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ARTICLE INFO ABSTRACT

Editor: P Hesse The relationship between the Asian monsoon and westerly winds (WWs) on various temporal scales remains a

topic of debate. The Zoige wetland, situated to the east of the Qinghai-Tibetan Plateau, is the largest highland

Keywords: wetland in China and highly sensitive to environmental changes. While several paleoenvironmental re-
Zoige v;etland constructions have been conducted in this region, comprehensive investigations into grain size are still limited. In
Peat as|

this study, we conducted a systematic investigation of grain size in ash from the sediments of the Hongyuan peat
HY2014 profile in this area. The ash composition in this profile was primarily clay and silt particles, with a very
low sand content. The grain size frequency curves generally exhibited a bimodal modality, except for the sed-
iments in the bottom layers which displayed a single-peak pattern. By employing the end-member (EM) model
and considering previous research findings, we reconstructed the atmospheric circulation since the last degla-
ciation. Three distinct EMs were identified. EM1 indicated long-distance suspended materials primarily trans-
ported by WWs. EM2 was associated with low-altitude circulation and linked to a decrease in the Asian summer
monsoon (ASM). EM3 represented materials transported into the wetland via the Asian winter monsoon (AWM).
Our results suggested that during the late deglacial period, characterized by strong AWM intensity, the Zoige
wetland experienced cold and arid conditions. Moreover, the WWs and ASM exerted dominant influences, while
the AWM gradually weakened during the Holocene, with variations in their intensities across different time
intervals. The results also revealed a positive correlation between WWs and ASM, as well as a negative corre-
lation between WWs and AWM.

End-member model
Atmospheric dust accumulation
Last deglaciation

1. Introduction and a passive chronicler of historical climate fluctuations. Peatlands

serve as valuable archives that document atmospheric environmental

Atmospheric dust plays a pivotal role in shaping the intricate global
climate system. It alters the radiation budget by absorbing and scat-
tering solar radiation and outgoing terrestrial radiation, thereby influ-
encing physical and biogeochemical interactions between the
atmosphere, land surface, and ocean (Harrison et al., 2001). Further-
more, alterations in climatic conditions (such as precipitation, wind
strength, and regional moisture balance) affect the emission, transport,
and deposition of atmospheric dust (Harrison et al., 2001; Martini et al.,
2006). Consequently, atmospheric dust acts as both an active instigator
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changes and offer comprehensive reconstructions of palaeoclimate and
paleoenvironmental variations. Within these peatland ecosystems,
vegetation such as mosses can adeptly capture atmospheric dust,
enabling peat archives to be extensively utilized in reconstructing the
evolution history of atmospheric dust (Peng et al., 2021).

Mid-latitude westerly winds (WWs) and the Asian monsoon are two
major atmospheric circulation patterns that exert a profound influence
on climatic dynamics in the Northern Hemisphere. Nonetheless, the
intricacies of their interrelationship in Asia and their respective
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variabilities remain poorly understood. For example, Li et al. (2021)
demonstrated a coherent paleo-precipitation pattern between the Asian
summer monsoon (ASM) and WWs in the northeastern Qinghai Tibet
Plateau (QTP) over millennium timescales. In contrast, Jia et al. (2018)
suggested an out-of-phase association between WWs and the ASM dur-
ing the Holocene in Central Asia. Previous reconstructions of the ASM
and WWs based on the terrestrial archives such as stalagmites (Yang
et al., 2019), lacustrine sediments (An et al., 2012; Bird et al., 2017), and
loess-paleosol sequences (Jia et al., 2018; Jia et al., 2021, 2022) have
unveiled some insights. However, there have been limited studies
investigating their relationship using peat deposits, which serve as ideal
archives for studying climate change, including the mechanisms and
variability of Asian monsoon intensity (Ferrat et al., 2012; Zeng et al.,
2022a). This gap in research exists due to constraints related to the
distribution of peatlands and other considerations.

The eastern QTP is influenced by three climatic subsystems: the
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Asian winter monsoon (AWM), ASM, and WWs (An et al., 2018; An et al.,
2012; Yu et al., 2011). Consequently, this region is an ideal area for
studying the interactions among these climatic systems. The Hongyuan
peat from the Zoige wetland in the eastern QTP can be dated to its early
stage during the Holocene (Sun et al., 2017; Zhao et al., 2014), which
allows for the reconstruction of Holocene climate change. Due to its
proximity to prominent dust sources like the Taklimakan Desert, Loess
Plateau, and QTP (Ferrat et al., 2012), the Zoige wetland can receive
transported dust particles through the complex circulations of the Asian
monsoon and WWs. The increased influence of non-local dust may
indicate the strengthening of WWs and/or an increase in the strength or
frequency of northerly cold fronts (Ferrat et al., 2012). Previous re-
searches have established variations in precipitation and temperature
within the Hongyuan peatland through the analysis of grayscale, hu-
mification (Wang et al., 2010), pollen (Yan et al., 2021; Zhou et al.,
2010), and geochemical elements (Ferrat et al., 2012; Yu et al., 2011).
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Fig. 1. Location and environmental context of the study region. (A) Location of the study region and the dominant circulation systems of the westerlies and Asian
monsoons. (B) Monthly mean and maximum values of wind speed in Hongyuan County during the period of 1971 to 2000 CE. (C) The physical environment of the

Zoige wetland and the specific location of the HY2014 profile.
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However, previous research has given less attention to the dust records
from the aspect of temporal evolution, and the contribution rates of each
atmospheric circulation system, particularly the WWs to the Hongyuan
area during the Holocene are still unknown.

To effectively reconstruct the historical atmospheric dust deposition
in the Zoige wetland, understand the relationships among the AWM, the
ASM, and WWs in the eastern QTP during the Holocene, and determine
their respective contributions to atmospheric dust in each period, it
becomes imperative to investigate indicators directly derived from at-
mospheric dust deposition. Here, we measured the grain size distribu-
tion in ash from the Hongyuan peat named the HY2014 profile in the
Zoige wetland. This investigation was complemented by the utilization
of particle grade-standard deviation, end-member (EM) model, and
wavelet analysis to reconstruct the evolutionary history of atmospheric
circulations since the last deglaciation, along with comprehending its
underlying mechanisms. Our objectives were i) to interpret the envi-
ronmental significance of each EM component of ash in the HY2014
profile based on the EM model, other mathematical analysis methods,
and previous studies; ii) to reconstruct the climate and environmental
evolution history of the study area; iii) to reveal the process of changes
in atmospheric circulation and the underlying mechanism obtained from
the unique study area since the last deglaciation.

