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Abstract The last deglaciation, ca. 17,000–11,000 years before present (yr BP), marks the most recent
period of large‐scale climate reorganization on Earth. However, the timing and spatial patterns of the initial
warming preceding these changes remain uncertain. Here, we develop a new method using Gaussian Mixture
Model clustering to objectively segregate a reanalysis and climate model simulations, respectively, into four
distinct patterns of temperature change throughout the last deglaciation. Our findings indicate that the earliest
warming signs appeared around 21,000 years BP in the Southern Hemisphere high latitudes. This early warming
was accompanied by a cooling in the Northern Hemisphere high latitudes, resulting in a hemispherically
asymmetric temperature pattern. Further analysis using single‐forcing climate simulations suggests that the
early warming and sea ice retreat were likely driven by a weakening in the Atlantic Meridional Overturning
Circulation, linked to orbital forcing.

Plain Language Summary Perhaps the most significant recent climate change event is the transition
from the last ice age (ca. 21,000–19,000 years ago). This transition took several thousand years and invoked
significant changes upon almost every aspect of the climate system. While small changes in Earth's orbit around
the Sun were the primary trigger, the mechanisms through which the climate system responded to, and
ultimately brought about, these changes are still uncertain. By adapting a type of statistical learning model used
to understand clustering in large data sets, we found that the Southern Ocean was the first region to warm as the
world emerged from the last ice age. Further analysis suggests this early warming was likely linked to a slowing
Atlantic ocean circulation, itself driven by changes in sunlight reaching the Northern Hemisphere high latitudes.

1. Introduction
Past periods of climate change provide valuable analogs for the processes shaping today's warming world. The
most recent large‐magnitude natural warming was the last deglaciation, when Earth's climate transitioned from a
cold glacial state to a warm interglacial one. This period was characterized by significant climatic shifts, including
a ∼6–7°C rise in global mean temperature (Clark et al., 2024; Osman et al., 2021; Seltzer et al., 2021; Tierney
et al., 2020), a mean global sea‐level increase of about 130 m (Spratt & Lisiecki, 2016), and an increase in at-
mospheric CO2 levels of about 80 ppm (Bereiter et al., 2015; Marcott et al., 2014). On a globally averaged basis,
the major warming of the last deglaciation occurred between ca. 17,000 and 8,000 years BP (the present is defined
as 1950 CE) according to a global mean surface temperature reconstruction (Osman et al., 2021). Nonetheless,
questions surrounding which region(s) warmed first and why remain topics of ongoing debate.

Growing model‐based evidence suggests that the earliest warming of the last deglaciation may have begun over
Southern Hemisphere high latitudes as early as 20,000–22,000 years BP (He et al., 2013; Sadatzki et al., 2023;
Timmermann et al., 2009). The drivers of this early warming have been attributed to various factors, including a
weakening of the Atlantic Meridional Overturning Circulation (AMOC) (Obase et al., 2023); feedbacks reflecting
local insolation forcing such as integrated summer energy (Huybers, 2006), peak summer insolation (Collins
et al., 2012; van den Bos et al., 2018; WAIS Divide Project Members, 2013), or spring insolation (Stott
et al., 2007); and a diminishing of Southern Ocean sea ice and an associated shift in westerly winds (Menviel
et al., 2018; Obase et al., 2023). To date, no study has produced a quantitative, spatially explicit map identifying
the onset of deglacial warming across regions while also separating the contributions of the various climate modes
driving those differences.

Global proxy compilations have similarly shed some light on the early warming. Shakun and Carlson (2010) first
conducted an analysis of climate dynamics during the last deglaciation by compiling global temperature proxy
records (Shakun & Carlson, 2010; Shakun et al., 2012). These authors demonstrated that the Southern Ocean and
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Antarctica warmed approximately between 19,000 and 17,500 years BP (Cuffey et al., 2016; Shakun &
Carlson, 2010; Shakun et al., 2012; WAIS Divide Project Members, 2013). More recently, the Last Glacial
Maximum Reanalysis (LGMR) data set has been developed using a data assimilation technique that combines a
model‐based (CESM1.2 and 1.3) temperature reconstruction with an extensive proxy data set to form a global‐
scale reanalysis covering the past 24,000 years (Osman et al., 2021). Similar to prior studies (Shakun et al., 2012),
two Principal Components (PCs) were identified. The first PC (PC1) of the LGMR was found to be broadly
reflective of combined changes in greenhouse gases and ice sheets, implying a mild global cooling trend prior to
∼17,000 years BP. On the other hand, the second PC (PC2)—a “bipolar” hemispheric mode reflecting millennial‐
scale variability superimposed on slower‐moving orbital changes—indicated a much earlier warming across the
Southern Ocean (Osman et al., 2021) (Figure S1 in Supporting Information S1). However, a precise attribution of
the regional importance of this mode relative to PC1 was not clearly identified through such analysis.

