
1. Introduction

In the context of anthropogenic climate change, the need for an accurate, detailed understanding of the 

earth system has become increasingly important. Geological records provide climatic boundary conditions 

that are pivotal in numeric reconstructions of past climates. More importantly, proxy climatic records reveal 

the sensitivity of climate processes at decadal to millennial timescales and unforeseen non-linear responses. 

Paleoclimatic reconstructions are generally based on so-called proxies and numerical simulations, or their 

combinations thereof (e.g., Chen et al., 2016; Kang et al., 2020; Li et al., 2020). Paleoclimatic proxies yield 

indirect signals of climatic characteristics, according to the means by which the proxies themselves respond 

to changes in the environment. Climatic simulations deliver approximate representations of paleoclimate 

change which can be deployed to predict future climate under different boundary conditions. Neverthe-

less, paleoclimate reconstructions based on geological records may sometimes differ from—or even con-

trast sharply with simulations (e.g., Brewer et al., 2007; Jiang et al., 2012; Liu, Zhu, et al., 2014; Lohmann 

et al., 2013; Lu et al., 2018; Schneider et al., 2010; Sundqvist et al., 2010) and critical reexamination of the 

proxy and modeled results may be necessary (Liu, Zhu, et al., 2014; Lohmann et al., 2013). In some cases, 

the errors lie with the climate models owing to their limited temporal resolution or due to climate sensitivity 

biases that arise in the simulation process (Jin et al., 2007; Liu, Zhu, et al., 2014). In still other cases, climate 

proxies are challenging to interpret due to, for example inherent uncertainties associated with biological 

processes, which are themselves dependent on climate factors and may be sensitive to seasonal differences. 

Identifying seasonal responses and sensitivity to climate parameters are important considerations in con-

structing paleoclimates (Bova et al., 2021; Liu, Zhu, et al., 2014), although they are usually highly complex 

and difficult to resolve.

Abstract Although difficult to resolve, seasonality is an important element in considering 

paleoenvironmental records and simulated results, and it is therefore critical to address this shortcoming 

in order to develop more accurate reconstructions of past climate. In this study, climatic proxies with 

seasonal implications (magnetic susceptibility and mean grain size) are analyzed for several high-

resolution loess sections from mid-latitude Asia using the Ensemble Empirical Mode Decomposition 

(EEMD) to detect their response to millennial-scale oscillations during the last glaciation. In so doing, we 

are capable to estimate the amplitude and relative contribution of the reconstructed climate components. 

Combined with an analysis of modern processes, magnetic susceptibility (χ) can be interpreted as 

representing summer and spring precipitation, while mean grain size (Mz) can be interpreted as 

representing spring and summer dust activity in the Chinese Loess Plateau (CLP) and southern central 

Asia (SCA), respectively. Our results show that the spring and summer signals are clearly correlated with 

Heinrich events, but that the spring signal is more prominent than the summer signal during Dansgaard-

Oeschger (D-O) oscillations of the last glacial. These results are consistent with modeled simulations. It 

is proposed that weakening or complete shutdown of AMOC influences the response of seasonal signals 

to abrupt climate events. The study highlights the need for further high-resolution climate proxies with 

robust seasonality indicators in order to develop a deeper understanding of the response of mid-latitude 

Asia to rapid climate events.
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During the last glaciation, rapid fluctuations of the climate system have been described from the northern 

high latitudes and recorded in high-resolution archives such as ice cores from Greenland and ice-rafted 

deposits in the Atlantic Ocean (Bond et al., 1993; Dansgaard et al., 1993; Grootes et al., 1993). These signals 

of millennial-scale climate oscillations have now been found in a diverse range of geological archives, in-

cluding, inter alia, deep sea sediments (Altabet et al., 2002; Dannenmann et al., 2003; Zhao et al., 2006), cave 

stalagmites (Burns et al., 2003; Cheng et al., 2006; Wang et al., 2008), loess deposits (Ding et al., 1998; Porter 

& An, 1995; Yang & Ding, 2014). Simulation studies have suggested that such millennial-scale climatic sig-

nals can be widespread and affect distant regions such as continental Asia, the Pacific Ocean and Antarctica 

through atmospheric and oceanic circulation (Clement & Peterson, 2008; Jin et al., 2007; Sun et al., 2012; 

Wu et al., 2008; Zhang & Delworth, 2005). However, the response of different regions and various geological 

deposits to these rapid climatic events may be inconsistent (e.g., Ahn & Brook, 2008; Blunier & Brook, 2001; 

Cheng et al., 2020; Clement & Peterson, 2008), in part due to processes associated with the bipolar seesaw, 

as well as variations in the sensitivity of the deposits themselves.

