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A B S T R A C T   

Leads, lags, or synchronies in climatic events among different regions are key to understanding mechanisms of 
climate change, as they provide insights into the causal linkages among components of the climate system. The 
well-studied transition from the Lateglacial to early Holocene (ca. 16–10 ka) contains several abrupt climatic 
shifts, making this period ideal for assessing the spatio-temporal structure of climate change. However, com-
parisons of timings of past climatic events among regions often remain hypothetical because site-specific age 
scales are not necessarily synchronised to each other. Here we present new pollen data (n = 510) and mean 
annual temperature reconstruction from the annually laminated sediments of Lake Suigetsu, Japan. Suigetsu’s 
14C dataset is an integral component of the IntCal20 radiocarbon calibration model, in which the absolute age 
scale is established to the highest standard. Its exceptionally high-precision chronology, along with recent ad-
vances in cosmogenic isotope studies of ice cores, enables temporally coherent comparisons among Suigetsu, 
Greenland, and other key proxy records across regions. 

We show that the onsets of the Lateglacial cold reversal (equivalent to GS-1/Younger Dryas) and the Holocene 
were synchronous between East Asia and the North Atlantic, whereas the Lateglacial interstadial (equivalent to 
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GI-1/Bølling-Allerød) started ca. two centuries earlier in East Asia than in the North Atlantic. Bimodal migration 
(or ‘jump’) of the westerly jet between north and south of the Tibetan plateau and Himalayas may have operated 
as a threshold system responsible for the abruptness of the change in East and South (and possibly also West) 
Asia. That threshold in Asia and another major threshold in the North Atlantic, associated with switching on/off 
of the Atlantic meridional overturning circulation (AMOC), were crossed at different times, producing a multi- 
centennial asynchrony of abrupt changes, as well as a disparity of climatic modes among regions during the 
transitional phases. Such disparity may have disturbed zonal circulation and generated unstable climate during 
transitions. The intervening periods with stable climate, on the other hand, coincided with the beginnings of 
sedentary life and agriculture, implying that these new lifestyles and technologies were not rational unless 
climate was stable and thus, to a certain extent, predictable.   

1. Definitions 

This paper refers to the ages defined by different methods, and 
synchroneities among them cannot be assumed (Brauer et al., 2014). 
Therefore, we use the following age units to make the differences clear 
and to avoid confusion. 

IntCal13 yr BP: The absolute age scale assigned to the IntCal13 
radiocarbon calibration model (Reimer et al., 2013). The datum (= year 
0) is defined at 1950 CE. 

IntCal20 yr BP: The absolute age scale assigned to the IntCal20 
radiocarbon calibration model (Reimer et al., 2020). The datum is 
defined at 1950 CE. 

GICC05 yr b1.95k: The absolute age scale assigned to the Greenland 
ice cores (Andersen et al., 2006; Rasmussen et al., 2006; Svensson et al., 
2006; Vinther et al., 2006). The original literature uses 2000 CE as the 
datum and ‘b2k’ as the unit. In this paper, however, we use 1950 CE as 
the datum to facilitate comparisons, and indicate the difference by the 
‘b1.95k’ notation. We do not use ‘b2k’ or any other units that have 2000 
CE as the datum, anywhere in this paper. 

SG062012 yr BP: Interim age scale assigned to the SG06 sediment core 
(Bronk Ramsey et al., 2012; Nakagawa et al., 2012) which was used 
mainly before integration of Suigetsu’s dataset into the IntCal calibra-
tion models. The datum is defined at 1950 CE. 

yr BP: Conceptual ‘true’ calendar age. The datum is defined at 1950 
CE. 

U/Th yr BP: Absolute age determined by the Uranium-Thorium 
method. The datum is defined at 1950 CE. 

2. Introduction 

2.1. Difficulties of reliable correlation among regions 

Leads and lags among regions, or ‘spatio-temporal structure’ in other 
words, can hold the key to understanding the mechanisms of climate 
change. A change that started later in one place cannot be the cause of 
another change that started earlier in another place. It is important to 
examine climatic leads and lags at centennial to decadal chronological 
resolution in order to better understand causal links in the climate sys-
tem and, if possible, eventually improve climate predictions. The period 
from the Lateglacial to the early Holocene has particularly attracted 
research attention as it contains several ‘abrupt’ climatic transitions 
with large amplitudes (Clark et al., 2002; Alley et al., 2003), and because 
it is a relatively recent period in Earth history with better preservation of 
evidence, denser correlation points, and higher chronological precision 
than earlier intervals (Björck et al., 1998; Lowe et al., 2001, 2008; 
Rasmussen et al., 2014). Indeed, there are some pioneering works sup-
ported by precise correlation using tephra layers that have successfully 
reconstructed time-transgressive climate change during the Lateglacial 
(Lane et al., 2013; Rach et al., 2014). 

In the vast majority of cases, however, inter-regional comparison of 
the timings of these changes is difficult to perform. The Greenland ice 
cores are synchronised with each other and have a very precise chro-
nology (“GICC05”) based principally on counting of ice layers (Andersen 
et al., 2006; Rasmussen et al., 2006; Svensson et al., 2006; Vinther et al., 

2006). They are well established as the most widely used ‘template’ of 
climatic change for the last glacial-interglacial cycle. However, corre-
lations between ice cores and other archives of Late Quaternary envi-
ronmental change are often problematic because the ice cores contain 
very little organic matter, and hence do not have a corresponding 14C 
stratigraphy. Correlation with the ice cores, therefore, needs to rely 
either on the hypothesis that the different age scales are per se coherent 
with each other (e.g. Wang et al., 2001; Nakagawa et al., 2003), or on the 
tuning of the climate signals (e.g. Behl and Kennett, 1996; Hughen et al., 
1996). The former, however, carries the risk of mistaking the incoher-
ence of the age scales as a climatic lead or lag signal. The latter, tuning, 
assumes synchrony of climate changes between regions and thus makes 
it impossible to discuss any leads or lags (otherwise it would invite 
circular argument). 

Radiometric age determination methods such as radiocarbon (14C) 
dating do not always ensure reliable correlation either. Marine sedi-
ments are normally subject to marine ‘reservoir’ effects. Traditionally, 
the marine reservoir effects used to be corrected by assuming that the 
effect was constant through geological time (e.g. Hughen et al., 1996). 
However, this assumption does not have supporting evidence, and was 
inevitably the source of multi-centennial uncertainty for robust age- 
based correlations with marine core records. 

Speleothem records are dated by the U/Th method, which provides 
relatively high chronological precision and accuracy (e.g. Wang et al., 
2001, 2008; Hoffmann et al., 2010; Southon et al., 2012). The correla-
tion between speleothems and other records often relies on the 
assumption that calibrated 14C ages are consistent with the U/Th age 
scale of the speleothems. In theory, other 14C records could be compared 
with the 14C of the speleothems. However, the radiocarbon dates of the 
speleothems are subject to a ‘dead carbon fraction’ (DCF) correction of 
several centuries or even millennia (e.g. Southon et al., 2012; Hoffmann 
et al., 2010). Speleothems usually do not contain tephra layers, which 
could otherwise be useful as providing reliable isochrons for 
correlations. 

The uncertainties affect not only correlation but also absolute ages. 
Ice cores, as well as some annually laminated (varved) sediments, are 
provided with absolute ages determined by counting of annual layers (e. 
g. Goslar et al., 1995; Hughen et al., 1996; Kitagawa and van der Plicht, 
1998a; Zolitschka, 1998; Brauer et al., 2014). However, layer counting 
inevitably produces a cumulative error (Rasmussen et al., 2006; Bronk 
Ramsey et al., 2012; Schlolaut et al., 2012; Schlolaut et al., 2018; 
Adolphi et al., 2018). For example, the GICC05 chronology has a 
maximum counting error of ±84 years at 10,000 GICC05 yr b1.95k, 
which makes it difficult to diagnose centennial-scale lead-lag relation-
ships between Greenland and other regions. 

The varved sediments of Lake Suigetsu, central Japan, are in a 
particularly advantageous position in this global exercise of inter- 
regional correlation. The numerous (n > 800) 14C dates from Lake Sui-
getsu sediment cores are exclusively on terrestrial plant macrofossils 
(mostly leaves, but also some bark and twigs), and hence do not require 
any reservoir or DCF corrections (Kitagawa and van der Plicht, 1998a; 
Bronk Ramsey et al., 2012). Because Suigetsu’s 14C dataset has been 
adopted as a major part of the IntCal radiocarbon calibration models 
since 2013 (Reimer et al., 2013, 2020), any terrestrial 14C dates 
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calibrated using IntCal can be directly correlated with Suigetsu without 
further corrections. IntCal13 still had a problem with its older part (>32 
IntCal13 kyr BP) as it more heavily relied upon Bahamas speleothem 
data with a relatively large DCF, and therefore the calibrated 14C ages 
were not tightly tuned to the U/Th timescale. However, the newly 
released IntCal20 curve uses speleothem data from Hulu Cave, China, 
which have a much smaller and more constant DCF to the radiocarbon 
limit, and so the U/Th yr BP and IntCal20 yr BP chronologies have 
become compatible with each other. 

Along with its high-precision and highly correlatable chronology, 
Suigetsu’s varved sediments are also rich in indicators of past climate, 
including fossil pollen grains. The methods of quantitative climate 
reconstruction using pollen data are well established for Japan (e.g. 
Nakagawa et al., 2002; Tarasov et al., 2011), so together with the varved 
nature of the sediment, the Suigetsu cores have the potential to resolve 
vegetation and climate changes at decadal scale. The unique combina-
tion of these features makes Suigetsu an ideal comparison target for 
assessing spatio-temporal structures of past climate transitions. 

Correlation between the Greenland ice cores and archives in other 
regions has also much improved during the last two decades. The 
Greenland ice cores, which previously had independent age scales, have 
been tightly correlated with each other and placed on the common 
GICC05 chronology (Rasmussen et al., 2014). Blunier et al. (1998) and 
Blunier and Brook (2001) used 10Be and methane wiggles to synchronise 
Greenland and Antarctic ice cores, and convincingly showed that the 
millennial scale climate oscillations during the last glacial period were 
offset between the respective polar regions, typically with an Antarctica 
lead. They also proved that the tuning of climate signals is suboptimal as 
a method to synchronise archives between distant regions. More 
recently, Svensson et al. (2020) successfully synchronised Greenland 
and Antarctic ice cores using volcanic signals constrained by layer 
counts, and established the spatio-temporal structure of the bipolar 
climatic change at sub-centennial precision. 

