., 1993), Lago Grande di Monticchio (Huntley
et al., 1999), Padul (Camuera et al., 2022), El Caifiizar de Villarquemado (Wei et al., 2021;
Camuera et al., 2022) and Lake Ohrid (Sinopoli et al., 2019), marine cores in the western
Mediterranean and offshore from Portugal (Sdnchez-Goii et al., 2002), diatom assemblages at
Les Echets, France (Ampel et al., 2010), bacterial membrane lipid records from the Eifel region
(Zander et al.,2023), isotopic measurements of earthworm calcite from the Rhine Valley
(Prud’homme et al., 2022) and clumped isotope measurements on snails in Hungary (Ujvari et
al., 2021). Aside from the lack of comparable quantitative estimates from outside Europe,
differences in the methodology employed and in the specific climate variables reconstructed in
each of these studies limits their usefulness for model evaluation. In particular, given that there

is still uncertainty as to whether the D-O cycles are characterised by changes in seasonality
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such that warming events are primarily driven by changes in winter (Fliickiger et al., 2008;
Zander et al., 2024), in the regional strength of the warming (Harrison and Sanchez Goiii, 2010)
and how warming relates to changes in moisture (Wei et al., 2021), there is a need for more

systematic reconstruction of seasonal climate changes.

In the paper, we provide reconstructions of seasonal temperature changes and changes in plant-
available moisture during the intervals corresponding to D-O warming events in Greenland
during Marine Isotope Stage 3 based on available pollen records globally. We employ a
standard methodology to construct age models for these records, as well as a standard
regression-based approach to make the reconstructions. We analyse the regional patterns to

identify key targets for model evaluation.

2. Methods

2.1. Data sources

Modern pollen data were obtained from version 2-3 of the SPECIAL Modern Pollen Bata
SetDataset (SMPDBSv2SMPDSv3:—will-be-publicly-available before-the nextrevision-ofthe

paperVillegas-DPiaz-and Harrison;2022). This global data—setdataset contains_26489-24649
modern—poHen—reeordssamples from 18086 different locationst7827-sites. The dataset was

containsrelativeabundance recordsfor 4816-pollentaxa-created after removing taxa that are

not climatically diagnostic (e.g. obligate aquatics, carnivorous species, cultivated plants). The

data—setdataset provides several levels of taxonomic aggregation; here we use the most
aggregated level, where woody species were generally combined at genus level and herbaceous
species at sub-family or family level unless they were palynologically distinctive, occupied
distinctive ecological niches and were sufficiently geographically widespread. This
"amalgamated" data-setdataset contains relative abundance information for 136214338 taxa.

These samples were aggregated by location (which is longitude, latitude and elevation) in order

to remove duplicates. Counts for Quercus, Quercus (deciduous) and Quercus (evergreen) were
combined because of inconsistent differentiation of Quercus pollen in different regional
records. Deciduous and evergreen oaks occupy different areas of climate space, particularly in
terms of seasonal moisture; specifically, evergreen oaks are typically found in areas
characterised by winter rainfall such as the Mediterranean. Nevertheless, since there are other
plant taxa that are similarly diagnostic of such regimes, the amalgamation of Quercus

(deciduous) and Quercus (evergreen) should not have a major effect on the robustness of our
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climate reconstructions. We have tested this assumption by making reconstructions based on

all taxa except Quercus (sSupplementary Materials, Section 4). Taxa that occurred in less than

10 samples in the training data-setdataset were not used to make reconstructions because it is
unlikely that the available samples provided a reasonable estimate of the climate space

occupied by these rare taxa (Liu et al., 2020). After the location aggregation and the taxa

filtering, the data—setdataset contains information on 18086 samples with relative abundance

information for 60759+ individualpeHen-taxa from17547sttes-(Figure 1).

We have used a global pollen dataset for calibration of the pollen-climate relationships. The

use of a global dataset, rather than region-specific training data, relies on the principle of

phylogenetic niche conservatism (Harvey and Pagel, 1991; Qian and Ricklefs 2004; Wang et

al..2025), which states that traits tend to remain constant over time and that the climatic niches

of specific genera are also conservative (Harrison et al., 2025). The use of a global dataset for

calibration makes it possible to sample a large range of climates, and thus makes it more likely

that the reconstructions of glacial climates are realistic and not confined to the limited climate

range sampled in any one region (Turner et al., 2020).

