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Abstract Due to the lack of continuous annual records of Holocene climate events, their evolution remains
unclear. In this study, we present a new annually resolved stalagmite oxygen isotope (δ18O) record covering the
4.2 ka event from the East Asian monsoon domain, and compare it with two annually resolved δ18O records of
the 8.2 ka event and the Little Ice Age from the same stalagmite. These abrupt events share a similar asymmetric
double‐pulse structure, but exhibit extended event duration with less extreme climate excursion from the early to
late Holocene. Climate simulations suggest that the changes in duration and frequency of the abrupt events
could be related to the variations of East Asian summer monsoon and summer sea surface temperature in the
North Atlantic. The waxing and waning of sea ice in the North Atlantic induced by Holocene summer insolation
and atmosphere‐ocean internal variability may contribute to differences in event duration.

Plain Language Summary The study of past climate events can provide important information for
possible future abrupt climate change. However, only records with annual resolution can reveal the
characteristics of climate events in detail. The lack of continuous annual records makes it difficult to explore
climate evolution over the past 9,000 years. This study provides a record of the first annually resolved climate
record of stalagmite oxygen isotope from the East Asia monsoon region around 4,200 years ago. To avoid the
uncertainties introduced by different resolutions, proxies, and locations, this new record was compared with two
other annually resolved event records around 8,200 and 300 years ago based on the same proxy and the same
stalagmite using an objective event limiting method. An extended event duration with less extreme climate
under decreasing boreal summer insolation from the early to late Holocene is presented, which is also supported
by climate simulations. The change of sea ice in the North Atlantic under different insolation and atmosphere‐
ocean internal variability may contribute to the differing duration of events. The new findings suggest that under
the influence of ongoing global warming, abrupt climate events may become shorter but more extreme and with
higher frequency.

1. Introduction
During the Holocene, it appears that a series of North Atlantic cooling events called Bond events (Bond
et al., 1997), played a key role in global climate change (Bond et al., 2001; Gupta et al., 2003), leading to
weakening of the Asian monsoon (Gupta et al., 2003; Tan et al., 2020; Wang et al., 2016) and extreme droughts
(Griffiths et al., 2020; Weiss & Bradley, 2001), strongly affecting regional ecosystems and environments (Di Rita
& Magri, 2009; Griffiths et al., 2020; Lu et al., 2019). Understanding their evolution and mechanisms may
provide important clues for the prediction of abrupt climate change and disaster risk reduction under global
warming.

Though these generally cold and dry events have been widely recorded in different geological archives (e.g., Duan
F. et al., 2023; Kobashi et al., 2017; Sicre et al., 2021), due to limitations in comparing different event records, it
remains difficult to reveal the broad picture of Holocene events. A statistical analysis of six Holocene events from
Bond 5 (8.2 ka event) to Bond 0 (LIA: Little Ice Age) showed no clear spatio‐temporal pattern or cyclicity of the
climate events, due to the uncertainties related to chronology, resolution, proxies and locations (Wanner
et al., 2011). The lack of highly resolved Holocene records and the complexity of the paleoclimate data also fail to
reveal significant global influence of most Bond events (Mckay et al., 2024). Even highly resolved Holocene
records from interannual to decadal scales show large discrepancies during different climate events (Duan F.
et al., 2023; Hu et al., 2008; Kobashi et al., 2017; Sicre et al., 2021; Wang et al., 2005) (Figure S1 in Supporting
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Information S1). Studies on individual climate events, for example, the 8.2 ka event, do present a generally similar
double‐pulse structure from different locations (Duan F. et al., 2023; Sicre et al., 2021; Wang et al., 2005).
However, due to the lack of comparable annually resolved records of other Bond events, it is still difficult to detect
the amplitude, periodicity and duration of these events in most records.

