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a b s t r a c t

Knowing the evolution history of the climate systems in the Asian inland dominated by either the
Westerlies or the Asian monsoon, and understanding their associated driving mechanisms are crucial for
assessing future trends of climate and environmental conditions in this region, but both the evolution
and mechanisms are still under debate. In this study, we present a comparative analysis of massive data
from an accurately dated drill core retrieved from the Westerlies controlled western Qaidam Basin (QB),
with records from the Chinese Loess Plateau (CLP) dominated by the East Asia summer monsoon (EASM),
to track the time and frequency domain evolution patterns and dynamic changes of the QB and the CLP
systems. The results infer two main conclusions. First, a critical transition in the evolution of Qaidam
paleolake occurred at 0.8e0.6 Ma, characterized by striking changes in proxy variations and a system
shift from periodic variations to more irregular fluctuations after 0.6 Ma. Second, a similar evolution
pattern prevailed in the Qaidam paleolake region and in the EASM-dominated CLP between ~2.7 and
~1.2 Ma, but a divergence of both systems started at ~1.2 Ma and fully established after 0.6 Ma, when
largely fluctuating climate conditions in the QB with a distinct drying trend was accompanied by syn-
chronous largely fluctuated EASM with an increasing trend after 0.6 Ma. We suggest that ice sheet
expansion in the Northern Hemisphere, promoted by co-occurrence of low obliquity amplitudes and low
eccentricity, drove both systems across a threshold at ~1.2 Ma, and the internal forcing due to glaciation
disturbed the previous response of both systems to solar insolation and led to the divergence of two
systems. At ~0.9e0.8 Ma, a node of the 1.2-Myr obliquity cycle co-occurred with an eccentricity mini-
mum, which together with coeval decrease in atmospheric CO2 concentration, could have facilitated a
striking expansion of ice sheets. The resulting more equatorial and zonally oriented northern hemisphere
westerly jet could serve as key factor leading to the final collapse of Qaidam paleolake after ~0.6 Ma, and
the divergence of the QB and the CLP systems.

© 2020 Elsevier Ltd. All rights reserved.
Laboratory of Water and Soil
f Resources and Environment
1. Introduction

The climatic systems dominated by the Asian monsoon and the
Westerlies bear crucial signals to understand the interaction be-
tween sub-systems (e.g., high latitude ice sheets, marine
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environments, and mid-latitude inland areas) and thus affecting
future evolution of Earth’ climate, because the Asian monsoon
system straddles over two hemispheres, and the Westerlies occupy
much of the mid- and high-latitudes of the northern hemisphere.
Modern-day western Asia is dominated by arid and semi-arid
conditions, and its climate is considered to be controlled by the
Westerlies, while the climate of the adjacent Chinese Loess Plateau
(CLP) is under the influence of the East Asian summer monsoon
(EASM) and relatively more humid (Chen et al., 2008, 2019; An
et al., 2012; Curio et al., 2015; Wang et al., 2017). Understanding
the temporal evolution of these two systems during the Quaternary
provides a basis to reveal the evolution pattern of different systems
in the Asia inland and to unravel the possible effects of external
(e.g., solar insolation) and internal (e.g., ice sheets evolution, tec-
tonic activity) forcing on the Asia climate, which is significant for
predicting future climate and ecological conditions in the Asia
inland under global warming and increasing melting of the two
hemisphere ice sheets. However, the evolution patterns of the
Westerlies and monsoon-dominated regions in Asia are still under
debate, with some studies arguing for a consistent evolution
pattern on orbital and sub-orbital scales (e.g., Ding et al., 2002;
Yang et al., 2006; Li et al., 2016) and others proposing an out-of-
phase relationship (Chen et al., 2008, 2019) between the two sys-
tems. The discrepancy in the interpreted evolution pattern of
different systems in Asia led to controversial views on related
driving mechanisms, including interplays of external solar insola-
tion and global ice volume (e.g., Liu and Ding, 1993; Ding et al.,
1995), global cooling (e.g., Lu et al., 2010; Yang et al., 2013a;
Koutsodendris et al., 2018), or combined global cooling and tectonic
activity (e.g., An et al., 1990; Fang et al., 1999; Xiao and An, 1999;
Han et al., 2014a).

Aiming to solve the described controversies, we studied an
accurately dated deep drilling core (SG-1; 938.5 m in depth,
spanning 2.7e0.08 Ma, Zhang et al., 2012a) retrieved from the
western Qaidam Basin (QB), where the water vapor is primarily
supplied by the Westerlies (Xu et al., 2008; Curio et al., 2015), and
out of the northern and western reach of the modern Asian sum-
mer monsoon (Gao, 1962) (Fig. 1). We compare its (published and
newly obtained) records with records from the CLP where the
EASM system dominated. The previous studies of the SG-1 core
indicate the existence of a semi-deep lake in the western QB in the
early Quaternary, and a long-term stepwise drying that finally
terminated in a salt playa (e.g., Wang et al., 2012, Zhang et al.,
2012b; Yang et al., 2013a, b, 2016; Herb et al., 2015a;
Koutsodendris et al., 2018). These results provide fundamental in-
formation on the evolution history in theWesterlies dominated QB,
which in terms of drying is roughly consistent with the evolution
observed in records of the monsoon dominated CLP (An et al., 1990;
Liu and Ding, 1993; Song et al., 2001; Sun et al., 2010). Further
investigation of the detailed evolution pattern of records from
these two systems bear great potential to recognize whether
moisture conditions in these two systems evolved equally or
differently in specific periods of the Quaternary. Such kind of
comparative studies are still missing, or merely based on visual
comparison between different records. More advanced informa-
tion, such as identification of critical transitions in both systems
and their potential driving forces that are vital for the future pre-
diction of their evolution pattern, calls for more comprehensive
studies than preliminary visual comparisons.

We thus performed statistical analyses and linear time series
analyses on proxy records to capture the detailed evolution pattern
in time and frequency domain, and nonlinear recurrence analyses,
which has been successfully applied to determine dynamical
changes and transitions in paleoclimate studies that cannot be
revealed by visual examination or linear methods (Marwan et al.,
2

2007, 2017; Donges et al., 2011; Eroglu et al., 2016). These
comprehensive analyses can, on the one hand, reveal more robustly
the detailed evolution history of the studied QB and CLP systems
and the occurrence of critical transitions. They can also help to track
the history of the response of QB and CLP systems to external or
internal driving forces, retrieved from the nonlinear recurrence
quantification analysis. Therefore, we organize this paper as pre-
senting the evolution history of the Qaidam paleolake and identify
a critical transition in its evolution from a semi-deep lake to salt
playa in section 3.2. We then compare these results from the
Westerlies controlled western QB with published results from the
monsoon dominated CLP in part 3.3. In section 3.4, we discuss the
possible associated driving forces on the Quaternary evolution of
the two systems.