The SMPDSv32 also provides climatic information at each pollen site, specifically the mean
temperature of the coldest month (MTCO), mean temperature of the warmest month (MTWA),
and a plant-available moisture meistare—index—(a) calculated as the ratio of actual

evapotranspiration to equilibrium evapotranspiration. These bioclimate variables reflect

mechanistically distinct controls on plant growth._a is a transformation of the commonly used

moisture index MI (Supplementary Materials, Section 2), to emphasize the differences at the
dry end of the climate range, which have a more pronounced effect on vegetation distribution
than differences at the wet end (Prentice et al., 2017). We-have-alse-cheeked-tThe climate space
occupied by SMPDSv3 (Figure S1) to-make-sure-thatit-samplesd a reasonable range of global

climate space and therefore walshould provide robust reconstructions of climate changes under

glacial conditions.

The fossil pollen data were obtained from the Abrupt Climate Changes and Environmental
Responses (ACER) database (Sanchez Goiii et al., 2017), which includes 93 records from the
last glacial period (73-15 ka) with sufficient resolution and dating control to detect sub-
millennial scale variability. Here we focus on the 73 records covering most of Marine Isotope

Stage 3 (50-30 ka); 54 of these records are from terrestrial sites and 19 from marine sites
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(Figure 1; Table 1). The fossil data were taxonomically harmonised to be consistent with the

SMPDS¥2SMPDSv3.

2.2. Climate reconstruction method

We used tolerance-weighted Weighted Averaging Partial Least Squares (xTWA-PLS: Liu et
al., 2020; Liu et al., 2023) regression to model the relationships between taxon abundances and
individual climate variables in the SMPDS+2SMPDSv3 modern training dataset and then
applied these relationships to reconstruct past climate using the fossil assemblages from the
ACER database (Figure 2). AxTWA-PLS reduces the tendency of regression methods to
compress reconstructions towards the centre of the sampled climate range by applying a
sampling frequency correction to reduce the influence of uneven sampling of climate space
and weighting the contribution of individual taxa according to their climate tolerances (Liu et
al., 2020). Version 2 of XTWA-PLS (XTWA-PLSv2, Liu et al., 2023) uses P-splines
smoothing to derive the frequency correction and applies this correction both in estimating the
climate optima and tolerances, and in the regression itself, producing a further improvement in

model performance compared to xXTWA-PLSvIversiont (Liu et al., 2020).

We evaluated the XTWA-PLSv2 models by comparing the reconstructions with observations

using leave-out cross-validation, where one site at a time was randomly selected as a test site

and sites that are both geographically close (within 50 km horizontal distance from the site)
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and climatically close (within 2% of the full range of each climate variable in the dataset) were

also removed from the training set, to prevent redundancy in the climate information from

inflating the cross-validation goodness of fit, following Liu et al. (2020). This ensures that we

are not just tuning to the training dataset, and that we can reconstruct climates even when the

training set does not completely cover the climate to be reconstructed because there are gaps

in the climate space.W

other—werds—there-are-gaps—in-theelimate space: We selected the last significant number of

components (p-value <0.01) and assessed model performance using the root mean square error

of prediction (RMSEP). Compression was assessed using linear regression of the leave-out
cross-validated reconstructions on to the climate variable. Reconstructions of MTCO, MTWA
and o were made for every sample in each fossil record. Sample specific errors were estimated
via bootstrapping, as described in Liu et al. (2020). We corrected for the effect of changes in
atmospheric CO; on plant water-use efficiency, and hence the reconstructions of o (Figure
$1S2), following Prentice et al. (2022). Appropriate values of CO2 were taken from the WAIS

Divide ice core record (Bauska et al., 2021).

2.3. Age modelling

Although the ACER database provides age models for each pollen record, the resolution of the
individual records is variable (mean resolution 4764 years) and these models are often
imperfectly aligned with the dating of D-O warming events as recorded in the Greenland ice
core, and which have been shown to have a globally synchronous imprint through analysis of
speleothem records (Adolphi et al., 2019; Corrick et al., 2020). To create a better alignment,

we kept the original age model for marine sites since they are generally calibrated using the

oxvygen isotope records and are therefore more compatible with the ice core records, and used

dynamic time warping (DTW: Belman and Kalaba, 1959; Burstyn et al., 2021; Alshehri et al.,
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2019) to adjust the age scale for each individual terrestrial record (Figure 2). Dynamic time
warping optimises the similarity between two sequences by stretching or compressing one
sequence in the time dimension to match the other. Here, we use simulated mean annual
temperature (MAT) from a transient simulation of the interval 50-30 ka made with the
LOVECLIM model (Menviel et al., 2014) as the reference sequence compared to MAT
calculated as the average of MTCO and MTWA from the individual pollen records. We used
the mid-point between the start dates of each D-O warming event as recorded in the Greenland
ice core (Wolff et al., 2010; converted into AICC2012 timescale) to sub-divide each ACER

record into discrete intervals and modified the time scale of the reconstructed mean annual
temperature series in each interval to match the reference sequence, having normalised both
sequences to remove the influence of differences in absolute values and the amplitude of
changes. The adjusted age model for each ACER record was then applied to the reconstructions

of MTCO, MTWA, and a from that record for subsequent analyses.