Muscheler et al. (2014) analysed 10Be wiggles in the GISP2 ice core 
with the 14C signals in absolutely dated tree ring records, establishing 
some tie points between GICC05 and tree ring chronologies. They thus 
demonstrated that the GICC05 timescale is about 65 years too old at the 
onset of the Holocene, which reverses to an undercount further back into 
the Lateglacial period. This considerably increased the potential for 
analysing leads and lags of deglacial climate changes between 
Greenland and elsewhere at sub-centennial resolution. 

Adolphi et al. (2018) applied a similar approach to speleothems. 
They compared 14C in speleothems and 10Be in GISP2, establishing 
robust correlations between the GICC05 and U/Th chronologies in the 
10–14, 18–25 and 39–45 U/Th kyr BP windows. They then constructed a 
semi-continuous transfer function with quantified uncertainties by 
Monte-Carlo simulation taking into account the maximum counting 
error associated with the GICC05 chronology (Rasmussen et al., 2006). 
Since the absolute age scale of IntCal20 beyond the 13,910 IntCal20 yr 
BP tree ring limit is essentially determined by the U/Th chronology of 
the Hulu speleothem (Reimer et al., 2020), this provided a major 
breakthrough that enables robust age-based correlation among IntCal, 
U/Th and ice core chronologies. 

The Cariaco Basin also provides one of the most popular comparison 
targets for Late Quaternary palaeoenvironmental datasets, due to its 
densely defined 14C stratigraphy and high-resolution palaeoclimate 
proxy data (e.g. Hughen et al., 1996, 1998, 2000, 2004, 2006; Peterson 
et al., 2000). The Cariaco chronology, however, relied on the assump-
tion of constant marine reservoir age as well as the tuning of the climate 
signals to Greenland and then Hulu, hindering robust assessment of 
centennial leads and lags (Hughen et al., 2004, 2006). Recently, how-
ever, dynamics of the reservoir effect have been accounted for using 
Bayesian spline modelling (Hughen and Heaton, 2020), which allowed 
the Cariaco chronology to be placed on to the IntCal20 timescale. This 
significantly reduced the uncertainties included in the age-based cor-
relation between Cariaco and U/Th timescales. 

In summary, global archives of past climatic changes were poorly 
correlated with each other some quarter of a century ago. All that we 
could do was either to believe that different timescales were compatible 
with each other, or to rely on climate tuning. The INTIMATE network 
(INTegration of Ice-core, Marine and Terrestrial records; https:// 
intimate.nbi.ku.dk) was launched in 1995 specifically to tackle this 
problem (Björck et al., 1998). Many of the significant achievements 
outlined above were generated within the framework of the INTIMATE 
initiative (Björck et al., 1998; Lowe et al., 2001, 2008; Rasmussen et al., 
2014). Today, a quarter of a century after the launch of the group, the 
synchronisation among 14C, U/Th and ice core chronologies has finally 
reached the point where assessment of leads and lags at centennial to 
multi-decadal precision is possible and meaningful (Fig. 1). 

2.2. Problems with the previous pollen data from Lake Suigetsu 

Palaeoclimatological studies using the Suigetsu varves have a 20- 
year history. Nakagawa et al. (2003, 2005) performed pollen analysis 
and pollen-based quantitative climate reconstruction using a sediment 
core recovered in 1993 (‘SG93’ core). Based on the results, they pro-
posed that: (i) the onset of the Lateglacial interstadial in Japan occurred 
300–500 years earlier than in the North Atlantic, (ii) the onset of the 
Lateglacial cold reversal (known as the Younger Dryas in Europe) was 
later in Japan than in the North Atlantic region by 250–400 years, and 
(iii) the onset of the Holocene was later in Japan than in the N. Atlantic 
by 250 years. Those ‘findings’ might have had much significance for 
understanding the mechanisms of the millennial scale oscillations of 
climate, as well as the threshold systems between orbital forcing and 
climatic responses, if they were indeed the case. However, these authors’ 
approaches had some critical shortcomings, as follows: 

First, the age scale that they relied on was not as accurate as it could 
have been. The SG93 core had been recovered from a single borehole 
and had inevitable gaps between sections (Staff et al., 2010). In addition, 
the absolute age scale of the SG93 core was based on layer counting with 
the naked eye (Kitagawa and van der Plicht, 1998a, 1998b, 2000). These 
contributed towards a cumulative counting error of about 6% that was 
about twice as large as had been previously supposed (Staff et al., 2010). 
This means that the ‘findings’ proposed by Nakagawa et al. (2003, 2005) 
did not have a sound enough chronological basis to robustly assess cli-
matic leads or lags with other regions. 

Because of these problems with the SG93 core, the numerous (>300) 
terrestrial 14C dates obtained from the core were not included in the 
IntCal98, 04 and 09 radiocarbon calibration models (Stuiver et al., 1998; 
van der Plicht et al., 2004; Reimer et al., 2004, 2009). Therefore, even 
terrestrial 14C dates calibrated by the IntCal models could not be directly 
synchronised with the SG93 core. 

The previous pollen data also had problems. The SG93 cores were 
sliced into 1 cm thick ‘disks’ through sub-sampling processes. However, 
because it was not possible to slice cores always at the same seasonal 
boundary (such as the boundary between the winter and spring polli-
nation seasons), the ‘last seasonal layer’ to be included in each sub- 
sample relied entirely on chance. In other words, although the sample 
thickness was (quasi-) constantly 1 cm, the number of seasonal layers in 
one sample had ±1 year uncertainty according to the seasons. 

The typical sedimentation rate of Lake Suigetsu in the early Holocene 
was about 1 mm/yr. The ‘disk’ sub-sample of the SG93 core with 1 cm 
thickness therefore contained about 10 years. If one such sample con-
tained 10 spring layers and 9 autumn layers, then the result of pollen 
analysis would have an enhanced spring signal by about 11%, which 
would clearly represent an artefact of the sampling. Because of this 
problem, the pollen data contained inevitable noise. Worse still, the 
higher the chronological resolution that the authors intended to achieve, 
the larger the signal-to-noise ratio caused by such a mechanism would 
inevitably become (Nakagawa et al., 2003, 2005). 
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2.3. Context of this study and palaeoclimatological significance 

To remedy the problems outlined above, we started from scratch, 
with lessons learnt from the previous project. In 2006, we re-drilled the 
lake to obtain a set of new cores (‘SG06’) which was used for this study. 
SG06 consists of sections from 4 parallel boreholes which were drilled 
within a circle of 20 m radius. The parallel sections perfectly overlap 
with each other, without any stratigraphic gaps through the whole 73 m 
sequence (representing the last ca. 150 kyr). Fine laminations are pre-
sent through the upper 45 m (ca. 70 kyr) (Nakagawa et al., 2012; 
Schlolaut et al., 2012, 2018). A 14C dating programme was undertaken, 
producing 565 new 14C measurements of reservoir-free, terrestrial plant 
macrofossils from across the entire ca. 55,000 year range of the 14C 
dating method (Staff et al., 2011; Bronk Ramsey et al., 2012). The ab-
solute age scale of the SG06 core was also established by layer counting 
through a combination of methods (Schlolaut et al., 2012; Marshall 
et al., 2012), minimising the cumulative counting error through 
modelling of Suigetsu’s 14C dataset to the speleothem 14C records, whilst 
maintaining rigid relative age constraints provided by the raw layer 
counts (Bronk Ramsey et al., 2012). The new SG06 age-depth model was 
also transferred to the previous SG93 core by precise correlation of 
laminations (Staff et al., 2013b). With these substantial improvements, 
14C dates from the SG93 and SG06 cores were adopted as an integral part 
of the IntCal13 and IntCal20 radiocarbon calibration models (Reimer 
et al., 2013, 2020), making the composite Suigetsu sedimentary profile 
an almost ideal template for comparison with other palae-
oenvironmental records. As described in more detail below, we also 
improved the pollen sub-sampling methodology to circumvent the 
problem of the ‘last seasonal layer’ effect that enhances the signal from a 
particular season. 

High-resolution pollen analysis of the whole core is still ongoing. 
However, analysis of the Lateglacial to early Holocene part of the core 
(16,665 to 10,206 IntCal20 yr BP) at 1 cm stepping has been completed, 
yielding a total of 510 pollen spectra. Average analytical resolution is 13 
years, which enables us to: (i) reconstruct climatic changes during the 
Lateglacial to early Holocene transition at time intervals that would 
have been experienced during the lifetimes of contemporary humans, 
(ii) assess multi-decadal to centennial spatio-temporal structures of 
abrupt climatic change, and (iii) test the hypotheses of the leads and lags 
previously proposed by Nakagawa et al. (2003, 2005). 

The transition from the Lateglacial to the early Holocene is charac-
terised primarily by a large-scale climatic warming, but also by oscil-
lations between cold (stadial) and warm (interstadial) phases, as well as 
by abrupt shifts at the boundaries of these phases. Those shifts are often 
referred to as the most recent examples of abrupt climatic change, and 
have been intensively studied to attempt to understand the driving 

mechanisms of climatic change, the knowledge about which may feed 
into climate models that we need for future prediction. Although the 
overall transition can be understood as a non-linear response to the 
Milankovich orbital forcing, the mechanism behind that non-linearity 
has not been fully understood. Many hypotheses, such as switching of 
the three-dimensional ocean circulation (e.g. Broecker, 1998), shifts in 
the atmospheric circulation pattern (Brauer et al., 2008), and even an 
asteroid impact (Firestone et al., 2007) have been proposed, but the 
debate is essentially still ongoing. 

One notable viewpoint was proposed by Mangerud et al. (2010). 
Fig. 2 shows a comparison of two segments from the NGRIP δ18O record. 
Each segment contains two abrupt warming episodes, representing: a) 
the Lateglacial to early Holocene transition, and b) Dansgaard–Oeschger 
(D–O) events 7 and 8. The overall similarity of the segments is 
remarkable. One notable difference, however, is on the right of the 
figure where the Holocene temperature continues to rise, whereas D–O 7 
is short-lived and the glacial condition swiftly resumes (which is typical 
of D–O events). Although Mangerud et al. (2010) did not argue it 
explicitly, this alignment exercise gives rise to the following three 
questions:  

1) Was the Lateglacial interstadial of the same nature as other D–O 
events?  