2. Materials and methods

2.1. Proxy records from the SG-1 core

We perform a comprehensive analysis on groups of proxies and
on single high-resolution proxy records to obtain more robust in-
formation than provided by previous results that are mostly based
on single parameters. We use proxies from core SG-1 (published
and new), which are available at high resolution and can provide
complementary information. They comprise records of published
acetic acid-leached manganese content (MnHOAc) (N ¼ 870) from
Yang et al. (2013a, 2017), mass-specific magnetic susceptibility (c)
(N ¼ 2985) from Zhang et al. (2012b), carbonate d18O and d13C data
from the depth interval of 0e600 m from Han et al. (2014a), sup-
plemented by new d18O and d13C measurements mainly from marl
layers with high carbonate content (>30 wt%) throughout the
entire core (total N ¼ 538), and new mean grain-size (Mz)
(N ¼ 4288) data. Other proxy records, such as magnetic properties
(Zhang et al., 2012b; Herb et al., 2013, 2015a) and lower resolution
elements records obtained after acetic acid leaching by Yang et al.
(2014, 2016), are additionally used for multivariate statistical
analysis.

The new isotope data were measured on a MAT-252 (Delta-E)
gas source isotopemass spectrometer and the results are expressed
using the d notation relative to the PDB standard (with precision
better than 0.1‰ for both d18O and d13C). Grain-size distributions
were measured using a Microtrac S3500 laser particle sizer at the
Institute of Tibetan Plateau Research, Chinese Academy of Sciences
following the procedure of Lu and An (1997). GRADISTAT Version
6.0 was used to generate grain-size statistics (Blott and Pye, 2001).

2.2. Statistical and time series analysis

In our analyses, we aim to detect structures of the proxy records
along the geological time axis, qualitatively and quantitatively,
which then are used as the basis for interpreting features and
transitions in the climate and paleolake evolution. Our approach to
identify structural features includes standard methods such as
multivariate statistics and linear time series analysis, but also non-
linear time series analysis to check for irregularities in the peri-
odical behavior. For dating, we use the SARA age model established
for core SG-1 by Herb et al. (2015b), based on orbital tuning of
magnetic susceptibility, with anchor points from magneto-
stratigraphy (Zhang et al., 2012a) and from OSL and U-series dating
(Han et al., 2014b).

We start our analytical approachwith extracting climate-related
features of multivariate parameter combinations versus geological
age. For this purpose, we chose Fuzzy C-Means (FCM) cluster
analysis, which is frequently and widely used for pattern recogni-
tion. FCM results provide membership functions, which



Fig. 1. Map of the study region and the principle trajectories of atmospheric circulation. Locations of the drill core SG-1 in the Qaidam Basin, and of the Lingtai and Chaona loess
sections from the Chinese Loess Plateau are displayed. The green dashed line shows the present reach of the Asian summer monsoons (Gao, 1962). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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quantitatively show the likelihood that a sample is associated with
pre-defined clusters. Combinations of proxy parameters for FCM
cluster analysis were selected by two criteria. First, the parameters
should be sufficiently complementary (i.e. not duplicating infor-
mation), and second, their paleoclimate meaning should be un-
derstood reasonably well. Dissimilarity was tested by linkage
distances in a dendrogram analysis after common data standardi-
zation. For dendrogram analysis we included 23 proxy data sets
(published and new data) of the SG-1 core: rare earth elements
(Yang et al., 2014), magnetic properties (Zhang et al., 2012b; Herb
et al., 2013, 2015a), carbonate content (Han et al., 2014a), acid
soluble elements (Yang et al., 2013a, 2016, 2017), mean grain-size
(new data) and stable isotope data (Han et al., 2014a; and new
data). Several suitable parameter combinations were then pro-
cessed by FCM cluster analysis. Both dendrogram analysis and FCM
cluster analysis were performed with the Matlab software. To
obtain information on regular periodicities in the variability of the
proxy parameters versus geological age, we applied conventional
linear time series analysis by calculating wavelet power spectra
(WPS). The WPS analysis was performed using the Matlab package
with the script of Torrence and Compo (1998).

We further analyzed the evolutionary variability in individual
proxy data sets versus mean values. Means were calculated along
the records using a rectangular sliding window, and within the
sliding windows variances of the original data were determined
after detrending with themean values. To obtain information about
variabilities beyond orbital variations, we chose a 200-kyr window
length that is the shortest possible window eliminating efficiently
3

orbital variations. However, 400-kyr, 100-kyr, 41-kyr and 21-kyr
windows were also tested (see Supplementary Fig. S1 and Text S1
for details) to ensure the robustness of the results.

Moreover, using the individual proxy time series data, we
determined so-called recurrence plots and performed recurrence
quantification analysis. Detailed information about them can be
found in Marwan et al. (2007, 2017) and Eroglu et al. (2016). Below,
we restrict on a short overview of possibilities andmeanings of this
approach; in the Supplementary Text S2 we summarize more de-
tails. Recurrence analysis is a nonlinear approach which can detect
dynamical features in the phase-space transform of time series
data, which are hidden in the results of conventional time series
analysis results such as bandpass-filtering, WPS, or Fourier trans-
forms. It could reveal instabilities of periodic behavior, i.e., provide
a quantification of how periodic or chaotic or even stochastic the
observed variability in a parameter record is. Recurrence quantifi-
cation results allow to test the possible occurrence of changes in the
system behavior, whichmay represent tipping points of the system.