Long, continuous loess sequences accumulated over an extended timescale are widely distributed in mid-lat-

itude Asia (e.g., Ding et al., 2002; Porter, 2001) and provide valuable information and insight in understand-

ing environmental evolution, especially during the Quaternary. Loess-paleosol sequences in the CLP have 

revealed dynamics of the east Asian Monsoon (EAM) at the orbital, suborbital and millennial scales (Ding 

et al., 1995; Li et al., 2015; Sun & Guo, 2017). Numerous studies have reported rapid changes in the EAM 

since MIS 7 that can be compared with, for example, high resolution stalagmite and Greenland ice core re-

cords (Guo et al., 2020; Sun et al., 2012, 2016; Wang et al., 2020; Yang & Ding, 2014). However, while EAM 

fluctuations are well represented in the CLP records, moisture variations here appear to be less sensitive 

to abrupt climate events compared with the situation further west where moisture changes during warm 

interstadials have been adequately reconstructed (Jia et al., 2019; Wang et al., 2018). Variations in loess 

particle size, associated with wind intensity in central and east Asia, reveal substantial fluctuations during 

the last glaciation that appear to be well correlated with abrupt climate changes in the northern high-lat-

itudes (An et al., 1991; Li et al., 2016, 2018; Song et al., 2018; Sun et al., 2012; Vandenberghe et al., 2006; 

Yang & Ding, 2014; Zhang et al.,  2015). Different climate proxies seem to present distinct signatures of 

these abrupt climate events, which may be attributed to seasonal biases in response to climate change. For 

example, given that the timing of precipitation and wind intensity differs markedly between the CLP and 

SCA, comparing geological records between these regions may facilitate a more nuanced understanding of 

seasonality changes during rapid climate events of the last glacial. Here, we present evidence from high-res-

olution loess sections located in the CLP and SCA, which combined with interpreted proxies, are used to 

detect seasonal changes in the response to abrupt climate events of the last glacial. In so doing, we develop 

an improved understanding of the different responses in geological deposits over mid-latitude Asia to high 

latitude climate events.

2. Materials and Methods

2.1. Physical Environmental Setting

The CLP is situated in the eastern part of mid-latitude Asia and south of the arid-semiarid desert regions in 

northern China (Figure 1). The region is characterized by quasi-continuous loess-paleosol sequences that 

provide a rich, well-preserved paleoclimatic archive (Liu, 1985). Due to the thermal capacity difference of 

the Asian continent and western Pacific Ocean, the climate of the CLP is dominated by EAM circulation 

which carries warm, moisture-bearing air masses from the Pacific Ocean in the summer, and cold and dry 

air masses from the northern high-latitudes in winter. Mean annual precipitation and temperature decreas-

es from the southeast to the northwest across the CLP with corresponding vegetation changes from forest to 

steppe and desert steppe (Yu et al., 2000).

SCA is situated to the southern part of arid central Asia and, due to its great distance from the ocean, is 

characterized by a continental arid climate (Schiemann et al., 2008). From the Caspian Sea in the west to 

the western Pamir Mountains, the region is occupied by extensive areas of loess, desert, and high mountains 

(Ding et al., 2002). The region is influenced strongly by the Westerlies, which contribute most of the annual 

precipitation in winter and spring when humid air masses are transported from the Mediterranean, Black 

and Caspian Seas (Jin et al., 2012), while in summer, the subtropical high pressure is dominant (Karger 
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et al., 2016). Vegetation of this region varies from desert to grassland depending on the mean annual pre-

cipitation and altitude.

2.2. Data Sources and Processing

Six continuous loess sections located in the CLP (MS, WN, XF, YB, JY, and GL) and one in SCA (DK) (Fig-

ure 1 and Table 1) were selected based on two criteria, viz continuous sediment accumulation from the last 

glaciation or earlier, and the availability of published data on the parameters χ and Mz. We focus on the 

period between 65 and 25 ka because the millennial-scale climate oscillations have been shown to be rela-

tively distinct and continuous during that time (Sun et al., 2010; Wang et al., 2018). The NGRIP δ18O record 

(North Greenland Ice Core Project Members, 2004) was also used for comparison in order to reveal possible 

teleconnections with high latitude climate events.