2. Study area

The Hongyuan peatland (32°46'N, 102°30'E) located in the eastern
part of the QTP, has developed a huge amount of ombrotrophic peat and
is an important component of the largest wetland in China of the Zoige
wetland (32°10'-34°10'N,101°45'-103°25'E, and ~3500 m asl) (Zeng
etal., 2017) (Fig. 1A). The Zoige wetlands are strongly influenced by the
Asian monsoon (Zeng et al., 2022b). During the summer season, this
region is affected by the ASM and Indian summer monsoons (ISM), while
the winter months are characterized by the influence of the WWs and
AWM (Yu et al., 2011) (Fig. 1A). The QTP experiences strong winds that
primarily from November to April of the following year, due to the
impact of WWs, with monthly average wind speeds ranging from 1.8 m/
s to 2.7 m/s (Fig. 1B). The high altitude of the region results in an
average annual temperature ranging from —1.7 °C to 3.3 °C. The mean
annual precipitation varies from 650 mm to 750 mm, with approxi-
mately 80% of the rainfall occurring between May and September
(Fig. S1).

In the high-altitude region with cold conditions, characterized by the
development of meadows, the two predominant plant species that
contribute to peat formation and cover the majority of Hongyuan
County are Carex muliensis and Kobresia humilis. The frost period extends
from October to the following April, resulting in a very short growing
season for local vegetation, predominately consisting of Cyperaceae.
Towards the end of this brief growing period, Cyperaceae plants quickly
die, and their slow decomposition in cold and dry environments con-
tributes to the accumulation of peat material (Wang et al., 2010). The
study region exhibits a unique location and topography, with mountains
above 3800 m asl covered with alpine shrub meadow, whereas those
between 3800 and 3000 m asl are characterized by alpine coniferous
woods (Zhou et al., 2010). The Hongyuan peatland, which originated at
least 10,300 yr BP, flourished during the early to mid-Holocene period
(Sun et al., 2017; Zhao et al., 2014).

3. Materials and methods
3.1. Sampling and profile characteristics

A 450-cm-long peat profile HY2014 was obtained from a lowland
piedmont ombrotrophic wetland (32°46 *49.850" N, 102°30°57. 047" E),
located 2 km southwest of Hongyuan County in the southern Zoige
wetland (Fig. 1C). The profile was quickly transported to the laboratory
and stored refrigerated at 4 °C. The HY2014 profile can be divided into
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seven stratigraphic layers according to peat colour and sedimentary
characteristics (Zeng et al., 2017). Peat constituted the primary mate-
rial, with two layers of pewter mud and silty clay at the bottom
(Table S1). Plant material extracted from a total of 13 samples at various
depths was measured by AMS'*C dating at the Xi’an Accelerator Mass
Spectrometry Center, Institute of Earth Environment, Chinese Academy
of Sciences. The ages were calibrated using the Calib 7.0.4 procedure
with the Intcall3 calibration dataset (Reimer et al., 2013). Based on the
Bacon method (Blaauw and Christen, 2011), a high-resolution
geochronological framework was established, starting from 14,057 yr
BP (Zeng et al., 2017). Details information about the samples and dating
results are provided in Table S2. There was no age inversion or sedi-
mentary discontinuity in this profile, making it an ideal carrier for the
analysis of past atmospheric circulation.

3.2. Ash content and grain size measurement

A total of 226 samples were selected at a 2-cm interval for the
HY2014 profile to conduct ash content and grain size analyses. To
determine the ash content, the samples were dried at 105 °C for 12 h and
subsequently ashed at 450 °C for another 12 h. The ash content was
estimated as a percentage of the dry weight, and the mass fraction was
calculated as the residual mass after burning. For grain size analysis,
0.2-0.5 g underwent pretreatment in a muffle furnace at 250 °C for 3 h
to remove organic matter. Subsequently, the samples were treated with
20 ml of 10% H30 followed by the addition of 10 ml of 10% HCI to
remove authigenic carbonates. To facilitate dispersion, 10 ml of 0.05
mol 17! (NaPQOj3)g was added. The grain size distribution was determined
using a Microtrac S3500 particle analyzer at Zhejiang Normal Univer-
sity, which had a detection range from 0.02 pm to 2000 pm.

3.3. Mathematical analysis

The grain size standard deviation method, originally proposed by
Boulay et al. (2003) is commonly used to interpret sedimentary envi-
ronments. This method relies on the variation in the standard deviation
of different grain sizes to derive environmentally sensitive factors. It
calculates the standard deviation for each grain size in columnar
sediments.

EM analysis method that provided valuable information about the
sorting, transit, and deposition of sediments (Weltje, 1997) and imple-
mented in the AnalySize software designed by Paterson and Heslop
(2015), is a statistical approach used to identify and characterize
meaningful end-members in grain size distributions. By assuming the
presence of 1-10 EMs, the Gen. Weibull distribution function is
employed to conduct a nonparametric decomposition of the grain size
data in the profile. To determine the optimal number of end-members,
various statistical analyses, including linear correlation (R2), angular
deviation, and end-member correlation are performed. Lower values of
angular deviation and end-member correlation signify a more optimal
fitting outcome, and when the fitted percentages closely align with the
measured percentages, the R? value tends to approach 1. Numerous
pertinent studies have delved into and employed the EM analysis
method, particularly in the context of loess investigations (Jia et al.,
2018; Jia et al., 2022; Vriend et al., 2011). In these research endeavors,
several scholars have adeptly utilized these models to isolate the dust
sources within the loess deposits.

Wavelet analysis is a powerful tool for examining periodic charac-
teristics of signals at different continuous time scales (Morlet, 1982). It is
widely used in analyzing periodic changes in climate factors. In this
study, the years corresponding to each end-member element were
interpolated based on the granularity of end-element decomposition,
with an interpolation interval of 50 years. Subsequently, the data were
smoothed, and a wavelet analysis package (Grinsted et al., 2004) was
conducted using the MATLAB R2016a software (The MathWorks Ltd.,
USA). Due to climatic disparities, the sedimentary environment differs
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between the last deglaciation and the Holocene. Consequently, we
performed distinct wavelet analyses on the individual end-members
within these two temporal segments. These analyses aimed to identify
periodic changes and patterns in the data.