Recurrence plot is a binary plot, in which stochastic or chaotic
climate fluctuations (i.e., less predictable, unstable) lead to isolated
recurrence points or short lines of points in the plot, whereas pe-
riodic processes (i.e., highly predictable, more stable) produce
longer diagonal lines (Marwan et al., 2007). The point distribution
can be quantified by various parameters. In this study, we use the
determinism, which calculates the fraction of points in the recur-
rence plot that form diagonal lines with respect to all points
(Marwan et al., 2007). Higher determinism indicates more periodic
behavior, and extreme changes of determinism values identify
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times with prominent shifts between different regimes (e.g.,
Marwan et al., 2007, 2017), which are crucial to identify critical
transitions in the studied system and to explore possible variations
in the driving mechanism(s). The original unevenly spaced data of
the SG-1 core was transformed using the new Transformation Cost
Time Series method, whose principle is to calculate the shortest
distance (lowest transformation cost) of transforming one segment
of the record into the following segment (Eroglu et al., 2016), to
evenly spaced data. We use 6.9, 9.1, 12.1 and 2.7 kyr, as the segment
sizes of the c, MnHOAc, d18O and Mz records, respectively, to
transform these four original data to evenly spaced records for
further recurrence analysis. The recurrence analysis was performed
using the Cross Recurrence Plot toolbox of Marwan et al. (2007),
with an adaptively chosen threshold distance that ensures a con-
stant recurrence rate of 10%.
3. Results and discussion

3.1. Proxy results of the SG-1 core and their environmental
implications

The profiles of d13C and d18O (published and newly obtained
data) show a long-term persistent increase in d18O along the entire
core and evident increases to heavier isotope compositions above
1.2 Ma and 0.6 Ma (Fig. 3E). The d18O (d13C) values (Fig. 2 and
Fig. 3E) remain at low mean levels of �0.23‰ (1.23‰) from 2.7 to
1.9 Ma, and to �0.68‰ (0.97‰) from 1.9 to 1.2 Ma. The values then
increase significantly tomean values of�0.63‰ (1.21‰) from 1.2 to
0.6Ma, and of 1.97‰ (2.32‰) from 0.6Ma upwards. The scatter plot
of d13C versus d18O (Fig. 2) shows an approximate linear relation-
ship, indicating that the carbonate fraction of the marls was
precipitated predominantly within a closed basin (Stuiver, 1970;
Talbot, 1990). The large difference in d13C and d18O values in the
Fig. 2. Scatter plot of carbon and oxygen isotope values from carbonates in different phases
closed lakes with different salinities (McKenzie, 1985; Talbot, 1990; Talbot and Kelts, 1990)

4

sediments of core SG-1 compared with the carbonate rocks of the
surrounding mountains (Fig. 2) confirms that the carbonates in
sediments were mostly precipitated in situ within the lake, there-
fore, they represent the environmental conditions at the time of
deposition (Han et al., 2014a). Evaporation is thus considered to be
the major control on variations in the carbon and oxygen isotope
composition of sediments in the SG-1 core (Han et al., 2014a). So,
we interpret the long-term increase in d13C and d18O values as
representing a gradual drying of the paleolake since 2.7 Ma and
accelerated shrinkage/drying at about 1.2 Ma and 0.6 Ma. Com-
parison of the d13C and d18O values of SG-1 core with those of
modern lakes from elsewhere in theworld (McKenzie,1985; Talbot,
1990; Talbot and Kelts, 1990) indicates that the period from 2.7 to
1.2 Ma falls mainly within the range of a brackish lake, while those
after 0.6 Ma reflect a salt lake, and the values during 1.2e0.6 Ma
represent an intermediate stage (Fig. 2).

This result is consistent with the evolution of MnHOAc in core SG-
1 (Fig. 3D) which indicates a long-term decrease in the input of Mn
derived from catchment weathering and the increasing oxidation
of the lake bottom water since 2.7 Ma (Yang et al., 2013a). The
MnHOAc is interpreted as a sensitive indicator of the evolution of
lake redox conditions and catchment-scale climate change (Yang
et al., 2013a). During warmer and wetter intervals, the increased
input of Mn from the rocks and soils in the drainage area and the
transformation of Mn oxides under conditions of higher lake level
and oxygen-deficient bottomwater lead to higher values of MnHOAc.

Detailed rock magnetic analyses (Zhang et al., 2012b) and the
comparison of the magnetic susceptibility (c) record with the
Artemisia/Chenopodiaceae (A/C) pollen ratio for the interval of
~1.25e0.75 Ma indicate that c is a sensitive proxy for moisture
changes in the catchment of the Qaidam paleolake, with higher and
lower values representing drier and wetter conditions, respectively
(Herb et al., 2015a). However, the correlation of the c and the A/C
of the SG-1 sequence, compared to the values of modern globally-distributed open and
, revised from Han et al. (2014a).



Fig. 3. (AeF) Proxy records from drill core SG-1: (A) Salt layers occurrence and (B) water level (Wang et al., 2012), (C) magnetic susceptibility (c) (Zhang et al., 2012b), (D) acetic
acid-leached manganese content (MnHOAc) (Yang et al., 2013a, 2017), (E) d18O (Han et al., 2014a; and new data), (F) mean grain-size (Mz) (new data); thick lines represent 5-point
smoothing of c, MnHOAc and d18O, and 15-point smoothing of Mz. Climate implications of the four records are briefly mentioned on the top; for further explanation see text. (GeJ)
Comparison with other regional and global climatic records: (G) Summer monsoon index (SMI) (Sun et al., 2010) and (H) magnetic susceptibility (c) record (Song et al., 2001) both
from the Chinese Loess Plateau; (I) alkenone sea-surface temperature (SST) record from the North Atlantic Ocean (Lawrence et al., 2009), (J) LR04 stacked marine d18O record
(Lisiecki and Raymo, 2005). The pink shaded bar displays the interval between ~0.8 and 0.6 Ma characterized by very low fluctuations in proxy records of the SG-1 core and the
EASM system. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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ratio is disturbed in parts of the SG-1 sequence, interpreted by the
additional influence of catchment changes (Herb et al., 2015a),
which is most evident for the decreasing values after ~0.5Ma. The c
record is therefore a mixed signal.

In the lake catchment sedimentary system, debris, transported
by rivers or by wind enters the lake, are re-dispersed, mixed and
deposited under the influence of hydrodynamic processes. The
mean grain-size (Mz) is therefore a measure of the grain-size dis-
tribution of sediments delivered to the lake by fluvial and eolian
processes and reflects the energy of the hydrodynamic and eolian
processes during transport and deposition. We interpret the in-
crease in Mz from the bottom to the top of core SG-1 as an increase
in the strength of wind energy and hydrodynamic processes. The
basal part of the core is very fine-grained, apparently due to large
content of the 2e5 mm sediments (Wang, 2012). This fraction rep-
resents settling of suspended material in lacustrine environment,
probably from direct air fall (Vandenberghe et al., 2018). In contrast,
the upper part of the record is much coarser (coarse silts; Wang,
2012) and may represent either windblown material supplied
from saltation or fluvial reworking (Vandenberghe, 2013). This
confirms the transition towards drying of the lake as observed by
the other proxies.