2.4. Assessment of regional climate changes during Greenland D-O warming events

The magnitude of climate change during the interval corresponding to each D-O warming event
as registered in Greenland is calculated individually for each climate variable at each site. To
avoid making an assumption about the sign of the climate change at a site, we used a third-
order polynomial to fit the reconstructions during the interval from 300 years before to 600

years after the official start date corresponding to Greenland D-O warming foref each event

(Wolffet al., 2010; converted into AICC2012 timescale) to determine whether the change was
positive or negative. We then foundused the ages corresponding to the minimum and maximum
in the fitted polynomial (tmin polynomial, tmax polynomial). SHeweversince the smoothed polynomial
may underestimate or overestimate the amplitude of change, we used the reconstructed
minimum or maximum value within the period tmin polynomial £ 100 years or tmax polynomiat = 100

years respectively (see Figure S2S3 for illustration).

In cases where no change was registered for all of the three climate variables, we assume that
the event was not registered at the site. As a measure of the accuracy of the DTW method to
identify D-O events, we compared the number of identified events with the number of D-O
events that should occurred during the time covered by each record (Table 1). To assess
whether events were missed in a particular record due to low sampling resolution, we examined

the number of samples present in the 900-year interval covering the sampled D-O (i.e. 300



219
220
221

222
223
224

225

226
227
228

229

230
231
232
233
234
235

236
237
238
239
240
241
242
243

244
245
246

years before to 600 years after the official start date of each event), where low resolution was
defined as < 3 samples in this 900-year interval. Reconstructions covering intervals where a

signal was not identified were not used in subsequent analyses.

We calculated sample-specific errors for the minimum and maximum reconstructed values.
Assuming that the minimum and maximum values are independent, we used error propagation

to obtain the error of the change:

— 2 2
achange = |%min + Omax

Following Liu et al. (2022), we used a maximum likelihood method to estimate the ratio of
AMTCO to AMTWA (and ratio of Aa to AMTWA) to take account of the errors on both

variables.

3. Results

fXTWA-PLS reproduces the modern climate reasonably well (Table 2; Figure S4.1 & 4.2). The
performance is best for MTCO (R? = 0.75, RMSEP = 6.521, slope = 0.85) but is also good for
MTWA (R? = 0.6059, RMSEP = 3.5868, slope = 0.721) and o (R? = 0.65, RMSEP = 0.183,
slope = 0.71). Assessment of the variance inflation factor scores shows that there is no problem

of multicollinearity so that it is possible to reconstruct all three climate variables independently

(Supplementary Table 1Eiuet-al;2023).

The use of dynamic time -warping made it possible to identify D-O events robustly (Figure
S5.1 ~ S5.8; Table 1; Supplementary Table +2). Thirteen-13 of the 73 sites cover some part of

the 50-30 ka periods but do not include D-O events. Across the remaining 6069 sites, we
identified 285278 out of the 328348 individual D-O events (87 %®&0%) that eceurred-should

occur during the intervals covered by the records. In the majority of cases where a D-O event
should have been registered but could not be identified in an individual record (37 69-out of
4370 cases), the resolution of that part of the record was extremely poor (< 3 samples in the

900-year interval starting 300 years before to 600 years after the official start date of the event).

AChanges—in-beth-MTCO and AMTWA were generally largest in the extratropics and were
more muted in the tropics (Figure 3). ATheehansein-MTCO was found to be significantly

larger than AMTWA in the northern extratropics when considered across all D-O events and
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sites; Athe-ehangein- MTCO was found to be larger than AMTWA, but not significantly larger,
in the southern extratropics; AMTCO was found to be not correlated with AMTWA in the

tropics 3
(Table 3). However, tFhere wasis a significant positive relationship between the Achangein-o

and Athe-changein- MTWA in all regions (Figure 4; Table 4).

