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A B S T R A C T   

Abrupt climate changes, especially at millennial timescales, have become a key topic in paleoclimatology 
because of their link with the tipping point theory and their extensive impacts on future climate scenarios. 
Although best documented in ice-cores and marine sediments, they are also recorded in different archives on the 
land, among which Chinese loess and speleothem records are of particular interest. These records effectively 
document orbital-to-millennial monsoon variability during the Pleistocene, but the dominant periodicity 
revealed by proxy records from these two types of archives is different. Nevertheless, millennial-scale oscillations 
recorded in Chinese loess and speleothem records seem highly similar over the last several glacial cycles. Such 
millennial fluctuations can be of varying amplitudes, and either more or less abrupt depending on the type of 
record. The observed abruptness usually depends on the sedimentation rates and sampling resolution in the loess 
and speleothem records. However, it can also be refined by comparisons with multiple physicochemical and 
isotopic proxies. Here, we apply a robust statistical method to detect abrupt changes in loess grain size and 
speleothem δ18O records. As a first step, we compared two reference records (i.e. the NGRIP ice-core and the 
Hulu speleothem δ18O records) of abrupt climate change to verify the robustness of our method in detecting the 
well-recognized abrupt events during the last glaciation. This result allows us, in a second step, to compare two 
high-resolution loess grain-size stacks (i.e. the CHILOMOS, and the LGS640 datasets) with the Chinese speleo-
them composite record built from Hulu and Sanbao records. Although visually observed rapid grain-size vari-
ations were previously interpreted as representing millennial-scale variations, our statistical analysis confirms 
that whether these abrupt climate changes can be robustly identified is highly dependent on the time resolution 
of the studied records. In a third step, we detected abrupt transitions in the MGSQ grain size stack, covering the 
last 3.6 Myrs. Our results also show that both winter and summer monsoons co-varied at glacial-interglacial to 
millennial timescales, reflecting a three-stage evolution of increasing intensity: (1) from 3.6 Ma BP to 2.6 Ma BP, 
(2) from 2.6 Ma BP to 1.2 Ma BP, and (3) from 1.2 Ma BP to present. Our results finally show that the identified 
abrupt climate events can be employed for synchronizing climate records on a global scale.   

1. Introduction 

Chinese loess records are among the most valuable continental ar-
chives of past climate changes, particularly due to the exceptional dust 
trap that northern China has constituted through time, allowing a quasi- 
tabular deposition of the eolian sediment forming the Chinese Loess 
Plateau (CLP) (Liu and Collaborators, 1985 An, 2000). Contrary to Eu-
ropean and North American sequences, the Chinese loess sequences 

display a quasi”simple” alternation between loess units, corresponding 
to even glacial stages and paleosol complexes corresponding to odd 
marine isotopic stages (Liu and Ding, 1998; Ding et al., 2002; Kukla and 
An, 1989; Sun et al., 2006). Such alternating loess-paleosol sequences 
can be easily traced across the CLP, facilitating the correlation between 
loess records over North-South or West-East transects, but also with the 
marine isotope stratigraphy. The Quaternary loess deposits overlay the 
Red-Clay formation which spatial distribution differs from that of the 
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Quaternary loess-paleosol sequences (An et al., 2014). The basal age is 
about 8–7 Ma BP, (Ding et al., 1999; An, 2000) in middle CLP and 11 Ma 
BP in eastern CLP (Xu et al., 2009). Red Clay formation is also of eolian 
origin (Lu et al., 2001; Li et al., 2006, 2008), and displays alternations of 
units similar to those observed in the Quaternary sequence (Ding et al., 
1995; Liu and Ding, 1998). Furthermore, older Red Clay formation has 
been described, starting between 25 and 22 Ma BP based on the robust 
magnetostratigraphic dating of key sequences from the western CLP 
(Guo et al., 2002; Qiang et al., 2011). By combining this precise mag-
netostratigraphy with other dating techniques, a complete chro-
nostratigraphic frame has been built for the Chinese loess sequence, 
making it a key continental paleoclimatic archive. 

As Chinese loess deposits are composed mainly of eolian dust 
transported from the Northern Chinese deserts (Sun et al., 2020), dust 
grain size is a well acknowledged paleoclimate proxy used to reconstruct 
past monsoon variations, especially atmospheric circulation over the 
last 8 Myrs (Ding et al., 2000; Sun et al., 2008, 2010). Indeed, numerous 
studies have shown that the grain size from the loess units is coarser than 
that of the paleosol complexes, which has been interpreted as reflecting 
stronger East Asian winter monsoon (EWWM) strength from the desert 
sources to the CLP, (e.g. An et al., 1991; Xiao et al., 1995). Numerous 
luminescence dates obtained from the loess sequences allow refining 
their chronology of loess deposits since the last interglaciation (Lu et al., 
2007; Lai et al., 2007; Sun et al., 2012). The grain-size variations of 
sequences with a high sedimentation rate can well record millennial 
scale variability based on comparison with Chinese speleothem and 
Greenland ice core records (Sun et al., 2012; Yang and Ding, 2014; Sun 
et al., 2021). However, millennial-scale variability recorded in the loess 
deposits is usually identified by visually comparing the grain size vari-
ations and either the δ

18O fluctuations from the NGRIP (Rasmussen 
et al., 2014) and the Chinese composite speleothem (CS) records (Cheng 
et al., 2016), which both hold a more global significance. 