Ensemble Empirical Mode Decomposition (EEMD) (Huang et al., 1998) was applied to linearly interpo-

lated χ and Mz data at 100-year intervals in order to quantify their response to millennial-scale climate 

oscillations. The EEMD method is based on noise-assisted data analysis, which takes the average value of 

multiple measurements and obtains the ensemble means of corresponding intrinsic mode functions (IMFs) 

as the final outcomes (Huang & Wu, 2008; Huang et al., 1998; Wu & Huang, 2009). The EEMD method has 

been successfully applied to decipher multiscale variations in loess (Li et al., 2015; Wang et al., 2020), spe-

leothem (Cai et al., 2015; Tan et al., 2020) and tree-ring records (Liu et al., 2017). A detailed explanation of 

the process is available in the EEMD code program instructions (Wu & Huang, 2009). In addition, REDFIT 

software was used to obtain spectral frequencies of the different loess proxies and NGRIP δ18O data (Schulz 

& Mudelsee, 2002).

Modern values for seasonal variations in precipitation, soil moisture, surface wind speed and normalized 

differential vegetation index (NDVI) values were used in order to establish climate indicators for the prox-

ies. Climate reanalysis data for monthly precipitation, soil moisture and surface wind speed covering the 

period 1982–2006 were obtained for both the CLP and SCA from the National Center for Environmen-

tal Prediction/National Center for Atmospheric Research (NCEP/NCAR) (http://www.esrl.noaa.gov/psd/

data/gridded/, Kalnay et al., 1996). NDVI values for the same period are available at https://climatedat-

Figure 1. The loess sections in the Chinese Loess Plateau (CLP) and southern central Asia (SCA) and modern 
atmospheric circulation patterns that include the east Asia summer monsoon (EASM, yellow arrow), east Asia winter 
monsoon (EAWM, blue arrow), Indian summer monsoon (ISM, pink arrow), and Westerlies (white arrow). Loess 
sections (1–6) on the CLP are MS (Wang et al., 2020), WN (Sun et al., 2010), XF (Sun et al., 2010), YB (Rao et al., 2013), 
JY (Sun et al., 2010), GL (Sun et al., 2016), respectively. DK section (Jia et al., 2018) locates in the eastern part of SCA.
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aguide.ucar.edu/climate-data/ndvi-normalized-difference-vegetation-index-noaa-avhrr. Even though the 

impact of human activity on the surface vegetation cannot be eliminated in the CLP, especially given the 

dominant type of vegetation, we focus only on the influence of seasonal variations on vegetation growth, 

rather than changes in species, distribution, etc. Accordingly, remote mountainous areas likely to have been 

less affected by human activity were selected to observe the natural seasonal variation of vegetation when 

selecting the NDVI data.

3. Interpretation of Climate Proxies

3.1. Magnetic Susceptibility (χ)

Magnetic susceptibility records in loess sequences have been used successfully to indicate regional precip-

itation in the CLP and SCA (e.g., Tajikistan) (An et al., 1991; Ding et al., 2002; Dodonov et al., 2006; Wang 

et al., 2018; Yang et al., 2006). Higher χ values are mainly related to the mass of ultra-fine magnetite and/or 

maghemite generated during the pedogenesis that in turn correlates with precipitation and biogeochemical 

activity (Forster & Heller, 1997; Jia et al., 2018; Maher, 1998; Torrent et al., 2006). Although it is widely re-

corded that soil development and biogeochemical processes in soils are related to seasonal changes (Deng 

et al., 2007; Meng et al., 1997), little attention has been paid to using the paleosol record to reconstruct 

variations in seasonality. In fact, soil moisture content and its seasonal variation are considered essential 

factors for the formation of fine-grained ferrimagnetics (Maher, 1998). In addition, analysis of the magnetic 

characteristics of modern loessic soils and loessic paleosols shows that newly formed magnetite/maghemite 

with strongly magnetic fine particles is formed mainly in the wet season, rather than throughout the year 

(Yang & Jia, 2021), thus confirming the differential seasonal development of pedogenesis under different 

climatic conditions (Balsam et al., 2011).