4. Results
4.1. Grain size composition and parameter characteristics

The variation in the grain size composition of ash in the HY2014
profile is visually depicted in Fig. 2. The clay fraction (<4 pm) ranged
from 3.04% to 23.15%, with an average of 11.82%, exhibiting a
decreasing trend with increasing depth. The silt particles (4-63 pm)
dominated the profile varied between 69.81% and 92.55%, with a mean
value of 83.22%. The sand fraction (>63 pm) ranged from 0 to 18.66%,
with an average of 4.89%, and showed an increasing trend with depth.
The median grain size (Md) had an average value of 17.94 pm, ranging
from 11.33 pm to 39.93 pm. The mean grain size (Mz) ranged from
14.99 pm to 40.27 pm, with an average of 20.77 pm. The skewness (Sk)
varied from 0.07 to 0.61, with an average of 0.38. Notably, the grain size
of ash characteristics above 356 cm differed significantly from those
below 365 cm. Generally, in the depth range of 3-356 cm, the Mz and
Md values exhibited minor fluctuations around the mean value; while
above 356 cm, the ash particles gradually became coarser with
increasing depth in the profile.

4.2. Curves of grain size frequency distribution and cumulative frequency

The grain size distribution frequency curves of the HY2014 profile
were generated by calculating the average grain size content in each
stratigraphic layer. At the depth ranging from 3 cm to 390 cm, the curves
exhibited a broad peak between 5 pm and 9 pm, with a secondary peak
observed in the range of 15-40 pm. Conversely, at depths between 389
cm and 450 cm, the curves displayed a single-peak pattern, with the
majority of grain sizes concentrated in the 5 pm to 70 pm range, and a
prominent peak around 37 pm.

The probability cumulative curve is a useful mathematical tool for
assessing the hydrodynamic conditions of sediments. It provides insights
into the various modes of sediment transport, including rolling, jump-
ing, and suspension. The probability accumulation curves of ash in the
HY2014 profile exhibited two distinct sections: the jumping component
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and the suspension component. The inflection points, which marked the
transition between these two components, were primarily observed in
the range of 5-6 ®. The proportion of suspended particles in the profile
ranged from 50% to 70% within the depths range of 3-390 cm, whereas
the proportion of suspended particles at depths of 391-450 cm
decreased to 30-50%.

4.3. Results of grain size standard deviation and EM analysis

Three prominent peaks in standard deviations were observed at 6.00
pm, 15.56 pm, and 40.35 pm (Fig. 5). Based on the variation in standard
deviation, the grain size distribution in the sediments can be divided into
three components: component 1 (<10.09 pm), component 2
(10.09-23.99 pm), and component 3 (>23.99 pm). Among these com-
ponents, component 3 exhibits the highest standard deviation and the
greatest sensitivity, indicating its significance as the primary dynamic
mechanism influencing the characteristics of ash in the profile.

The grain size data were analyzed and decomposed using the Ana-
lySize software. The coefficient of determination (R%) and average
angular deviation (0) were calculated to determine the optimal number
of EMs required for reliable statistical interpretation (Paterson and
Heslop, 2015). As shown in Fig. 6A and B, the three EM models
demonstrate a satisfactory fit, with relatively high R? values. EM1 ex-
hibits three distinct peaks, 7.13 pm, 16.96 pm, and 95.97 pm (Fig. 6C).
EM2 and EM3 display single peaks at 28.53 pm and 44 pm, respectively
(Fig. 6C). The proportions of EM1 range from 0% to 81.80% (with the
average value of 48.49%) and show relatively low values between
14,000 and 10,764 cal yr BP (Fig. 10A). EM2 proportions range from
4.01% to 98.00% (average 38.69%) (Fig. 10C), while EM3 proportions
vary from 0% to 71.13% (average 12.81%), with a relatively high value
during 14,000 and 10,764 cal yr BP (Fig. 10D).

4.4. Wavelet analysis for each EM

Wavelet analysis was conducted on the curves during the late
deglaciation and the Holocene for each end member. Since the late
deglaciation, EM1 exhibited a periodic signal of 500-1200 yr, with a
relatively weak signal during the 9000-7000 cal yr BP stage (Fig. 7A).
Throughout the 14,000-years period, EM2 consistently displayed a
1000 yr scale signal (Fig. 7B). Between 13,000-9000 cal yr BP and
7000-6000 cal yr BP, clear periodic signals of approximately 500 yr
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Fig. 2. Variations of grain size parameters in ash along depth in the HY2014 profile.
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were observed. During the Holocene, EM2 exhibited a period of
500-1000 yr, with a period of 350-550 yr since 8000 cal yr BP, albeit
with a weak intensity during the 5500-4500 cal yr BP stage. A cycle of
220-256 yr was observed during 6500-5500 cal yr BP (Fig. 7E). The
EM3 component displayed a periodic signal of 400-600 yr during late
deglaciation (Fig. 7C). During the Holocene, EM3 exhibited periodic
signals of 2000 yr and 1500 yr, as well as periodic signals of 400-700 yr
at 10,000-9000 cal yr BP and after 4000 cal yr BP (Fig. 7F).

5. Discussion

5.1. Provenance of ash and sedimentary environment in the Hongyuan
region derived from HY2014 peat archive

The mean grain size of peat sediments in the HY2014 profile ranged
from 14.99 pm to 40.27 pm (Fig. 2), which significantly differs from that
of the fluvial sediments (30 pm to 300 pm) (Fig. 8A). However, it is
comparable to the mean grain size of 16.29 pm to 18.58 pm observed in
typical aeolian loess (Wang et al., 2020) (Fig. 8A). Particles ranging from
10 pm to 50 pm are easily transported by winds and constitute the major
component of loess, comprising 50-60% of the Malan loess in the Loess
Plateau (Liu, 1985) (Fig. 8B). On the other hand, sand (>63 pm) can
only be transported through short-term suspension or creep (Wang et al.,
2020). The average content of particles ranging from 10 pm to 50 pm
was 59.01% (Fig. 8B), whereas the sand content in the sediments of the
HY2014 profile ranged from 0% to 18.66%, with an average value of
4.89%.