In our study, we are testing the occurrence of abrupt transitions in 
three high resolution grain-size stack records from Chinese loess se-
quences covering respectively the last 250 kyrs (Yang and Ding, 2014), 
the last 640 kyrs (Sun et al., 2021), and the last 3.6 Myrs (Sun et al., 
2006). In the first section, we compare the abrupt transitions detected 
from the NGRIP and CS using the Kolmogorov-Smirnov (KS) test. We 
demonstrate therefore the reliability of our method, and then use the 
composite CS record as a reference record for the following grain-size 
record analyses. In the second section, we compare the abrupt transi-
tions detected in the different grain-size stacks of varying length and 
time resolution and in CS by applying Recurrence Quantification Anal-
ysis (RQA), which is mainly useful in characterizing the key transitions 
(Bagniewski et al., 2021, 2023; Rousseau et al., 2022). In the third 
section, we detect the main abrupt transitions from the grain size record 
of the last 3.6 Myrs. Analytical results and paleoclimatic implications are 
described in the final section. 

2. Material and methods 

2.1. Material 

The CHILOMOS (CHInese Loess Millennial-scale Oscillation Stack) 
grain-size stack record, covering the last 250 kyrs, is built from eight 
sequences located in the northern CLP where high-sedimentation-rate 
loess sequences can provide the greatest likelihood of capturing 
abrupt transitions over the last two glacial cycles (Yang and Ding, 2014). 
CHILOMOS dataset includes up to 65 m of alternating loess-paleosol 
sequences, totaling 12,330 samples. The grain-size record is expressed 
by the median size in phi scale, where lower values indicate coarser 
grain-size. The time resolution is 200 years. The LGS640 (Loess Grain- 
Size stack spanning the last 640 kyr) shows the average grain size 
from three high-resolution sequences from the western CLP, namely 
Gulang, Jingyuan, and Linxia. The thickness of the record varies be-
tween 151.4 and 164.2 m, where higher values indicate coarser grain 

sizes. The LGS640 time scale has been refined by comparison with the 
speleothem chronology (Cheng et al., 2016), with a time resolution of 
100 years (Sun et al., 2021). Finally, the MGSQ (Mean Grain-Size of 
Quartz particles) 3.6 Myrs stack record, built from two loess-paleosol- 
red clay sequences in the central CLP; both consists of the complete 
Quaternary loess-paleosol alternations (166 m and 168 m respectively) 
and the upper Red Clays formation of Pliocene age (120 m and 55 m 
respectively). The MGSQ record is built from quartz particles extracted 
from samples taken at 8 cm and 10 cm intervals in the Quaternary de-
posits, and at 4 cm and 5 cm intervals in the Red Clay. The grain size has 
been normalized, with lower values corresponding to the coarser grain 
size particles. The MGSQ timescale has been established by magneto-
stratigraphy and orbital tuning to obliquity and precession and the time 
resolution is 1000 years (Sun et al., 2006). 

The Chinese speleothem (CS) δ
18O composite record is built from 

different Chinese speleothems covering the last 640 kyrs with a 22-year 
resolution (Cheng et al., 2016). This record characterizes the variations 
in the East Asian Monsoon as a direct response to the summer insolation 
at 65◦N on orbital scale, with lower δ

18O values corresponding to a 
higher East Asian Summer Monsoon (EASM) intensity. Millennial-scale 
variations are superimposed with the orbital scale variations, with 
their intensity and duration decreasing during the glacial time intervals 
in comparison to the interglacial ones. The interstadials nomenclature 
used, for the last 250 kyrs in the present study, corresponds to that 
applied to both Hulu and Sanbao cave records by Wang et al. (2008) and 
Cheng et al., 2006. 

The NGRIP δ 
18O record is the reference time series for Northern 

Hemisphere climate variations over the last 122 kyrs with a time reso-
lution of 20 years (Rasmussen et al., 2014). It is characterized by abrupt 
warmings of about 12 ◦C on average over Greenland (Kindler et al., 
2014), which occur over a period of approximately 50–100 years, (Wolff 
et al., 2010; Rousseau et al., 2017a) corresponding to the canonical 
Dansgaard-Oeschger events (DOs) (Dansgaard et al., 1993) or Greenland 
Interstadials (GI). Their duration, on an average of about 1050 years, 
varies during the last climatic cycle with the shortest DOs or GIs 
occurring during the time equivalent to Marine Isotope Stage 3, e.g., 
between 57 ka and 29 ka b2k. Every interstadial is followed by a more 
gradual two-stepped return to glacial conditions, i.e. a Greenland stadial 
(GS). Moreover, Rasmussen et al. (2014) identified some abrupt cooling 
events within the canonical DOs that they labeled using a”b”,”d”, or”f” 

associated with the GI number, for example GI-22 f. 
In the original study of the Hulu Cave record, δ18O values ranged 

from −4 to −9‰ between 75 and 10 ka BP (Wang et al., 2001, 2008). 
These variations have been interpreted as corresponding to changes in 
the summer/winter precipitation ratio over time. Moreover, the Hulu 
record shows numerous millennial-scale events characterized by shifts 
in δ

18O over short time intervals. These abrupt variations mimic the 
Greenland ice-core δ

18O records, which are interpreted in terms of 
temperature variations, on a similar timescale. Accordingly, moistening 
events (minimum δ18O values) in the Chinese speleothem correlate with 
warming (interstadial) events in Greenland. By contrast, drying events 
(maximum δ18O values) in the Chinese speleothem record correlate with 
cooling (stadial) events in Greenland. Such interpretation of the Chinese 
speleothem δ18O values has been applied to the whole composite spe-
leothem record. 