Section Location Proxies
Sampling 

interval (cm)
Thickness 

(25–65 ka) (m) Chronology framework
Sedimentation 
rate (cm/kyr) Reference

CLP

MS 34°57′28.3″ χ, Mz 5 ∼38 OSL and tie points with speleothemδ18O ∼61.57 Qiu and 
Zhou (2015) 
and Wang 
et al. (2020)

113°22′13.7″

WN 34°21′ χ, Mz 5 ∼8.5 Tie points with JY ∼12.42 Sun et al. (2010)

109°31′

XF 35°47′ χ, Mz 5 ∼10 Tie points with JY ∼15.38 Sun et al. (2010)

107°36′

YB 35°9′ χ, Mz 4 ∼24.5 OSL ∼42.84 Lai and 
Wintle (2006), 
Lai 
et al. (2007), 
and Rao 
et al. (2013)

103°37′48″

JY 36°21′ χ, Mz 2 ∼25 OSL ∼48.34 Sun et al. (2010)

104°37′

GL 37°29′ χ, Mz 2 ∼19 OSL ∼38.54 Sun et al. (2016)

102°52′

SCA

DK 38°23′44″ χ, Mz 2 ∼17.5 Tie points with NGRIP δ18O ∼42.70 Wang et al. (2018) 
and Lu 
et al. (2020)

69°50′1″

Table 1 
Data Sources of the Sections Used in This Study
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On the base of modern observations, both soil moisture and vegetation growth, here indicated by NDVI, 

vary seasonally with precipitation (Figure 2) and exhibit higher values during summer in the CLP, and 

spring in SCA. The relatively high NDVI values in summer months (June–September) in SCA may indicates 

that the vegetation growth exhibits a non-linear response to the precipitation, because the temperature also 

has effect on vegetation growth. As to clarify the effect of seasonal precipitation on the vegetation growth 

in SCA, Pearson correlation coefficients between precipitation and NDVI monthly values from 1982 to 2006 

demonstrate that the moisture required to promote vegetation growth is mainly supplied by precipitation 

in the spring months (Figure 3). Generally, precipitation augments soil moisture and promotes vegetation 

growth, which enhances pedogenesis and, in turn, results in higher soil χ values. Central Asia was charac-

terized by a winter-spring rainfall maximum for at least past 1.77 Myr (Yang & Ding, 2006), and east Asia 

was characterized a typical monsoon climate with dominant summer precipitation during the Quaternary 

(Wang, 2009). In two regions (CLP and SCA) with similar annual mean temperature, magnetic particles 

formed in soils developed in areas dominated by winter-rain area are finer than those found in summer-rain 

areas (Yang & Jia, 2021). Since the individual size of crystal particles is related to the temperature, it can 

be assumed that the magnetic susceptibility of soils in winter-rain areas record mainly the climate signal 

in spring, while those in the summer-rain areas record mainly the climate in summer (Yang & Jia, 2021).

3.2. Mean Grain Size (Mz)

Variations of Mz in loess reflect wind energy and this relationship has been applied in many paleoclimate 

reconstructions (Li et al., 2015; Sun et al., 2012, 2015). In general, Mz exhibits glacial-interglacial, stadial-in-

terstadials and millennial-scale fluctuations, with relatively coarser values in glacial and stadial periods, 

during which the dust accumulation rate and dust flux are greater (Sun et al., 2021). Variations of Mz can 

be affected by wind strength, source-to-sink distance and expanding desert margin (Ding et al., 1999; Yang 

& Ding, 2008). It has been noted that loess in the CLP is comprises mainly dust from the Gobi and deserts 

of northern China (Sun, 2020; Sun et al., 2001). Under the condition of constant dust source, the influence 

of source-to-sink distance is mainly reflected in the spatial variation of loess Mz, as the greater the dis-

tance from source, the finer the loess Mz (Sun et al., 2021). The influence of desert expansion on the loess 

Mz values between 65 and 25 ka is likely to be only minor, since, between the Last Glacial Maximum and 

Figure 2. Monthly comparisons between precipitation, soil moisture, normalized differential vegetation index and surface wind speed (1982–2006) over the 
Chinese Loess Plateau and southern central Asia. Data on dust activity are modified after Finaev (2014) and Ning et al. (2005).
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Holocene Optimum, deserts in northern China extended only 20 km southwards (Lu et al., 2013). In the 

