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The grain-size standard deviation model was applied to 
determine components sensitive to variability of the Holo-
cene EAWM. After a comparison of environmentally-sensi-
tive grain-size components and proxy data, the 20–200 μm 
component at the Huangyanghe (a) and the 20–159  μm 
component at the Huangyanghe (b) section were selected 
as indicators of the Holocene EAWM, which show a strong 
early Holocene winter monsoon and a decline of the win-
ter monsoon since the mid-Holocene. We also present 
equilibrium and transient simulations of the climate evolu-
tion for the Holocene using a state-of-art coupled climate 
model: the Community Climate System Model version 3 
(CCSM3). Indices for the Holocene EAWM were calcu-
lated and are consistent with the reconstructed Holocene 
EAWM intensity. The simulations indicate that orbital forc-
ing effects on the land-sea temperature and sea level pres-
sure contrast can account for the observed EAWM trends. 
Other forcings that were present in the early Holocene, 
including the remnant Laurentide ice sheet and meltwater 
forcing in the North Atlantic, were not responsible for the 
Holocene trends.

Keywords  East Asian winter monsoon · Holocene · 
Climate simulations · The Gobi Desert · Eolian sediments

1  Introduction

The East Asian winter monsoon (EAWM) generally refers 
to the atmospheric flow over Asia associated with the east-
ward and southward movement of cold air coming from the 
Siberian High, whose surges dominate the winter weather 
over East Asia and affect the Southern Hemisphere (SH) 
monsoon (Chang and Lau 1980; Ding and Krishnamurti 
1987; Jhun and Lee 2004). It is well known that the modern 

Abstract  The East Asian winter monsoon (EAWM) 
exhibits significant variability on intraseasonal, interan-
nual, and interdecadal time scales and the variability can 
be extended to Holocene centennial and millennial scales. 
Previous Holocene EAWM proxy data records, which were 
mostly located in Central, Eastern and Southern China, did 
not show a consistent Holocene EAWM history. Therefore, 
it is difficult to provide insights into mechanisms of the 
long-term winter monsoon variability on the basis of the 
records. Eolian sediments at the southern edge of the Gobi 
Desert, Western China, are sensitive to the EAWM changes 
and less affected by the East Asian summer monsoon due 
to an obstruction of the Qinghai–Tibet Plateau. This paper 
presents a comparison between a well-dated Holocene 
EAWM record and coupled climate model simulations, so 
as to explore physical processes and influencing factors of 
the Holocene EAWM. Sediment samples from two Holo-
cene eolian sedimentary sections [Huangyanghe (a) and 
Huangyanghe (b)] were acquired at the southern edge of 
the Gobi Desert. Chronologies were established based on 
twenty bulk organic matter AMS 14C ages and five pollen 
concentrates AMS 14C ages. Proxy data, including grain-
size, total organic carbon, magnetic susceptibility and car-
bonate content were obtained from the two eolian sections. 
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EAWM is closely linked to the Siberian high (Wu et al. 
2002; Gong et al. 2001). In addition, there have been many 
efforts to describe its associations with the El Niño–South-
ern Oscillation (ENSO), physical geographic conditions on 
the Tibetan Plateau, Eurasian snow cover, the North Atlan-
tic Oscillation (NAO), and the Arctic Oscillation (AO) 
(e.g., Chang and Lau 1982; Ding 1990; Zhang et al. 1997; 
Compo et al. 1999; Wang et al. 2000; Gong and Ho 2003; 
Jhun and Lee 2004; Yun et al. 2010). Modern variability 
of the EAWM has caused substantial social and economic 
losses, though it is still a challenge to predict the EAWM 
accurately due to lack of information about EAWM mecha-
nisms on different time scales (Webster et al. 1998; Jhun 
and Lee 2004). Compared with modern EAWM observa-
tions and simulations, Holocene millennial-scale EAWM 
research is important in establishing baselines and is essen-
tial for determining amplitudes and rates in winter mon-
soon changes on a millennial timescale.