Both the grain size frequency accumulation curve and cumulative
frequency curve serve as crucial indicators for classifying various sedi-
ment types (Wang et al., 2020). The grain size frequency distribution
curves of the ash at a depth of 3-389 cm in the HY2014 profile, dis-
played a bimodal distribution (Fig. 3), resembling those found in aeolian
loess (Sun et al., 2008). According to the grain size distribution char-
acteristics observed in Chinese loess, the primary peak (around 16-32
pm) represents coarse-grained material transported by the low-level
monsoonal circulation, while the secondary peak (2-8 pm) potentially
indicates distant dust transported aloft by mid-latitude WWs (Sun et al.,
2008). Furthermore, the cumulative frequency curves of the profile
exhibited either a single- or two-segment pattern (Fig. 4). The contents
of <4 ® and >11 ® were both scarce, accounting for <2%. This suggests
that the transport process for the peat deposits in the HY2014 profile
was relatively simple.

Zhang et al. (2008) developed an empirical discriminant formula for
identifying the depositional environment using grain size parameters,
which is as follows:

F = 20.363Mz-56.3718d — 67.9225k 4 23.516Kg—55.626 (€D)

6 1

F—39cm
—— 11-213 cm
215-311 ecm
——313-355cm
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T ]
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Fig. 3. The grain size frequency distribution curves of each layer in the
HY2014 profile.
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Where Mz represents the mean grain size,Sddenotes the standard
deviation, Kg refers to the kurtosis, and if F > 0, it indicates a stable
lacustrine sediment; if F < 0, it suggests an aeolian sediment.

Based on the grain size parameters of peat sediments from the
HY2014 profile, the equation yields F < 0. This finding indicates that the
ash in the HY2014 profile corresponds to aeolian sediments, thereby
providing further support for our perspective on the sources of dust.
Many previous studies support our findings. Sun et al. (2001) reported
the discovery of the striated mud structure in the Hongyuan peat. These
structures indicate sedimentation in a stable environment with weak
hydrodynamic forces. The presence of striated mud suggests that water
flow had minimal influence on peat deposition. Additionally, Yu and Liu
(2010) investigated the surface texture and mineral composition of
particles in Hongyuan peat. The results revealed that the minerals were
predominantly Quartz and Orthoclase, and the surface texture of Quartz
particles exhibited similarities to those found in aeolian deposits (Yu and
Liu, 2010).

We collected, measured, and analyzed the grain size of ash from
sediments in the Hongyuan peat HY2014 profile spanning the past
14,000 years. In order to confirm the aeolian origin of the ash in HY2014
sediments, we first explored classical empirical formulae and mathe-
matical analysis methods to further investigate the grain size composi-
tion characteristics of the ash. Our findings not only verified the origin of
the ash in Hongyuan peat but also expanded our understanding of
aeolian sediments in the eastern QTP. Based on the grain size charac-
teristics and frequency curves, it was determined that the peat ash in the
HY2014 profile originated from aeolian deposition. However, unlike
loess sediments, the pedogenesis component (<2 pm) in the HY2014
profile did not unlike a significant proportion of the peat sediments. This
can be attributed primarily to the unique sedimentary environment of
peatlands.

The changes observed in the frequency distribution curves of samples
from the HY2014 profile, transitioning from a bimodal to a single-peak
pattern, along with other characteristics, provide insights into the
variation of the sedimentary environment (Figs. 2, 3). Particularly, the
frequency distribution curves at depths of 391-450 cm exhibit a nar-
rower peak and better sorting (Fig. 3), suggesting a more stable sedi-
mentary environment in that interval. Additionally, within this range,
the profile displays a pewter homogeneous mud texture with a notably
low organic material content. Furthermore, both the mean grain size
(Fig. 9A) and the content of particles >63 pm (Fig. 9B) show a significant
increase with depth in the HY2014 profile, indicating enhanced sedi-
ment transport capacity. Moreover, the total organic carbon (TOC)
content probably indicates variation in the depositional environment.
The TOC content of peat in China integrates the preservation and
decomposition of organic matter, and its content is influenced by both
the type of peat-producing plants and microbial activities (Zeng et al.,
2017).

Variations in ash content within a peat profile are influenced by the
changing rates of atmospheric dust deposition, as well as differences in
peat decomposition and humification over time (Zaccone et al., 2012).
The ash content exhibited an inverse correlation with the content of total
organic carbon (TOC). As shown in Fig. 9C, the ash content ranged from
9.39% to 93.17%, with an average value of 37.18%, and was signifi-
cantly higher at the depth of 391-450 cm. In contrast, Zeng et al. (2017)
reported that TOC reached its lowest value at the same depth interval in
the HY2014 profile. The low values of TOC during this stage indicate
reduced bioproductivity and biomass, resulting in minimal organic
matter accumulated. Meanwhile, the C/N ratio of the HY2014 profile
was significantly low during this period, indicating a higher abundance
of aquatic plants compared to other periods (Zeng et al., 2017). Addi-
tionally, the pollen content of broadleaved trees and shrubs disappeared
during the interval of 12,400-11,500 cal yr BP (Zhou et al., 2010). This
sudden change in pollen abundance corresponded to a sharp transition
from silty clay to peat and a reversal of radiocarbon dates, potentially
indicating a sedimentary hiatus. This stage was characterized by a
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Fig. 5. Standard deviation diagram of grain size in ash in the HY2014 profile.

lacustrine environment in this basin, under cold and wet conditions
(Zhou et al., 2010). The vegetation coverage was relatively low in the
QTP and its surrounding areas during this period, with extensive areas of
loose ice-water sediments exposed on the surface. These exposed sedi-
ments served as material sources for the deposition of aeolian dust.
Despite a decrease in sediment volume replenishment through floods
during the Younger Dryas (YD) event, the presence of strong winds on
the QTP facilitated the transport of large quantities of loose sediments,
which ultimately accumulated in swampy wetland areas (Huang, 2021).

As a result, the sedimentary deposits from this period exhibited higher
grain size values.

(Wang and Pan, 1997). Furthermore, satellite remote sensing research
indicated that the QTP experiences strong winds, particularly in winter
and spring, which easily uplifted dust carried by WWs, resulting in
frequent occurrence of sand and dust storms (Fang et al., 2004). This
suggests that the coarse-grained sediments with a peak size of 95.97 pm
(varying from 62.23 pm to 161.4 pm) were not solely transported over
long distances by WWs under normal conditions but were more likely
deposited during periods of strong winds and even dust storms (Fig. 6C).
Previous studies have also identified similar EMs with multiple peaks, as
demonstrated by He et al. (2016) who examined sediments from Ling-
geCo Lake in the central QTP. He et al. (2016) found an EM with three
peaks at 3-6, 20-40, and 100-250 pm, which were considered indicators
of WWs. In summary, EML1 is inferred to be composed of sediments
transported by WWs, including materials from both distant and nearby
sources, as well as deposits resulting from strong dust storms influenced
by WWs.