Chinese stalagmite oxygen isotope (δ18O) appears to be sensitive to changes in global climate (Cheng et al., 2016;
Duan F., 2023; Hu et al., 2008; Wang et al., 2005), especially to Asian summer monsoon variation. Without
precipitation, stalagmites will not grow, thus, stalagmites can record variations in precipitation δ18O. Modern
rainfall monitoring shows that monthly rainfall δ18O in the East Asian Monsoon (EAM) region is significantly
correlated to all monsoon indices (Wang et al., 2020). Studies also show that Chinese stalagmite oxygen isotopes
are influenced by Asian monsoon (Wang et al., 2022; Zhao et al., 2023). During Bond events, a weakening
monsoon is accompanied by attenuated upstream effects, leading to a positive precipitation δ18O (Wang
et al., 2020), then being recorded by stalagmite δ18O. It is believed that Bond events are related to the slowing of
the Atlantic Meridional Overturning Circulation (AMOC) induced by ice melting and freshwater discharge into
the North Atlantic (Alley & Agustsdottir, 2005; Morrill et al., 2014; Rashid et al., 2023; Yan & Liu, 2019), and the
decline of AMOC related to weakening of Asian summer monsoon could be imprinted in Chinese stalagmite δ18O
(Zhao et al., 2023). These studies suggest that the timing of Bond events could be anchored by stalagmite δ18O
from the EAM domain, and address the lack of annually resolved records from the North Atlantic during the
Holocene.

Previous studies have shown that the annually resolved δ18O records from laminated stalagmites with precise
relative chronology from the EAM domain could record the characteristics of the 8.2 ka event (Bond 5) giving
precise details of duration and structure, helping to relate variations to North Atlantic climate change (Duan P.
et al., 2023; Liu et al., 2013). In addition to the Bond 5 event, to better understand the event structure during the
Holocene, it would be helpful to obtain detailed information of abrupt changes caused by other Bond events. An
apparent existing problem is that different stalagmite δ18O records with interannual to decadal resolutions show
different behavior for a given Bond event (Figure S1c–S1e in Supporting Information S1). A major reason is that
these records are from different caves with different resolutions. Though ensemble data analysis of stalagmite
δ18O from EAM regions could better isolate the monsoon signal (Wang et al., 2022), all the selected sequences
must have a similar resolution. The lack of annually resolved stalagmite δ18O records during each Bond event in
the EAM region makes comparison exceedingly challenging. A possible approach is to obtain at least three event
records with the same annual resolution and precise chronology covering the early, middle and late Holocene
respectively from a common sample. The climate events that receive most attention are the 8.2 ka, 4.2 ka and the
Little Ice Age (LIA) events. The 8.2 ka and the 4.2 ka events mark the boundaries of the early/middle and middle/
late Holocene respectively (Walker et al., 2012), while the LIA is the cooling event closest to the present
(Matthews & Briffa, 2005). In addition, the 8.2 ka event is the most prominent during the whole Holocene
(Vinther et al., 2006), whilst the 4.2 ka event is suggested to be related to the collapse of Neolithic cultures around
the world (Weiss et al., 1993). For the LIA, it is a key period to assess the roles of natural and anthropogenic
forcing (Mann et al., 2009). Significantly, the three events are under different climate boundary conditions, which
have been widely applied in climate simulations (Drijfhout et al., 2013; Morrill et al., 2014; Yan & Liu, 2019).

A stalagmite covering a series of Holocene events, named HS4, from central China (30°27’ N, 110°250’ E;
294 m) was selected for this study (Hu et al., 2008). Based on two published HS4 δ18O records during the 8.2 ka
(Liu et al., 2013) and the LIA (Wang et al., 2022), further measurements were made of HS4 δ18O at annual
intervals during the 4.2 ka event (Bond 3), to build a link between the early and the late Holocene. The new record
during the 4.2 ka is the first continuous, annually resolved stalagmite δ18O record of the 4.2 ka event in East Asia.
Precise comparisons between the three high resolution records from the same stalagmite makes it possible to
explore the evolution of climate events from the early to late Holocene.