Lake-level reconstruction based on lithology also supports the
progressing drying (Wang et al., 2012) (Fig. 3B), showing that a
semi-deep fresh water to semi-brackish lake during ~2.7e2.5 Ma
was replaced by a perennial saline lake after ~1.2 Ma, and eventu-
ally by salinemudflats and a playa salt lake after ~0.6Ma. Moreover,
the long-term drying of the western QB since the late Paleocene is
supported by pollen records from SG-1 core (Koutsodendris et al.,
2018) and another long drill core from the western QB (Cai et al.,
5

2012), and from synthesis results of several other cores from the
QB (Kang et al., 2003). Loess records from the Tarim Basin (Fang
et al., 2002; Zan et al., 2010) reveal a synchronous expansion of
the Mu Us Desert (Ding et al., 2005) and the Gurbantunggut Desert
in northwest China (Fang et al., 2002), also suggesting a major
aridification trend within a large region of Central Asia at this time.

3.2. Evolution and critical transitions of the Qaidam paleolake

In this section we use the results of the linear and nonlinear
analyses to reveal the evolution pattern of the Qaidam lake system
since 2.7 Ma, summarizing key features and identifying critical
transitions. We start the discussion with the overview of stages in
the evolution identified by the FCM cluster results, thenwe present
the variance-vs-mean results, which also show the evolution of
stages, but add information on trends and variabilities beyond
orbital variations. The presence and evolution of orbital periodic-
ities as shown by the WPS results follows as a linear feature in the
analyzed time series. Finally, the results of recurrence analysis are
presented and discussed with the aim of recognizing system
changes from nonlinear dynamic features in the proxy time series.

3.2.1. Statistical analysis
The FCM cluster analysis based on different data proxy combi-

nations reveal a similar pattern of clusters for the SG-1 sequence. A
three-cluster solution provides the best discrimination between
clusters and the clearest pattern of evolution. The results shown in
Fig. 4A are displayed as a typical example (there are many other
combinations with essentially the same features of the cluster
evolution). The input data for this combination comprises three



Fig. 4. Comprehensive results based on proxy time series of the SG-1 core. (A) Membership probability of fuzzy C-means cluster analysis (FCM) results for Mz e c e d18O e boron
concentration (BHOAc) e total abundance of rare earth elements (

P
REEHOAc) data from the SG-1 core (3-cluster solution). C1 (red) represents dry conditions, C2 (blue) represents less

dry condition, and C3 (green) represents intermediate conditions (see text for details). (B) Results of wavelet power spectrum analysis of the SG-1 c record, (C) Sliding window
means (red) of the SG-1 Mz record (black) and variances (blue) of the detrended original curve (200-kyr sliding window); (DeF) System determinism (DET) calculated from SG-1 c
and Mz and summer monsoon index from the Chinese Loess Plateau (Song et al., 2001) (95% confidence bounds are displayed by dashed lines; they are derived by 1s-ranges of DETs
obtained from 1000-times random re-sampling of the time series values). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
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data sets displayed in Fig. 3 (Mz, c, d18O), and additional published
data sets of boron concentration (BHOAc) and the total abundance of
rare earth elements (

P
REEHOAc), both obtained after acetic acid

leaching (Yang et al., 2014, 2016).
P

REEHOAc is a sensitive proxy for
the intensity of chemical weathering and climatic conditions
within the drainage area (Yang et al., 2014), and BHOAc can be
interpreted as an indicator of lake water salinity (Yang et al., 2016).

Cluster one (C1, red) is characterized by higher d18O, BHOAc and
Mz, and lower

P
REEHOAc, suggesting a drier climate and weaker

chemical weathering. In cluster two (C2, blue),
P

REEHOAc is high
and d18O, BHOAc, c and Mz are relatively low, which is interpreted as
relatively less dry climate and stronger chemical weathering.
Cluster three (C3, green), with all of the values between those of C1
and C2, indicates an intermediate state. The cluster pattern in
Fig. 4A reveals five stages of the lake system evolution. Stage I (~2.7-
1.1 Ma) is characterized by a less dry climate (cluster C2) with the
occurrence of a drier phase (cluster C1) every ~400 kyr, at around
2.4e2.3 Ma, 2.1e2.0 Ma, 1.6e1.5 Ma, and 1.1 Ma. Stage II (~1.1-
0.8 Ma) is characterized by decreased cluster variability at inter-
mediate conditions (cluster C3). Stage III (~0.8-0.5 Ma) reveals the
return of less dry conditions (cluster C2). Stage IV (since ~0.5 Ma) is
characterized by clear dominance of dry climate (cluster C1). In
Stage V (since ~0.3 Ma) only the dry cluster (cluster C1) occurs.

Time-dependent sliding window means of the SG-1 d18O,
MnHOAc, c and Mz records, and variances (s2) of the detrended
original curves (Fig. 5) reveal some remarkable features in the
environmental evolution of the QB.We present the results obtained
6

for 200-kyr (Fig. 5) as this window length allows the best possible
time resolution at simultaneously averaging out orbital variations
(see Supplementary Text S1 and Fig. S1). The results show the
following features: (1) A long-term increase/decrease of the mean
values in d18O, Mz and c records/in MnHOAc, reflecting a long-term
increase in lake evaporation, the strength of wind energy and hy-
drodynamic processes, and decreased moisture in the catchment of
the Qaidam paleolake (Herb et al., 2015a); (2) a striking increase in
the variance in d18O andMz, and an increasing trend in the variance
of MnHOAc and c records since ~0.6e0.5 Ma; (3) the correlation
between mean and variance of the records from core SG-1 shows
no or low correlation between 2.6 and 0.5 Ma, but high correlation
after ~0.5 Ma (Fig. 5 and Supplementary Fig. S2). These character-
istics, together with the striking increase in the variance of the
proxy records, indicate an important climate transition at
~0.6e0.5 Ma.
3.2.2. Wavelet analysis
The wavelet analysis results of c (Fig. 4B), Mz, MnHOAc and d18O

(Supplementary Fig. S3G-J) reveal pronounced cyclicities of 100-
kyr, 54-kyr and 41-kyr throughout the core, and there is a gener-
ally very low spectral power during ~0.8e0.6 Ma in the wavelet
results of MnHOAc and d18O. The dominance of 41- and 54-kyr cycles
(likely obliquity) in the lower part of the core, the appearance (d18O,
c) or strengthening (Mz) of periodicities near 100-kyr (likely ec-
centricity) starting at ~1.4e1.2 Ma, and the re-dominance of the
obliquity cycles after ~0.4e0.3 Ma, are important common features