2.2. Methods 

The first method applied to detect abrupt transitions in our datasets 
is the augmented KS test as defined in Bagniewski et al. (2021). A two- 
sample KS test is employed to compare values on either side of a value of 
proxy X at time t (Xt) which could indicate a significant change in the 
paleoclimate record. Given a high enough time resolution of the pale-
orecord, the frequency with which the KS test detects transitions will 
largely depend on its window length. The window length is considered 
inadequate if it is significantly shorter or longer than the time interval 
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Fig. 1. KS test applied on two high-resolution records, the Greenland NGRIP (Rasmussen et al., 2014) and the Hulu cave (Wang et al., 2001, 2008) δ18O records over 
the past 122 kyrs. The records are compared in three panels of 46 kyrs each, labeled a, b, and c from youngest to oldest. The grey bars represent interstadials 
according to Bagniewski et al. (2021), with Greenland interstadials labeled GIx and Chinese interstadials labeled Ax. The red and blue bars indicate, abrupt 
warmings/coolings detected in NGRIP and abrupt moisture increase/drying in the speleothem records, respectively. The red and blue triangles depict the common 
abrupt warming/moisture and cooling/drying transitions. The NGRIP time scale is in ka b2K while the Hulu time scale is in ka BP. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.) 
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between two discontinuities (Bagniewski et al., 2021). Therefore, to 
optimize the analysis for the most relevant time scale, Bagniewski et al. 
(2021) introduced a varying window length between 0.6 and 4 kyr, 
which corresponds to the time scale at which the given paleorecords 

were investigated. The KS statistic is calculated for all window lengths to 
identify abrupt transitions, with values above 0.7 considered significant. 
We first identify transitions using the longest window, which has the 
largest sample size and therefore the greatest statistical significance. 

Fig. 1. (continued). 

Table 1 
KS test of the NGRIP and Hulu cave δ18O for the last climate cycle. Comparison of the dates of abrupt warmings/moistening (left) and cooling/drying transitions 
(right). Labels for NGRIP according to Rasmussen et al. (2014) and for Hulu cave according to Wang et al. (2008). 
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Fig. 2. KS test applied to the Chinese composite speleothem δ18O (Cheng et al., 2016) and the CHILOMOS grain-size (Yang and Ding, 2014) records over the past 250 
kyrs. Same caption as in Fig. 1 but the Chinese interstadials during the penultimate climate cycle (250 ka BP −130 ka BP) are labeled Bx. Likewise, Chinese stadials 
are labeled SAx or SBx. In CHILOMOS diagrams, the blue bars correspond to abrupt increase in grain size, while red bars correspond to abrupt fining of the 
transported quartz particles. The events labeled in italics on the CHILOMOS panels correspond to events identified in Yang and Ding (2014) but not identified by the 
KS test. The timescale of both records is in ka BP. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Subsequently, transitions detected using shorter windows are incorpo-
rated to capture transitions on shorter time scales. Finally, to identify 
transitions between dominant climate modes, such as Stadial- 
Interstadial (GS-GI) boundaries in the NGRIP record, we employ a 
running window to determine the upper and lower values of the time 
series and find transitions that signal a switch from one mode to the 
other. More detail is given in Bagniewski et al. (2021). The three data-
sets presented previously have been analyzed using the same window 
lengths. 

To gain further insights into the abruptness or transitions of past 
climate changes, we performed a quantitative analysis of these time 
series of proxy variables using recurrence plots (RPs). RPs were intro-
duced to the study of dynamical systems by Eckmann et al. (1987), while 
a quantification of RPs was developed by Zbilut and Webber (1992), and 
further popularized in climate studies by Marwan et al. (2007, 2013). 
The purpose of RPs is to identify recurring patterns in time series, such as 
in paleoclimate records. The RP for a time series {xk: k = 1, …,N} is 
constructed as a square matrix in which both axes represent time. A dot 
is entered into a position (i, j) of the matrix when |xi − xj| < ε, with ε 

being the recurrence threshold. Eckmann et al. (1987) distinguished 
between large-scale typology and small-scale texture in the interpretation 
of a square matrix of dots that is the visual result of RP. The most 
interesting typology in RP applications is associated with recurrent 
patterns that are not exactly periodic and thus not easily detected by 
traditional spectral analysis methods. Marwan et al. (2007) discuss how 
to make the purely visual RP typologies more objectively quantifiable 
through the use of recurrence quantification analysis (RQA). In our 
analysis, we quantified the Recurrence Rate (RR) of the time series, 
which describes the probability of states of the system recurring within a 
particular time interval. For the datasets presented in this study, the RR 
is calculated using a 4kyr-sliding window, and plotted together with the 
recurrence plot. Following the RR prominence analysis (Bagniewski 
et al., 2021), the minima of the RR are identified, corresponding to 
abrupt transitions of interest. These major rapid changes are marked on 

the figures with pink crosses and discussed later in the paper. 