2) Was the Holocene onset triggered by the same mechanism as the D–O 
events?  

3) Can the Holocene be understood as an extended D–O event? 

Deglaciation is most likely driven by boreal high-latitudinal summer 
insolation (Raymo, 1997; Cheng et al., 2009), and the Holocene onset is 
an integral part of it. However, many pieces of evidence suggest that the 
Holocene onset was abrupt (e.g. Steffensen et al., 2008; Walker et al., 
2009), which cannot be explained solely by the (essentially sinusoidal) 
Milankovich forcing. On the other hand, D–O events are likely driven by 
switching and hysteresis of the thermohaline circulation (Ganopolski 
and Rahmstorf, 2001), and the timescale involved is much shorter than 
that of orbital forcing. It thus seems possible that the Holocene started as 
the last D–O event, but did not terminate because of the different 
boundary conditions associated with the Milankovich cycle. 

This explanation can be tested by assessing spatio-temporal struc-
tures of the abrupt warming episodes. The well age-constrained palae-
oclimate records from Suigetsu, Greenland and speleothems, along with 
application of the transfer function of Adolphi et al. (2018) that allows 
conversion between U/Th and GICC05 age scales, are best suited for this 
purpose. 

There is a commonly shared view that the millennial-scale climate 
oscillations in East Asia were largely regulated by the North Atlantic 

Fig. 1. A: Distribution map of the key sites that constitute the robust correlation network mentioned in the main text. B: Schematic representation showing how key 
global archives are synchronised with each other. 
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processes (namely switching on/off of the AMOC) and that the changes 
in East Asia and the N. Atlantic are essentially synchronous (Wang et al., 
2001; Shen et al., 2010; Corrick et al., 2020). However, most U/Th ages 
of the speleothems that were used for testing that hypothesis had multi- 

centennial error ranges, precluding assessment of synchrony/asyn-
chrony with multi-decadal to sub-centennial precision. In this study, we 
present a microscopic (sub-centennial) yet robust reconstruction of the 
spatio-temporal structure of the abrupt climate transitions during the 

Fig. 2. Two segments from NGRIP δ18O data (10–16 and 34–40 GICC05 kyr b1.95k) overlain for comparison (modified after Mangerud et al., 2010). These show 
impressive similarity except where the early Holocene values continue to increase, raising the question as to whether the abrupt warming events that characterise the 
Lateglacial to early Holocene transition were driven by the same mechanism as D–O events. 

Fig. 3. Location map of Lake Suigetsu, central Japan, and positions of the sediment cores (SG06 and SG93) mentioned in this paper (modified after Nakagawa 
et al., 2012). 
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Lateglacial, centring upon new data from Suigetsu and the other best 
age-controlled archives available to us today, including NGRIP and 
Hulu. 

3. Study site 

Lake Suigetsu (35 ̊35′08′′ N, 135 ̊52′57′′ E) is located close to the Sea 
of Japan coast of Honshu island, central Japan (Fig. 3). The maximum 
water depth is 34 m, and the surface area is about 4.2 km2. The present 
elevation is 0 m a.s.l. Diatom analyses of the sediment revealed that it 
was inundated by sea water during the mid-Holocene and marine 
isotope stage (MIS) 5e sea level highstands (Saito-Kato, unpublished 
data). The lake has been brackish since AD1664 through to the present 
as the lake was then artificially connected to the sea. Otherwise Suigetsu 
was always a freshwater lake. 

Lake Suigetsu is one of the Mikata Five Lakes system, connected to 
the adjacent lakes through narrow channels. As the lake does not have 
any inflowing river, the water of Lake Suigetsu is fed exclusively by Lake 
Mikata and by surface runoff from the surrounding hillsides. Lake 
Mikata is fed only by the Hasu River, which has a relatively small 
catchment (27.3 km2) (Fukusawa et al., 1994). Because of this particular 
setting, Lake Suigetsu is isolated from any high-energy hydrological 
processes and has an undisturbed, anoxic, and stable lake bottom where 
varves can accumulate. 

The mean annual temperature and the annual precipitation at 
Tsuruga meteorological observatory, about 18 km to the east of Lake 
Suigetsu, is 15.3 ◦C and 2136 mm, respectively (30-year average of 
AD1981–2010) (Fig. 4). Lake Suigetsu is in the northern margin of the 
Warm mixed vegetation zone (Cfa climate zone in the Köppen climate 
classification) (Fig. 5). The nearest Temperate deciduous forest (Dfa 
climate zone) is on the slope (ca. >600 m a.s.l.) of the surrounding 
hillsides. 

4. Materials and methods 

4.1. Sub-sampling varved sediments 

The SG06 core is >73 m in length, reaching back to at least MIS-6 at 
its base (Nakagawa et al., 2012). The upper 45 m are finely laminated, 
covering the last ca. 70 ka. Details of the SG06 core were already 
described by Nakagawa et al. (2012), whilst the sub-structure and 
composition of the annual layers are fully explained by Schlolaut et al. 

(2012, 2014, 2018). Sub-samples of the SG06 core for pollen analysis 
were taken from 1.2 cm-wide LL-channels (https://youtu.be/v5 
TEQ8omnr0) (Nakagawa et al., 2012) (Fig. 6) extracted from the com-
posite depth (ver. 06 Apr. 2020) range of 1288.0–1807.7 cm (16,665 ±
36–10,206 ± 14 IntCal20 yr BP). The longitudinal samples taken by LL- 
channel were sliced mechanically at 1 cm intervals using a “Centi-slicer” 
device (https://youtu.be/o7TVbzNDT1A). It is important to note that 
this 1 cm is the interval on the actual LL-channel, i.e. the interval on the 
idealised composite depth scale is not always precisely 1 cm (the depth 
of each sub-sample was calculated by dividing the interval between 
marker layers with defined depths by the number of sub-samples taken 
from the interval by the Centi-slicer) (Nakagawa et al., 2012; in prep.). 
The slicing lines were not perpendicular (90◦) to the depth axis but were 
at a 60◦ angle to the axis in order to avoid the ‘last seasonal layer’ effect 
described above (Fig. 7). Theoretically, this should reduce the noise in 
the seasonal signal from a maximum of 15% down to <2%. 

4.2. Pollen analysis and climate reconstruction 

In order to determine absolute pollen concentrations, we added 2 ml 
of “Palynospheres SG06 special blend” marker grain solution (Kitaba 
and Nakagawa, 2017) to each sample, before any treatments. Palyno-
spheres produced by Palynotech (https://www.palynotech.com) have a 
density close to that of fossil pollen grains (ca. 1.4 g/cm3), very good 
visibility under the microscope, and perfect tolerance to any chemical 
and physical stresses generated during pollen preparation including HF 
application (though we do not use it routinely) and grinding by sand 
particles (https://youtu.be/yKqUD32pV6c). The “SG06 special blend” 
has the grain concentration precisely controlled by the manufacturer, 
and the grains are dispersed in a non-toxic buoyancy-neutral medium. 

The subsamples were then treated by the method of Nakagawa et al. 
(1998), which has been well established and is summarised as follows:  

• 10% HCl (ambient temperature, 8 h)  
• 10% KOH (90 ◦C, 10 min)  
• Repeated rinsing (6 times)  
• 10% HCl (ambient temperature)  
• Heavy liquid separation by ZnCl2 solution (1.88 g/cm3, 2200 r.p.m., 

20 min)  
• Acetolysis (90 ◦C, 10 min)  
• Ethanol treatment (ambient temperature)  
• Mounting in glycerol. 

Following the protocol of Nakagawa et al. (2013), we also treated 
and analysed one standard sample (artificially homogenised Suigetsu 
sediments) after every 7 real samples. Both pollen and marker grains 
were identified under light microscopy at 400× magnification and 
counted using a “PolyCounter” device (https://youtu.be/fs_hgkj0IYE) 
that enables significantly faster counting. Identification and counting 
were performed until the total of 32 arboreal taxa identified by Gotanda 
et al. (2002) as the most representative of the Japanese vegetation 
reached at least 400 grains. The average number (and the standard de-
viation) of the 32 arboreal pollen taxa, the total arboreal pollen, and the 
total arboreal and non-arboreal pollen grains were 436.6 (30.5), 444.1 
(32.3), and 476.5 (40.0), respectively. Treatments and analyses were 
performed in a random order so that any lot-specific bias would not 
generate a false cyclicity signal. As the pollen signals obtained on the 
standard samples were generally stable, we did not perform any data 
correction. 

To the percentage data of the 32 pollen taxa, we applied the modern 
analogue method (Guiot, 1990) that has been well established in Japan 
(Nakagawa et al., 2002), and reconstructed mean annual temperature. 
All 32 taxa of Gotanda et al. (2002) were used for reconstruction without 
enhancing minor taxa. Up to 8 analogues were adopted unless the chord 
distance exceeded 0.2. Calculations were performed using Polygon 2.4.4 
software (http://polsystems.rits-palaeo.com). The surface pollen data 

Fig. 4. Seasonal variability of the temperature and precipitation of Tsuruga 
city, Fukui prefecture, Japan (30-year average of AD1981–2010). 
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and the modern climate data are also available on the same web site (as 
of 13 April 2021). 

4.3. Updating the age model 

Suigetsu’s original age scale (SG062012 yr BP chronology) was con-
structed by wiggle-matching Suigetsu’s 14C dataset onto Hulu’s (ca. 
11.2–26.9 U/Th kyr BP) and Bahamas’ (ca. 28.0–43.9 U/Th kyr BP) 
speleothem data, with constraints by layer counts and taking into ac-
count the possible variation ranges of the DCFs (Bronk Ramsey et al., 
2012; Staff et al., 2013a). The older part of the model was, however, not 
very tightly tuned to the speleothem’s U/Th chronology because of the 
relatively large DCF of the Bahamas speleothem and lack of obvious 
structures in the Δ14C curve through the ca. 30–40 kyr BP period, and 
was not suitable to put into the transfer function between U/Th and 
GICC05 chronologies (Adolphi et al., 2018). Subsequently, Suigetsu’s 
14C dataset was adopted as an integral part of the IntCal13 and IntCal20 
radiocarbon calibration models and, thus, the stratigraphy of SG06 is 
placed directly onto IntCal’s absolute chronology. The central archive of 
IntCal20, from the tree ring limit down to the radiocarbon limit, is that 
of the Hulu Cave speleothems, which has a significantly smaller DCF 
than the Bahamas speleothem. This finally makes Suigetsu’s IntCal20 yr 
BP ages suitable for use in the transfer function of Adolphi et al. (2018) 
for direct comparison with the GICC05 chronology. 