In this study, we investigate the initiation of the last deglaciation and the early Southern Ocean warming using
an unsupervised clustering method based on the Gaussian Mixture Model (GMM), to classify LGMR‐ and
climate model‐derived time series based on their contribution to the PCs. This method enables us to identify the
spatial boundaries of regions with significantly different deglacial warming signatures, but also aids in par-
titioning the onset timing of the last deglaciation differentially across space. Our study is outlined as follows:
First, we apply our GMM classification algorithm to the LGMR data assimilation product to deconvolve the
complex spatial and temporal patterns of deglaciation temperature change into four major classes. Next, we
apply a Bayesian change point detection method to determine the timing of earliest warming in each class.
Finally, we speculate on the possible drivers of the earliest phase of the last deglaciation using climate model
factorial experiments.

2. Methods
The GMM approximates the joint distribution of surface air temperature (SAT) trajectories at each LGMR grid
point by representing it as a weighted sum of K multivariate Gaussian components in PC space (Boland
et al., 2023; Xuan et al., 2001). As an unsupervised learning method, it enables the identification of sub‐
populations without requiring prior knowledge of their group membership. For a data set with N grid points,
where each grid point is a SAT time series, the joint probability distribution is given by Dempster et al. (1977):

p(x) =∑
K

i=1
ϕiN ( x∣μi,Σi) (1)

Here, N ( x ∣ μi,Σi) represents a multivariate Gaussian distribution with mean μi and covariance matrix Σi (Boland
et al., 2023; Xuan et al., 2001):

N ( x∣μi,Σi) =
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(2π)k|Σi|

√ exp(−
1
2
( x − μi)

⊺Σ− 1
i ( x − μi)), (2)

such that the mixing coefficients ϕi satisfy:

∑
K

i=1
ϕi = 1, ϕi ∈ [0,1]. (3)

Then, an expectation‐maximization algorithm is used to iteratively maximize the log‐likelihood and estimate the
means and standard deviations of the Gaussian distributions (D. C. Jones et al., 2019). The class with the highest
probability is subsequently assigned as the class label for each LGMR data point. Here we use the GMM function
from the scikit-learn Python package (version 1.2.2, Pedregosa et al., 2011). For more discussion on the
details of the method and its applications in earth science, please refer to previous research (Boland et al., 2023; D.
C. Jones et al., 2019).

We focus our study around the deglacial interval spanning 24,000 to 11,000 years BP in order to exclusively
examine temperature changes during the pre‐deglaciation and deglaciation phases; this period includes both the
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major millennial‐scale climate events (i.e., Heinrich Stadial 1 (HS1), the Bølling–Allerød (BA), and Younger
Dryas (YD); Figure 1) as well as adequate coverage of the pre‐deglacial (i.e., glacial) state. Using the LGMR data
set, we perform Principal Component Analysis following the method described by Osman et al. (2021) across the
500 member ensemble; this reduces the data dimensionality ahead of the GMM classification by retaining only
the first two PCs, which explain, on average, 78.14% and 9.42% of data variance, respectively (Figure 1a). We
then classify each temperature series according to its position in Empirical Orthogonal Function (EOF) space,
which reflects that series' contribution to the principal components (Figure 1b, Figure S1 in Supporting Infor-
mation S1). This approach highlights regions exhibiting pronounced early warming, as reflected in PC2, and helps
isolate the dominant global temperature modes of the last deglaciation according to their association with the two
governing climate trends represented by the PCs.