The EM2 component exhibited a modal size of 28.53 pm (Fig. 10C).
The formation of aeolian sediments is influenced by various factors,
including the availability of dust sources, wind transport, and favorable
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and observed data sets as a function of the number of end-members (EMs). (C) Grain size distributions of the three Ems.

conditions for dust deposition (Pye, 1995). A study conducted in the
northern region of China affected by the ASM, has shown that during
years of intensified ASM, the frequency of dust aerosols is significantly
lower compared to weak monsoon years (Bai et al., 2020). In the
northeastern QTP, the accumulation of aeolian sand and loess is
considered an indicator of relatively dry conditions that facilitate suf-
ficient dust supply (Chen et al., 2016; Lu et al., 2011). Based on in-
vestigations of aeolian activities in the middle reaches of the Yarlung
Zangbo River, it has been observed that a weakening of the ASM and a
decrease in summer precipitation extend the period of wind erosion and
lead to the degradation of vegetation cover, which promotes the accu-
mulation of wind erosion materials and dust (Li et al., 2020). There have
been several periods of increased dust deposition in the region at
8500-7800, 6400-5800, 4500-4000, 3100-1800, and 900 cal yr BP,
which aligns with regional low rainfall events and weak ISM events (Li
et al., 2020). Multiple indicators revealed degradation of peatland, the
retreat of coniferous forest, and a tendency towards a dry and cold
climate during the periods of approximately 4500, 4000-3600,
3100-2700, 1400-1200, and 800-600 cal yr BP in the Zoige Basin (Sun
et al., 2017). Correspondingly, during these periods, the values of EM2
also tended to be high, suggesting a response to weakened monsoon
events. The strengthening of the ASM reduced the supply of sand and
dust, which is not conducive to dust transportation. Therefore, we

deduce that EM2 serves as an indicator of the ASM, including the ISM,
EASM, and regional plateau monsoons controlled by the ISM. A high
value of EM2 indicates a weakening ASM, while a low value of EM2
indicates a strengthened ASM.

The coarsest component, EM3 (Fig. 10D), exhibited a modal size of
44 pm, corresponding to the sensitive component 3 (particles >23.99
pum) (Fig. 10E). EM3 displayed the highest peak and the narrowest peak
area, suggesting a source closest to the study area (Sun et al., 2008). EM3
exhibited a similar trend to the sand fraction (>63 pm) (Fig. 10F), mean
grain size (Fig. 10G), and ash content. In the QTP, the strengthening of
the AWM leads to the transportation of coarse-grained materials from
nearby areas to the peatlands, resulting in an increased content of
coarse-grained particles. Consequently, particles >40 pm in the ash of
the Gonghe peat were considered indicative of the AWM strength (Liu
etal., 2014). A study on Quaternary loess in the QTP isolated an EM with
a peak grain size of 44 pm, which was interpreted as the product of
short-distance suspension, while another EM with a peak grain size of
74 pm was associated with the enhanced AWM (Vriend et al., 2011).
Therefore, EM3 can be served as an indicator of the AWM, and its
content reflects variations in AWM strength.

The accumulation of ash in Hongyuan peat is a complex process
influenced by various transportation forces. The utilization of EMs,
which have a strong theoretical foundation and have been widely
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Fig. 7. Wavelet transform of end-member (EM) components of Hongyuan peat ash. (A) EM1, (B) EM2, and (C) EM3 during late deglaciation; and (D) EM1, (E) EM2,

and (F) EM3 during the Holocene.

applied in previous studies (He et al., 2016; Jia et al., 2018; Jia et al.,
2022), can provide valuable insights into dust accumulation and trans-
port dynamics in the eastern region of the QTP. Due to the distinctive
local climate and topographic conditions of Hongyuan peat, the EM
representing pedogenesis components is absent. In summary, the EM1
component indicates dust carried by the WWs, and its poor sorting re-
flects the mixing process during long-distance transportation; the EM2
component reflects the intensity of the ASM, with a lower content
indicating a stronger ASM; the EM3 component is likely the result of
accumulation driven by the force of the AWM.

5.3. Palaeoclimate reconstruction in the Zoige wetland based on grain size
records

The late deglaciation-Holocene aeolian ash preserved in the HY2014

profile provides valuable insights for palaeoclimate reconstruction.
Drawing upon our findings and in conjunction with other palaeoclimate
archives (Fig. 11), we have identified four distinct periods of palae-
oclimate evolution, as outlined below.

5.3.1. Late deglacial period (14,082-11,712 cal yr BP)

During this period, the mean values of EM2 content were the lowest,
while the Mz, >63 pm content (%), and EM3 (%) in the HY2014 profile
exhibited the highest mean values, revealing a dominance of the AWM
in the study area. This is consistent with other proxy reconstructions for
the eastern QTP. For example, the TOC content from the HY2014 profile
(Zeng et al., 2017) revealed a weakened ASM (Fig. 11B), which is
consistent with the 580 (carb VPDB) record from the Dongge Cave
stalagmite (Carolyn et al., 2005) (Fig. 11C). Therefore, it is inferred that
the climate in the study area experienced cold and dry conditions during
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Fig. 9. Variations of the Mz (A), percentage of >63 pum (B), ash content (C), and
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this period under the influence of a strong AWM. Additionally, a mean
annual temperature (Le Roux et al., 2012) reconstruction based on
brGDGT in the Hongyuan peat showed that the MAT for this period
averaged —9.13 °C, lower than the mean temperature (—5.95 °C) (Yan
et al., 2021) (Fig. 11D).