Fig. 5. (Left) Sliding window means (red) of the d18O, MnHOAc, c and Mz records (black) from core SG-1 (200-kyr sliding window) and variances of the original time series values
within the sliding windows after detrending with the sliding window means. (Right) Scatter plots of variance versus mean; the color code shows the time of window centers from
2.6 Ma to 0.25 Ma, and 1.2 Ma to 0.25 Ma. No or low correlation between mean and variance appears before ~0.5 Ma, but high correlation occurs afterwards. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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in the wavelet records. There is also an indication of the 21-kyr
precession cycle in parts of the core, but the remaining un-
certainties in the age model and the different resolution of proxies
records, preclude the further discussion of the precession cycle.
Periodicities near the 400-kyr eccentricity cycle are also visible
throughout the Mz record (Supplementary Fig. S3H) and in c and
MnHOAc (Supplementary Fig. S3G, I) between ~2.6 and ~1.2 Ma.
Prominent periodicities near 200 kyr after ~1.3 Ma in Mz and c
records were interpreted as a resonance effect of the 100-kyr cycle
(Herb et al., 2015b).
3.2.3. Recurrence plots and recurrence quantification analysis
Non-linear structures of proxy time series can help to reveal

regime/system changes than one cannot see by visual examination
or linear methods. We generate recurrence plots and performed
Fig. 6. Recurrence plots for records of c (A), Mz (B), MnHOAc (C) and d18O (D) for core SG-1.
~0.6 Ma to single points or very short lines afterwards indicate a prominent system chang

7

recurrence quantification analysis on SG-1 c, MnHOAc, d18O and Mz
records to identify changes in the evolution of the Qaidam paleo-
lake. The recurrence plots show a prominent transition from pre-
vious long diagonal or vertical/horizontal lines to single points/very
short lines after ~0.6 Ma (Fig. 6AeD). The determinism results of
the proxy records from core SG-1 display four intervals with high
determinism, at about 2.6e2.4 Ma, 2.1e1.6 Ma, 1.2e0.8 Ma, and
0.6e0.4 Ma, and a shift from high to low determinism values at ~2.4
to ~2.2 Ma, ~1.45 to ~1.2 Ma, ~0.8 to ~0.6Ma and after ~0.4Ma (with
slight differences between proxies) (Fig. 4DeE and Supplementary
Fig. S3C-F), indicating substantial changes in lake dynamics during
these four transition intervals.
3.2.4. Critical transitions in the Qaidam paleolake evolution
In this sectionwe summarize key features in the evolution of the
A transition in recurrence plots from longer diagonal or vertical/horizontal lines before
e from higher predictability to more erratic environment (Marwan et al., 2007).
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Qaidam lake system, based on the results and discussion of the
previous section (Table 1). It is clear that the four proxy records
(SG-1 c, MnHOAc, d18O and Mz) do not display exactly the same
features, with lower amplitude, and/or with slight time difference
due to different resolution or controlling factors on different
proxies. We roughly separate the lake evolution into five main
stages based on these features (Fig. 4): Stage I (~2.7 to ~1.2 Ma) is
dominated by less dry climate with intercalated dry events at
every ~400 kyr. Main cyclicities near 100-, 54- to 41-kyr in the
wavelet records corroborate a periodic evolution at this stage.
There are twomarked lows in the determinism records (especially
in the c record) during ~2.3e2.2 Ma and at ~1.4 Ma. Sharp
determinism drop following an extended higher determinism
indicate a transition from a more predictable (e.g., periodic) sys-
tem to an unstable (less predictable) one (Marwan et al., 2007,
2017). The shift of system behavior and the establishment of un-
stable systems during ~2.3e2.2 Ma and at ~1.4 Ma represent
critical events in the evolution, but they did not drive the lake
system to a critical condition (critical threshold) since the lake
recovered again. Stage II (~1.2 to ~0.8 Ma) is characterized by
increased aridity, a transition to a dominant cyclicity near 100-kyr,
and a decrease in the FCM cluster variability during the second
half of that stage. A pronounced minimum in determinism at
~1.4 Ma in the proxy records is succeeded by stable high deter-
minism values between ~1.2 Ma and ~0.8 Ma. The Stage III (~0.8 to
~0.6 Ma) bears no clear drying trend and the FCM cluster results
even indicate somewhat less dry conditions in the second half of
that stage. The most notable features are the fading of variability
in the variance records of the proxies, and the drop of deter-
minism, especially in the SG-1 c record. A decrease of deter-
minism in c record started at 0.76 Ma and rapidly reached the
lowest value at 0.72 Ma (Fig. 4D). This sharp shift from stable to
extremely unstable lake system could have profound effects to the
Qaidam paleolake. The subsequent changes in Stage IV (~0.6 to
~0.3 Ma), which is characterized by strong increase in aridity
shown by the stable dry cluster in the FCM, and large variances,
indicate a different condition in lake system than before. The
correlations of themeans and variances of the four analyzed proxy
records is another striking feature of the data (Fig. 5). It may be
explained by the establishment of a predominantly dry climatic
phase, with pulses of drier conditions. During stage V (after
~0.3 Ma) an even drier condition dominates the climate system,
indicated by FCM cluster result, a reappearance of 41-kyr cyclicity
in wavelet results, and marked decrease in determinism (~0.3 Ma)
happened in all four records (Supplementary Fig. S3C-F), indi-
cating another regime change event in lake system.