The sole free parameter of the GMM is the number of mixture components, K. We selected K by minimizing the
Akaike Information Criterion (AIC, Supporting Information S1) forK = 2–8, using the ensemble‐mean principal
components as input (Figure 1c (Akaike, 1973)). The ΔAIC confirms that improvements beyond K = 4 are
statistically marginal (p< 0.01; Boland et al., 2023). Sensitivity tests with K = 3–6 on the LGMR ensemble mean
(Figure S2 in Supporting Information S1) reinforce this choice. When K = 5, the fifth component overlaps
almost entirely with the grid cells that already display high classification uncertainty in Figure 1d, adding little
dynamical information. Also, for K > 4, additional components simply partition the interiors of the four clusters
listed above, a hallmark of over‐fitting (Boland et al., 2023). Thus, K = 4 provides the most parsimonious yet
physically meaningful representation of the deglacial SAT field.

Figure 1. Gaussian Mixture Model (GMM) classification of the Last Glacial Maximum Reanalysis (LGMR). (a) The first and second Principal Components (PCs) of the
LGMR (Osman et al., 2021), with thick lines indicating the mean of the data and light shading the interquartile ranges (n= 500). (b) The scatter plot of the corresponding
Empirical Orthogonal Functions (EOFs) of the LGMR, with the classes assigned by the GMM separated by colors. Data points with <90% consistency are marked by gray
(see Supporting Information S1). (c) The ΔAkaike Information Criterion (ΔAIC; error bars mark the interquartile ranges across the LGMR ensemble). (d) The spatial
distribution of class labels from panel (b).
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Since class labels are assigned randomly for each ensemble member by the GMM, we used the mean LGMR‐
inferred class labels as a reference point for realigning classes from the full ensemble based on an index of
maximum overlap. The spatial distribution of class labels, along with the uncertainty of the classification
(Supporting Information S1), is shown in Figure 1d. A similar spatial pattern is also found in the Transient
Climate Evolution (TraCE) climate simulation (He et al. (2013); Figures 2a–2d), with differences discussed in
Supporting Information S1. This data set features a previous‐generation, and lower‐resolution, climate model
(CCSM3) than that used to develop the LGMR (CESM1.2 and 1.3), and is also independent of surface
temperature‐related proxy data. The latest TraCE simulation, TraCE–21K–II—which revises the meltwater
forcings but retains the same orbital, greenhouse‐gas and ice‐sheet boundary conditions as its predecessor—yields
deglacial classifications that are virtually indistinguishable from the original TraCE simulation (He et al., 2022,
Figure S3 in Supporting Information S1).

Several methodological caveats warrant acknowledgment. First, the Gaussian Mixture framework constrains each
cluster to an elliptical, multivariate‐normal distribution (Boland et al., 2023), whereas empirical paleotemperature
fields often exhibit heavy tails, skewness, or multimodality; such departures from normality can bias the esti-
mated responsibilities and blur class boundaries. Second, representing the continuous spectrum of climate
variability with a finite set of mixture components inevitably sacrifices spatial nuance. While increasing the
number of classes reveals additional physically plausible sub‐regions (Figure S2 in Supporting Information S1),
our classification choice reflects a trade‐off between interpretability and parsimony on a global basis, in order to
emphasize large‐scale modes. Finally, as highlighted by Ye and Zhou (2025), the posterior probabilities of the
GMM applied to spatio‐temporal data grids systematically decline in dynamically complex zones, indicating
reduced robustness and effective spatial resolution of the classification in these regions (Figure S4 in Supporting
Information S1).

3. Results
The four classes identified by the GMM correspond to several known climate patterns of the last deglaciation.
Class 4 is, broadly speaking, the “ice sheet class”: it exhibits the highest amplitude of deglacial warming (more
than 15◦C, Figures 1 and 2d) and encompasses the ice sheet regions of North America and Europe (Figure 1d)
(Clark et al., 2009), suggesting that it is dominated by an ice‐sheet—controlled feedbacks: namely, ice‐albedo and
lapse‐rate temperature‐related processes. Class 4 shows the strongest skew across all four classes in the PC1
versus PC2 projection plot (Figure 1b), suggesting a less specific influence from climate processes behind PC1
and PC2, respectively. We applied a Bayesian change point detection method to each class's area‐weighted
average temperature time series (Figure 2) to identify the onset of deglacial warming by detecting when the
trend shifted from cooling to warming (using Python package BEAST version 1.1.2.60, Li et al. (2022), Zhao
et al. (2019), Supporting Information S1). The initiation of the last deglaciation for this class is estimated as
16,890 years BP (95% Confidence Interval (CI): 17,140 to 16,650 years BP).