2. Results
2.1. Annual Stalagmite δ18O Record of HS4 During the 4.2 ka Event

Based on the published decadal δ18O anomaly around the 4.2 ka in stalagmite HS4 (Hu et al., 2008), the section at
measured position 147.69–125.12 cm with clear annual layering was selected to ensure the whole event was
included (Figure 1). The chronology of this section was established by a combination of layer counting and U‐Th
dating. The layer counting was anchored by its top layer as the year of collection, 2001 AD. This 4.2 ka section
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from 147.69 to 125.12 cm contains a total of 779 layers spanning the period from 4,649 to 3,871 a BP as shown in
Figure S2 in Supporting Information S1. Though the absolute chronological uncertainty is approximately 60 years
measured by U‐Th dating (Hu et al., 2008) and approximately 30 years from the accumulated errors of the layer
counting from the top layer to the 4.2 ka section, the relative chronology within the selected section is more
precise with a layer counting error of less than 10 years, ensuring the complete 4.2 ka event is well characterized,
and the event structure is accurate enough to allow comparison with other events. After sampling for δ18O
measurement (Text S4 in Supporting Information S1), an annual δ18O sequence of HS4 from 4.65 to 3.87 ka BP
was established (Figure 1). The values of δ18O in this section range from − 10.07‰ to − 7.36‰with an average of
− 8.76‰ and a standard deviation (SD) of 0.42‰. The 50‐year moving average presents a higher δ18O duration
between 4.27 ka BP (136.94 cm) and 4.05 ka BP (130.66 cm) (Figure 1), demonstrating that the 4.2 ka event was
effectively captured by HS4. After 4.27 ka BP, the HS4 δ18O increases until more than 1 SD above the average,
followed by intense fluctuations with two prominent anomalies around 4.21 ka BP (135.34 cm) and 4.12 ka BP
(133.02 cm) (Figure 1), and then returned to 1 SD below the average. Generally, the 4.2 ka event in HS4 presents a
double‐pulse pattern (light brown shadow in Figure 1).

2.2. Comparison Between the 4.2 ka, 8.2 ka, and LIA Events

Since different event definition methods result in different event durations, to approach an objective criterion for
identifying the 4.2 ka, 8.2 ka and LIA events to allow comparability among the three events, it is necessary to set a
reference period for each event, then view an event in terms of its deviation away from the calculated average for
the reference period. A useful strategy is to identify the duration of the dominant cycle of each event, and to set an
equal number of cycles to be the reference period for each event. Spectral analysis of HS4 δ18O reveals the
dominant cycles of the 8.2 ka, 4.2 ka and the LIA events of ∼60, 90 and 110 years respectively (Figure S3 in
Supporting Information S1). Considering the length of each record, we determined to set the reference period to
be 5 climate cycles for each event (details are shown in Figures S3 and S4 and Texts S5 and S6 in Supporting
Information S1). In the following text, the average and 1SD values of δ18O are calculated based on a reference
period of 5 dominant cycles of each event. In this way, the full span of the event is included for the 8.2 ka, 4.2 ka
and LIA. The gray shaded areas in Figure 2 indicate the total duration of the three events, with the 30‐year moving
average δ18O reaching its lowest before and after crossing the average δ18O of each reference period, indicating

Figure 1. Annually resolved record of HS4 δ18O in depth of 148–125 cm and the HS4 profile image with marked chronology sequence. The polished profile of HS4
displays a laminated structure, which is also the precondition for relative layer counting. The light brown shadow highlights the anomaly duration of the HS4 δ18O
during the whole section, indicating the 4.2 ka event was captured by HS4. The 50‐year moving average of the annual HS4 δ18O is shown by the bold black curve, which
demonstrates a double‐pulse structure in the light brown shadow. The ±1 SD and the average of HS4 δ18O in this section are shown in black and red dashed lines
respectively.
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the duration of LIA (∼260 years) as the longest, compared with the 4.2 ka (∼220 years) and 8.2 ka events
(∼180 years), and suggest a lengthening trend of event duration from the early to late Holocene. The yellow
shaded areas in Figure 2 mark the central periods of the three events, with the 30‐year moving average δ18O higher
than the average δ18O of each reference period, demonstrating a longer central duration of the LIA (∼210 years),