A number of studies have generated millennial-scale 
EAWM records since the 1990s (An et al. 1991; Xiao  
et al. 1995; An and Porter 1997; Lu et al. 2004; Yancheva  
et al. 2007; Wang et al. 2008, 2012; Yu et al. 2011; Sun  
et al. 2012). In these studies, different sediment types were 
successfully used to reconstruct the Holocene EAWM 
intensity, including eolian sediments (loess-paleosol 
sequences) (An et al. 1991; Yang and Ding 2008), lake 
sediments (Yancheva et al. 2007; Wang et al. 2008, 2012; 
Liu et al. 2009a) and marine sediments (Tian et al. 2010; 
Huang et al. 2011). Although many studies have been pub-
lished concerning the Holocene EAWM evolution, proxy 
data scientists came to different conclusions on the winter 
monsoon history (Yancheva et al. 2007; Yang and Ding 
2008; Wang et al. 2008, 2012; Yu et al. 2011; Huang et al. 
2011). Therefore, it is still needed to develop a clear and 

direct indicator for the Holocene EAWM. Furthermore, 
while previous studies mostly focused on the Holocene 
EAWM reconstructions, little attention has been paid to 
simulations of Holocene EAWM. It has been suggested that 
Northern Hemisphere ice sheets, input of glacial meltwa-
ter to the North Atlantic, and winter insolation can cause a 
change in the Holocene EAWM (Wang et al. 2008, 2012; 
Huang et al. 2011), but little work has been done on testing 
these hypotheses.

Eolian sediments from the dry lands of China have 
been used as an indicator to reconstruct the changes of 
the EAWM on orbital and millennial time scales (An and 
Porter 1997; Liu and Ding 1998; Lu et al. 2004; Yang  
et al. 2006, 2011). Recent studies indicated that loess in 
Central China not only was controlled by the EAWM, 
but was also influenced by the EASM, which controls the 
advance or retreat of the boundaries between the areas of 
desert and loess (Yang and Ding 2008). Eolian sediments 
at the southern edge of the Gobi Desert, western China, 
are less affected by the East Asian summer monsoon 
(EASM) due to an obstruction of the Qinghai–Tibet Pla-
teau and are sensitive to winter monsoon changes (Fig. 1). 
The objective of the present paper is to develop a cred-
ible Holocene EAWM indicator at the southern edge of the 
Gobi Desert, Western China, and compare it with coupled  
climate model simulations, so as to explore the mecha-
nisms of the Holocene EAWM. Two eolian sedimentary 
sections, at the southern edge of the Gobi Desert and the 
northern Qinghai–Tibet Plateau, were selected as an EAWM 
record in Western China (Fig. 1). Both bulk organic matter 
and pollen concentrates were used for the AMS 14C dating 
and a comparison between them shows a reliable chronol-
ogy. Proxy data, including grain-size, total organic carbon 
(TOC), magnetic susceptibility (MS) and carbonate content 

Fig. 1   Study area, the southern edge of the Gobi Desert, where the aeolian sediments are sensitive to EAWM changes
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(CC) were obtained from the two eolian sections. We com-
pare our new EAWM indicator from the Gobi Desert with 
several coupled climate model simulations performed with 
the Community Climate System Model, version 3. One of 
these simulations was run in transient mode, incorporating 
all forcings hypothesized to impact the EAWM. The tran-
sient nature of this simulation makes possible a detailed 
comparison to EAWM evolution through the Holocene as 
inferred from proxy records. In addition, we analyze output 
from several equilibrium, “time-slice” experiments designed 
to more rigorously test the relative influences of insolation, 
Northern Hemisphere ice sheets, and North Atlantic melt-
water forcing. Our findings will address the controlling fac-
tors and mechanisms of the Holocene EAWM.

2 � Regional setting

The Gobi Desert, which measures over 1,600  km from 
southwest to northeast and 800  km from north to south, 
covers parts of northern and northwestern China and south-
ern Mongolia (Fig. 1). The desert basins are bounded by the 
Altai Mountains and the grasslands and steppes of Mongo-
lia on the north, and by the Hexi Corridor and Qinghai–
Tibet Plateau to the southwest. The Gobi Desert is a cold 
desert, and located on a plateau roughly at 900–1,500  m 
above sea level (Zhao 1983, Fig. 1). The EAWM and Sibe-
rian high-pressure systems keep the Gobi Desert dry and 
very cold in winter. The average annual rainfall usually is 
less than 200  mm, while the EAWM can cause the Gobi 
Desert to reach temperature extremes of −40  °C in win-
ter (Zhao 1983). The Gobi Desert is made up of several 
distinct ecological and geographic regions based on vari-
ations in climate and topography. Eolian sediments in the 
southern Gobi Desert are transported by the EAWM and 
the westerly winds, while a powerful jet stream can carry 
this dust across the northern Pacific (Gong et al. 2006). The 
sampling area of this study is located at the southern edge 
of the Gobi Desert, in the Northern Qilian Mountains and 
the Eastern Hexi Corridor. According to geographical divi-
sions of China, the study area is located in the typical arid 
region of northwest China, where the modern climate is 
mainly controlled by the westerly winds and less affected 
by the EASM (Zhao 1983; Li et al. 2012a). On the south-
ern side of the Qilian Mountains, the northeastern margin 
of the Qinghai–Tibetan Plateau can still benefit from the 
EASM water vapor transport, although the region does not 
belong to the typical monsoon region (Wang and Lin 2002; 
Li et al. 2012a). However, water vapor transported by the 
monsoon only rarely reaches the northern side of the Qilian 
Mountains (Li et al. 2012a).