In reality, the differences between IntCal13 and IntCal20 chronolo-
gies for the period that concerns this study (10.2–16.7 ka) are very small 
(less than 26 years at the abrupt transitions concerned) and do not affect 
any conclusions of this paper. Unless otherwise specified, we use 
IntCal20 yr BP as the default chronology as it is supposed to be the 
closest to reality, and will facilitate comparison with future terrestrial 
14C data that will presumably be calibrated with the latest calibration 
model. 

4.4. Comparison with other sites 

Comparison with the Greenland ice cores was performed using the 
transfer function of Adolphi et al. (2018) assuming Suigetsu’s IntCal20 
yr BP age to be a sufficiently good surrogate of the U/Th yr BP age used 

in that transfer function. Comparison with the Cariaco Basin was made 
using the IntCal20 yr BP chronology of both sites (Hughen and Heaton, 
2020). Comparison with the WAIS Divide ice core relies on the WD2014 
chronology and, as with the Greenland ice cores, the transfer function of 
Adolphi et al. (2018). The WD2014 chronology was established by in-
dependent layer counting, but its offset to the GICC05 chronology has 
been shown to be less than 24 years during the Lateglacial period (which 
is negligible for the purpose of the present study since the WAIS Divide 
record does not exhibit as abrupt changes as in Suigetsu and Greenland) 
(WAIS Divide Project Members, 2013; Sigl et al., 2016). U/Th ages given 
to the speleothems were directly compared with the IntCal20 ages 
without conversion because the IntCal20 yr BP chronology beyond the 
tree ring limit is essentially the U/ThHulu yr BP chronology. 

In order to compare timings of climatic change among regions, we 
needed to define the start, midpoint and end of the transitions. For this 
purpose, we performed a ramp function fitting using the EventWatcher 
program (http://polsystems.rits-palaeo.com). Range-finding was per-
formed with 200,000 initial iterations. Then improved solutions were 
intensively searched for in the vicinity of the nodes determined by the 
range finding for at least another 200,000 iterations until the solution 
did not improve for 100,000 reiterations. We used the same approach for 
climate curves from Suigetsu and other sites, unless the fitting results 
were already provided in the original literature (Steffensen et al., 2008). 

5. Results and discussion 

5.1. Overall trend 

Results of the pollen analysis and the quantitative climate recon-
struction are shown in Fig. 8. Three visible gaps in the diagram are 
turbidite layers that do not constitute any significant time gaps (the 
SG06 core was recovered from the lake’s quasi-flat depocentre with 
minimal erosion potential, as supported by thin section microscopy 
which did not identify any evidence of removal of materials by those 
turbidites, and 14C dates which do not exhibit visible jumps at those 
event layers). Fig. 9A is the reconstructed climate plotted on the age 
scale. Fig. 9B is the standard deviation of the reconstructed mean annual 
temperature for a 100 year-long moving window (which contains 7.9 

Fig. 5. A: Köppen climate classification of Japan (modified after Beck et al., 2018). B: Potential natural vegetation map of Japan (modified after Yoshioka, 1973). 
Most of the four main Japanese islands belong to Cfa (Temperate, no dry season, hot summer), Dfa (Cold, no dry season, hot summer), and Dfb (Cold, no dry season, 
warm summer) zones, which are represented by Warm mixed forest, Temperate deciduous forest, and Cool mixed forest, respectively. 
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datapoints on average), i.e. the larger the value on this diagram, the 
greater the multi-decadal instability of the climate. 

The basal part of the diagram (ca. >15.8 kyr BP) (Fig. 8) is charac-
terised by boreal/temperate arboreal species such as Abies, Picea, Betula, 
and Quercus (deciduous type), which are typical of the cool mixed forest 
that corresponds to the Dfb (Temperate continental/Humid continental) 
climate zone. The relatively elevated percentage of Artemisia indicates 
that the forest was semi-open. The reconstructed mean annual temper-
ature was about 5 ◦C, i.e. lower than today by about 10 ◦C. From about 
15.8 IntCal20 kyr BP, coniferous trees (such as Abies and Picea) and 
Betula start decreasing, replaced by broad-leaved trees such as Alnus, 
Fraxinus, and Quercus (deciduous type). The reconstructed temperature 
gradually increases with some short-lived ‘flickers’. This cold period 
with some movements towards warmer conditions can be seen as a 
transition or ‘precursor’ towards more abrupt warming that occurred ca. 
15.0 IntCal20 kyr BP. This period is correlated with the local pollen zone 
SGPS-2 of the old SG93 core described by Nakagawa et al. (2003, 2005). 

At ca. 14.9 IntCal20 kyr BP, the sudden replacement of Tsuga by 

Cupressaceae-Taxaceae type pollen, sudden increase of Fraxinus, and 
sharp decrease of Artemisia are observed, indicating the replacement of 
the cool mixed open forest by the temperate deciduous forest. It cannot 
be denied that such replacement of the vegetation types may have 
involved some response time. One needs to be cautious, therefore, in 
detecting lags in the reconstructed climate at this transition. In contrast, 
if any leads in Suigetsu are observed, then that observation would be 
robust because the effect of the vegetation response time in the pollen 
signal must operate in the opposite direction. 

After the completion of the vegetation shift at ca. 14.7 IntCal20 kyr 
BP, relatively warm conditions persisted until ca. 12.8 IntCal20 kyr BP, 
with gradually increasing temperature (Fig. 9A) and gradually 
decreasing variability of temperature (Fig. 9B). Most of the climate os-
cillations that characterise the lower (earlier) part of this interval (that 
roughly corresponds to the Bølling period in Europe) are represented by 
multiple sub-samples, i.e. they are not noise in the pollen data but 
represent real multi-decadal signals (c.f. insets A-B of Fig. 8; N.B. 
average analytical interval for this period is 12.7 years). This relatively 

Fig. 6. A: Longitudinal sub-sampling by double-L (LL) channel (modified after Nakagawa et al., 2012). B: Samples taken by LL-channel can be sliced very easily. C: 
Links to the tutorial videos. 
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warm period is correlated with the local pollen zone SGPI-1 previously 
recognised by Nakagawa et al. (2003, 2005) from the old SG93 core. 

Based on the pollen data of the SG93 core, Nakagawa et al. (2003, 
2005) divided this zone into subzones a-c. However, we cannot observe 
such clearly defined phases in the new record. The subzones in the 
previous studies were most likely artefacts due to suboptimum data 
quality. 

From ca. 12.8 to ca. 11.6 IntCal20 kyr BP, Fagus (crenata type) in-
creases, with significantly lower reconstructed temperatures. 
Throughout this period, both Fagus pollen and reconstructed tempera-
ture demonstrate unstable multi-decadal oscillations. Most of the oscil-
lations are represented by more than one sample, supporting our 
interpretation that they are not noise but represent real signals. The 
instability index (the standard deviation; Fig. 9B) is accordingly very 
high during this period. This zone is correlated to the local pollen zone 
SGPS-1 of the SG93 pollen data (Nakagawa et al., 2003, 2005). This 
relatively cold and unstable period corresponds to the Lateglacial cold 

reversal that is often referred to as the ‘Younger Dryas’ in Europe or ‘GS- 
1’ in Greenland (Björck et al., 1998). 

Fagus crenata type pollen that characterised the cold reversal period 
suddenly decreases at ca. 11.6 IntCal20 kyr BP, marking the start of the 
Holocene. Instead, Castanopsis-Castanea type pollen starts increasing 
gradually. The reconstructed temperature rises abruptly at the base of 
this zone, then the climate stayed relatively warm and stable throughout 
this period. This warm period is correlated with the local pollen zone 
SGPH defined on the SG93 core by Nakagawa et al. (2005). 

Changes at both the onsets of the Lateglacial cold reversal (at ca.12.8 
IntCal20 kyr BP) and of the Holocene (at ca. 11.6 IntCal20 kyr BP) were 
not total replacements of vegetation types but were instead relative 
changes in the abundance and/or vigour of already existing members of 
the local vegetation. The response time of the pollen signal is, therefore, 
assumed to have been rapid. The fact that we can resolve decadal-scale 
oscillations (which would otherwise have been smoothed) also supports 
the ability of this pollen-based temperature record to detect not only 
leads but also lags and/or synchrony when compared to other records 
(insets A-B of Fig. 8). 

The sequence of climatic changes outlined above roughly mirrors the 
climatic episodes reported for the Lateglacial to early Holocene transi-
tion in the North Atlantic region, i.e. stadial – interstadial – cold reversal 
– Holocene (GS-2 - GI-1 - GS-1 - Holocene in Greenland, or Heinrich 1 – 
Bølling/Allerød – Younger Dryas – Holocene in northern Europe) 
(Fig. 10). However, it does not show a similarity to the tropical Western 
Pacific (Fig. 10F) or Antarctica (Fig. 10G) where changes were generally 
more gradual and the cold reversal (when it exists) does not coincide 
with that of Greenland (Partin et al., 2007; Pedro et al., 2015). In the 
broadest sense, therefore, Japan “belongs” to the N. Hemispheric 
regime, which is typically represented by Greenland (and also Hulu 
Cave, in East Asia). Notable differences with Greenland include a much 
smaller amplitude of the cold reversal, greater climatic stability during 
the second half of the interstadial, and the gradual increase of temper-
ature throughout the interstadial. 

The cooling trend that persists during the Lateglacial interstadial in 
Greenland (GI-1) is a shared structure with D–O events (Fig. 2) and thus 
provides intuitive support for the view that the Lateglacial interstadial is 
the latest D–O event (D–O 1). On the other hand, the temperature keeps 
rising during the same period in Suigetsu, China, Borneo, and partly in 
Antarctica until the Antarctic cold reversal (ACR) starts (Fig. 10D-G), 
following the N. hemispheric summer insolation change in high- 
latitudinal regions (Fig. 10I). This supports orthodox views that the 
deglaciation is largely driven by rising insolation in the N. hemispheric 
summer (Raymo, 1997; Cheng et al., 2009), with a superimposed in-
fluence from the switching on/off of the thermohaline circulation 
(Broecker, 1998) which exhibits strong bimodality and hysteresis that 
generates an abrupt and amplified response in the N. Atlantic (Gano-
polski and Rahmstorf, 2001). The abrupt warming at the onset of the 
interstadial in the N. Atlantic was swiftly followed by a gradual return to 
the stadial mode, with limited influence on other regions such as 
monsoonal Asia (e.g. Wang et al., 2001). 