The spatial patterns of AMTCO and AMTWA ehangesin-MFCO-and MTWA-show consistent

features across multiple D-O events (Figure 5), most noticeably that the largest warming occurs

in the extratropics of Eurasia, while western North America and the southern extratropics are

characterised by cooling. These patterns are also shown if only those reconstructions where the

change is twice that of the sample specific error are considered (Figure S6), showing that the

spatial patterns are robust to the choice of threshold. Fhese patternsare robustwhenconsiderine

S6)- The anti-phasing between the northern and southern extratropics is consistent across D-O
events. Nevertheless, both the magnitude of the changes and the spatial patterns vary between
the D-O events (Figure S7.13; Figure $4S57.2). AChangesin-a broadly follows the changes in
temperature, with increased a in regions characterised by warming (Figure 5) but show more
variability both spatially and between D-O events (Figure S7.35). This is particularly true for

Europe, which is characterised by a mixed signal of drying and wetting. -

4. Discussions and Conclusions

We have presented a first attempt to map the spatial patterns of quantitative changes in seasonal
temperature and plant-available moisture during D-O events globally, using a consistent
methodology and a single data source. These analyses show that there is an anti-phasing
between changes in the northern extratropics and the southern extratropics, with warming in
the north and cooling in the south. The largest and most consistent warming during D-O events
occurs in Eurasia. There is a significant difference in the warming during winter and summer
in the northern extratropics, resulting in an overall reduction in seasonality, but no significant
difference in the trepies-and-southern extratropics. Site-based reconstructions (e.g. Denton et
al., 2022; Zander et al., 2024) suggest much larger cooling in winter than summer during cold
phases of the last glacial, implying enhanced seasonality compared to warm intervals, which
would be consistent with our reconstructions of a reduction in seasonality during warming

events in the northern extratropics. Globally, there is a positive relationship between the change
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in temperature and plant available moisture, as indicated by a. This is consistent with more
qualitative interpretation of palaeo-records from specific regions, where many regions are
characterised by both warming and wetting (e.g. western Europe: Sdnchez Goii et al., 2008;
Fletcher et al., 2010; eastern Europe: Fleitmann et al., 2009; Stockehecke et al., 2016; central
Siberia: Grygar et al., 2006; the Great Basin USA: Denniston et al., 2007; Jiménez-Moreno et
al., 2010). However, according to our reconstructions, the nature of this relationship varies
between regions: there are some regions that are characterised by warming and wetting, others

are characterised by warming and drying (Figure 4: Figure 5). Previous studies have also

indicated drier conditions during D-O events, particularly in parts of the USA such as the
Pacific Northwest (Grigg and Whitlock, 2002) and Florida (Grimm et al., 2006; Jiménez-
Moreno et al., 2010). Although there is some consistency in the broadscale patterns of changes
across D-O events, the magnitude of the changes as well as the spatial patterning varies

between events (Figure S7.1~ 7.3).

We have used a global pollen data set for calibration of the pollen-climate relationships. The
use of a global data set, rather than region-specific training data, relies on the principle of

phylogenetic niche conservatism (Harvey and Pagel, 1991; Qian and Ricklefs 2004; Wang et

al., 2025), which states that traits tend to remain constant over time. This also applies to the
climate niche (Wiens and Graham, 2005; Wiens et al., 2010; Peterson, 2011; Crisp and Cook,
2012; Jiang et al., 2023) as evidenced by disjunct distributions of taxa across different
continents (Yin et al.,, 2021). Niche conservatism underpins the fact that the modern
distribution of specific genera can be predicted using climate-pollen relationships developed

from other regions (e.g. Huntley et al., 1989). The use of a global dataset for calibration makes

it possible to sample a large range of climates, and specifically to reconstruct climate variables

that might be very different from the range experienced in a region in the modern day. This is

particularly important when reconstructing changes in the fundamentally different climate of

the last glacial. Reconstructed glacial climates at some sites were indeed found to exceed the

climate ranges sampled for the region under modern conditions, most noticeably MTCO and

MTWA in the southern extratropics (Figure S8). However, the use of a global data set can

create issues because of inconsistencies in taxonomic resolution between regions. The

necessity for treating all species of Quercus as a single taxon, despite the fact that evergreen

and deciduous species may occupy distinct climate niches in some regions such as Europe, is

a consequence of this. However, we have shown (Supplementary Materials, Section 4) that this
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has little impact on our reconstructions — largely because the climatic distinction that would be

conveyed through separating deciduous and everereen Quercus 1s also registered by the

presence of other taxa. Although the use of a global training data set for climate reconstructions

has not been a common practice, it also facilitates making reconstructions for sites from regions

with limited modern pollen data or where the modern samples do not capture the very different

climates that might have occurred in that region during glacial times. Fhe—useeofaglobal
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These reconstructions can be used as targets for model evaluation, specifically the two transient

D-O experiments planned for the next phase of the Palacoclimate Modelling Intercomparison
(see Malmierca-Vallet et al., 2023 for the experimental protocol). The first of these experiments
is a baseline simulation starting at 34 ka, a time with low obliquity, moderate MIS3 greenhouse
gas values, and an intermediate ice sheet configuration, which appears to be most conducive to
generating D-O like behaviour in climate models. The second experiment involves the addition
of freshwater, to examine whether this is necessary to precondition a state conducive to
generating D-O events. The observed anti-phasing in temperature changes between the
northern and southern hemispheres is a general feature of climate model experiments. Most
models show larger warming in winter than in summer in the northern hemisphere (e.g.