The sampling site is at the upper reaches of the Shi-
yang River drainage area, which is roughly at geographical 

coordinates of 100°57′–104°57′E, 37°02′–39°17′N, while 
the length of the drainage path is about 300  km (Fig.  1). 
The Shiyang River drainage area can be divided into three 
climatic zones from south to north. (1) The alpine semi-
arid area of the Qilian Mountains has an altitude of 2,000–
5,000 m, annual rainfall of 300–600 mm, and annual evap-
oration of 700–1,200  mm. (2) The cool and arid central 
plains have an altitude of 1,500–2,000 m, annual rainfall of 
150–300 mm, and annual evaporation of 1,300–2,000 mm. 
(3) The northern warm and dry area has an altitude of 
1,300–1,500  m, annual rainfall less than 150  mm, and 
annual evaporation of 2,000–2,600 mm (Fig. 1, Chen and 
Qu 1992).

3 � Materials, methods and simulations

3.1 � Huangyanghe (a) and Huangyanghe (b) sections

Huangyanghe (a) (37°25′N 102°36′E, Altitude 2447  m, 
Depth 3.20  m) and Huangyanghe (b) (37°25′N 102°36′E, 
Altitude 2454  m, Depth 3.20  m) sections are located in 
Wuwei City, Gansu Province in Western China (Fig.  1). 
The two sections are 1 km apart and both situated on a ter-
race of the Haxi River, which is a tributary of the Shiyang 
River. On the northern foothills of the Qilian Mountains, 
the area is sensitive to EAWM and conducive to deposition 
of eolian sediments due to the blocking effect of the moun-
tains, where the annual precipitation is ~500 mm and the 
average annual temperature is ~2 °C. The Huangyanghe (a) 
and Huangyanghe (b) sections were sampled at 2 cm inter-
val, yielding 160 samples each for analysis of proxies. Fig-
ure 2 shows photos of the two sections.

3.2 � Radiocarbon dating, grain-size, total organic carbon 
(TOC), magnetic susceptibility (MS) and carbonate 
content (CC)

Bulk organic matter and pollen concentrates were selected 
for AMS 14C radiocarbon dating to establish chronologies 
for the Huangyanghe (a) and Huangyanghe (b) sections 
(Table 1). The AMS 14C dates were measured at the Dat-
ing Laboratory of Peking University. Pollen concentrates 
as materials for AMS 14C dating were extracted by treat-
ment with acid and alkali, then sieving for enriching (Zhou 
et al. 1997; Li et al. 2012b). Dating samples of the pollen 
concentrates were checked under a microscope, then sam-
ples with large amounts of aquatic plant pollen and cellu-
loses were excluded. Grain-size distribution of all samples 
was determined by the Malvern Mastersizer 2,000 particle 
analyzer that automatically yields the percentages of clay-, 
silt- and sand-size fractions, as well as median, mean and 
mode sample diameters. Total organic carbon (%TOC) was 
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measured by Vario-III elemental analyzer; 5 g of sediment 
was pretreated with 18 % HCl for 24 h at room tempera-
ture to remove inorganic carbonate. Magnetic susceptibil-
ity was measured using the Bartington MS2 magnetic sus-
ceptibility logger and carbonate content was measured by 
SK-2T04 carbonate analyzer.