The amplitude of the Lateglacial cold reversal (equivalent to the 
Younger Dryas) is smaller in Japan than in the N. Atlantic (Schlolaut 
et al., 2017). Nakagawa et al. (2006) reported that the degree of cooling 
in Japan was significantly larger in winter when Japan is governed by 
the Eurasian airmass, whereas it is much smaller in summer when Japan 
is under the Pacific airmass. These observations can be coherently 
explained if the Eurasian airmass is more strongly linked to the N. 
Atlantic, but the N. Atlantic influence is attenuated at the monsoon front 
(boundary between Eurasian and Pacific airmasses) and hardly reaches 
the W. Pacific. This interpretation is also in line with the N. Borneo and 
Antarctic evidence where no Younger Dryas-like oscillation is observed. 

5.2. Timings of the climatic changes in detail 

The starts, midpoints, and ends of the three transitions recognised by 

Fig. 7. Diagonal slicing of LL-channel subsamples. Thicknesses of the idealised 
varves shown here are normally distributed around 1 (arbitrary unit) with a 
standard deviation of 0.25, without any longer-term trend. Light blue lines 
denote perpendicular slicing (90◦ to the axis) at an interval of 10 units. Orange 
lines denote diagonal slicing at 60◦ to the axis at an interval of 10 units. Curves 
in corresponding colours show average grey-scale values of each sub-sample 
taken by the different slicing strategies. The perpendicular slicing generates a 
much stronger false signal caused by the ‘last seasonal layer’ effect. 
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the ramp function fitting are summarised in Table 1. Also shown in 
Table 2 are those data for Greenland recognised from the D-excess data 
of the NGRIP ice core (Steffensen et al., 2008). The left-hand side of 
Fig. 11 (A-C) shows a detailed comparison between both sites for the 
three climatic transitions from the Lateglacial to the early Holocene. 
IntCal20 yr BP and GICC05 yr b1.95k age scales in the figure are 
synchronised using the transfer function of Adolphi et al. (2018). 

The right-hand side of Fig. 11 (D–F) shows images of the SG06 
varved sediment core around the depth of each transition. The transi-
tions recognised by ramp function fitting both in SG06 and NGRIP cores 
are also projected on to the core images. The transitions in Suigetsu do 
not have error bars because they were directly measured on those cores 
(the only factor to generate uncertainty in the position on the core is the 
sample size, which is 1 cm in the case of this study). On the other hand, 
the projection of the transition in NGRIP on to the SG06 core is the 
combination of age uncertainties associated with both records and the 
transfer function. The combined uncertainty ranges at 1 and 2 sigma are 
indicated beside the core images. 

Each of the three transitions has a unique spatio-temporal structure. 
Their details and implications are described below (in reverse chrono-
logical order because the observations for the later transitions are used 
to interpret those for the earlier transition). 

5.2.1. Holocene onset 
The Holocene onsets in Suigetsu and Greenland were both abrupt, 

and their timings were synchronous within 1 sigma error (Fig. 11A). In 
Suigetsu, the fitted ramp function has a duration of 10.2 years. This 
duration, however, is below the level of significance because the sam-
pling interval (and hence the number of years included in each sub- 
sample) around this horizon is about 10 years. On the other hand, the 
core image shows a clear boundary in the sedimentary facies; the varves 
below the Holocene onset are thinner and darker in colour, whereas 

those above the onset are thicker and lighter (Fig. 11D). The mechanism 
behind this difference is not fully understood. However, the visible sharp 
boundary in the annually laminated sediment strongly implies that the 
sedimentary and/or catchment environments changed from stadial to 
Holocene modes possibly within a single year. This is also in line with 
the NGRIP record that indicates that the wind system shifted drastically 
in a matter of a ‘few years’ (Steffensen et al., 2008). 

When projected on to the SG06 core, the midpoints of the changes in 
Suigetsu and NGRIP are less than 2 cm (ca. 20 years) apart. This is a 
surprisingly good agreement, taking into account the uncertainties 
included in the transfer function of Adolphi et al. (2018) as well as the 
sampling interval in Suigetsu. We consider that the synchroneity of the 
Holocene onset between Greenland and Suigetsu is therefore robustly 
supported by this agreement. 

The above conclusion negates the asynchrony of the Holocene onset 
argued by Nakagawa et al. (2003, 2005). The previous conclusions were 
erroneous because the Suigetsu and GRIP chronologies were not prop-
erly synchronised, and the lead author of the papers was not fully aware 
of the discrepancies among different age scales. (One reviewer of the 
Nakagawa et al. (2003) paper carefully observed the 14C dataset of 
Suigetsu and pointed out the likelihood that the conclusion was erro-
neous (Björck, personal communication)). 

At the onset of the Holocene, the temperature at Suigetsu rose by 
about 2–3 ◦C. Before the transition, the climate was unstable, and the 
temperature was oscillating on a multi-decadal timescale by about a few 
degrees. However, the climate became much more stable after the 
transition (Fig. 9B). 

5.2.2. Onset of the Lateglacial cold reversal 
The onset of the Lateglacial cold reversal (also referred to as the 

Younger Dryas, GS-1 or Heinrich 0 according to the locality and context) 
was abrupt in the circum N. Atlantic region including in Greenland and 

Fig. 8. Full pollen diagram and reconstructed mean annual temperature plotted against composite depth (ver. 06 Apr. 2020) (Nakagawa et al., 2012). AP: arboreal 
pollen. NAP: non-arboreal pollen. Percentage values were calculated on the basis of the sum of AP and NAP, including Alnus and Salix, excluding aquatic plants, 
Cyperaceae, and all other palynomorphs. Local pollen zones were taken after Nakagawa et al. (2003, 2005). Blue line: raw reconstruction. Red line: three point 
moving average. Insets: close-up views of typically stable (A) and unstable (B) periods of the Holocene and the Lateglacial cold reversal, respectively. Most oscil-
lations during the unstable period are represented by multiple data points. 
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Fig. 9. A: Reconstructed mean annual temperature 
plotted against IntCal20 age axis. Blue line: raw 
reconstruction. Red line: 100 year moving average. B: 
Standard deviation of the reconstructed temperature 
in 100 year moving window. The horizontal axis is 
inverted, i.e. the purple colour on the right-hand side 
indicates that the climate was stable during the cen-
tury. C: Radiocarbon dates of Natufian and Pre- 
pottery Neolithic-A (PPNA) cultures after screening, 
calibration and Bayesian modelling (modified after 
Blockley and Pinhasi, 2011) (re-calculated from raw 
14C dates using IntCal20 for coherence with curves A 
and B), with archaeological contexts. Both the late 
Natufian and PPNA cultures coincide with warm and 
stable periods.   

Fig. 10. A-H: Synchronised palaeoclimate reconstructions from across regions. A: Lake Suigetsu pollen-derived temperature. B-C: δ18O and D-excess of the NGRIP ice 
core (Steffensen et al., 2008). D-E: δ18O of Hulu and Yamen caves, China (Wang et al., 2001; Yang et al., 2010). F: δ18O of speleothems from three caves in Northern 
Borneo (Partin et al., 2007). G: δ18O of WAIS Divide ice core from Antarctica (WAIS Divide Project Members, 2013). H: 550 nm reflectance from the Cariaco basin 
(Hughen and Heaton, 2020). I: summer insolation at 35◦N, the latitude of Lake Suigetsu (Laskar et al., 2004). Light yellow bands correspond to the three higher 
resolution intervals shown in Fig. 11. Black dotted lines denote transitions in Suigetsu and NGRIP. Error bands show 1 sigma (black) and 2 sigma (grey) uncertainties. 
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at Meerfelder Maar, Germany. (Brauer et al., 2008; Steffensen et al., 
2008; Bakke et al., 2009). In Suigetsu, by contrast, the onset is more 
gradual than abrupt, and the fitted ramp function has a duration of 
>800 years (Fig. 11B; Table 1). The ramp midpoint lags behind that of 
NGRIP by several hundred years. However, the start of the ramp in 
Suigetsu is again in surprisingly good agreement with the start of GS-1 in 
NGRIP. The midpoints of the probability distributions of the ages are less 
than 1 cm apart from each other as expressed as their equivalent position 
on the SG06 core, which is well within the error of the transfer function 
and even of the sampling interval (Fig. 11E). 

In conclusion, the onset of the Lateglacial cold reversal exhibits a 
very high level of synchrony between Greenland and Suigetsu (which 
also negates Nakagawa et al., 2003, 2005). This new finding does not 
contradict the widely accepted scenario that the cold reversal was 
triggered by a meltwater pulse (MWP) from the Laurentide Ice Sheet and 
caused by the shutting down of the thermohaline circulation (Broecker, 
1998; Stocker and Johnsen, 2003; Barker et al., 2009), which was then 
transmitted to East Asia through an atmospheric teleconnection (Wang 
et al., 2001). 

There is a claim that the onset of the Lateglacial cold reversal was 
triggered by an asteroid impact (e.g. Firestone et al., 2007), which is not 
necessarily widely accepted, but still attracts a considerable number of 
researchers (e.g. Kennett et al., 2009; Moore et al., 2020). The principal 
line of ‘evidence’ to support the claim is the high concentration of 
iridium in the ‘Younger Dryas boundary’ layer in lacustrine sediments in 
many places in North America that mark the beginning of the cold 

reversal. Because Lake Suigetsu was a stable sedimentary basin and the 
annually laminated layers were not subject to vertical mixing, the 
iridium-rich dust (if it did shower Japan) should be preserved and show 
a sharp iridium peak in the sediment. 