Fliickiger et al., 2008; Van-MeersbeeekVan Meerbeeck et al., 2011; Izumi et al., 2023), which

is also consistent with our reconstructions. Models generally show an intensification of the
northern hemisphere monsoons during D-O events (e.g. Menviel et al., 2020; Izumi et al, 2023),
but there is less consistency about changes in plant-available moisture in the extratropics. Our
reconstructions of o suggest an intensification of the northern hemisphere monsoons, consistent
with the simulations, and provide an opportunity to evaluate spatial patterns of moisture
changes over the extratropics. The reconstructions also indicate an increase in o across much
of the tropics, including northern South America, West-Afriea-and-southern China and Japan
(Figure 5). Although a is not a direct reflection of summer precipitation, these changes are
consistent with enhanced northern hemisphere monsoons during warming events, as shown by
speleothem records from the Caribbean (Warken et al, 2019) and speleothem and pollen records

from Asia (Wang et al., 2001; Zorzi et al., 2022; Fohlmeister et al., 2023). Althoush-thereis
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The LOVECLIM model is used as a reference to adjust the age scale in the reconstructions

using MAT, but this does not preclude comparison of the reconstructed and simulated seasonal

temperatures. The general spatial pattern of simulated changes in MTCO and MTWA (Figure

S9.1) is consistent with the reconstructions, with largest warming in Eurasia, and cooling over

most of the southern extratropical land. However, there are important differences. The

reconstructions show cooling over western North America in both seasons, for example, but

only in winter in the simulations. The relationship between AMTCO versus AMTWA is also
different (Figure S9.2): the simulated AMTCO is shown to be significantly larger than AMTWA

in the northern extratropics, but significantly smaller than AMTWA in the southern extratropics

(Supplementary Table 3). This comparison illustrates the usefulness of the reconstructions for

model evaluation and to investigate the mechanisms that may not be adequately captured by

Identifying D-O events in pollen records is often problematic, particularly in regions where
warming (especially if accompanied by dryer conditions) leads to a reduction (or an hiatus) in
sedimentation as reflected in the variable resolution of the available pollen records (e.g.
Sinopoli et al., 2019; Wei et al., 2021; Camuera et al., 2022; Pini et al., 2022). The use of
dynamic time warping (DTW: Belman and Kalaba, 1959: Burstyn et al., 2021:; Alshehri et al..

2019) shorterperiods{Alshehri-et-al5-2049)-goes some way to improving the identification of
potential D-O events-using-dynamie time-warping-{Alshehrietal;2049). However, it precludes

the calculation of a rate of change in climate. Thus, we have focused here on the absolute

magnitude of the changes during specific warming events. Fhus;-we-were-able-to-identifyr D-O

by—the—60-records—availablegleballyy—It 1s also likely that some of the variability in the
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reconstructed changes between different D-O events reflects imperfect identification of
specific events because of the comparatively modest resolution of the records. Several new
high-resolution records covering MIS3 have become available since the compilation of the
ACER database (e.g. Bird et al., 2024; Wei et al., 2021; Camuera et al., 2022; Pini et al., 2022;
Rowe et al., 2024; Shichi et al., 2023; Zorzi et al., 2022) and including these newer records

could help to improve the reliability of the global reconstructions presented here. Nevertheless;
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679  Figure 1: Map showing the locations of sites (a) from the Abrupt Climate Changes and
680 Environmental Responses (ACER) database covering the interval between 50 ka and 30 ka
681  used for the reconstructions and (b) sites in version 3 of the SPECIAL Modern Pollen Dataset

682  (SMPDSv3) used to derive the transfer functions for these climate reconstructions.
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Figure 2: Flow chart showing the reconstruction methodology.
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Figure 3: Scatter plot of the change in mean temperature of the coldest month (AMTCO) versus
the change in mean temperature of the warmest month (AMTWA) during individual
Dansgaard-Oeschger (D-O) events at individual sites. The points are colour-coded to indicate
whether the sites are from the northern extratropics (NET, north of 23.5°N), the tropics (TROP,
between 23.5°N and 23.5°S) or southern extratropics (SET, south of 23.5°S).
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Figure 4: Scatter plot of the change in plant-available moisture (Aa) versus the change in mean
temperature of the warmest month (AMTWA) during individual Dansgaard-Oeschger (D-O)
events at individual sites. The points are colour-coded to indicate whether the sites are from
the northern extratropics (NET, north of 23.5°N), the tropics (TROP, between 23.5°N and
23.5°S) or southern extratropics (SET, south of 23.5°S).
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704  Figure 5: Maps showing the median change of site-based reconstructions for Dansgaard-