EM1, which is considered to represent the intensity of WWs,
exhibited low values during this interval, which appears to be incon-
sistent with the predominance of WWs during the late deglacial period
as suggested by previous studies (An et al., 2012; Jia et al., 2022).
Theoretically, the climate was warm and humid during the period of
15,700-12,900 cal yr BP (Bglling-Allergd, BA) (Lopez-Avilés et al.,
2022). However, the relatively coarse grain size seems to contradict the
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Fig. 10. Changes in (A) the content of EM1, (B) the content of the sensitive
component (<10.09 pm) using the Deviation method, (C) the content of EM2,
(D) the content of EM3, (E) the content of the sensitive component (>23.99 pm)
using the Deviation method, (F) the particle content (>63 pm), (G) the mean
grain size of the HY2014 profile.
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Fig. 11. Comparison among the (A) EM2 percentage content and (B) TOC of
the HY2014 profile (Zeng et al., 2017); (C) *80 (carb VPDB) from Dongge Cave
(Carolyn et al., 2005); (D) mean annual temperature obtained from brGDGTs in
Hongyuan peat (Yan et al., 2021); (E) EM3 percentage content and (F) the ash
content in the HY2014 profile; (G) the AWM indicator from Gobi Desert (the
20-200 pm component for the Huangyanghe section) (Li and Morrill, 2015);
(H) the mean grain size of Jingyuan loess (Sun et al., 2010); (I) EM1 percentage
content in HY2014 profile; (J) westerlies index obtained from Lake Qinghai
sediments (WI, flux of >25 pm fraction) (An et al., 2012); (K) precipitation-
index variations in low-elevation regions (Zhang and Feng, 2018); (L) the
hydrogen isotope results of the fatty acids from Jiang Co, northwest China (Xie,
2019). Note: the orange box indicates warm climate, and the blue box indicates
cold climate. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

warm and humid climatic conditions during this period of
14,082-12,106 cal yr BP at a depth of 450-392 cm. In fact, during this
period, the mountain glaciers extensively melted in the upper reaches of
the Zoige Basin, resulting in massive floods (13,600 + 1200-13,000 +
1100 cal yr BP) in the mainstream of the Yellow River and the Zoige
Basin (Huang, 2021). Moreover, the repeated melting and erosion of
Quaternary glaciers generated a large amount of detrital material (Zhao
et al., 2006). These sediments carried by the floods would be deposited
at suitable locations along the banks of rivers and lakes under high water
and stagnant flow conditions. Consequently, abundant sediments
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carried by the rivers were deposited in the Hongyuan peatlands.
Therefore, it is not surprising that the grain size was relatively high
during this period.

In general, the late-deglacial palaeoclimate in the region can be
characterized as cold and dry, although there were still a series of
climate fluctuations. Based on the variability observed among the EMs,
the HY2014 profile indicated that the YD event ended at 11,712 cal yr
BP, which is consistent with the end of a local YD event suggested by
580 records from Lake Kuhai at 11,600 cal yr BP (Yan et al., 2018).
Additionally, pollen records from Tianchi Crater Lake in NE China
indicated the end of the YD event at 11,700 cal yr BP (Liu et al., 2023).
This consistency suggests that the conclusion regarding the end of the
YD event in the Hongyuan peatland is consistent with findings from
other regions. During the YD event, the Yellow River experienced river
capture and cut through the ancient Zoige Lake (Wang et al., 1995),
resulting in the transport of a large area of bare loose sediments to the
peatland by strong plateau winds (Huang, 2021). Therefore, the grain
size was high and roughly equivalent to that of the warm BA period.

5.3.2. Early Holocene (11,712-7634 cal yr BP)

After ~11,700 cal yr BP, there was an increase in the contents of TOC
and EM1 (Fig. 11), while there was a decline in ash, EM2, and EM3
(Fig. 11), indicating a shift towards a warm and wet climate. However,
there was an abrupt increase in ash and EM2 (Fig. 11A) during the in-
terval of 11,090-10,938 cal yr BP, which may correspond to the 11,100
cal yr BP cold event observed in the North Atlantic ice floes (Bond et al.,
1997). This event was also recorded by the low TOC in the HY2014
profile (Zeng et al., 2017) (Fig. 11B).

Following this cold event, the subsequent decrease in EM2 and in-
crease in TOC suggested an enhanced ASM during that period. Stalag-
mite 5%0 records from Chongqing, southwest China, indicated
relatively stable and strong EASM during 8000-6000 yr BP, with the
strongest monsoon occurring during 8000-7000 yr BP (Yang et al.,
2019). Loess deposits from the Luoyang Basin also indicated a strong
EASM and a warm and wet climate between 11,500-8500 cal yr BP (Jia
et al., 2021). Additionally, stalagmite 5'80 records from Dongge Cave
(Carolyn et al., 2005) (Fig. 11C) and Sanbao Cave (Cheng et al., 2016)
also indicated a stronger ASM and increased precipitation during the
Early Holocene.

As the ASM strengthened, there was a gradual weakening of the
AWM. Grain size analysis of loess from the Loess Plateau indicated a
continuous weakening of the AWM during 11,700-6500 cal yr BP, likely
associated with the ongoing reduction in ice cap volume in the northern
region (Kang et al., 2020). The 20-200 pm component at the Huan-
gyanghe section, selected as an indicator of the AWM in the Gobi Desert,
suggested a weakening trend of the AWM during the Early Holocene (Li
and Morrill, 2015) (Fig. 11G). The AWM in Zoige wetland gradually
retreated in an oscillating manner from 11,500 to 8200 cal yr BP (Yu
et al., 2011).

The fluctuations in EM1 and the component content <10.09 pm
indicate the presence of strong WWs during the early Holocene. How-
ever, this finding contradicts the results of An et al. (2012) who reported
a weakening of WWs based on the Qinghai Lake sediment records
(Fig. 11J). Modern observations suggest that the westerlies are the pri-
mary source of precipitation in Central Asia (Karger et al., 2017);
therefore, precipitation on the windward slopes influenced by WWs can
reflect their strength in Central Asia. The development of local precip-
itation indices, based on the pollen synthesis from five low-altitude
peaks in the Altai Mountains, suggests a general trend of increasing
WWs during the early Holocene (Zhang and Feng, 2018) (Fig. 11K). In
summary, the early Holocene transitioned from cold-dry to warm-wet,
characterized by the intensification of WWs and the EASM.