Figure 2. Comparison between the 8.2 ka, 4.2 ka and the LIA events based on the HS4 δ18O records. (a–c) Annual HS4 δ18O
records (thin curve) with the 30‐year moving average (bolder curve) during the 8.2 ka (Liu et al., 2013), 4.2 ka (this study)
and the LIA (Wang et al., 2022). The full and central duration of each event are indicated by a gray and a yellow shading. The
horizontal red and the black dashed lines in each figure mark the calculated average and±1 SD of the δ18O values based on a
reference period of 5 climate cycles of each event, which are 310, 470 and 540 years for the 8.2 ka,4.2 ka and LIA event
respectively (details are shown in Figure S4 in Supporting Information S1). The two anomalies where the 30‐year moving
average δ18O values are more positive than the 1 SD level are marked by orange shadows.
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compared to the 4.2 ka (∼150 years) and the 8.2 ka event (∼120 years). It also indicates that the central period of
each event covers nearly 2 dominant cycles, though the central duration of the 4.2 ka event is a bit shorter. Thus, it
might be conjectured that the dominant cycle controls each event duration.

Generally, the δ18O values during each event display an increase at the beginning, followed by two prominent
anomalies, ending with a decreasing trend until the δ18O values recover to the equivalent level preceding the event
(Figure 2). In each case, the two anomalies can be identified where the 30‐year moving average δ18O passes the 1
SD level, and the first anomaly lasts longer than the later, second one (orange shadows in Figure 2). Between the
two anomalies, there is a rebound, which could be observed in each annual record. During the 8.2 ka event, the
δ18O rebound is the sharpest among the three events, it does not touch the 1SD line below the average, and its
duration is the shortest. The rebound signals in both the 4.2 ka and LIA events cross the 1SD line below the
average, and account for ∼30% and 40% of their central event duration respectively (∼10% during the 8.2 ka),
suggesting the relative rebound duration in the LIA is the longest. Following the 30‐year moving average, the
rebound signals in the 4.2 ka and LIA remain visible, whilst the amplitude of the rebound is the largest in the LIA
among the three events (Figure 2c). As a proportion of the whole event, the duration of the central extreme in each
event becomes smaller from early to late Holocene. In summary, the three events present a similar asymmetric
double‐pulse structure marked by two prominent anomalies with an extending duration and a reducing extreme
condition from the early to late Holocene.

3. Discussion
3.1. Event Cycles Revealed by Climate Simulations

To explore the possible causes of the varying event cycles during the 8.2 ka, 4.2 ka and LIA events, we analyzed
the model outputs of the TraCE21 ka (Simulation of Transient Climate Evolution over the last 21,000 years) (Liu
et al., 2014). The duration selected for the spectrum analysis on the simulated data during each event are the same
as on HS4 δ18O, which are from 8.29 to 8.06, 4.30–3.95, and 0.50–0 ka BP, with a similar confidence level of
90%. As observed in HS4 δ18O records, under the effect of orbital forcing, both the simulated intensity of the East
Asian summer monsoon (EASM) (Figures 3d–3f) and the North Atlantic (NA) summer sea surface temperature
(SST) display extending cycles from the 8.2 ka to the LIA event (Figures 3g–3i). Moreover, the consistent cycles
of∼60, 90 and over 100 years in the simulated EASM and North Atlantic summer SST as well as in the HS4 δ18O
records during the 8.2 ka, 4.2 ka and LIA events (Figure 3) suggest a common driving force and/or a strong
teleconnection between the North Atlantic climate and the East Asian monsoon. While the decline of boreal
summer insolation from the early to late Holocene could operate as a common factor, the decline of summer
insolation may result in a long‐term cooling and cycle change in the North Atlantic which could in turn affect the
EASM. Previous studies have shown that a cooling in the North Atlantic could produce an eastward propagating
wave train across the mid‐latitudes of Eurasia (Wu et al., 2022), reinforcing the cooling across the Northern
Hemisphere, and cause a southward shift of the Intertropical Convergence Zone (ITCZ), resulting in a weakening
of the EASM (Ning et al., 2019) and an increase of rainfall δ18O in the EAM domain (Wang et al., 2020), finally
being recorded by stalagmite δ18O (Wang et al., 2005).