The class‐mean trajectories of Class 4 (and the other three classes) derived from TraCE (Figure 2d) exhibit more
pronounced abrupt features, especially during the BA interval, than those from LGMR. This is partly due to the
higher temporal resolution of TraCE and the idealized character of its prescribed meltwater forcing, which en-
hances AMOC variability and amplifies inter‐hemispheric contrasts (He et al., 2013). The LGMR, in turn, is
smoothed both by its 200‐year temporal resolution and by age uncertainties in the proxy data, both of which likely
dampen the expression of abrupt events.

Class 2 includes the North Pacific, tropical and subtropical West Pacific, and North Atlantic (Figures 1d and 2b).
This class, which we term the “northern seat of the bipolar seesaw”, imprints most negatively upon PC2 and
largely reflects those regions that were subjected to strong cooling during intervals of elevated Atlantic and
Pacific freshwater forcing during the early (18,000 to 16,500 years BP) and late (16,400 to 15,000 years BP) HS1
intervals, and during the YD (ca. 12,900 to 11,700 years BP). The much stronger spatial imprint of Class 2 across
the Pacific basin is consistent with emerging research suggesting a strong Pacific influence on Northern
Hemisphere cooling during HS1 and the YD, likely driven by Columbia River outburst megaflooding into the
North Pacific (Praetorius et al., 2020). These floods both preceded and were more abrupt than subsequent in-
tervals of North Atlantic ice rafting and freshwater forcing (Praetorius et al., 2020; Praetorius & Mix, 2014). The
deglacial onset of this class spans from 17,360 to 16,810 years BP (95% CI).
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The climatic origins of Class 3, covering broad swaths of the tropics, central
Antarctica and even the northern‐most Arctic, are more ambiguous (Fig-
ures 1d, 2b, and 2c). This class loads positively atop PC1 with no obvious
systematic influence from PC2, implying a predominant influence from
greenhouse gases and global‐scale albedo changes (Osman et al., 2021).
However, its main tropical footprint could be interpreted as the “pivot point”
of the bipolar seesaw, although the inclusion of high‐polar regions is not
easily reconciled with that view. The comparatively low posterior probabil-
ities assigned to this class, relative to the other classes (Figure S4 in Sup-
porting Information S1), suggest that its underlying dynamics are sufficiently
complex to challenge confident GMM classification (Ye & Zhou, 2025). The
deglacial warming of this class begins between 17,190 and 17,010 years BP.

Classes 2, 3, and 4 exhibit relatively late deglacial warming that aligns with
the onset of HS1 (Figure 2), suggesting their warming was primarily driven
by AMOC‐induced interhemispheric heat redistribution or globally uniform
CO2 forcing. All three classes show a gradual cooling trend prior to the onset
of deglaciation, which likely reflects their dominant response to PC1—
representing the background glacial cooling—rather than to the early
warming mechanisms captured by PC2. Indeed, these classes are character-
ized by positive loadings on PC1 and near‐zero or negative loadings on PC2
(Figure 1b), which suppress the expression of early warming encoded in PC2.

Class 1 encompasses most of Oceania and the high‐latitude Southern Ocean
(Figures 1d and 2a). It is the counterpart to Class 2 because it leaves a positive
imprint on PC2 and represents the “southern seat” of the bipolar seesaw
(Figure 1b). The robustness of this class is demonstrated by the fact that only
minor subdivision occurs when the number of classes is increased (Figure S2
in Supporting Information S1). The most notable feature of this class is the
large warming that occurs after 18,000 years BP (1.01°C/kiloyear, p< 0.05)
which coincides with the start of HS1 and thus likely represents the Southern
imprint of the bipolar seesaw (Barker et al., 2009; Denton et al., 2010; Wolff
et al., 2009). However, this is not the onset of warming: rather, our Bayesian
change point detection shows an early and gradual warming begins between
21,270 and 20,810 years BP (Figure 2a). This early warming is also observed
when using an alternative change‐point detection method, Significant ZERo
crossings of derivatives (SiZer; Chaudhuri & Marron, 1999), which suggests
that the change points of Class 1 lead those of the other classes significantly
(p< 0.05; see Figure S5 in Supporting Information S1). A complementary
sliding‐window test shows that, although class boundaries can shift modestly
through time, the centers of the four clusters remain near‐stationary across the
last deglaciation with Class 1 persistently emerging as the earliest‐warming
region (see Supporting Information S1).