Layer counting of the SG06 core was performed by two different 
methods (Marshall et al., 2012; Schlolaut et al., 2012), one of which was 
based on high-resolution scanning by Itrax X-ray fluorescence (XRF) 
scanner. This used a 100 μm wide flat beam and the analytical stepping 
was 60 μm, which means that each adjacent pair of measurements 
overlapped by 40% (Marshall et al., 2012). SG06 consists of parallel 
sections that also overlap with each other, without allowing any core 
gaps (Nakagawa et al., 2012). If there were to be an iridium-rich layer, 
therefore, the XRF data should have picked up the signal. 

Fig. 11E shows the curve of the iridium XRF counts overlain on the 
corresponding SG06 core image. There is no visible peak in iridium 
across the ca. 250-year long period that certainly encompasses the onset 
of the Younger Dryas. This does not provide conclusive evidence to 
reject the asteroid impact hypothesis of the Younger Dryas; but it does 
suggest that the supposed iridium-rich dust shower did not reach Lake 
Suigetsu. This could be used as a robust boundary condition to estimate 
the magnitude of the impact, if there was one. 

5.2.3. Onset of the Lateglacial interstadial 
The onset of the Lateglacial interstadial had a different spatio- 

temporal structure from the other transitions described above. The 
onset in Suigetsu was abrupt and led that in Greenland by about two 

Table 1 
Results of the ramp function fitting to the pollen-based reconstructed mean annual temperature in Suigetsu, for the three climate transitions discussed in this paper.   

IntCal20 yr BP Age error (±1 sigma) Age error (±2 sigma) Mean annual temperature (◦C) Note 

Model end 11,400.0 26.4 52.8 9.59  
Ramp end 11,637.9 34.5 68.9 9.59  
Ramp midpoint* 11,643.0 34.2 68.4 8.97 *Onset of the Holocene 
Ramp start 11,648.1 33.9 67.8 8.34  
Model start 12,000.0 21.7 43.3 8.34  

Model end 11,700.0 29.0 58.0 8.28  
Ramp end 12,023.0 22.0 44.0 8.28  
Ramp midpoint 12,434.3 20.5 40.9 9.13  
Ramp start** 12,845.5 22.2 44.5 9.98 **Onset of the Lateglacial cold reversal 
Model start 13,100.0 19.3 38.6 9.98  

Model end 14,500.0 36.4 72.7 8.95  
Ramp end 14,963.7 41.4 82.8 8.95  
Ramp midpoint*** 14,969.8 41.0 82.1 7.67 ***Onset of the Lateglacial interstadial 
Ramp start 14,975.8 40.8 81.7 6.39  
Model start 15,500.0 42.1 84.3 6.39   

Table 2 
Results of the ramp function fitting to the D-Excess in NGRIP ice core, for the three climate transitions discussed in this paper (Steffensen et al., 2008).   

GICC05 
b1.95k 

U/Th yr 
BP 

Age error (− 2 
sigma) 

Age error (− 1 
sigma) 

Age error (+1 
sigma) 

Age error (+2 
sigma) 

D-excess 
(‰)  

Model end 11,500.0 11,465.6 15.6 7.3 5.2 12.5 8.45  
Ramp end 11,651.0 11,624.5 16.0 7.4 6.4 14.9 8.45  
Ramp midpoint* 11,652.5 11,626.1 16.0 7.4 6.4 14.9 9.44 *Onset of the Holocene 
Ramp start 11,654.0 11,627.7 16.0 7.4 6.4 14.9 10.44  
Model start 11,800.0 11,781.9 18.4 7.4 8.5 16.0 10.44  

Model end 12,600.0 12,600.0 14.3 7.1 5.0 13.0 9.73  
Ramp end 12,846.0 12,845.9 12.9 5.9 7.1 16.6 9.73  
Ramp 

midpoint** 
12,846.5 12,846.4 12.9 5.9 7.1 16.6 8.57 **Onset of the Lateglacial cold 

reversal (GS1) 
Ramp start 12,847.0 12,846.9 12.9 5.9 7.1 16.6 7.41  
Model start 13,100.0 13,107.6 15.9 8.7 9.8 20.7 7.41  

Model end 14,500.0 14,596.8 95.8 48.8 43.2 91.8 6.16  
Ramp end 14,641.0 14,741.1 100.1 48.2 53.5 104.4 6.16  
Ramp 

midpoint*** 
14,642.5 14,742.8 100.3 48.4 53.4 104.4 7.86 ***Onset of the Lateglacial 

interstadial (GI1) 
Ramp start 14,644.0 14,744.4 100.4 48.5 53.4 104.5 9.57  
Model start 14,800.0 14,914.4 113.4 57.3 53.0 106.7 9.57   
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centuries. The offset was beyond 2 sigma errors (Fig. 11C). The age 
difference between ramp midpoints in Suigetsu and NGRIP was 227.0 +
94.4/− 89.4 IntCal20 years at 68.3% confidence interval (equivalent to 1 
sigma), and 227.0 + 186.5/− 182.4 IntCal20 years at 95.4% confidence 
interval (equivalent to 2 sigma). Because the temperature change in 
Japan leads that of Greenland (a conclusion that would not be invalid 
even if the pollen-inferred temperature increase involved a lagged 
vegetation response to climate), we can conclude that the onset of the 
Lateglacial interstadial was indeed asynchronous between Japan and 
Greenland. This conclusion affirms the asynchrony claimed by Naka-
gawa et al. (2003, 2005). 

The sedimentary facies also show interesting features across this 
transition (Fig. 11F). Immediately after the abrupt warming in Suigetsu, 
the frequency of characteristic light grey layers increases. According to 
the comparison between sedimentary facies in Suigetsu and the instru-
mentally measured climate of the last ca. 90 years, such clay layers are 
typically deposited after major flooding events (mostly caused by ty-
phoons) (Suzuki et al., 2016). Also particularly abundant during this 
period are light yellowish siderite layers. The mechanisms for siderite 
layer formation in Suigetsu have not been fully understood, but 

represent an ‘unusual’ (infrequent) situation over the longer term, of 
which one candidate cause could be enhanced input of iron-rich soil 
from the catchment area (Schlolaut et al., 2014) due to forest destruction 
by landslides (which in turn were caused by waterlogging of surface soil) 
and/or strong winds. The frequent deposition of clay and siderite layers, 
therefore, implies that the Lake Suigetsu region was stormy during this 
period of transition. 

After the earlier interstadial onset in East Asia/the West Pacific than 
in the North Atlantic, there existed a transitional period during which 
the longitudinal temperature balance across Eurasia was disturbed. This 
could have made the zonal circulation over Eurasia unstable, resulting in 
the ‘stormy two centuries’ in Suigetsu. This unstable condition could 
have been common across Eurasia, as is suggested by the increased 
deposition of detrital layers in Meerfelder Maar prior to the onset of the 
Lateglacial interstadial (Brauer, unpublished data). About 230 years 
later, the thermohaline circulation resumed and the circum-N. Atlantic 
regions became warmer, which re-established the longitudinal temper-
ature balance over Eurasia, made zonal circulation more stable, and 
reduced the frequency of extreme weather in Suigetsu. 

It may be premature to speculate that such an unstable climate 

Fig. 11. Detailed comparison of timings between Suigetsu and NGRIP at: the Holocene onset (A), the onset of the Lateglacial cold reversal (B), and the onset of the 
Lateglacial interstadial (C). Also shown are SG06 sediment core images that correspond to the three transitions (D–F). Transitions recognised by ramp function 
fittings (red lines) are indicated both on the data and core images by circles in corresponding colours. Error bands are shown at 1 sigma (black) and 2 sigma (grey) 
uncertainties. N.B. data and core images are presented on different age axes. 
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during that period of global warming was analogous to today’s apparent 
increase of extreme weather. However, our data provide additional 
geological evidence that global climate has discrete modes (=local po-
tential minima) where Holocene, glacial maximum, and future ‘hot 
house earth’ (Steffen et al., 2018) are three such examples, with climate 
becoming more unstable when the system starts to shift between these 
modes. 

5.3. Comparison with speleothem data 

The suite of Chinese speleothem records, with Hulu Cave as the most 
famous example, is often considered as representative of East Asia’s 
palaeoclimate (Cheng et al., 2016; Liu et al., 2020). The millennial scale 
climate oscillations in the Chinese speleothem records are generally 
interpreted as counterparts of the known climatic episodes in the 
circum-N. Atlantic regions (such as D–O and Bond events), and the 
timings of their occurrences in China are often believed to be synchro-
nous with the N. Atlantic (e.g. Wang et al., 2001, 2005). More recently, 
quantitative assessments of the relative timings between China and 
Greenland or among speleothems from across the world have been made 
based on wiggles of cosmogenic isotopes (Adolphi et al., 2018) or ab-
solute U/Th dates (Corrick et al., 2020). They concluded that the 
millennial scale changes are generally synchronous within errors (but 
with some exceptions; significant offsets were recognised such as 
Heinrich 2, GI-11, GI-15.1, and GI-23.1 where ages estimated in 
different regions do not converge) (Adolphi et al., 2018; Corrick et al., 
2020 and references therein). However, many of the absolute ages used 
for the comparison also had multi-centennial uncertainties, preventing 
investigation of the more fine-scale ‘anatomy’ of the spatio-temporal 
structures of the climatic change. 

Looking at the onset of the Lateglacial interstadial (where asyn-
chrony is observed between Suigetsu and NGRIP), the start of the 
warming transition at Hulu has two steps (Figs. 10D and 12C), of which 
the later one is indeed (almost exactly) synchronous with the warming in 
Greenland. The ramp fitting also defines the start of the transition near 
this point. However, the earlier step agrees better with the abrupt 
warming in Suigetsu (light blue arrows in Figs. 10D and 12C). In the 
similarly well age-constrained Yamen, Dongge, and Furong Cave records 
(Dykoski et al., 2005; Yang et al., 2010; Li et al., 2011), the starts of the 
transition were, within error, synchronous with Suigetsu, and leading 
that of NGRIP beyond 1 (Yamen and Dongge) or 2 (Furong) sigma 
combined error ranges (Fig. 12D-F; Table 3). 

Such ‘lead to Greenland’ is not evident with the ramp midpoints of 

those Chinese speleothem records. Instead, the midpoints lag signifi-
cantly behind Suigetsu, or even Greenland. This is simply because the 
transitions in the Chinese records are more gradual than in Suigetsu and 
Greenland. When investigating causal links, however, the start of the 
change is more important than the midpoint. On the basis of the relative 
timings of the start points, we propose that the transition to the Late-
glacial interstadial in Asia, including both Japan and China, started 
earlier than in Greenland. 