Previous studies have identified several statistical features
related to the occurrence of a bifurcation including increasing
autocorrelation, increasing return time from perturbations, and
increasing variance and skewness related to the occurrence of a
‘critical slowing down’ (Wissel, 1984; Scheffer et al., 2009; Lenton,
2011). The determinism of the records from the SG-1 core exhibit a
striking minimum at ~0.7e0.6 Ma following a proceeding high
level (Fig. 4D, E, S3CeF), and a transition in recurrence plots from
longer diagonal or vertical/horizontal lines before ~0.6 Ma to
single points or very short lines afterwards (Fig. 6AeD). These
features indicate a prominent regime change from relatively pe-
riodic (higher predictability) to more chaotic or stochastic
behavior (less or not predictable) (Eckmann et al., 1987; Marwan
et al., 2007, 2017; Eroglu et al., 2016). In the FCM cluster results,
a very low cluster variability with dominating of less dry cluster
conditions shifts abruptly to a stable arid cluster at this time. In all
four records, at ~0.6 Ma there is a transition from a stable state
with low variability to a highly fluctuating state with substantial
changes in mean values, representing a shift towards increasingly
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arid conditions with high variability (Fig. 3CeF and Fig. 5), and a
sharp drop of the lake level (Fig. 3B). In addition, the high corre-
lations between the moving average of the means and variances
after ~0.6 Ma (Fig. 5) indicate pulses of fluctuating conditions and
an unstable mean. These features collectively suggest that at
~0.6 Ma the Qaidam lake system approached a critical condition
that may represent a possible tipping point. At this time the rela-
tively stable lake system collapsed with a drying trend fromwhich
there was no recovery, ending with the formation of a saline
mudflat and playa environment (Wang et al., 2012).

This critical transition from stable and predictable system dy-
namics to a more chaotic/stochastic system which occurred in the
western QB during 0.8e0.6 Ma is consistent with records from
other areas. Based on data from twelve sediment cores from the
subtropical South Atlantic, Schmieder et al. (2000) considered that
the interval during 0.92e0.64 Ma represents a third state of global
ocean circulation in addition to those before and afterwards. The
probability density function of the oxygen isotope record of ODP
Site 677 (Shackleton et al., 1990) indicates bifurcation behavior at
~0.725 Ma (Mudelsee and Stattegger, 1997). Huybers (2009) sug-
gested that Pleistocene glacial variability is chaotic and that the
transition from the 41 kyre100 kyr modes of variability at around
0.9 Ma could have occurred spontaneously. This conclusion is
supported by studies in which a transition from a primarily linear
climate system to a complex, nonlinear system characterized by
rapid changes in mean, standard deviation, periodicities, and
bifurcation behavior, was suggested to have occurred at this time
(Maasch and Saltzman, 1990; Ghil, 1994).
Fig. 7. Simple model displaying the evolution of the Qaidam paleolake and the EASM system
shades. (A) Qaidam paleolake evolution pattern represented by the d18O record from core S
Sun et al. (2010), in which a higher SMI represents a stronger Asia summer monsoon. Thick l
(Meng et al., 2018). (D) Modelled total ice volume for the North American and Eurasian ice
(DET) of the Qaidam paleolake (multiplying the DET results of SG-1 c, Mz, MnHOAc and d18O
with filtered 400-kyr variation highlighted. (G) Obliquity variation and filtered 1.2-Myr var
arrows. (For interpretation of the references to color in this figure legend, the reader is ref
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3.3. Westerlies dominated western QB versus monsoon dominated
CLP in the Quaternary

The western QB is out of the northern and western reach of the
modern Asian summer monsoon (Gao, 1962) (Fig. 1). Water vapor
flux analysis in the region of the Tibetan plateau also shows that the
mid-latitude Westerlies dominate the atmospheric water vapor
transport over and around the Tibetan plateau (Xu et al., 2008;
Curio et al., 2015), and no substantial influence of the modern day
EASM in the QB was detected in the High Asia Refined (HAR)
reanalysis results (Curio et al., 2015). Therefore, we assume that
water vapor supplied by the Westerlies and local water recycling
are the main factors controlling the water balance in the QB region.
In order to obtain insights into the driving mechanisms of the
Qaidam paleolake evolution, and to explore what happened in
other systems when the aforementioned critical phase transitions
happened in the QB, we compare the trends in the evolution of the
QB with records from the nearby CLP (Fig. 1), which is known to be
controlled by the EASM. Similar trends and periodic behavior of the
paleoclimate records from both regions may indicate a common
forcing. In particular, a divergent pattern of evolution could indicate
a varying regional expression of climatic patterns due to external
forcing.

In Figs. 3 and 7we compare the four proxy records from core SG-
1 used in this studywith climate records from the CLP reflecting the
intensity of the EASM: the stacked summer monsoon index (SMI)
from the Lingtai loess record (Sun et al., 2010) (Figs. 3G and 7B) and
the c record from the Chaona loess section (Song et al., 2001)
(Fig. 3H). The drying trend detected in the QB from ~2.7 to ~1.2 Ma
is synchronous with aweakening trend in the EASM (Fig. 7A and B).
In contrast, the drying trend in the QB indicated by the records from
. The five stages in paleolake evolution described in the text are shown in different color
G-1. (B) EASM intensity variation represented by the summer monsoon index (SMI) of
ines in A and B are 41-kyr sliding window means of the records. (C) EASM rainfall index
sheets in meters sea level equivalent (deBoer et al., 2014). (E) Integrated determinism
records); black arrows represent abrupt decreases in the DET. (F) Eccentricity variation,
iation highlighted, with major drying trends of the Qaidam paleolake indicated by red
erred to the Web version of this article.)
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core SG-1 since ~1.2 Ma is accompanied by the trend of a slightly
stronger EASM, as revealed by an increased SMI and higher mag-
netic susceptibility values in the Chinese Loess Plateau records
(Fig. 3G and H, 7B). Therefore, it appears that both the QB and the
CLP were primarily under the same climatic control before ~1.2 Ma,
and changes in the driving mechanisms of the two systems (or
different responses to a common forcing) led to a divergent pattern
of the climatic evolution pattern between the two regions after
~1.2 Ma (Fig. 7A and B). The critical transition we identified in the
QB from 0.8 to ~0.6 Ma is also prominent in the EASM record, in
which an extremely less fluctuating EASM during ~0.9e0.8 to
0.6 Ma with slightly weaker intensity than before (Sun et al., 2010;
Song et al., 2001), was succeeded by a strengthened EASM with
large amplitude fluctuations (Fig. 3E and F). Song et al. (2001) and
Sun et al. (2006) observed similar changes in the EASM at 0.62 Ma
and 0.52 Ma, respectively. Paleosols in the CLP younger than 0.7 Ma
are more developed, with clay-leached features and darker red
color (Guo et al., 2000). An et al. (2005) interpreted carbon isotope
records from the CLP by the replacement of a relatively stable EASM
during 0.9e0.6 Ma that by a stronger EASM with the large expan-
sion of C4 vegetation. Therefore, following a starting divergence in
the QB and EASM systems at ~1.2 Ma and crossing of a critical
transition at 0.8e0.6 Ma, a clear divergence of the two systems
commenced after 0.6Ma, when largely fluctuating conditions in the
QB with a distinct drying trend were synchronous with strong
fluctuations of the EASM and a trend of increasing humidity (Fig. 7A
e C).