DK section, coarser Mz signal is accompanied by increased humidity during interstadial periods of the last 

glacial (Figure 4g) and coarser Mz is unlikely to be induced by desert expansion. Therefore, the variation of 

loess Mz between 65 and 25 ka is affected mainly by wind strength, with higher values indicating stronger 

winds, typically accompanied by surface dust activity and transporting coarser particle size fraction to dust 

accumulation areas (An et al., 1991; Xiao et al., 1995). Dust activity is in general associated with higher sur-

face wind speeds that promote greater dust flux and coarser particle size (Finaev, 2014; Li, Song, Kaskaoutis, 

et al., 2019; Sun et al., 2001). In line with observations, longer periods (1982–2006) of dust activity usually 

occur in seasons with higher surface wind speeds, lower precipitation, soil moisture and vegetation cover, 

exhibiting higher values during spring in the CLP and summer in SCA, respectively (Figure 2). There are 

seasonal differences in precipitation both in the CLP and central Asia during the last glacial as discussed 

above, so the dust activity would also be seasonal difference. During the last glaciation, variation of the 

Westerlies and EAM parallels that of the Greenland temperature and the Atlantic meridional overturning 

circulation at the millennial timescale (Li, Song, Yin, et al., 2019; Sun et al., 2012), which indicated that 

the surface dust activity and dust flux are not constant throughout the year, rather than exhibited seasonal 

variations.

From the modern analysis, the precipitation, soil moisture and NDVI that promote the pedogenesis and 

the surface dust activity do show seasonal variations (Figure  2). Even though the loess surface may be 

disturbed by other factors after pedogenesis and dust activity, the pedogenesis mainly occurs in the season 

with more precipitation and the dust activity occurs in the season with higher surface wind speed. Affected 

by the sedimentation rate, sample size and type, aeolian loess deposition cannot directly record seasonal 

climate changes like a varved lake, but its climatic proxy can at least reflect the average seasonal conditions 

in several decades. On the basis of modern processes, it is therefore proposed that χ values of loess can be 

used as a proxy for summer precipitation in the CLP and spring precipitation in SCA, and that the Mz can 

Figure 3. Pearson correlation coefficients (r) between precipitation and normalized differential vegetation index 
(NDVI) monthly values over southern central Asia. V1–V12 and P1–P12 represent NDVI and precipitation from January 
to December, respectively.
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be interpreted as indicative of spring dust activity in the CLP and summer dust activity in SCA at millennial 

scale during the last glaciation.

4. Results

As shown in Figure 4, the amplitude of Mz variations in all sections is greater than that for χ, and the am-

plitude of χ variation is greater for the DK section than those in the CLP. In addition, WN and XF sections, 

located in the southern and central CLP, exhibit only minor millennial-scale variations in χ and Mz, which 

may be due to the relatively low sedimentation rate and intense pedogenesis that may compound oscilla-

tions at these time scales (Sun et al., 2010). We therefore excluded the WN and XF sections from further 

consideration. In JY and GL sections, χ values exhibit only low variability, which suggests that these records 

provide only weak climate signals, although the Mz record is characterized by higher frequency and abrupt 

oscillations. Accordingly, the χ data for YB, MS, and DK sections and Mz data for YB, JY, MS, and DK sec-

tions are selected to conduct the EEMD and spectral analysis.

Patterns of variation in the selected loess χ, Mz, and NGRIP δ18O time series are analyzed using the EEMD 

and presented in Figures 5 and 6. Seven IMF are generated from the data. In order to account for noise in the 

data, IMF1 periodicities of less than 1 kyr were excluded from further consideration. Dominant periodicities 

Figure 4. Stratigraphy, χ, Mz, and OSL ages for the seven loess sections in the Chinese Loess Plateau and southern central Asia.
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of between 1 and 9 kyr are regarded as millennial-scale variations (Figures 5 and 6), while those greater 

than 9 kyr represent orbital scale variability (Figure 7). Relative contributions of the millennial-scale com-

ponents of χ and Mz in the selected loess sections are 37.30% (DK), 22.78% (YB), 63.93% (MS) (Figure 5) 

and 69.26% (DK), 77.31% (YB), 38.67% (JY), 56.14% (MS) (Figure 6) respectively, compared to values in the 

NGRIP δ18O record (73.59%). REDFIT spectral analysis was further carried out on the millennial-scale com-

ponents with dominant periodicities as shown on the right of Figures 5 and 6. Two dominant rhythms are 

evident in the loess sequences, viz. ∼8–4 and ∼3.3–1 kyr, possibly corresponding to the Heinrich (∼6 kyr) 

and Dansgaard-Oeschger (D-O) (∼1.5 kyr) oscillations as recorded in the Greenland NGRIP δ18O record 

and North Atlantic Ocean sediments (Bond et al., 1993; Dansgaard et al., 1993).