705  Oeschger (D-O) events 5~12.
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Table 1: Details of the sites from the Abrupt Climate Changes and Environmental Responses
(ACER) database (Sanchez Goii et al., 2017) covering the interval between 50 ka and 30 ka
used for the climate reconstructions. ngue is the number of D-O events that should be found
based on the time interval covered by the record. nmiss is the number of D-O events that were
not identified. niow 1s the number of D-O events missed because of low resolution of part of the
record. Some of the 73 sites (indicated by NA in ngue, Nimiss and niow) provide records for parts
of the 50-30ka interval but not for the intervals of the D-O events. Reconstructions based on
samples where the D-O signal was not identified were not used in subsequent analyses. The

full citations for each site are given in Supplementary Materials.

Site name Latitude Longitude | Elevation Site Reference(s) Ndue | Nmiss | Niow
(m) type
Abric Romani 41.53 1.68 350 TERR Burjachs & Julia (1994) 2 0 0
Azzano Decimo 45.8833 12.7165 10 TERR Pini et al. (2009) 6 2 2
Caledonia Fen —37.3333 146.7333 1280 TERR Kershaw et al. (2007b) 8 0 0
Cambara do Sul -29.05 -50.1 1040 TERR Behling et al. (2004) 7 0 0
Camel Lake 30.26 —85.01 20 TERR Watts et al. (1992) 2 1 1
Carp Lake 4591 —120.88 720 TERR Whitlock and Bartlein 8 1 1
(1997);
Whitlock et al. (2000)
Core Trident 163 -3.61 —83.96 -3210 MARI Heusser and Shackleton NA | NA | NA
31B (1994)
Fargher Lake 45.88 —122.58 200 TERR Grigg and Whitlock 8 2 1
(2002)
Fundo Nueva —41.28 —73.83 66 TERR Heusser et al. (2000) 6 1
Fuquene 5.45 —73.46 2540 TERR van Geel and van der 7 3
Hammen (1973);
Mommersteeg (1998)
Fiiramoos 47.98 988 662 TERR Miiller et al. (2003) NA | NA | NA
GeoB3104 -3.67 -37.72 -767 MARI Behling et al. (2000) NA | NA | NA
Hay Lake 34 —-109.425 2780 TERR Jacobs (1985) 5 3
Ioannina 39.75 20.85 470 TERR Tzedakis et al. (2002); 8 1 0
Tzedakis et al. (2004)
Joe Lake 66.76667 -157.217 183 TERR Anderson (1988); 7 3 3
Anderson et al. (1994)
Kalaloch 47.6053 —124.371 19 TERR Heusser (1972) 0
Kamiyoshi 35.102 135.586 335 TERR Takahara et al. (2000);; 2 0 0
Basin (KYO01) Takahara et al. (2007);
Hayashi et al. (2009)
Kashiru Bog -3.47 29.57 2240 TERR Bonnefille & Riollet 2 2 2
(1988); Bonnefille et al.
(1992)
Kenbuchi Basin 44.05 142.383 135 TERR Igarashi et al. (1993); 3 0 0
Igarashi (1996)
Khoe 51.341 142.14 15 TERR Igarashl et al. (2002) 6 2 2
Kohuora -36.95 174.8667 5 TERR Newnham et al. (2007) NA | NA | NA
Kurota Lowland 35.517 135.879 20 TERR Takahara & Kitagawa 3 0 0
(2000)
KW3l1 3.52 5.57 —-1181 MARI Lézine & Cazet (2005); NA | NA | NA
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Lézine et al. (2005)