3. Results 

3.1. Comparison between NGRIP and the Chinese speleothem records: 
The last climate cycle (Fig. 1 and Table 1) 

These two records have been obtained through different proxies and 
dating methods, as previously noted, but have a similar time resolution 
of 20–22 years. Both records show similarities in terms of detected 
abrupt transitions, including abrupt warmings (DOs or GIs) in Greenland 
or intensified EASM (A events), as well as coolings corresponding to 
transitions to stadials (GS) in the polar region or drier conditions of 
intensified EAWM over CLP. The latter events have been labeled SAx in 
our study for stadials following A events. The comparison between the 
two records shows 17 similar warming transitions versus 12 similar 
cooling ones (Table 1). 

When dividing both records into three main time intervals, 122 ka - 
84 ka b2k, 84 ka - 46 ka b2k and 46 ka – 8 ka b2k, one can notice an 
increasing number of similar abrupt transitions, with 6 in the oldest 
interval, 10 in the middle interval, and 14 in the youngest interval. 
Interestingly, although the main DOs or GIs are identified, some of them 
are not detected by the KS method. This is the case for GI-9, GI-6, GI-4, 
GI-3, and GI-2 in the NGRIP record, as well as A9 and A3 (equivalent of 
GI-9 and GI-3 in the CS) for the most recent interval. In the middle in-
terval, the KS method does not detect the abrupt transitions towards GI- 
19.1, GI-18, and GI-15 in NGRIP, as well as A15, the equivalent of GI-15 
in CS. Finally, the abrupt change towards GI-23.2 in the NGRIP record 
and A25, the equivalent of GI-25 in the CS record, are not detected by 
the KS method (Fig. 1). 

The KS method successfully detects numerous known transitions 
from interstadials to stadials in the previous three different time in-
tervals. However, it still misses some of them like the transition towards 
GS-9, GS-4, GS-3 and GS-2 in the NGRIP record and towards SA10 and 

Fig. 2. (continued). 
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Table 2 
KS test of the Chinese speleothem δ18O and of the CHILOMOS grain-size composite for the last two climate cycles. Comparison of the dates of abrupt moistening 
(left) and drying transitions (right). Labels for the moistening transitions in the Chinese speleothem are from Wang et al. (2008) and in CHILOMOS from Yang and 
Ding (2014). The labels of the drying in CHILOMOS are from the present study. 
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Fig. 3. Recurrence Quantification Analysis (RQA) of CS. Top: the δ18O record, middle: recurrence plot (RP) corresponding to a symmetric matrix with time on the 
vertical and horizontal axes, bottom: recurrence rate (RR) analysis with minima marked with pink crosses, using their respective prominence shown in Table 1. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. RQA of CHILOMOS. Same caption as in Fig. 3. RR results are given in Table 2.  
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SA2, the equivalent of GS-10 and GS-2 in the CS series. In the second 
interval, more transitions are not detected, especially in the CS record: 
towards GS-18, GS-17, and GS-15 in NGRIP record and towards SA19.1, 
SA18, SA17, SA16, and SA14, the equivalents of GS-19.1, GS-18, GS-17, 
GS-16, and GS-14 in CS. Finally, the KS method does not detect the 
abrupt transition towards GS-23.1 in NGRIP and towards SA15, the 

equivalent of GS-25 in CS, in the third time interval (Figs. 1,2). 
The very good agreement in the millennial scale variability of the 

two different climate proxies supports the original interpretation of a 
close relationship between abrupt warmings in Greenland and intensi-
fied summer monsoon events in China (see Fig. 1). Such a result gives us 
confidence for using the Chinese speleothem composite record as a 

Table 3 
RQA of the Chinese speleothem δ18O and of the CHILOMOS grain-size composite for the last two climate cycles. Dates of the minima are identified by the RR 
prominence, shown together with the equivalent transitions detected by the KS method. For easier reading, the dates have been re-ordered from younger to 
older. The most significant minima are highlighted in yellow. The original ranking is given in Suppl. Table 1. 
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Fig. 5. KS test of the LGS640 grain size record (Sun et al., 2021) split into three panels of 220 kyrs each. Same caption as in Fig. 2.  
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reference for the detection of the potential millennial variability in the 
CHILOMOS and LGS640 grain-size stacks over the last several glacial- 
interglacial cycles. 

3.2. Comparison between the composite Chinese speleothem and the 
CHILOMOS grain size stack: The last two climate cycles 

3.2.1. KS test (Fig. 2 and Table 2) 
Following the analysis in the previous section, the abrupt changes 

detected from CS have been interpreted as corresponding to either the 
warming or the cooling transitions observed in the polar region. The 
Chinese interstadials, representing intervals of warming or intensified 
summer monsoon, are labeled Ax for the last climate cycle and Bx for the 
penultimate cycle, following Cheng et al. (2006) and Wang et al. (2008). 
Similarly, stadials of the last climate cycle are labeled SAx, while the 
stadial equivalents of the penultimate cycle are denoted with the label 
SBx. 

The KS test mostly detects the warming/moistening transitions 
already published, although it is missing some of the them, 5 in the last 
climate cycle (A25, A15, A13, A9 and A3), and many more, 9, in the 
penultimate cycle (B22, B18, B14, B9, B6, B5, B4, B2, B1) (Fig. 2 and 
Table 2). Fewer robust abrupt transitions are detected in CHILOMOS 
than in CS. Due to the lower resolution of this record, the warming 
transitions appear more gradual than abrupt, in contrast to the speleo-
them δ18O record. Compared to the published changes related to abrupt 
climate variability, 13 have not been detected by the KS test for the last 
climate cycle. This is consistent with the findings for the penultimate 
cycle, where 13 published transitions have not been detected among the 
original 26 (Table 2). Regarding the transitions towards stadial/drying 
intervals, the KS test has detected 21 in the penultimate climate cycle 
and 26 for the last climate cycle in CS, compared to 12 and 14 respec-
tively in CHILOMOS. 