3.4. Possible driving mechanisms of the Qaidam paleolake evolution
and critical transition at 0.8e0.6 Ma

A comparison of the determinism results of the SG-1 records
with Earth orbital eccentricity (Supplementary Fig. S3A-F and
Fig. 7EeG) reveals a similarity between the variation of deter-
minism records and the 400-kyr component of eccentricity, with
higher/lower values of eccentricity roughly corresponding to
higher/lower values of the determinism, except for four specific
intervals of ~2.4 to ~2.2 Ma, ~1.45 to ~1.2 Ma, ~0.8 to ~0.6 Ma and
after ~0.4 Ma. Despite some differences for each proxy, there is a
prominent decrease in the determinism of the records
(Supplementary Fig. S3C-F and Fig. 7E) at these four intervals,
indicating a change in system behavior from overall periodic to
more irregular behavior (Marwan et al., 2007) at these intervals.
This similarity between variations of the determinism records and
the 400-kyr eccentricity implies a fundamental response of the lake
system in the western QB to solar forcing. To further evaluate this,
we performed a cross-correlation analysis between determinism of
Mz and c records and the 400-kyr eccentricity record
(Supplementary Fig. S4E, F). During ~2.1 to ~1.5 Ma there is an
overall high positive correlation, which indicates a relatively stable
Qaidam lake system which responded about linearly to changes in
solar insolation. The abrupt decrease in correlation and the shift to
a high negative correlation during ~1.5 to ~1.3 Ma, and a pro-
nounced negative correlation during ~2.4 to 2.2 Ma, ~1.5 to ~1.2 Ma
and ~0.8e0.7 Ma indicate that the dynamical behavior of the lake
system became less dependent on insolation forcing, or that there
was a change in its response to insolation forcing at these intervals.

The meridional temperature gradient and poleward moisture
transport controlled by obliquity are considered important factors
for ice sheet growth in the Northern Hemisphere (Raymo and
Nisancioglu, 2003; Loutre et al., 2004; Huybers and Wunsch,
2005). Reduced summer insolation at high latitudes during
minima in the obliquity amplitude and in eccentricity would favour
the reduction of snow and ice melting (Holbourn et al., 2018). It was
suggested that the co-occurrence of minima in the obliquity
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amplitude and in eccentricity can facilitate the enhancement of
glaciation via a sustained interval of reduced seasonal variability
(Zachos et al., 2001; P€alike et al., 2006). In our proxy records from
core SG-1, the first indication of drying in the QB starts at ~2.4 Ma,
with its strongest representation at 2.2e2.1 Ma, which is supported
by the first occurrence of salt layers (Wang et al., 2012) (Fig. 3A).
This coincides with a decreasing amplitude of obliquity, beginning
at ~2.4 Ma and reaching a minimum at ~1.9 Ma (Fig. 7F and G). This
decrease may have facilitated the expansion of northern hemi-
sphere ice sheets and intensified the drying in the QB, via its effects
on moisture availability (Herb et al., 2015a), which would have
resulted from the strengthening of the Siberian High and an in-
crease in the intensity of the cold and dry winter monsoon (Guo
et al., 2004; Yang et al., 2017). Ice expansion around
2.15e2.05 Ma as modelled total ice volume for the North American
and Eurasian ice sheets (deBoer et al., 2014) (Fig. 7D) might serve as
supporting evidence for this speculation. The first drop of deter-
minism of SG-1 records (Supplementary Fig. S3C-F and Fig. 7E),
which indicates a change of Qaidam lake system from a relatively
stable (highly predictable) state to an unstable (less predictable)
one during ~2.4 to 2.2 Ma, corroborates the interpretation that ice
sheet expansion possibly disturbed the previous linear response of
Qaidam lake system to the solar insolation change. However, the
minimum in obliquity amplitude at ~1.9 Ma does not correspond to
a minimum in eccentricity (Fig. 7F and G), indicating that limited
effects on further amplification of ice sheet development, which
eventually resulted in the disappearance of the salt layers and the
recovery of the Qaidam lake system to a brackish lake (Wang et al.,
2012) after ~2.1 Ma (Fig. 3A and B), with return to linear response to
solar insolation change.

The next irregularity appears at another beginning of climate
divergence at ~1.2 Ma, after the contemporaneous drying trend in
both the QB and the CLP. After ~1.2 Ma, the two regions followed
different trends of climatic evolution, with the strengthening of
aridity in the QB (Fig. 7A) and a slight strengthening of the EASM in
the CLP (Fig. 7B and C). This divergence corresponds to synchronous
decreases in the determinism of the proxy records from core SG-1
and the EASM (Fig. 4DeF), with significant changes in correlation
behavior between the determinism and eccentricity
(Supplementary Fig. S4E, F). It represents a fundamental transition
in the evolution of the two systems. The decreasing amplitude of
obliquity that began at ~1.4 Ma, again corresponds to an eccen-
tricity minimum at ~1.2 Ma, which would have promoted a sus-
tained cold phase at high latitudes, an increase in the Northern
Hemisphere ice sheets, and a strengthening of the Siberian High.
Furthermore, decreased obliquity can facilitate strengthening of the
Walker circulation (Philander and Fedorov, 2003). The persistent
intensification of the Walker circulation during the period
~1.17e0.9 Ma (Liu and Herbert, 2004; de Garidel-Thoron et al.,
2005; Medina-Elizalde and Lea, 2005; Lawrence et al., 2006) could
also contribute to an increased water vapor supply from the sub-
tropical northern Pacific area to the high latitudes of the Northern
Hemisphere (McClymont and Rosell-Mel�e, 2005). The resulting ice
sheet expansion and change in water vapor transport may have
driven the system evolution in the QB and the CLP across a
threshold at ~1.2 Ma, with internal forcing due to glaciation cycles
and/or oceanic circulation changes playing an important role for
both the Qaidam lake system and the EASM system. The effects of
these factors appear to have replaced the previous dominant
response of both system to solar insolation.