La Laguna 4.92 -74.03 2900 TERR Helmens et al., 1(996) 2 0 0
Lac du Bouchet 44.83 3.82 1200 TERR Reille and de Beaulieu 0 0
(1990)
Lagaccione 42.57 11.8 355 TERR Magri (1999); 7 0 0
Magri (2008)
Laguna Bella —-13.6167 —61.55 600 TERR Burbridge et al. (2004) 2 0 0
Vista
Laguna Chaplin —14.4667 -61.0667 600 TERR Burbridge et al. (2004) 0
Lake Billyakh 65.2833 126.7833 340 TERR Miiller et al. (2010) 4
Lake Biwa 35.245 136.054 84 TERR Takemura et al. (2000); 0
(BIW95-4) Hayashida et al. (2007);
Hayashi et al. (2010)
Lake Consuelo -13.95 -68.991 1360 TERR Urrego et al. (2005); 7 0 0
(CON1) Urrego et al. (2010)
Lake Malawi -11.22 34.42 470 TERR DeBusk (1998) 6 1 1
Lake Masoko -9.33 33.75 840 TERR Vincens et al. (2007) 2 0 0
Lake Nojiri 36.831 138.216 657 TERR Kumon et al. (2009) 8 0 0
Lake Tulane 29.83 -81.95 36 TERR Grimm et al. (1993); 8 2 2
Grimm et al. (2006)
Lake Wangoom -38.35 142.6 100 TERR Harle et al. (2002) 7 1 1
LW87 core
Lake Xinias 39.05 22.27 500 TERR Bottema (1979) 8 3 3
Les Echets G 459 4.93 267 TERR de Beaulieu & Reille 8 1 0
(1984)
Little Lake 44.16 —123.58 217 TERR Grigg et al. (2001) 5 0 0
Lynchs Crater -17.3667 145.7 760 TERR Kershaw et al. (2007a)
MDO01-2421 36.02 141.77 —2224 MARI Igarashi & Oba (2006); 0 0
Oba et al. (2006); Aoki et
al. (2008)
MD03-2622 10.7061 —65.1691 -877 MARI Gonzalez et al. (2008); 3 0 0
Cariaco Basin Gonzalez and Dupont
(2009)
MD04-2845 45.35 -5.22 —4100 MARI Sanchez Goiii et al. 2 0 0
(2008); Daniau et al.
(2009)
MDg84-629 32.07 34.35 —745 MARI Cheddadi & Rossignol- NA | NA | NA
Strick (1995)
MD95-2039 40.58 -10.35 -3381 MARI Roucoux et al. (2001); 5 0 0
Roucoux et al. (2005)
MD95-2042 37.8 -10.17 -3148 MARI Sanchez Goiii et al. 6 0 0
(1999); Sanchez Goiii et
al. (2000); Daniau et al.
(2007); Sanchez Goiii et
al. (2008); (Sanchez Goiii
et al. (2009)
MD95-2043 36.14 -2.621 —1841 MARI Sanchez Goiii et al. 4 0 0
(2002); Fletcher and
Sanchez Goiii (2008)
MD99-2331 41.15 -9.68 -2110 MARI Sanchez Goiii et al. 5 0 0
(2005); Naughton et al.
(2007); Sanchez Goiii et
al. (2008);
Naughton et al. (2009)
Megali Limni 39.1025 26.3208 323 TERR Margari et al. (2007); 6 0 0
Margari et al. (2009)
Mfabeni —28.1487 32.51867 11 TERR Finch & Hill (2008) 5 1 0

Peatland
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et al. (1985); Hevly (1985)

Nakafurano 43.367 142.433 173 TERR Igarashi et al. (1993) 0
Native —27.68 153.41 20 TERR Petherick et al. (2008a); 0
Companion Petherick et al. (2008b)
Lagoon
Navarrés Carrion & van Geel 3 0 0
39.1 -0.68 225 TERR (1999)
ODP 1233 C 41 —74.45 —838 MARI Lamy et al. (2004); 6 0 0
Heusser et al. (2006)
ODP 820 -16.63 146.3 -280 MARI | Moss & Kershaw (2000); | NA | NA | NA
Moss & Kershaw (2007)
ODP site 976 36.2 -4.3 -1108 MARI Nebout et al. (2002); 7 0 0
Masson-Delmotte et al.
(2005)
ODP1019 41.66 -124.91 989 MARI | Mix et al. (1999); Pisiaset | NA | NA | NA
al. (2001)
ODP1078C -11.92 13.4 —426 MARI | Dupont & Behling (2006); 8 0 0
Dupont et al. (2008)
ODP893A 34.28 —120.03 =577 MARI Heusser (1998); 6 0 0
Heusser (2000)
Potato Lake 34.45 -111.33 2222 TERR Anderson (1993) 4 3 3
Rice Lake (Rice 40.3 -123.22 1100 TERR L. Heusser, unpublished NA | NA | NA
Lake 81) data
Siberia -17.09 —64.72 2920 TERR Mourguiart & Ledru 1 1 1
(2003)
Stracciacappa 42.13 12.32 220 TERR Giardini (2007)
Tagua Tagua -34.5 -71.16 200 TERR Heusser (1990) 0
Taiquemo —42.17 -73.6 170 TERR Heusser et al. (1999);
Heusser and Heusser
(2006)
Toushe Basin 23.82 120.88 650 TERR Liew et al. (2006) 1 1
Tswaing Crater -25.4 28.08 1100 TERR Partridge et al. (1997); 1 1
Scott et al. (2008); L.
Scott, unpublished data;
Tyrrendara —38.1986 141.7626 13 TERR Builth et al. (2008) NA | NA | NA
Swamp
Valle di 41.9 12.76 44 TERR Alessio et al. (1986); 7 2 2
Castiglione Follieri et al. (1988);
Follieri et al. (1989);
Narcisi et al. (1992):
Narcisi (1999); Magri &
Tzedakis (2000); Magri
(2008)
W8709-13 PC 42.11 —125.75 -2712 MARI Pisias et al. (2001) NA | NA | NA
W8709-8 PC 42.26 —127.68 -3111 MARI | Heusser (1998); Lyleetal. | NA | NA | NA
(1992)
Walker Lake 35.38 -111.71 2500 TERR | Berryetal. (1982); Adam | NA | NA | NA
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Table 2: Leave-out cross-validation (with geographically and climatically close sites removed)
using fXTWA-PLSv2 for mean temperature of the coldest month (MTCO), mean temperature
of the warmest month (MTWA) and plant-available water (o) with P-splines smoothed fx
estimation and bins of 0.02, 0.02 and 0.002, respectively. n is the number of components where
the last significant number of components is indicated in bold (using criteria of p < 0.01).
Avg.bias is the average bias; RMSEP is the root-mean-square error of prediction;
and ARMSEP is the per «cent change of RMSEP, which is 100 x
(RMSEP, — RMSEP,-1)/RMSEP,-1; whenn = 1, RMSEPyis the RMSEP of the null
model. p assesses whether using the current number of components is significantly different
from using one component less. The degree of overall compression is assessed by linear
regression of the cross-validated reconstructions on to the climate variable; b1 and b1.se are the
slope and the standard error of the slope, respectively. The closer the slope (b1) is to 1, the less