The difference in the time resolution of the two records also limits 
the number of common abrupt transitions detected, with a total of 23, 9 
in the penultimate climate cycle and 14 in the last one (Fig. 2). The 
number of drying changes, 14, exceeds that of moistenings, 9 (Fig. 2). 
Therefore, both CHILOMOS and CS records share abrupt moistening 
transitions towards the relatively short interstadial-like events, B17, 
B12, B11, A19, A16, A14, A12, A8 and A2 from the oldest to the 
youngest (see Fig. 2). Similarly, both records share abrupt transitions 
towards drier, longer stadial-like events SB20, SB19, SB14, SB13, SB2, 
SA24, SA21, SA20, SA13, SA12, SA8, and SA4 also from the oldest to the 
youngest. When comparing the KS test on the NGRIP and CS δ18O and 
CHILOMOS grain size records, six common moistening and three com-
mon drying events are detected at about the same date with differences, 
between the oldest and the youngest dates identified, varying between 
85 and 1160 years (see Suppl. Table 1). 

3.2.2. RQA (Figs. 3, 4 and Table 3) 
The recurrence plots of CS and CHILOMOS display two distinct 

patterns. Although the RP of the speleothem record exhibits a drift to-
pology characteristic of a monotonic trend in variability, which corre-
sponds to a clear monsoon signature of 20 kyr (Fig. 3), this is not the case 
for CHILOMOS. The RP of the composite grain-size shows various 
clusters, which roughly correspond to specific periodic patterns. More 
precisely, these clusters reproduce the main marine isotope stages 
described for the last two climate cycles (Fig. 4). 

The analysis of the recurrence rates identifies 25 significant minima 
in both records with a recurrence rate prominence higher than 0.5, 12 in 
CHILOMOS and 13 in the speleothem records (Table 3). Furthermore, 9 
minima of the RR appear common to both the CS and the grain-size 
records, most of which occurred during the last climatic cycle and 
were identified by the KS method (see Table 3 with values highlighted in 
yellow). 

Fig. 5. (continued). 
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Fig. 6. RQA of LGS640. Same caption as in Fig. 3.  
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Table 4 
KS test of the Chinese speleothem δ18O and of the LGS640 dataset for the last 640 Myrs. Comparison of the dates of abrupt 
moistening and drying transitions in both records. The dates found in both records are highlighted in red and in blue for drying 
or moistening events respectively. 
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3.3. Comparison between the composite Chinese speleothem and the 
LGS640 grain size stack: the last seven climate cycles (Figs. 5, 6 and 
Tables 4,5) 

3.3.1. KS test (Fig. 5 and Table 4) 
98 abrupt transitions have been detected from the LGS640 grain size 

stack, which can be broken down into 49 abrupt increases and 49 abrupt 
decreases in size properties, indicating key climate changes. Several of 
them correspond to the transitions between marine isotope stages (see 
Fig. 5). Moreover, contrary to what could be expected from a visual 
inspection of the record, not all abrupt variations observed during 
glacial conditions are detected as significant abrupt transitions when 
using a window size of 0.6–4 kyrs in the KS test. Nevertheless, the abrupt 
transitions towards higher grain size are still better identified during 
glacial intervals, even marine isotope stages, across all climate cycles 
seen in the record except for the 2 oldest ones. 

The comparison of the 103 detected abrupt transitions in LGS640 
with the 177 transitions identified in the CS record of the last seven 
climate cycles shows an unbalanced ratio (Table 4). The number of 
transitions detected from the δ18O are rather even (90 dryings versus 87 
moistenings over 640 kyrs) although those detected from the average 
grain size show a higher number of dryings (53) than of moistenings (50) 
over 660kyrs. In both records, the last 2 climate cycles show the highest 
number of abrupt transitions detected compared to the oldest cycles (see 

Table 4). Over the past 640 kyrs covered by both LGS640 and composite 
speleothem δ180, the KS test has detected equally 24 abrupt transitions 
towards drying and moistening events. However the maximum differ-
ence dates (CS minus LGS640) detected is the highest for the drying 
transitions (2950 years) versus 800 years for the moistening ones. On the 
contrary, the minimum difference is about the same for both types of 
transitions, 750 years for moistening and 900 years for drying events 
(see Table 4). 