3.3 � EAWM simulations

We analyzed equilibrium and transient simulations com-
pleted with the Community Climate System Model, version 
3 (CCSM3). The CCSM3 consists of four component mod-
els of the ocean, sea ice, atmosphere and land that are cou-
pled without flux corrections. The transient experiment is 
the TraCE (Transient Climate Evolution) experiment of the 
last 21 ka, completed using the T31×3 resolution version 
of this model (Liu et al. 2009b; He 2011). The atmospheric 
model, Community Atmosphere Model version 3, thus 
has a resolution of ~3.75 degrees in the horizontal and 26 

vertical levels. The ocean model, an NCAR implementation 
of the Parallel Ocean Program, has 25 vertical levels, a res-
olution of 3.6 degrees for longitude, and a variable resolu-
tion for latitude that is up to ~1 degree near the equator and 
in the North Atlantic. We analyze the period from 13  ka 
to present. Over this time period, the prescribed boundary 
conditions and forcings are smooth orbitally-forced insola-
tion (Berger 1978) and atmospheric trace gas changes (Joos 
and Spahni 2008), ice sheet extent and height updated 
approximately every 500  years (Peltier 2004), coastline 
changes made periodically (He 2011) and freshwater forc-
ing (Liu et al. 2009b; He 2011), as shown in Fig.  3. The 
transient nature of this simulation enables continuous time 
series comparison to proxy records and the ability to ana-
lyze rates of change through time.

We also analyze five equilibrium “time-slice” experi-
ments to both directly test the relative influence of orbital 
forcing, ice sheets and meltwater forcing during the Early 
Holocene and to verify the main outline of Holocene 

Fig. 2   Photos of the Huang-
yanghe (a) and Huangyanghe 
(b) eolian sedimentary sections
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climate evolution using a higher-resolution version of the 
model. The equilibrium simulations were completed at the 
T42×1 resolution of CCSM3 (Otto-Bliesner et al. 2006; 
Jin et al. 2012). The horizontal resolution of the atmos-
phere model is ~2.8º, and it has 26 vertical levels. The 
horizontal resolution of the ocean and sea ice models is 
nominally 1º with significantly greater resolution (up to 
0.3 degrees) near the equator and in the North Atlantic. The 
ocean model has 40 vertical levels. Three of these simu-
lations, for Pre-Industrial (ca. 1780 A.D.), 6, and 8.5  ka 
conditions, were forced only by orbital parameters. Two 
additional experiments for 8.5 ka include the effects of the 
remnant Laurentide Ice Sheet (8.5 ka ICE) and background 
meltwater fluxes entering the North Atlantic from the Hud-
son Strait (8.5  ka MELTICE) (Clarke et al. 2004, 2009). 
Boundary conditions and forcings were prescribed accord-
ing to Table 2.

Figure  4 compares present-day winter circulation fea-
tures simulated by the CCSM3 with the ERA-Interim 
reanalysis (Dee et al. 2011). Both the present-day control 

simulation as well as the present-day period of the TraCE 
simulation capture the large-scale circulation reason-
ably well, including the lower troposphere northwesterlies 
over the study region. The placement and strength of the 
Siberian High is likewise reasonable in the model. Addi-
tional details about model performance for simulations of 
paleoclimate and Asia are available in Otto-Bliesner et al. 
(2006) and Morrill et al. (2011).

Previous studies have applied different indices to measure 
the variability of EAWM from model simulations and mete-
orological observations (Yang et al. 2002; Jhun and Lee 2004; 
Hui 2007; Li and Yang 2010), including information about 
sea level pressure, meridional and/or zonal winds in the lower 
or upper troposphere, and geopotential height in the middle 
troposphere. In this study, we calculate two circulation indi-
ces for the EAWM: the 500  hPa geopotential height in the 
location of the monsoon trough over East Asia (Z500) and 
the strength of the polar jet stream at the 300 hPa level just 
south of Japan (U300). Jhun and Lee (2004) clearly explain 
how each of these circulation features relates to the larger 

Table 1   AMS 14C ages for the Huangyanghe (a) and Huangyanghe (b) sections

Laboratory number Depth (cm) Dating materials 14C age (yr BP) Calibrated 14C age (2σ) (cal yr BP)

Huangyanghe (a)

BA121247 100 Organic matter 1,165 ± 25 1,085 (988–1,172)

BA111241 152.5 Organic matter 1,970 ± 25 1,919 (1,873–1,988)

BA121244 176 Organic matter 3,395 ± 25 3,644 (3,576–3,696)

BA101282 202.5 Pollen concentrates 5,540 ± 25 6,337 (6,291–6,398)

BA121245 226 Organic matter 7,235 ± 35 8,048 (7,975–8,160)

BA121246 250 Organic matter 8,365 ± 40 9,397 (9,289–9,477)