3.2. Synchronous Variations Between the North Atlantic Summer SST and HS4 δ18O

Proxy‐based paleoclimate reconstructions from the North Atlantic also suggest a teleconnection with the HS4
δ18O. Figure 4 shows that following the boreal summer insolation decline (Berger & Loutre, 1991), the recon-
structed sea ice around the Fram Strait, the major gateway connecting the Arctic and the North Atlantic, dem-
onstrates a gradually increasing trend from the early to the late Holocene (Figure 4a), and the summer SST record
from the western Nordic Seas with an average resolution of∼4 years presents a decreasing trend (Figure 4b). Both
the sea ice expansion and the summer SST decrease in the North Atlantic are synchronous with a general
increasing trend of the decadal HS4 δ18O in the past 9,000 years (Figure 4c). Moreover, the HS4 annual δ18O
variations during the 8.2 ka (Liu et al., 2013), 4.2 ka and LIA (Wang et al., 2022) events also generally match with
the high‐resolution summer SST record in the North Atlantic (Sicre et al., 2021) within their chronological
uncertainties. There appears to be an anti‐phase relationship between them during each event (Figure 4d), sup-
porting a link between boreal summer insolation, the North Atlantic summer SST and the EASM as deduced
during each event from the TraCE‐Orb simulation (Figure 3). The comparable variations between the HS4 δ18O in
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the EAM region and the summer SST around the North Atlantic during the three events also indicate that HS4
δ18O has the potential to anchor the North Atlantic events at high resolution.

Besides the atmospheric transport processes mentioned above, the response of stalagmite δ18O in East Asia to the
North Atlantic cooling could possibly be bridged by AMOC, a crucial component of oceanic circulation
(McCarthy et al., 2012), as the occurrence of Bond events appear related to the slowdown of AMOC, including
the 8.2 ka (Alley & Agustsdottir, 2005; Cheng et al., 2009; Clarke et al., 2004; Morrill et al., 2014), 4.2 ka (Lin
et al., 2022; Yan & Liu, 2019) and LIA (Rashid et al., 2023) events, which can impact the North Atlantic climate
by weakening the poleward heat transport (Sévellec et al., 2017), leading to a southward shift of the ITCZ and an
increase in anticyclone activity over the East Asian continent, finally causing an increase in stalagmite δ18O in this
region by weakening the summer monsoon (Zhao et al., 2023). The AMOC can be affected by the magnitude of
freshwater input, and larger meltwater pulses may lead to a more significant slowdown of AMOC (Otto‐Bliesner
& Brady et al., 2010). During the 8.2 ka, there is still ice sheet cover (Clarke et al., 2004), and both the boreal
summer insolation (Berger & Loutre, 1991) and summer SST (Sicre et al., 2021) are much higher than the middle
and late Holocene (Figure 4b). The less dense fresh water could suppress ocean convection and interaction with
the atmosphere, resulting in a cooling tongue of the atmosphere and ocean extending southwestward, leading to
the formation of more sea ice by strong ice albedo feedback (Drijfhout et al., 2013). However, compared with the
8.2 ka, from the 4.2 ka to LIA, there are no remnant ice sheets (Lambeck et al., 2014), and the insolation (Berger &
Loutre, 1991) and summer SST (Sicre et al., 2021) become lower (Figure 4b). Thus, the freshwater discharge
anomalies during the 4.2 ka and LIA would be less prominent, which may explain the more abrupt onset of the
8.2 ka event than the other two events.