3.3.2. RQA (Fig. 6 and Table 5) 
The recurrence plot of LGS640 shows two main clusters corre-

sponding to the last 627 kyrs and the oldest part of the record. This is 
mainly due to the very high values of the average grain size at 630 ka BP. 
The younger cluster can be further divided into two, with a transition 
observed at 336 ka BP. These two dates correspond to the highest RR 
prominence values, found at the start of two climate cycles, MIS 16–15 
and MIS 10–9 respectively. They also are characterized by the higher 
values in the average grain size. Among the following detected transi-
tions with a high RR prominence are the different boundaries between 
the successive climate cycles at 427 ka BP and 130 ka BP for MIS12/11 
and MIS 6/5 respectively, and including the start of MIS 12 at 476 ka BP. 
Other significant abrupt transitions are detected as well, but exhibiting 
much lower RR prominence (see Fig. 6 and Table 5). 
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3.4. Abrupt transitions over the last 3.6 Myrs from the MGSQ stack 
(Figs. 7, 8 and Table 6) 

3.4.1. KS test (Fig. 7 and Table 6) 
Contrary to the previous analyses, the abrupt climate changes 

detected in the MGSQ sequence are mainly corresponding to cooling and 
warming transitions observed in the marine isotope stratigraphy 
(Lisiecki and Raymo, 2005). The KS method is relatively inefficient in 
detecting boundaries between the marine isotope stages for the last in-
terval (3.6–2.6 Ma BP), but detects many more boundaries for the 
2.6–1.2 Ma BP interval, and almost all those described for the last 1.2 
Myrs (Table 6). The difference between these three time intervals il-
lustrates varied magnitude of the grain-size variations over the past 3.6 
Myrs in the CLP (see Fig. 7). 

3.4.2. RQA (Fig. 8 and Table 6) 
The recurrence plot of MGSQ shows two main clusters, one corre-

sponding to the 3.6 Ma BP to 2.7 Ma BP time interval and the other 
corresponding to the last 2.6 Myrs, with a small transition between 2.7 
Ma BP and 2.6 Ma BP. The oldest cluster, roughly of Pliocene age, can be 
decomposed into two around a 3.14 Ma threshold, which corresponds to 
a strong increase in grain-size. This transition marks a shift from the low 
values observed during the Pliocene to the higher values characteristic 
of Quaternary deposits. The younger cluster of Quaternary age displays 
a nearly monotonic trend, although the previously analyzed stacks 
indicate that some variability can be detected. The analysis of the 
recurrence rates identifies numerous significant minima, among which 
the first eight have a recurrence rate prominence higher than 0.6 (Fig. 8 
and Table 6). Among them, 1.25 Ma BP and 2.6 Ma BP are the most 
dominant transitions and correspond to main boundaries detected by the 
KS method (see Table 6). 

4. Discussion 

The Chinese speleothem loess records show abrupt variations of East 
Asian monsoon during the studied climate cycles. Almost all the abrupt 
changes previously described, synchronous with the Greenland in-
terstadials and identified by labels A, are detected by the KS and RQA 
methods. Some events, however, remain undetected, mainly those 
labeled with Bs in the penultimate climate cycle, though they are few in 
number. The close correspondence in the detected abrupt transitions 
between the Chinese speleothem and the Greenland NGRIP ice-core for 
the last climate cycle clearly indicates that both the Polar region and 
East Asia have been impacted by the millennial-scale variability of the 
climate occurring in the Northern Hemisphere. The identification of 
similar patterns in the older climate cycles of CS clearly demonstrates 
that this millennial-scale variability prevailed also during the previous 
climate cycles, i.e., the 640 ka BP - 130 ka BP interval, although no 
corresponding record is presently available from Greenland. The RP of 
the climate cycles of CS also shows that this millennial-scale climate 
variability was modulated by a predominantly 20 kyr signal over the 
past 250 kyrs (see Fig. 3), indicating a dominance of precession forcing, 
and thus demonstrating a summer monsoon signature that has been 
previously discussed for the whole record (Cheng et al., 2016). 

By comparison, the CHILOMOS record shows grain-size variations 
during glacial intervals that cannot be interpreted as clear abrupt tran-
sitions by either the KS or RQA methods. This is related to the lower time 
resolution available, which is 10 times lower than that of the speleo-
them. This corresponds to the process followed to compile the eight 
sequences by Yang and Ding (2014). Nevertheless, the comparison of the 
KS results from both CS and CHILOMOS series indicates that they both 
recorded the millennial-scale variability (Fig. 2). Although the RP of the 
speleothem displays the summer monsoon signature, that of CHILOMOS 
indicates 2 clusters corresponding to the last two climatic cycles, within 
which sub-clusters clearly characterize the different marine isotope 
stages, from MIS7-MIS6 to MIS5-MIS2 respectively, with MIS1 (the 

Table 5 
RQA of the LGS640 grain-size 
composite for the last seven 
climate cycles. Dates of the 
minima are identified by the RR 
prominence. The most signifi-
cant minima (RR prominence 
>0.5) are highlighted in yellow. 
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Fig. 7. KS test of the Mean Grain-Size of Quartz particles (MGSQ) (Sun et al., 2006) in three panels of 1200 kyrs each. Top panel is the youngest and bottom panel is 
the oldest. Blue bars represent the odd marine isotope stages while the red ones correspond to terminations. MIS x on top of each panel represents the abrupt 
transition towards marine isotope stage (MIS)”x” according to Lisiecki and Raymo (, 2005). The grey bars identify interglacials or groups of interglacials. The green 
triangle as indicated in Fig. 8 (see Table 6). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 8. RQA of MGSQ. Same convention as in Fig. 3. The green triangles identify the transitions with the highest prominence values, as indicated in Fig. 6 (see 
Table 6). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Table 6 
KS test and RQA of MGSQ grain dataset for the last 3.6 Myrs BP. In this analysis the moistening and drying transitions is labeled as warming and cooling. On the left, 
KS results with the corresponding marine isotope stage (MIS) boundaries. On the right, RQA results with minima ordered according their prominence value. Dates 
with RR > 0.6 are highlighted in yellow. 
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Holocene or the last 14.7 kyrs) represented separately. 
One key point to notice is that the two types of records have two 