5.3.3. Middle Holocene (7634-3100 cal yr BP)
Around 7634 cal yr BP, there was a notable decrease in TOC was
observed, while ash, EM2, and EM3 exhibited rapid increases,
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suggesting a weakening of the EASM and a strengthening of the AWM.
Concurrently, the brGDGT records in the Hongyuan peat indicated a
significant decline in MAT from —4.89 °C to —9.21 °C, occurring in
<400 years (Yan et al., 2021). Therefore, we refer to this cold period as
the end of the warm early Holocene. This cold event was also observed
in the Lake Ximencuo between 7900 and 7400 cal yr BP, characterized
by a distinct minimum in TOC content and a decrease in 5'°C values
(Mischke and Zhang, 2010). Following this cold event, the values of EM2
(Fig. 11A) and TOC (Fig. 11B) increased, indicating a strengthening of
the ASM. At 6000 cal yr BP, the maximum local MAT (Yan et al., 2021)
(Fig. 11D) suggested a warm climate in the local area. The end of the
“Holocene Optimum” warm phase occurred at ~4200 cal yr BP (Li et al.,
2017). Around this time, the content of EM2 and EM3 increased, while
TOC decreased, indicating a temporary enhancement of the AWM and a
decrease in the ASM. The 8200 and 4200 cal yr BP events are considered
the two most significant cold events of the Holocene; however, in the
study region, the 7400 cal yr BP cold event had a more pronounced and
significant impact.

The EM1 (Fig. 11I) component in the middle Holocene was slightly
lower than in the early Holocene, but overall, the WWs remained strong.
The precipitation index from the Tianshan Mountains showed a
continued strengthening of WWs during this period (Zhang and Feng,
2018) (Fig. 11K). Results from lacustrine deposits in Jiangcuo Lake in
the central QTP, using the TRACE21 climate model to simulate changes
in the intensity since the Holocene, indicated a sharp increase in WWs
intensity since 6000 cal yr BP, with the southern boundary of the WWs
gradually expanding southward (Xie, 2019) (Fig. 11L).

5.3.4. Late Holocene (3100-0 cal yr BP)

A further increase in ash content in the HY2014 profile was accom-
panied by a significant increase in EM2 and EM3, indicating a cold event
characterized by a weakened ASM around 3100 cal yr BP (Fig. 11).
Similar cold events were observed in other regions as well. The Loess
Plateau, for instance, indicates a large-scale cooling event at 3100 cal yr
BP, marking the end of the warm and wet middle Holocene and tran-
sitioning to a dry and cold climate (Jia et al., 2021). Changes in pre-
cipitation patterns in northern China also suggest a rapid weakening of
the summer monsoon from 3300 cal yr BP (Chen et al., 2015).

Following this cold event, all EMs (Fig. 11) exhibited substantial and
frequent fluctuations, especially EM 3 (Fig. 11E). During this period,
there was a temporary enhancement of the AWM between 1200 and 600
yr BP, as evidenced by a significant increase in EM3 and ash content. Pb
depositions from the Badain Jaran Desert and Tengger Deserts also
increased between 1700 and 900 yr BP, possibly indicating a strength-
ened AWM in northern East Asia (Ferrat et al., 2012). In contrast, the
WWs and ASM experienced weakening, particularly during 1400-1200
cal yr BP, indicating a clear declining trend. Li et al. (2020) proposed
that there was an enhanced aeolian accumulation centered around 900
yr BP in the Yarlung Zangbo River, which aligns with a weak ISM. The
northern arid zone of Central Asia also witnessed decreased humidity
and weakened WW during this period (Chen et al., 2008). The WWs
exhibited variability in intensity, similar to the ASM, with the Qinghai
Lake region experiencing weak WWs during this period (An et al., 2012)
(Fig. 11J).

The magnitude of atmospheric circulation changes during this phase
was notably higher than that in the early and middle Holocene, sug-
gesting a trend towards climate instability during the late Holocene. In
addition to climate factors, the influence of human activities gradually
increased during this period. For example, the spodumene record from
the Gonghe Basin indicates considerable pasture degradation induced by
grazing after 1600 yr BP, possibly leading to increased dust emissions
into the atmosphere (Huang et al., 2017).
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5.4. A new insight on the interaction between the WWs and Asian
monsoons

Numerous studies have indicated that variations in the AWM and
WWs are influenced by changes in ice volume in the Northern Hemi-
sphere and temperature fluctuations in mid-to-high latitudes on an
orbital and sub-orbital scale (Liu et al., 2020). The attenuation of the
Atlantic meridional overturning circulation (AMOC) during cold periods
in the North Atlantic and Arctic regions can lead to the cooling of
extensive areas in the Northern Hemisphere’s mid-to-high latitudes,
while the intensification of the Mongolian-Siberian High under rela-
tively cold conditions may induce northward airflow. Consequently, the
AWM is strengthened (Sun et al., 2012; Wen et al., 2016), and the
westerly belt migrates southward to the northeastern QTP (An et al.,
2012). The monsoon systems are driven by various mechanisms on a
millennial scale, such as solar insolation, ENSO, Hadler circulation, and
so on. The HY2014 profile covers nearly 14,000 years, providing a
comprehensive record of the controlled mechanisms and interactions of
atmospheric circulation at different time scales.

The ISM is primarily influenced by solar insolation (Bird et al.,
2017). Palaeoclimate records from the QTP and its surrounding regions
showed that the ISM reached its peak during the early and middle Ho-
locene, approximately between 10,000 and 6000 cal yr BP, coinciding
with the highest Boreal summer insolation, strong tropical Pacific sea
surface temperature gradients (Lu et al., 2000) that resembled a La
Nina-like mean state (Bird et al., 2017). However, the trend observed in
EM2 does not exactly mirror the changes in solar insolation but rather
lags behind them. It seems that besides solar radiation, glacial climate
boundary conditions also played a role during this period. It was only
after the retreat of ice sheets that insolation became the dominant factor
controlling the monsoon dynamics (Carolyn et al., 2005).

EM2 indicates that during the early and middle Holocene, the ASM
remained relatively strong. As depicted in Fig. 7, the ASM cycle repre-
sented by EM2 has exhibited cycles of 500-1000 yr, 350-550 yr, and
220-256 yr during the Holocene which aligns with similar findings in a
previous study (e.g., Xian et al., 2006; Zeng et al., 2017). 53¢ analysis of
Hongyuan peat revealed monsoon cycles of 1428, 512, 255, and 217 yr
(Xian et al., 2006). The 8'3C and 8'®0 records from the Niu Cave
demonstrated an 830-year periodicity in the EASM during the late Ho-
locene (Zhao et al., 2016), possibly resulting from long-term changes in
tropical SST and its interaction with low-latitude monsoons (Russell
et al., 2003). Zhuye Lake, situated on the northwestern edge of the Asian
monsoon, also exhibited cycles of 1024, 512, and 256 yr (Li et al., 2012).
A comparison between the North Atlantic drift-ice index and Chinese
stalagmite isotopic records suggested a potential linkage between weak
ASM events and Holocene ice-rafting events in the North Atlantic, with
notable weak EASM events (Zhao et al., 2016).