Figure 3. Periodicity analysis by REDFIT (Schulz & Mudelsee, 2002) on HS4 δ18O record with the North Atlantic summer SST and EASM simulated by TraCE‐Orb.
(a–c) Cycles of annual HS4 δ18O records during the 8.2 ka, 4.2 ka and LIA events. (d–f ) Cycles of simulated EASM by TraCE‐Orb during the 8.2 ka, 4.2 ka and LIA
events. (g–i) Cycles of simulated North Atlantic (NA) summer SST by TraCE‐Orb during the 8.2 ka, 4.2 ka and LIA events. The blue and yellow lines show the power
variation and 90% confidence levels of each data set respectively. All the HS4 δ18O, simulated EASM and North Atlantic summer SST reveal similar cycles during each
event.
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3.3. Influence of North Atlantic Sea Ice on the Event Duration

Different climate backgrounds could also affect the recovery time following a climate event. Figure 4a shows that
the sea ice in the North Atlantic expanded from early to late Holocene, and reached a maximum at the LIA (Müller
et al., 2012), which is supported by other studies in this region (Justwan & Koç, 2008; Vare et al., 2009). The
boreal summer insolation declines from 8.2 ka to the LIA (Berger & Loutre, 1991) leading to decreasing summer
SST (Sicre et al., 2021) and increasing sea ice which could then act to slow down the rate of sea ice melting and so
lengthen the event recovery time. In this scenario, during the 8.2 ka event, with high summer insolation (Berger &
Loutre, 1991), high summer SST (Sicre et al., 2021) and less sea ice (Müller et al., 2012) in the North Atlantic, the
sea ice melting rate would be much faster than for the 4.2 ka and the LIA events. In addition, during the early
Holocene, high seasonality induced warmer summers (Screen & Francis, 2016), strong hydrofracture propagation
in ice sheets (Chandler & Hubbard, 2023), and more bursting of pressurized bubbles from sea ice (Wengrove
et al., 2023) under higher summer insolation, which would further accelerate the rate of sea ice melting. The loss

Figure 4. Comparisons of the sea ice and summer SST in North Atlantic and HS4 δ18O. (a–c) Comparisons between insolation at 65°N in July (Berger & Loutre, 1991)
and sea ice variation (Müller et al., 2012) (a), summer SST in North Atlantic (Sicre et al., 2021) (b), and decadal HS4 δ18O in the past 9,000 years (Hu et al., 2008) (c).
(d) Comparisons between annual HS4 δ18O records during the 8.2 ka (Liu et al., 2013), 4.2 ka (this study) and LIA (Wang et al., 2022) (blue) with North Atlantic
summer SST (Sicre et al., 2021) (black). The sea ice reconstructions based on proxy IP25 in green and yellow are from sediment cores MSM5/5‐712‐2 and MSM5/5‐
723‐2 (Müller et al., 2012). The yellow shadows highlight the variations during the 8.2 ka, 4.2 ka and LIA events. The horizonal short red lines are the averages of SST
during the 8.2 ka (10.1°C), 4.2 ka (8.1°C) and LIA (7.5°C) events respectively.
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of the sea ice accompanied by weak albedo feedback and intense evaporation, could result in an increase of upper
ocean salinity in the North Atlantic, which might further contribute to a fast AMOC recovery (Huang et al., 2015;
Nobre et al., 2023) during the 8.2 ka.

In contrast, during the LIA, under a lower boreal summer insolation (Berger & Loutre, 1991), low SST (Sicre
et al., 2021), and more sea ice cover (Müller et al., 2012) around the North Atlantic, melting of sea ice would need
more energy. However, both heat and energy deposited in the upper ocean are lower compared to the 8.2 ka and
the 4.2 ka, resulting in a lower rate of sea ice melting and longer event recovery duration in LIA. The slower rate
of sea ice melting and weaker evaporation would operate to prevent the upper ocean salinity increasing in North
Atlantic, then lengthening the AMOC recovery time (Huang et al., 2015) and the duration of LIA. Unlike the
climate background of 8.2 ka and LIA events, during the 4.2 ka, both the summer insolation and the sea ice in the
North Atlantic are at medium levels (Figure 4), thus, the recovery time of the 4.2 ka is longer than the 8.2 ka, but
shorter than the LIA.