Figure 2.

Figure 2. Evolution of deglacial Surface Air Temperature (SAT), and initiation of
deglacial warming for the Southern Ocean class. (a) The southern seat of the bipolar
seesaw, (b) the northern seat of the bipolar seesaw, (c) the greenhouse gases class,
(d) and the ice sheet class. The thick colored lines and light‐colored shadings
represent the median and the interquartile range, respectively, of each LGMR class
across the full ensemble. The dark‐colored curves show the GMM classes derived
from the Transient Climate Evolution (TraCE) simulation, with their spatial extents
indicated on the inset maps (He et al., 2013). The TraCE data has been scaled with a
factor of 1.6 for comparison following previous research (Osman et al., 2021). The
deglacial onset is indicated by dashed lines, along with its 95% confidence interval
(gray). The red and blue shading at the bottom indicates the probabilities of the
curve's trend being positive or negative, respectively (Hu et al., 2021; Zhao
et al., 2013, 2019).
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This early deglacial onset in Class 1 broadly aligns with the early warming inferred from the West Antarctic Ice
Sheet (WAIS) Divide ice core in West Antarctica (WAIS Divide Project Members, 2013), which was not
assimilated into the LGMR. The WAIS water isotope (δ18O) record shows a notably stronger early warming in
West Antarctica compared with East Antarctica, with a 2.2‰ increase in δ18O (WAIS Divide Project Mem-
bers, 2013) (∼2.4°C warming) between 22,000 and 18,000 years BP (Cuffey et al., 2016). Although the water
isotope record at WAIS Divide has been interpreted primarily as a surface temperature signal, it is also heavily
influenced by sea‐ice concentration and surface temperature conditions extending as far as the mid‐latitudes of the
Pacific (T. R. Jones et al., 2018). The early warming recorded at WAIS is thus broadly consistent with our GMM
Class 1, suggesting that the LGMR may underestimate teleconnections between Southern Ocean climate vari-
ability and Antarctic precipitation (Osman et al., 2021). In turn, our Class 1 disagrees with previous proxy data
compilations (Shakun & Carlson, 2010) that suggest a Southern Ocean deglacial warming onset at ∼19,000 years
BP, instead indicating an earlier initiation. A detailed comparison of our findings with earlier transient‐climate
modeling studies that address the timing and spatial manifestations of deglacial warming (Obase et al., 2023;
Roche et al., 2011; Snoll et al., 2024) is presented in Supporting Information S1.

With the timing and spatial extent of the early deglacial warming identified, we can now examine the climato-
logical factors driving this warming onset. One key feature of the early Southern Ocean warming (Class 1) is its
opposing trend relative to the Northern Hemisphere mid‐to‐high latitudes (Class 2; Figures 2 and 3a). The
evolution of this inter‐hemispheric temperature trend can be clearly delineated using a “Phase Space” diagram, as
shown in Figure 3b, where we plot the LGMR Class 1 (the “southern seat” of the bipolar seesaw) against Class 2
(the “northern seat”) (Figure 3b) in combination with the TraCE factorial experiment (Figure 3b, Figure S6 in
Supporting Information S1). Here, we also analyze three single‐forcing TraCE simulations (He et al., 2013): an
insolation‐only run and a greenhouse‐gas‐only run, both spanning 22,000–0 years BP, and a freshwater‐flux run
spanning 19,000–0 years BP, with all other non‐target boundary conditions held fixed following He et al. (2013).
The idea of using such “cross plots” to discern the mechanism of the last deglaciation under individual forcings
was also implicitly explored by Gregoire et al. (2015) and Obase et al. (2023).