5. Discussion

5.1. Seasonal Variations in Response to Abrupt Climate Events

As shown in Figure 5, the existence of warming episodes and their relative amplitudes captured in the 

analyzed χ data for DK section are more prominent than those reflected in YB and MS sections. On the 

contrary, warming episodes captured in the analyzed Mz data for YB, JY, and MS sections in the CLP are 

more obviously than those indicated in the DK section, in which the oscillations above the red dotted line 

Figure 5. Comparisons of relative contributions of millennial-scale components (1–9 kyr) of χ in loess sections over 
the Chinese Loess Plateau and southern central Asia with the NGRIP ice-core δ18O record (North Greenland Ice Core 
Project Members, 2004). Red dashed lines represent the threshold lines used for detecting abrupt climatic events. The 
yellow vertical bars indicate Heinrich events and black numbers indicate warm episodes. Results of spectral analysis 
of millennial-scale components are shown on the right with numbers indicating dominant periodicities and red lines 
represent the 95% confidence level.
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do not appear to correspond clearly with variations in the NGRIP δ18O record (Figure 6). Supported by our 

interpretation of χ and Mz as discussed above, the spring signals (precipitation in SCA and dust activity in 

the CLP) appears to be more responsive to abrupt climate events than summer signals (precipitation in the 

CLP and dust activity in SCA) during the D-O oscillations. As for Heinrich events, the seasonal signals in 

most sections exhibit large amplitude fluctuations in the analyzed values of χ and Mz, which is also evident 

in the spectral analysis that indicates 5.8–8 kyr periodicities (Figures 5b, 5c, 5f, and 6b–6f).

To verify the response of seasonal signals to rapid climatic events recorded in the studied proxies, we ap-

plied meltwater-forcing from the TraCE-21 ka transient simulation (Liu et al., 2009; Liu, Wen, et al., 2014) 

for the period since the last deglaciation during which the Heinrich 1 (H1), the Younger Dryas (YD), the 

Bølling-Allerød (B/A) events and the 8.2 ka event occurred. The simulation results (Figure 8) show that 

summer precipitation in the CLP and SCA is rather less sensitive to such forcing than spring precipitation, 

which fluctuates dramatically during the last deglaciation. During the Bølling and Allerød periods, sharply 

Figure 6. Comparisons of relative contributions of millennial-scale components (1–9 kyr) of Mz in loess sections over 
the Chinese Loess Plateau and southern central Asia with the NGRIP ice-core δ18O record (North Greenland Ice Core 
Project Members, 2004). Other information is consistent with Figure 5.
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Figure 7. Orbital-scale components (>9 kyr) of χ and Mz in loess sections over the Chinese Loess Plateau and southern central Asia compared with the NGRIP 
ice-core δ18O record (North Greenland Ice Core Project Members, 2004).

Figure 8. Simulated spring and summer precipitation variations since the last deglaciation over the Chinese Loess Plateau and southern central Asia. The 
black line represents smoothing values of the simulated spring and summer precipitation over this period.
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decreasing spring precipitation is evident in the Older Dryas as observed in both the CLP and SCA. More-

over, abrupt cooling during the 8.2 ka event (Alley et al., 1997) and related fresh water injection (Barber 

et al., 1999; Kleiven et al., 2008) are also reflected in decreased spring precipitation over the CLP and SCA 

in the simulation results. In contrast, simulated summer precipitation appears to be less sensitive to melt-

water forcing. In general, the simulated results support our interpretation of climatic proxies derived from 

the loess sections in demonstrating that, for mid-latitude Asia during the late Quaternary, proxy evidence 

for the spring months is more likely to reveal abrupt climatic events than evidence of changes in summer 

conditions.