different sources, Northern Chinese deserts for the loess sequences, and 
the neighboring oceans/seas for the speleothem. The observed 
millennial-scale variability in both types of records is interpreted as 
corresponding to the fingerprints of the abrupt climate variations 
occurring in the northern polar area and propagated southeastwards 
through the EAWM mechanism, with the CHILOMOS and CS charac-
terizing the winter and summer monsoon regimes respectively. The DO/ 
GI variability has been previously interpreted as resulting from the rapid 
retreat and slow regrowth of thick ice-shelves associated with variations 
in the Northern Hemisphere ice sheet volume. Accordingly, changes in 
sea-ice thickness are driven by changing subsurface water temperatures 
in the Northern Atlantic due to insulation by ice cover and variations in 
the AMOC strength (Boers et al., 2018). During GS, the ice-cover 
increased, preventing the warm subsurface water from reaching the 
North Atlantic area, resulting in a general cooling of the Northern 
Hemisphere temperatures and an increase in the atmospheric heat 
transport. This increased meridional temperature gradient over the 
Northern Hemisphere induced a stronger westerly circulation, resulting 
in stronger winds over Eurasia (Sima et al., 2009, 2013), reinforcing the 
Siberian High and thus the atmospheric circulation over the dust sources 
of the Chinese Loess Plateau (Sun et al., 2012). 

At the same time, this particular regime weakened the cyclonic cir-
culation over the sub-tropical western Pacific region and therefore 
reduced the SE inland moisture transport to the loess plateau (Sun et al., 
2012; Yang and Ding, 2014). Loess units have been deposited during GSs 
over Europe (Rousseau et al., 2017b), as well as in the Loess plateau, but 
are characterized by coarser material, while higher δ 

18O in the CS 
indicate moisture reduction (SB and SA events). During GIs, the warm 
subsurface waters transported by a strengthened AMOC, could have 
reached the North Atlantic region, leading to a general warming of the 
Northern Hemisphere and a demise of the ice cover and a possible 
collapse of ice-shelves. The resulting meridional heat gradient was much 
lower than in stadial conditions, inducing a weaker westerly circulation 
and weaker winds over Eurasia (Sima et al., 2009, 2013), causing higher 
temperatures that led to the development of paleosols (Rousseau et al., 
2017a), and a much weaker Siberian high. The atmospheric circulation 
over the dust sources was weaker in the Chinese northern deserts, cor-
responding to the transport of much finer eolian material towards the 
loess plateau. The weakening of the Siberian high resulted in a stronger 
tropical cyclonic circulation over West Pacific, thus increasing the 
inland moisture transport that favors the development of the speleothem 
sedimentation. This is represented by the B and A events, marked by the 
lowest δ18O values. 

The longer LGS640, although having a 100-year time resolution, 
shows transitions that have been already detected in the CHILOMOS 
record for the last 250 kyrs, but also for the previous climate cycles. 
Table 4 indicates that some of the abrupt changes in the grain size 
correspond to boundaries between climate cycles as well as between 
some marine isotope stages. However, some of the transitions detected 
by both the KS test and RQA also correspond to abrupt transitions 
identified in the CS composite record (Figs. 5, 6 and Tables 4,5), 
implying that the interpretation proposed above remains valid for the 
entire 640 kyr interval. 

Such detailed interpretation can be applied to the longer MGSQ re-
cord despite its time resolution of 1 kyr being much lower than the 100 
or 200 yrs. of LGS640 and CHILOMOS respectively, and especially the 
22 yrs. of CS. The abrupt transitions detected in MGSQ using the KS test 
correspond to the main transitions described in the marine isotope re-
cord, i.e., terminations and boundaries between glacials and in-
terglacials. This shows that the grain-size variations on glacial- 
interglacial timescale follow those of the marine δ

18O, which mainly 
reflect the variations of the northern hemisphere ice sheets. However, 
considering that the quartz particles were transported by winter 
monsoon winds, the coarser particles indicate stronger wind velocity for 

the EAWM conditions and, consequently, the Siberian High. The main 
abrupt transitions detected show that the winds associated with the 
EAWM at the base of the record, 3.6 Ma BP – 2.74 Ma BP, were signif-
icantly weaker than indicated by the grain-size values observed for the 
last climate cycle. Only the single event at 3.144 Ma BP corresponding to 
the transition to MIS KM12 shows stronger winds during this first in-
terval. The transition between 2.74 Ma BP and 2.6 Ma BP reveals an 
increasing trend in grain-size towards coarser grains from 2.6 Ma BP. 
This increasing trend in wind intensity corresponds to the growth of the 
northern hemisphere ice sheets, from mountain glaciers during the 3.6 
Ma–2.74 Ma interval to fully developed ice caps (Naafs et al., 2013; 
Rousseau et al., 2022). Such evolution of the northern ice sheets marks 
an important shift in the climate system from earlier warm conditions, 
with the northern hemisphere ice sheets becoming a dominant factor in 
the climate system as they continued to grow over the last 2.6 Myrs 
(Ding et al., 2000; Rousseau et al., 2022). The second main threshold at 
1.25 Ma BP corresponds to a new major event in the grain-size record 
with once more very coarse material transported by particularly strong 
winds. The interval 2.6 Ma BP – 1.25 Ma BP saw stronger winds during 
most odd marine stages than in the previous time interval, but weaker 
than during the later climate cycles. This interval, also called Lower 
Pleistocene, saw climate changes dominated by obliquity-paced 
variations. 