This bivariate representation provides insight into both the paired magnitude of inter‐hemispheric temperature
changes across the deglaciation, and also their joint‐trajectories. Furthermore, the phase space plot provides a
straightforward means of identifying the mechanistic fingerprints of early warming (He et al., 2013). Under
greenhouse gas forcing alone, Classes 1 and 2 warm simultaneously (Figure 3b). Orbital changes similarly induce

Figure 3. Fingerprints of the early deglacial warming. (a) Time series of LGMR (Osman et al., 2021) and TraCE experiments (He et al., 2013) for the Northern (upper
panel, Class 2) and Southern (lower panel, Class 1) class of the bipolar seesaw. TraCE experiments include: all‐forcing (all), orbital forcing (orb), greenhouse gases
(ghg) forcing, and freshwater forcing: (fwf). The LGMR data points are color‐coded according to their respective times. (b) Cross‐plot between the Southern and
Northern classes for the period 24,000 to 15,000 years BP. The black curve with arrows indicates the evolution of the LGMR data. The colored arrows represent the
trends of the TraCE experiments from 22,000 to 15,000 years BP, except for the “orb” experiment, which shows the trend from 22,000 to 11,000 years BP. We sampled
the TraCE temperature data corresponding spatially to the LGMR classes for direct comparison.
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symmetric warming, though their impact remains marginal when Class 1 begins to warm (Figure S6 in Supporting
Information S1). In contrast, the freshwater forcing experiments, which have a weakened AMOC
(He et al., 2013), reveal a strong negative correlation between Classes 1 and 2 (Figure 3b). (Note that we excluded
the single forcing experiment involving ice sheets, as our northern and southern signals showed no systematic
relationship (Figure S6 in Supporting Information S1); their timing and magnitude are controlled almost entirely
by prescribed ice sheet mask changes).

Using these decomposed, TraCE‐derived fingerprints, we assigned LGMR‐inferred changes into three chrono-
logically distinct phases (Figure 3b): In Phase 1 (ca. ∼24,000 to 21,000 years BP), both northern and southern
classes show cooling trends, reflecting the continuation of global‐scale cooling (Osman et al., 2021), probably in
response to ice sheet expansion (Clark et al., 2009; Spratt & Lisiecki, 2016). In Phase 2, ∼21,000 to 17,000 years
BP, a clear bipolar seesaw signature emerges, as characterized by the negative correlation between northern and
southern classes (Figure 3b). In Phase 3 (ca. 17,000 years BP onward), both classes indicate that greenhouse gas
feedbacks increasingly dominate, driving CO2‐induced global warming (Figure 3b). The distinct breakpoint, or
kink, in the TraCE “all‐forcing” phase space plot at around 17,000 years BP corresponds to the onset of this
dominant greenhouse gas forcing.

4. Discussion
What is the driver of the early Southern Ocean deglacial warming observed in Class 1? TraCE experiments
suggest that a weakened AMOC induced by freshwater forcing can effectively explain the early warming signal
observed during Phase 2. Proxy records, such as δ13C, ϵNd, 231Pa/230Th, δ18O of benthic foraminifera, and Δ14C,
trace water mass distributions and circulation strength (Böhm et al., 2015; Henry et al., 2016; Liu, 2023), but yield
conflicting views of AMOC during the Last Glacial Maximum (LGM, 22,000 to 19,000 years BP), spanning a
more vigorous but shallower circulation (Böhm et al., 2015) to significantly reduced transport strength (Henry
et al., 2016). These non‐unique interpretations stem from spatiotemporal sampling limitations and uncertainties in
AMOC geometry and Antarctic Bottom Water transport (Gu et al., 2020; Pöppelmeier et al., 2022). More
recently, Pöppelmeier et al. (2023) used multi‐proxy‐constrained Earth system model simulations to examine
AMOC behavior under LGM boundary conditions. Although not specifically addressing the timing of AMOC
changes or their Southern Hemisphere impacts, they found a 15%–28% reduction in deepwater formation and a
28%–44% weakening in circulation strength (Pöppelmeier et al., 2023). Ostensibly, this reduced AMOC could
induce warming in the Southern Ocean with a ∼200 years delay, consistent with processes observed during
Dansgaard‐Oeschger events (Obase et al., 2023; Pedro et al., 2018).