5.2. Mechanisms Underlying Seasonal Differences

Various mechanisms have been proposed to explain the numerous abrupt climate events in the late Qua-

ternary (Broecker, 1998; Clement & Peterson, 2008; Gildor & Tziperman, 2003; Knutti et al., 2004). Among 

these, thermohaline circulation - whereby Atlantic meridional overturning circulation (AMOC) weakens or 

shuts down when freshwater is discharged into the North Atlantic Ocean—is very widely supported (Broe-

cker, 1994, 2000; Broecker et al., 1992; Clement & Peterson, 2008; Sun et al., 2012).

Alley et al. (1999) have explained the role of thermohaline circulation in the formation of D-O oscillations 

and Heinrich events, and proposed three modes of North Atlantic Ocean conveyor belt (modern mode, 

glacial mode, Heinrich mode). During the Heinrich mode, the substantial freshwater flux into the North At-

lantic Ocean constrains North Atlantic Deep Water (NADW) formation, which leads to the virtual collapse 

of AMOC. Across much of the Northern Hemisphere, climate appears to have responded to this in a matter 

of decades or less (e.g., Corrick et al., 2020; Denniston et al., 2007; Lea et al., 2003; Steffensen et al., 2008). 

Amplified by land-air-sea interactions (Clemens,  2005; Clement & Peterson,  2008), the influence of the 

collapse of AMOC on the climate over mid-latitude Asia is profound and the response to Heinrich events of 

spring and summer signals recorded in the loess record of the CLP and SCA is well detected.

During D-O oscillations, the variation of summer signals (precipitation in the CLP and dust activities in 

SCA) was much less, even undetectable, compared with the spring signals (precipitation in SCA and dust 

activities in the CLP). It has been suggested that the AMOC does not shut down completely in the glacial 

mode (Alley et al., 1999) and that NADW continues to be formed in parts of the North Atlantic Ocean. 

The impact of reduced AMOC on climate over mid-latitude Asia is much less marked than in the Hein-

rich mode, although it is still evident in the geological record. It has been suggested that the summer sig-

nals recorded in loess sections over mid-latitude Asia are not only affected by the weakened AMOC (Sun 

et al., 2012; Zhang & Delworth, 2005), but also modulated or overprinted by other processes originating 

from the tropical Pacific Ocean and Southern Ocean (Clement et al., 2001; Huang & Tian, 2008; Ivanochko 

et al., 2005; Lea, 2000; Rosenthal et al., 2003; Yin & Battisti, 2001). Spring signals on the other hand are 

more directly affected by North Atlantic Ocean and northern high-latitude atmospheric circulation (Aizen 

et al., 2001; Ding et al., 1995, 1998; Li & Wang, 2003; Yang & Ding, 2014) and, over mid-latitude Asia, are 

therefore more sensitive to abrupt climate events during the D-O oscillations of the last glacial.

6. Conclusions

In this study, we investigated the response of seasonal precipitation and dust activity over mid-latitude Asia 

to millennial-scale oscillations during the last glaciation. First, based on observations of modern processes, 

χ and Mz can be interpreted as representing summer precipitation and spring dust activity in the CLP, and 

as representing spring precipitation and summer activity in SCA. Second, by using EEMD and spectral 

analysis, seven IMFs were analyzed and the millennial-scale components presented similar periodicities to 

the Heinrich events and D-O oscillations recorded in the NGRIP δ18O. From the analyzed millennial-scale 

χ (Mz) components, it is evident that the DK section is more (less) sensitive to abrupt climate oscillations 

than sections in the CLP during the D-O oscillations. During Heinrich events, analyzed millennial-scale χ 

and Mz components exhibit distinct variations.

Given the observed distinct seasonal variations in precipitation and dust activity, it is proposed that the 

spring signals (precipitation in SCA and dust activity in the CLP) are more sensitive to abrupt climate events 

than the summer signals during the D-O oscillations, and that the seasonal signals are more highly variable 
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during Heinrich events. Our climatic proxies are verified by using simulations which reveal that signals 

during spring are more sensitive to meltwater forcing than summer signals in both the CLP and SCA. The 

weakening or complete shutdown of AMOC are thought to influence the response of seasonal signals to 

abrupt climate events. More high-resolution climate proxies with clear interpretation of seasonality are 

required to deepen our understanding of the response in geological deposits over mid-latitude Asia to the 

Northern Hemisphere high-latitude rapid climate events.

Data Availability Statement

The EEMD data for the loess sections will be accessible on figshare repository (from https://figshare.com/s/

d5c182a650afa9c0fc32).
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