The speleothem record of Bittoo Cave in Northern India shows more 
abrupt change than in China at the onset of the Lateglacial interstadial 
(Fig. 12G) (Kathayat et al., 2016). Although the Bittoo record is not as 
tightly constrained for age as the Chinese speleothems, the abrupt shift is 
dated around that of Suigetsu (i.e. earlier than Greenland). If these ob-
servations are indeed the case, then the Indian monsoon and the East 
Asian monsoon appear to have reacted to the deglaciation as a contin-
uous unit, with Northern India and Japan (where changes were more 
abrupt) being more closely linked to the mechanism that drove the 
change, and/or more decoupled from the North Atlantic processes. 

The Cariaco Basin record can now be much more robustly correlated 
with the ice core and speleothem age scales, using the revised estimation 
of the marine reservoir age (Hughen and Heaton, 2020). Under this new 
light, the transition in the Cariaco Basin is indeed synchronous (within 
chronological uncertainty) with Greenland (Fig. 10H), implying that 
both tropical and Northern Atlantic regions were under the direct in-
fluence of the Atlantic meridional overturning circulation (AMOC). 

The abrupt transition in the speleothem record from the Pacific coast 
of South America (El Condor) also shows a significant lag behind Sui-
getsu (>1 sigma error) and synchrony with Greenland (Fig. 12H) (Cheng 
et al., 2013). Although it is risky to give too much significance to a single 
site, this also suggests support for our view that the mechanism that is 
responsible for the earlier shift in the monsoon regions had its origin 
nearer to Northern India and/or Japan. 

5.4. Mechanisms behind the observed spatio-temporal structure of 
deglacial climate changes 

Our detailed comparison of spatio-temporal structures has unveiled 
differences among deglacial climatic transitions. The onset of the 
interstadial was earlier in Japan by about 230 years, and the climate was 
unstable for several centuries before and after the onset. During the 
transitional time, after the warming in Japan and before the warming in 
the North Atlantic, there was a period with much increased frequency of 
stormy weather. On the other hand, the other abrupt warming at the 

Fig. 12. Onsets of the Lateglacial interstadial in: Suigetsu (A), Greenland (B), and speleothems from across the world (C-H; locations are shown on Fig. 1). Black 
dotted lines denote transitions in Suigetsu and NGRIP. Error bands show 1 sigma (black) and 2 sigma (grey) uncertainties. 
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Holocene onset was synchronous in both regions, and there was no 
particularly stormy transitional period. All things considered, the Late-
glacial interstadial can probably be understood as the last D–O event 
(which itself is subject to further investigation), but the Holocene onset 
was driven by a different mechanism. In other words, the Holocene 

cannot be understood as an extended D–O event, and switching on/off of 
the AMOC alone cannot account for all that happened during the Late-
glacial to early Holocene transition. 

As a qualitative explanation of what we observe in Greenland, Sui-
getsu, and other sites, we propose the following scenario (Fig. 13): 

Table 3 
Results of the ramp function fitting to the δ18O data of speleothems in different regions, for the onsert of the Lateglacial interstadial (Corrick et al., 2020 and references 
therein).   

Hulu (H82) Yamen (Y1) Dongge (D4)  

U/Th yr 
BP 

Age error 
(− 1 
sigma) 

Age error 
(+1 
sigma) 

δ18O 
(‰) 

U/Th yr 
BP 

Age error 
(− 1 
sigma) 

Age error 
(+1 
sigma) 

δ18O 
(‰) 

U/Th yr 
BP 

Age error 
(− 1 
sigma) 

Age error 
(+1 
sigma) 

δ18O 
(‰) 

Model end 13,000.0 39.7 38.2 − 8.04 13,500.0 122.4 116.6 − 7.95 13,000.0 80.0 71.0 − 7.94 
Ramp end 14,351.7 50.4 47.2 − 8.04 14,106.2 111.7 134.1 − 7.95 14,031.1 142.4 132.5 − 7.94 
Ramp midpoint 14,587.3 45.0 40.9 − 6.85 14,521.4 198.9 154.8 − 7.00 14,470.5 225.7 228.5 − 6.55 
Ramp start 14,823.0 71.1 73.3 − 5.65 14,936.6 100.8 145.5 − 6.05 14,909.8 142.2 176.7 − 5.16 
Model start 16,500.0 43.7 69.6 − 5.65 15,500.0 330.1 402.4 − 6.05 16,500.0 140.4 123.5 − 5.16   

Furong (FR5) Bittoo (BT1) Condor (ELC)  

U/Th yr 
BP 

Age error 
(− 1 
sigma) 

Age error 
(+1 
sigma) 

δ18O 
(‰) 

U/Th yr 
BP 

Age error 
(− 1 
sigma) 

Age error 
(+1 
sigma) 

δ18O 
(‰) 

U/Th yr 
BP 

Age error 
(− 1 
sigma) 

Age error 
(+1 
sigma) 

δ18O 
(‰) 

Model end 13,000.0 70.9 57.2 − 7.59 14,230.0 987.9 249.1 − 5.42 13,000.0 186.2 114.7 − 5.87 
Ramp end 13,640.2 208.0 95.0 − 7.59 14,917.3 294.8 470.8 − 5.42 14,591.9 303.2 358.0 − 5.87 
Ramp midpoint 14,327.0 158.7 106.5 − 6.12 14,929.6 303.2 478.9 − 4.05 14,638.4 309.1 350.0 − 6.29 
Ramp start 15,013.7 42.0 52.1 − 4.65 14,941.9 311.6 487.0 − 2.68 14,684.9 313.7 338.7 − 6.70 
Model start 16,500.0 60.8 65.5 − 4.65 16,500.0 289.5 184.7 − 2.68 16,500.0 470.8 795.3 − 6.70  

Fig. 13. A schematic explanation of the proposed mechanism that drove temperature transitions and climate stability at Lake Suigetsu (original data: Fig. 9). Climate 
becomes unstable when insolation forcing and teleconnection to the N. Atlantic operate in opposing directions. Stable climate during the second half of the Late-
glacial interstadial and early Holocene may have contributed to major changes in human lifestyles. 
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Since the initiation of the last deglaciation, boreal high-latitudinal 
summer insolation kept increasing in a sinusoidal (= gradual) manner, 
to which the Southern Hemisphere and the tropical regions responded 
linearly (Fig. 10F, G). In contrast, the Asian Monsoon region that en-
compasses Northern India, China and Japan had some threshold system 
that prevented the region from responding linearly to the deglacial 
insolation forcing. As a mechanism that has strong enough bimodality to 
generate ‘abrupt’ change, we propose migration of the westerly jet be-
tween the north and the south of the Tibetan plateau (Fig. 14). 

Seasonal migration of the westerly jet is common in many regions. 
However, because the Tibetan plateau and Himalayas act as a topo-
graphical barrier, the main axis of the westerly jet over Eurasia has a 
strong tendency to be positioned either to the south of the Himalayas 
(winter) or to the north of the Tibetan Plateau (summer), but rarely in 
between (Schiemann et al., 2009). When the jet ‘jumps’ to the north, it 
creates space for the monsoon system to operate, allowing warm and 
moist oceanic air masses to penetrate into the Chinese and Indian in-
teriors (Liang and Wang, 1998; Sun et al., 2006; Sampe and Xie, 2010). 
Based on dust analysis of a marine core from the Sea of Japan, Naga-
shima et al. (2011) postulated that such a bimodal jump of the westerly 
jet is also analogous to the contrast between stadial and interstadial 
conditions of the last glacial age. Because Suigetsu is in the region where 
the climate is directly affected by such a bimodal process (Fig. 14), the 
jump of the westerly jet can determine whether Japan belongs to the 
continental or oceanic air masses, and generate abrupt climatic change 
in Japan. It would be possible to test this hypothesis by analysing the 
origin of the aeolian dust in sediments, as performed by Nagashima et al. 
(2011), for a different time window. 

While the system was still ‘resisting’ reaction to the increasing 
pressure from the orbital forcing, the climate in Japan became unstable 
(probably the westerly jet was intermittently ‘jumping’ to the north, 
allowing warm spikes to occur in Japan). After the threshold was crossed 
at ca. 14.97 IntCal20 kyr BP, the regional climate of East Asia started 
following the orbital forcing more linearly (Fig. 13) (though with some 
superimposed complications – see below). 

In the North Atlantic regions, the switching on/off of the AMOC 
operated as a higher threshold that has stronger bimodality than in Asia. 
Therefore, it took a longer time to respond to the orbital forcing and 
generated an abrupt and regionally more amplified climatic shift. This 
‘overshoot’ of the climate during the earlier half of the Lateglacial 
interstadial generated disparity with other regions that responded to the 
orbital forcing more linearly, which temporarily made the climate in 
Japan unstable. However, as the AMOC still had not acquired high 
enough hysteresis (the inertia to stay in its ‘on’ mode for the longer term 

within post-glacial boundary conditions), the early interstadial warming 
swiftly terminated and the climate in the North Atlantic regions started 
gradually returning to the stadial mode (Ganopolski and Rahmstorf, 
2001). During this period of cooling in the N. Atlantic and warming in 
East Asia, the longitudinal temperature balance was re-established, 
which helped zonal circulation re-establish and made the climate in 
Eurasia more stable (Figs. 9B, 13). 

The Younger Dryas cold reversal (or GS-1 in a more region-specific 
context) occurred as a result of the shutting down of the AMOC (of 
which a meltwater pulse is the most likely trigger), and the amplitude of 
the change was accordingly greatest in the circum-N. Atlantic regions. 
Its influence extended to the east through atmospheric teleconnection 
and reached the Asian Monsoon front. However, Asian regional climate 
did not cross the threshold again but instead stayed in the ‘postglacial- 
like’ mode, as is supported by the relatively small amplitude of the 
change seen in Suigetsu (and also Hulu, though the difference in signal 
strength compared to the circum-North Atlantic regions is less evident 
than Suigetsu). The orbital and N. Atlantic forcing agents operating in 
opposing directions, however, made the climate in Japan unstable 
during the cold reversal period (Fig. 13). 