The causes for a weakened AMOC at deglacial onset present a relevant avenue for future research (Barker
et al., 2025). Models suggest even a small freshwater flux (∼0.02 Sv) from the Fennoscandian ice sheet to the
North Atlantic could explain the weakened AMOC at LGM boundary conditions (Obase et al., 2023). Statistical
analyses of proxy data, in turn, suggest that ice‐age terminations align with increased Northern Hemisphere
seasonality driven by decreasing precession and rising obliquity (Abe‐Ouchi et al., 2013; Barker et al., 2025;
Hobart et al., 2023; Huybers, 2011; Wu et al., 2020), implying the same orbital parameters that lead to ice sheet
collapse must also be fundamentally linked to enhanced ice‐sheet‐generated freshwater flux. Additionally,
decreasing precession during early warming might modulate AMOC strength through internal climate feedbacks
(Shakun et al., 2012), for example, by enhancing net precipitation over the subtropical North Atlantic, lowering
the salinity of the AMOC's upper branch and thereby hampering overturning (Zhang et al., 2021).

The role of local solar insolation in driving the early deglacial warming observed in Southern Hemisphere high
latitudes remains uncertain (Collins et al., 2012; Sadatzki et al., 2023; Timmermann et al., 2009; WAIS Divide
Project Members, 2013). TraCE simulations show that orbital forcing alone produces little to no warming in these
regions (He et al., 2013; Figure 3a), though this muted response could reflect the more extensive Southern Ocean
sea ice the model simulates, which would suppress insolation‐induced warming impacts (Obase et al., 2023).
Conversely, previous proxy and climate modeling studies suggest Southern Ocean sea‐ice and temperature
variations closely follow changes in obliquity (Sadatzki et al., 2023; Wu et al., 2020), and the timing of the
observed early warming aligns with the rising phase of obliquity starting around 29,000 years BP (Laskar
et al., 2004). Thus, while not dominant, a contribution from local insolation to the early deglacial warming in
Class 1 cannot be entirely excluded.
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5. Conclusions
Determining where and when the last deglaciation initiated and understanding their driving mechanisms are
crucial for unraveling the processes behind one of the largest natural climate oscillations: the termination of
ice ages. In this study, we used the GMM to classify global temperature changes of the last deglacial tem-
perature variability. We identified four distinct classes based on their contributions to the two PCs, indicating
that the high latitudes of the Southern Hemisphere began warming at approximately 21,000 years BP. The
GMM method further allows us to delineate the spatial boundaries of the region with significant early
warming.

Previous works suggest that deglacial warming at high latitudes in the Southern Hemisphere is caused by a
weakened AMOC, occurring at approximately 18,000 years BP due to iceberg discharge (Denton et al., 2010;
Wolff et al., 2009) or a more gradual bipolar seesaw response starting around 19,000 years BP (He et al., 2013;
Shakun et al., 2012). We propose that such a weakened AMOC‐induced early warming happened much earlier,
around 21,000 years BP. Uncertainties remain as to whether the weakened AMOC at that time was due to
freshwater discharge into the North Atlantic from ice sheets, driven by a precession minimum and rising obliquity
(Barker et al., 2009, 2025; Denton et al., 2010; Obase et al., 2023), or decreasing precession‐induced internal
climate feedbacks (Menviel et al., 2018; Zhang et al., 2021). In either case, orbital forcings cannot be wholly
dissociated as a driving factor (Barker et al., 2025; Barker & Knorr, 2021). The timing and spatial manifestation of
the early Southern Ocean warming helps disentangle the interplay between orbital forcing at Northern Hemi-
sphere high latitudes and associated feedbacks in the Earth's climate system.

Acronyms
AIC Akaike Information Criterion

AMOC Atlantic Meridional Overturning Circulation

BA Bølling‐Allerød

BP Before Present (reference year 1950)

EOF Empirical Orthogonal Functions

GMM Gaussian Mixture Model

HS1 Heinrich Stadial 1

LGM Last Glacial Maximum

LGMR Last Glacial Maximum Reanalysis

PC Principal Component

SAT Surface Air Temperature

TraCE Transient Climate Evolution

YD Younger Dryas
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zhaokg/Rbeast). The code of this research is available on https://github.com/Peisong‐Zheng/Last_deglaciation/
tree/public‐release.
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