EM3 exhibits cycles of 2000 and 1500 yr since the YD event, with
cycles of 400-700 yr during 10,000 to 9000 cal yr BP and after 4000 cal
yr BP. Lu et al. (2000) found that intensified AWM events displayed
periodicities ranging from 1000 yr to 2770 yr, with a dominant cycle of
approximately 1450 yr. The ~1500 yr cycle was also prominent in
Greenland ice cores (Mayewski et al., 2004), North Atlantic sediments
(Bond et al., 2001), and the northern Yellow Sea of China (Nan et al.,
2017), and it is believed to be associated with solar activity. Reduced
solar radiation can induce changes in the atmosphere and ocean cur-
rents, resulting in a strengthened AWM (Xiao et al., 2006). In addition,
variations in the extent of Northern Hemisphere ice cover at high lati-
tudes and changes in atmospheric temperature at middle-to-high lati-
tudes can influence the intensity of the AWM (Kang et al., 2020; Wen
et al.,, 2016). The increased ice volume in the high-latitude Northern
Hemisphere enhances the Siberian High and/or displaces it southward
through downstream atmospheric cooling in the middle latitudes. This,
in turn, further amplifies wind and temperature gradients over East and
South Asia, strengthening the AWM (Kang et al., 2020).

EM1 exhibited cycles of 500-1200 yr, with a weak periodic signal
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during 9000-7000 cal yr BP. The AMOC plays a significant role in
shaping the WWs on a millennium scale. A slowdown in the AMOC
triggers a dipole SST anomaly and even substantial cooling in the high-
latitude North Atlantic. As a result, temperatures in the high-latitude
Northern Hemisphere decreased, leading to a high-pressure anomaly
in the middle latitude and a low-pressure anomaly over the pole. This
displacement causes the westerlies at 500 hPa to shift northward in the
mid-latitudes (Li et al., 2019). Chen et al. (2016) discovered a close
correlation between winter insolation and precipitation in the westerly
zone, suggesting that winter insolation may have governed precipitation
variability in the Holocene westerly zone.

In 14,000-11,900 cal yr BP, the regional AWM exhibited greater
intensity, while the ASM and WWs weakened, resulting in cold and dry
conditions in the Hongyuan peatland. Following the YD event, the ASM
and WWs rapidly strengthened, whereas the AWM strength relatively
decreased. From 10,900 cal yr BP to 3300 cal yr BP, the ASM and WWs
dominated this region, whereas the AWM strength was noticeably
weaker. The region experienced warm and wet except for 8400-8200
cal yr BP, 7700-7400 cal yr BP, 6400-6200 cal yr BP, 5200-5000 cal yr
BP, and 4300-4000 cal yr BP, during which the AWM intensified and
local temperatures dropped. Between 3300 cal yr BP and 400 cal yr BP,
the AWM strength gradually strengthened while the ASM and WWs
significantly declined, particularly during the periods of 3300-2800 cal
yr BP, 2100-1900 cal yr BP, and 1400-1300 cal yr BP. Overall, when the
AWM became stronger, the ASM and WWs exhibited relatively weaker
intensity, resulting in a predominantly cold and dry regional climate.

Previous studies have provided evidence for an inverse correlation
between the ASM and AWM on a millennial scale (Kang et al., 2020;
Wen et al., 2016). The strongest WWs during the Holocene were
observed in the middle Holocene (6000-3100 cal yr BP) (Jia et al.,
2018), whereas the early Holocene is generally regarded as the phase of
the strongest ASM (Jia et al., 2021). Studies conducted on the QTP have
demonstrated an approximately inverse correlation between the ASM
and WWs during the mid-to-late Holocene (Ning et al., 2022). Further-
more, it has been observed that increased dust emissions over East Asia
were associated with the southward movement of WWs during cold
climate conditions (An et al., 2012), although the findings of our study
differ from these previous findings. Conversely, Li et al. (2021) reported
a positive correlation between ASM and regional precipitation changes
dominated by WWs on the QTP based on Holocene precipitation records
from loess and lake sediments. Based on our comprehensive records of
grain size distribution data from peat ash, we propose that in the eastern
QTP, WWs exhibit a positive correlation with ASM and demonstrate a
nearly synchronous variation trend, while the WWs show an inverse
relationship with the AWM.

6. Conclusions

We have utilized detailed grain size analyses of a peat profile in the
Hongyuan peatland to reconstruct the atmospheric circulation patterns
in the Zoige region since the last deglaciation. The main findings are
outlined below:

(1) Through the integration of the EM model, the grain size of ash in
the HY2014 profile can be categorized into three distinct end-
members. EM1 exhibited a triple peak (7.13 pm, 16.96 pm, and
95.97 pm) corresponding to the WWs. EM2 displayed a diverse
grain size of 28.53 pm, indicative of the ASM. EM3 showcased a
diverse grain size spectrum at 44 pm, representing the AWM.

Four stages in palaeoclimate evolution were identified: a cold and
dry climate predominantly influenced by the AWM during the
last deglaciation (14,000-11,712 cal yr BP); transitioning into a
warm-wet climate occurred with the AWM weakening while the
ASM and WWs strengthening during the early Holocene
(11,712-6261 cal yr BP); a warm-wet climate with the domi-
nance of the WWs and ASM and further weakening of the AWM

(2)
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during the middle Holocene (6261-2800 cal yr BP); and a dry-
cold climate after 2800 cal yr BP accompanied by fluctuations
in the ASM and WWs, along with an intensification of the AWM.
Throughout the Holocene, the WWs demonstrated a cycle of
500-1200 yr, the ASM exhibited a cycle spanning 500 yr to 1000
yr, and the AWM showed 2000-yr and 1500-yr periodicities. The
intensity of each atmospheric circulation system is likely pri-
marily influenced by solar activity.

The disparities among the three end-members indicated a posi-
tive correlation between the WWs and the ASM, whereas an in-
verse relationship was observed between the WWs and the AWM.

3
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