When the cold reversal terminated in the N. Atlantic and its influence 
on Asia through teleconnection was eased, the Asian climate that had 
already been in its ‘postglacial’ mode swiftly recovered (i.e. the changes 
in the N. Atlantic and Japan were synchronous) and became stable 
because the forcing agents stopped counteracting each other. According 
to the formal stratigraphy, the warm and relatively stable era that 
continues through to the present (namely the Holocene) started at the 
end of the Lateglacial cold reversal (Mangerud et al., 1974; Walker et al., 
2009). In Asia, however, the onset of the Lateglacial interstadial was the 
more decisive transition, with the following smaller oscillation (the cold 
reversal) being only remotely influenced by the N. Atlantic regional 
processes. 

5.5. Implications for human history 

Greenland ice core records have been very widely used as a template 
of past climatic changes even in very remote locations, including west 
and east Eurasia. To discuss the origins of sedentary life and agriculture 
in Europe and the Middle East, believed to have their roots in the 
southern Levant (roughly corresponding to today’s Syria, Lebanon, 
Jordan, Israel, and Palestine), the climato-stratigraphy of Scandinavia 
and/or Greenland have (despite the large geographical distance) often 
been invoked (e.g. Moore and Hillman, 1992; Robinson et al., 2006). 
However, the comparison between Greenland and Suigetsu reveals that 

Fig. 14. Typical locations of the westerly jet in summer (red) and winter (blue) in the modern day (modified after Schiemann et al., 2009). The two distinct modes 
may be analogous to the migration of the westerly jet between stadial and interstadial modes. The Indian summer monsoon (ISM) and the East Asian summer 
monsoon (EASM), which bring warm and moist air, operate to the south of the westerly jet. 
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the N. Atlantic exhibits a regional threshold and amplifying mechanism, 
the influence of which is not pan-hemispheric (at least, it attenuates 
considerably at the monsoon front). The interaction between two re-
gions with different characters sometimes produced periods of more 
stable or more unstable climate. In light of this, we attempt to interpret 
the significant change to the human way of life (often referred to as the 
‘first agricultural revolution’) that occurred during the Lateglacial and 
early Holocene. 

One may argue that using Suigetsu as a reference to discuss what 
happened in the southern Levant is too speculative. Indeed, the southern 
Levant and Suigetsu are ca. 8300 km apart, and belong to different 
climate zones. However, the distance between the coring site of NGRIP 
and the southern Levant is also ca. 6000 km, which is not drastically 
closer (Fig. 1A). Suigetsu and the southern Levant belong to the same 
latitudinal zone (both are about 35◦N), with a similar position relative to 
the zonal circulation (especially the westerly jet), whereas NGRIP and 
the southern Levant are latitudinally remote (75◦N vs 35◦N) and belong 
to different atmospheric circulation cells. Even longitudinally, whether 
the southern Levant belongs to the same ‘block’ as the N. Atlantic is 
highly debatable (e.g. Hartman et al., 2016). Palaeoclimate archives that 
cover the whole of the Lateglacial to early Holocene transition and have 
a decadal resolution (which is essential to diagnose the stability/insta-
bility of climate that would be experienced within human lifetimes) are 
rare. In the absence of better alternatives in geographically closer re-
gions, it may not be too much of a stretch to use Suigetsu as an additional 
template for comparison. 

The origin of agriculture has a long history of debate (e.g. Kuijt and 
Goring-Morris, 2002; Hartman et al., 2016). Among many hypotheses, 
that which postulates the role of the Younger Dryas cold reversal as 
forcing people to increase productivity has attracted the attention of 
many researchers (e.g. Bar-Yosef and Belfer-Cohen, 1992; Moore and 
Hillman, 1992; Munro, 2003). More recently, however, the 14C ages that 
were used to support this hypothesis have been re-assessed using mod-
ern quality assurance criteria and more developed techniques of age 
determination. After ‘screening’ inadequate samples (Blockley and 
Pinhasi, 2011), calibrating 14C dates using the then latest calibration 
model, IntCal09 (which is almost identical to the latest model IntCal20 
for the period concerned in this interval) (Reimer et al., 2009, 2020), 
and constraining the ages by Bayesian modelling (Bronk Ramsey, 2009), 
Blockley and Pinhasi (2011) obtained a much narrower distribution of 
the 14C dates that clearly indicated that sedentary life and the earliest 
attempts of agriculture (late Natufian culture) both started during the 
second half of the Lateglacial interstadial, and that the settlements based 
mainly on agriculture (Pre-Pottery Neolithic A: PPNA) were established 
in the very early Holocene. Those were both relatively warm and, more 
importantly, stable periods. The cold reversal in between those periods, 
previously thought to have been the period when agriculture was first 
adopted as a major subsistence practice, proved to have been a period of 
decline and, instead, a ‘cultural gap’ (Fig. 9C) (Blockley and Pinhasi, 
2011). 

One could argue that the elevated temperature of the interstadial and 
early Holocene was the key to allowing people to practice agriculture. 
However, this theory cannot explain why people did not commence 
agriculture earlier (or why late Natufians did not maintain agriculture 
during the cold reversal) in warmer tropical regions. Similarly, it also 
remains a mystery why people could start agriculture in multiple loca-
tions within only several thousand years after the Holocene onset, 
whereas agriculture was not practiced in warmer tropical regions for 
several tens of thousands of years prior to the Holocene onset (Bar-Yosef, 
2017). 

We propose that the key to answering these questions is in the sta-
bility of the climate, rather than the absolute level of temperature 
(Hartman et al., 2016). The late Natufian and PPNA cultures both 
prospered during the period where longitudinal temperature disparity 
was reconciled, zonal circulation was stable, and decadal variability of 
climate was low (Fig. 9C). When the climate was unstable, on the other 

hand, agriculture was too risky a practice for subsistence because it 
requires ‘predictability’ of weather for adequate choice of crops. In other 
words, when prediction was essentially impossible (which was the case 
when the climate was unstable), agriculture was not even a reasonable 
choice, regardless of whether the temperature was high or low. 

During the second half of the Lateglacial interstadial and early Ho-
locene, the climate of mid-latitudinal Eurasia became ‘predictable’ for 
the first time after the last glacial maximum, and agriculture naturally 
started as a measure that newly became rational, rather than a revolu-
tionary invention of genius. This could also explain why agriculture 
started independently in many places but exclusively during the Holo-
cene (e.g. Batler, 2007; Price and Bar-Yosef, 2011). 

Without annually resolved records, it would not be possible to 
discuss stability or instability of climate because many/most sediments 
preclude resolving decadal characteristics of climatic change. However, 
varved sediments make it possible. A good example of such an approach 
is that of Haug et al. (2003) who analysed the chemical composition of 
the Cariaco Basin varved sediment and argued that recurring extreme 
weather (i.e. unstable climate) was the key to the decline of the Classic 
Maya (ca. 800 CE). Our hypothesis could be tested if such a study were to 
be performed in the southern Levant. 

6. Conclusions 

6.1. Observations  

• The onsets of the Holocene were abrupt both in Suigetsu and 
Greenland, and they were synchronous within 1 sigma errors.  

• The onset of the Lateglacial cold reversal in Suigetsu was gradual, 
whereas that in Greenland (GS-1; regional counterpart of the 
Younger Dryas) was abrupt. Their start points were synchronous 
within 1 sigma errors.  

• The onsets of the Lateglacial interstadial (GI-1 in Greenland; regional 
counterpart of the Bølling/Allerød) were abrupt both in Suigetsu and 
Greenland. However, that in Suigetsu was earlier by ca. 2 centuries.  

• The onset of the Lateglacial interstadial in China and Northern India 
were synchronous with Suigetsu, whereas those in the North Atlantic 
and South America were synchronous with Greenland.  

• Climate in Japan was particularly stable during the second half of the 
Lateglacial interstadial and early Holocene. 

6.2. Interpretations  

• The Holocene can be seen as an ‘extended D–O event’ in circum- 
North Atlantic regions. However, that is not the case in Asia, 
where the most decisive transition was the onset of the Lateglacial 
interstadial rather than the Holocene onset. 

• During the Lateglacial cold reversal, Asia was under the strong in-
fluence of the N. Atlantic, which was the driver of the unstable 
climate during this period. However, Asia persistently remained in a 
post-glacial mode after the onset of the Lateglacial interstadial.  

• In East and South (and possibly also in West) Asia, the bimodal 
migration of the westerly jet (which exhibits threshold behaviour 
because of the Tibetan plateau) is posited as the mechanism to 
generate abrupt changes.  

• Switching on/off of the AMOC has a higher threshold than the N-S 
migration of the westerly jet. In the N. Atlantic region, it delayed the 
climatic response to insolation forcing, and amplified the change by 
strong bimodality.  

• The switching of the westerly jet was decoupled from that of the 
AMOC. When they cross the threshold at different times, a disparity 
between ‘glacial’ and ‘post-glacial’ modes occurs between the N. 
Atlantic and Asia. The climate in Asia became unstable during in-
tervals of such disparity. 
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6.3. Hypothesis 

• Climatic stability, characteristic of both the second half of the Late-
glacial interstadial and early Holocene, was the key for humans to 
commence sedentary life and adopt agriculture. 
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Popp, T., Rasmussen, S.O., Röthlisberger, R., Ruth, U., Stauffer, B., Siggaard- 
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Vinther, B.M., 2006. The Greenland Ice Core Chronology 2005, 15-42 ka. Part 2: 
comparison to other records. Quat. Sci. Rev. 25, 23–24. https://doi.org/10.1016/j. 
quascirev.2006.08.003. 

Svensson, A., Dahl-Jensen, D., Steffensen, J.P., Blunier, T., Rasmussen, S.O., Vinther, B. 
M., Vallelonga, P., Capron, E., Gkinis, V., Cook, E., Kjær, H.A., Muscheler, R., 
Kipfstuhl, S., Wilhelms, F., Stocker, T.F., Fischer, H., Adolphi, F., Erhardt, T., 
Sigl, M., Landais, A., Parrenin, F., Buizert, C., McConnell, J.R., Severi, M., 
Mulvaney, R., Bigler, M., 2020. Bipolar volcanic synchronization of abrupt climate 
change in Greenland and Antarctic ice cores during the last glacial period. Clim. Past 
16, 1565–1580. https://doi.org/10.5194/cp-16-1565-2020. 

Tarasov, P.E., Nakagawa, T., Demske, D., Österle, H., Igarashi, Y., Kitagawa, J., 
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