Noting the northward shift of ITCZ allowed by reduced sea ice cover (Chemke et al., 2019) and a shorter AMOC
recovery time, these effects may lead to a faster recovery of the EASM, with this shorter recovery being recorded
by stalagmite δ18O in the EAM region by a decreasing anomaly (Zhang et al., 2016). This faster event recovery
during the 8.2 ka event, would appear to be opposite to the situation during the LIA, while overall we observe a
trend of extended event recovery time from the 8.2 ka to the LIA. The event recovery duration change being
related to the heat balance and sea ice melting rates in the North Atlantic. This is also consistent with the stretching
of cycles of EASM from the 8.2 ka to the LIA simulated by TraCE21 in this study (Figure 3).

Considering the double‐pulse structure in the middle of each event, the pattern lasting for ∼2 cycles suggests that
this double‐pulse structure may be related to the North Atlantic SST according to the above simulation. A pre-
vious study successfully simulated a double‐pulse structure by a TraCE‐ALL view of the 4.2 ka event, proposing
that the two‐pulse pattern may result from internal variability, as the results derived from the TraCE‐ALL
experiment differ from any single forcing sensitivity experiment (Yan & Liu, 2019). Further climate simula-
tions suggest that an abrupt cooling, for example, with an anomaly similar to that of the Little Ice Age, could arise
spontaneously by extreme anomalies in sea‐ice east of Greenland, intensification of East Greenland Current, a
persistent Greenland Blocking, and enhancement of the cold anomaly through regional sea‐ice feedback effects
(Drijfhout et al., 2013). In such an arrangement, regardless of the initial trigger, the double‐pulse structure may be
an inherent feature of each event, a result of two internal spontaneous atmospheric blocking–sea‐ice–ocean
feedback mechanisms.

4. Conclusions
An objective analysis of selected climate events based on the average and standard deviation from certain climate
cycles is developed to achieve more reliable event comparisons. A new annual stalagmite δ18O record from the
EAM domain presents a whole and central duration of ∼220 and ∼150 years for the 4.2 ka event, which is longer
than those of the 8.2 ka event by 40 and 30 years, and shorter than those of the LIA by 40 and 60 years based on
detailed comparison using the same proxy from the same stalagmite. All three events present a similar asymmetric
double‐pulse structure, with the event duration increasing in length and less extreme climate excursion from the
early to late Holocene. Spectrum analysis reveals three dominant cycles of ∼60, 90 and 110 years during the
8.2 ka, 4.2 ka and LIA events respectively, indicating each central event experienced ∼2 cycles. Consistently
dominant cycles from the simulated North Atlantic summer SST and the intensity of the EASM during each event
suggest that the changes in duration and frequency of the 8.2 ka, 4.2 ka and LIA events could be related to climate
variations in the North Atlantic and the EAM regions. The waxing and waning of sea ice in the North Atlantic
caused by Holocene summer insolation and atmosphere‐ocean internal variability may contribute to different
event durations. The new observation of the increasing event duration coincident with less extreme climate
condition from the early to late Holocene suggest that, with ongoing global warming and accelerating ice‐loss, the
duration of abrupt climate events in the future may become more frequent, of shorter duration and more extreme.

Data Availability Statement
The sub‐annual and annual stalagmite δ18O data of HS4 were obtained from Liu et al. (2013) and Wang
et al. (2022). The data of insolation at 65°N in July, North Atlantic Sea ice and summer SST, and the HS4 δ18O in
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the past 9,000 years were obtained from Berger and Loutre (1991), Müller et al. (2012), Sicre et al. (2021), and Hu
et al. (2008) respectively. The outputs of TraCE‐Orb related to the variations of East Asian summer monsoon
(EASM) intensity and summer sea surface temperature (SST) in North Atlantic during the Holocene in this article
can be found at https://www.earthsystemgrid.org/project/trace.html.
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