the compression.

n R’ Avg.biass RMSEP ARMSEP P bi bi.se
_ 1 0.72 -1.15 6.84 —45.20 0.001 0.83 0.00
8 2 0.74 -1.24 6.68 —2.38 0.001 0.84 0.00
8 3 0.75 -1.11 6.52 -2.37 0.001 0.85 0.00
E 4 0.75 -1.12 6.54 0.33 0.983 0.85 0.00
5 0.75 -1.14 6.52 —0.29 0.001 0.85 0.00
_ 1 0.50 —0.29 4.00 —27.76 0.001 0.61 0.00
8 2 0.60 —0.20 3.62 942 0.001 0.71 0.00
§ 3 0.60 -0.23 3.58 -1.11 0.001 0.72 0.00
= 4 0.60 -0.23 3.58 0.01 0.525 0.71 0.00
= 5 0.60 —0.24 3.58 —0.14 0.090 0.71 0.00
1 0.61 —0.021 0.191 —37.32 0.001 0.66 0.00
2 0.62 —0.023 0.189 —0.61 0.001 0.67 0.00
3 0.63 —0.022 0.187 —1.18 0.001 0.68 0.00
4 0.64 —0.021 0.184 —1.46 0.001 0.70 0.00
5 0.64 —0.020 0.184 —0.12 0.002 0.70 0.00
° 6 0.64 —0.020 0.184 —0.25 0.001 0.70 0.00
7 0.65 —0.019 0.183 —0.26 0.001 0.71 0.00
8 0.65 -0.019 0.183 —0.03 0.255 0.71 0.00
9 0.65 -0.019 0.183 —0.05 0.121 0.71 0.00
10 0.65 -0.019 0.183 —0.04 0.130 0.71 0.00
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734  Table 3: Maximum likelihood estimates of the relationship between the change in mean
735  temperature of the coldest month (AMTCO) and the change in mean temperature of the
736  warmest month (AMTWA) by latitudinal bands for the northern extratropics (NET, north of
737  23.5°N), tropics (TROP, between 23.5°N and 23.5°S) and southern extratropics (SET, south of

738  23.5°S). The intercepts were set to zero since both variables are changes.

739

740

Region Coefficient | Standard error | Lower 95% Upper 95%
(SE)
NET Slope 2.135 0.235 1.674 2.596
TROP Slope 1.385 0.753 —0.091 2.861
SET Slope 1.809 0.552 0.728 2.891
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741  Table 4: Maximum likelihood estimates of the relationship between the change in plant-
742  available water (Aa) and the change in mean temperature of the warmest month (AMTWA) by
743 latitudinal bands for the northern extratropics (NET, north of 23.5°N), tropics (TROP, between
744 23.5°N and 23.5°S) and southern extratropics (SET, south of 23.5°S). The intercepts were set

745  to zero since both variables are changes.

746

Region Coefficient | Standard error | Lower 95% Upper 95%
(SE)
NET Slope 0.065 0.009 0.047 0.082
TROP Slope 0.056 0.009 0.039 0.074
SET Slope 0.052 0.011 0.031 0.073