The subsequent co-occurrence of minima in the obliquity
amplitude and in eccentricity from ~0.9 to 0.8 Ma (Fig. 7F and G)
likely favored ice expansion (Zachos et al., 2001; P€alike et al., 2006;
van Dam et al., 2006). In addition, the pronounced decrease in the
atmospheric CO2 level (H€onisch et al., 2009) that started at around
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0.9 Ma is another important promoter for ice sheet growth (Clark
et al., 2006; DeConto et al., 2008). These two factors might have
pushed the growing ice sheets in northern hemisphere to a
threshold state for climate impact in the Asia inland after
0.9e0.8 Ma. This is supported by the marine d18O record (Raymo,
1997; Lisiecki and Raymo, 2005; Elderfield et al., 2012), northern
hemisphere ice-sheet reconstruction (Batchelor et al., 2019) and
modelled ice volume (deBoer et al., 2014) records, which consis-
tently indicate a striking expansion of northern hemisphere ice
sheets at ~0.9e0.6 Ma, especially the Eurasian and North American
ice sheets (deBoer et al., 2014; Batchelor et al., 2019) (Fig. 7D). The
critical transition identified in the QB and the CLP systems at
0.8e0.6 Ma and the distinct divergence of two systems thereafter,
characterized by largely fluctuating conditions in both systems
accompanied by a distinct drying trend in QB and an increasing
trend in the EASM (Fig. 7A e C), is contemporaneous with this
striking ice expansion of northern hemisphere ice sheets, and may
thus imply some relationship between them.

Modelling studies during the Last Glacial Maximum period
corroborate an important role of increased northern hemisphere
ice sheets on strengthening the meridional temperature gradient,
and southward movement of the northern hemisphere Westerlies
(COHMAPMembers, 1988; Kutzbach et al., 1993; Wang et al., 2018).
The expansion of northern hemisphere ice sheets and resulting
global and regional cooling would contribute to a decrease of at-
mospheric moisture supply by the Westerlies to the QB due to
decreased total water vapor in the atmosphere and a southward
shift of the low level jet stream (Zhang and Delworth, 2005; Wang
et al., 2018). Moreover, the transition of dominating cycles from
~41-kyr to ~100-kyr at ~1.2 Ma extended the time in which water
was detracted from the Qaidam paleolake during cold glacial pe-
riods from previous 41-kyr to 100-kyr after ~1.2 Ma (Herb et al.,
2015a). This would lead to a (too) long-term negative water bal-
ance of the regional water cycle of the QB catchment, and even a
positive water cycle in interglacial periods may not be sufficient to
return a lake that disappeared before as first the groundwater is
filled. Such regional water cycle balancing has been recently
corroborated by water balance analysis of the QB region (Scherer,
2020). As a possible consequence of ice expansion and prolonga-
tion of glacial periods, the water balance of the regional water cycle
in the region of the QB that preserved the Qaidam paleolake
became increasingly negative since 1.2 Ma.

The subsequent ice sheet growth at around 0.9e0.6 Ma, espe-
cially the significant expansion of Eurasian and North American ice
sheets (deBoer et al., 2014; Batchelor et al., 2019) possibly exerted a
profound influence on the Asian climate through facilitating an
intense and zonally oriented northern hemisphere westerly jet
(Oster et al., 2015; L€ofverstr€om et al., 2016) with a more southern
position (Zhang and Delworth, 2005;Wang et al., 2018). In addition,
modelling results indicated that the presence of Eurasia and North
America ice sheets during MIS-13 would facilitate a strengthening
of the EASM through an atmospheric wave train induced by ice
sheet, or a positive phase of the winter North Atlantic Oscillation
(NAO) like feature (Yin et al., 2008; Sundaram et al., 2012). This
more equatorial and squeezed less wavy jet stream would place
enlarged areas under the influence of cold airs, and thus facilitate
colder/drier surface conditions in theWesterlies controlled QB area.
It will possibly contribute to an increase of precipitation in the CLP
area, either through a tilt of the summer rain band of the EASM
which is located in the CLP area (Herzschuh et al., 2019) south of the
Westerly jet (Sampe and Xie, 2010), or from an ice sheet expansion
inducedwave trainwhich can facilitate EASM precipitation through
strengthening of land-ocean thermal contrast resulting from
enhanced warming over the Asian continent and cooling over the
north-western Pacific (Sundaram et al., 2012). The described
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variation in the northern hemisphere ice sheets could explain the
divergence between the Qaidam paleolake system and the EASM
system that started from ~1.2 Ma and fully established after
~0.6 Ma. However, our hypothesis requires further reconnaissance
on points such as ice-sheet variations during glacial and interglacial
intervals and in particular the associated response in precipitation
in the QB and CLP regions. Further modelling studies are needed to
test and improve our hypothesis and to validate the existence of a
critical shift in the regional water balance.

4. Conclusions

Comprehensive linear and nonlinear analyses of newly obtained
and published data from the drill core SG-1 retrieved from the
Westerlies dominated western Qaidam Basin (QB), and their com-
parisonwith records from the adjacent Chinese Loess Plateau (CLP)
dominated by the East Asia Summer Monsoon (EASM) system, lead
to the following results:

(1) The evolution of the QB lake system reached a critical tran-
sition at ~0.8e0.6 Ma, and the Qaidam paleolake collapsed
without further recovery after ~0.6 Ma.

(2) We identify a similar evolution pattern of the lake system in
the western QB and the CLP system from ~2.7 to ~1.2 Ma, and
a divergence in the two systems that started at ~1.2 Ma and
fully established after 0.6 Ma. After 0.6 Ma, largely fluctu-
ating climate conditions and a distinct drying trend in the QB
were accompanied by a synchronous strongly variable EASM
with an increasing trend.

(3) We suggest that during 2.7e1.2 Ma, the QB and the CLP
systems linearly responded to changes of solar insolation.
This response was possibly disturbed by ice expansion in the
northern hemisphere facilitated by the co-occurrence of low
amplitudes in obliquity and a low eccentricity degree, lead-
ing to a divergent evolution of the two systems since 1.2 Ma.
At ~0.9 to 0.8 Ma, a lowermost obliquity amplitude (node)
and the synchronous minimum in eccentricity, together with
a decrease in global atmospheric CO2 concentration, could
have jointly promoted the growth of northern hemisphere
ice sheets cross a threshold in climate dynamics of the Asian
inland. This striking ice expansion could have caused a more
equatorial and zonally oriented northern hemisphere West-
erly jet, placing the Westerlies controlled QB into the influ-
ence of colder and dryer airs, and contribute to the
intensification of precipitation in the CLP area either through
a tilt of the summer rain band of the EASM or an ice sheet
expansion induced wave train. These effects explain the
critical transition in the Qaidam paleolake evolution and the
divergence between the QB and the CLP systems after
~0.6 Ma.
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