The 1.25 Ma BP commonly marks the start of the Mid-Pleistocene 
Transition (MPT) interval during which the climate system shows a 
shift from cycles of about 40 kyrs to 100 kyrs (Pisias and Moore, 1981; 
Ruddiman et al., 1989; Clark and Pollard, 1998; Clark et al., 2006; 
Elderfield et al., 2012), characterized by the increasing magnitude of the 
fluctuations between glacials and interglacials. This interval lasts up to 
0.87 Ma BP, which also corresponds to the main abrupt transitions 
detected by the RQA. During the MPT, northern hemisphere ice sheets 
expanded, and the first regular ice rafted debris (IRDs) deposits associ-
ated with odd marine isotope stages were observed at 1.5 Ma BP in 
Northern Atlantic cores (Hodell and Channell, 2016). The impact of this 
evolution of the northern hemisphere ice sheets on the quartz particle 
transport during MPT is not fully evident, as some odd MIS are not well 
recorded in the MGSQ record. This could indicate that the potential 
relationship between the EAWM intensity and the development and 
expansion of the northern hemisphere ice sheets was not yet fully 
established. Interestingly, the 0.87 Ma BP date detected by the KS and 
RQA methods coincides with the proposed start of the millennial vari-
ability expressed by the DO/GI events (Rousseau et al., 2022). More-
over, the RQA detects 0.66 Ma BP as a key abrupt transition with high 
values in the grain–size records that the KS method identifies as well. 
This abrupt transition is also detected in the LGS640 record by the RQA 
method and corresponds to the first occurrence of massive iceberg 
calving, stronger that the ones leading to the regular deposition of IRDs 
in the North Atlantic cores, known as the Heinrich events (HE) (Hodell 
and Channell, 2016; Rousseau et al., 2022). These events signify a new 
step in the development and expansion of the northern hemisphere ice 
sheets reaching their biggest volumes of the past 2.6 Myrs. The last two 
dates at 0.426 Ma BP and 0.336 Ma BP represent the most recent time 
interval during which the highest amplitude between interglacials and 
glacials is observed in the global δ

18O record. During this time, the 
highest variations in transport of coarser and finer quartz grains in 
MGSQ were observed. Therefore, the EAWM intensity reached its 
maximum during this final interval in Earth’s history. This evolution of 
MGSQ variations in three main steps supports the original interpretation 
of Sun et al. (2006) but with slightly different dates for the two oldest 
intervals, and introduces the Plio-Pleistocene transition (2.7 Ma BP - 2.6 
Ma BP), the Mid-Pleistocene transition, and the Mid-Brunhes shift to-
wards the maximum amplitude between glacials and interglacials of the 
last four climate cycles. 
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5. Conclusion 

Abrupt climate transitions in Chinese loess sequences have been 
described in the literature for different time intervals. However, com-
parison of loess grain-size records with other proxies such as the 
composited Chinese speleothem δ

18O record remain providing ques-
tionable understanding of orbital- and millennial-scale variations of the 
East-Asian monsoon. Our analysis reveals that a robust detection of 
abrupt transitions is possible for these proxy records. Two high- 
resolution records (i.e. the Greenland NGRIP ice core δ

18O and the 
Hulu cave δ18O) were firstly compared to verify that our method can 
successfully detect the millennial variability for the last climate cycle. 
Similar findings are also evident for the penultimate cycle when 
comparing the composited Chinese speleothem δ18O record (CS) (Cheng 
et al., 2016) and the CHILOMOS loess grain-size stack. The agreement 
between the transitions recorded in CS and loess grain-size stack (i.e. 
CHILOMOS (Yang and Ding, 2014) and LGS640 (Sun et al., 2021)) al-
lows to evaluate the co-evolution of millennial variability between 
winter and summer monsoons. Moreover, the analysis of the composite 
mean grain-size of quartz particles (MGSQ) (Sun et al., 2006) reveals 
that the main abrupt transitions detected correspond to the boundaries 
of the marine isotope stratigraphy. Most of these transitions therefore 
correspond to the so-called terminations from glacials to interglacials or 
inceptions from interglacials to glacials. Our analysis also supports the 
initial interpretation of stepwise strengthening of the winter monsoon 
associated with the onset and full development of the Northern Hemi-
sphere ice sheets. Our results highlight the potential of abrupt changes 
as tie points for synchronizing different proxy indicators on a global 
scale, as recently demonstrated by Bagniewski et al. (2023). 
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CHILOMOS grain sizeChinese speleothem δ18O



Climate cycle ky dry moist
% dry/ 

Total

 Σ abrupts 

LGS640
dry

% dry/ 

Total

 Σ abrupts 

CS
MIS2-5 14-130 14 6 70,00 20 23 51,11 45

MIS6-7 130-243 10 9 52,63 19 20 50,00 40

MIS8-9 243-337 8 4 66,67 12 9 50,00 18

MIS10-11 337-424 8 4 66,67 12 8 50,00 16

MIS12_13 424-524 12 2 85,71 14 12 57,14 21

MIS14-15 524-621 5 10 33,33 15 9 42,86 21

MIS16 621-712 7 7 5 50,00 10

99 171

LGS640 CSMarine isotope stratigraphy
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