BA101283 275 Pollen concentrates 10,780 ± 40 12,661 (12,570–12,791)

BA121243 300 Organic matter 9,820 ± 45 11,231 (11,179–11,307)

Huangyanghe (b)

BA101276 67.5 Pollen concentrates 3,505 ± 25 3,773 (3,698–3,844)

BA121260 90 Organic matter 4,600 ± 35 5,322 (5,072–5,462)

BA121259 100 Organic matter 4,765 ± 25 5,522 (5,337–5,587)

BA111239 112.5 Organic matter 6,095 ± 30 6,963 (6,809–7,155)

BA121255 130 Organic matter 7,435 ± 35 8,263 (8,184–8,341)

BA121256 140 Organic matter 7,315 ± 30 8,109 (8,032–8,181)

BA121257 160 Organic matter 7,425 ± 30 8,260 (8,182–8,329)

BA121258 180 Organic matter 8,610 ± 30 9,552 (9,527–9,655)

BA121254 200 Organic matter 9,260 ± 35 10,443 (10,295–10,557)

BA111240 215 Organic matter 9,695 ± 40 11,144 (10,869–11,222)

BA121253 230 Organic matter 9,720 ± 35 11,176 (10,906–11,228)

BA101279 252.5 Pollen concentrates 9,785 ± 40 11,214 (11,167–11,254)

BA121252 260 Organic matter 9,875 ± 45 11,270 (11,207–11,391)

BA121248 270 Organic matter 10,310 ± 45 12,113 (11,849–12,385)

BA101280 292.5 Pollen concentrates 10,635 ± 35 12,591 (12,541–12,676)

BA121250 310 Organic matter 10,335 ± 35 12,170 (12,033–12,386)

BA121251 318 Organic matter 10,360 ± 40 12,222 (12,062–12,394)
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winter monsoon circulation. The canonical winter monsoon 
northwesterlies over northeastern Asia bring cold air from 
the polar region into East Asia, enhancing the meridional 
temperature gradient and, consequently, the core of the polar 
jet according to the thermal wind relationship. Anomalous 
cyclonic vorticity to the north of the polar jet enhances the 
monsoon trough at 500 hPa, which is associated with well-
known winter “cold surges” during strong monsoon periods. 
We calculate Z500 and U300 as the normalized difference for 
winter (December–January–February) between two adjacent 
regions: 40–50°N, 130–170°E and 40–50°N, 60–100°E for 
Z500 and 25–35°N, 120–180°E and 55–65°N, 120–180°E for 
U300. The two regions for the Z500 calculation capture the 
locations of the monsoon trough and upstream ridge, while 
the U300 regions capture areas that typically have stronger 
(polar jet core) and weaker winds during a strong EAWM. 
This normalized difference approach is common in creating 
EAWM indices (e.g., Jhun and Lee 2004).

To further understand the reasons for changes in winter 
monsoon circulation, we consider the difference between 
the Siberian High and Aleutian Low pressure centers 
(ΔSLP). This pressure difference is key because the north-
westerly monsoon winds over northeastern Asia are set up 
by the anticyclonic flow associated with the Siberian High 
and the cyclonic flow associated with the Aleutian low. 
We calculate ΔSLP as the normalized difference in winter 
(December–January–February) sea level pressure between 
35–55°N, 80–100°E and 35–55°N, 150–170°W.

4 � Results

4.1 � Chronology

Table  1 shows the bulk organic matter and pollen concen-
trates AMS 14C ages from the Huangyanghe (a) and Huang-
yanghe (b) sections and Fig.  5 indicates the relationship 
between ages and depths. There are 8 dates obtained from 
the Huangyanghe (a) section, two of which were dated by 
pollen concentrates. Seventeen dates were obtained from the 
Huangyanghe (b) section and three ages were measured by 

Fig. 3   Prescribed boundary conditions and forcings for the transient 
CCSM3 experiment (TraCE). (From top to bottom) Orbital param-
eters were set according to Berger (1978), radiative forcing from 
atmospheric greenhouse gases was from Joos and Spahni (2008), ice 
sheet area and height were set according to Peltier (2004), and melt-
water forcing was set according to Liu et al. (2009b) and He (2011)

Table 2   Boundary conditions 
and forcings for CCSM3 
equilibrium simulations

PI 6 ka 8.5 ka 8.5 kaICE 8.5 kaMELTICE

Eccentricity 0.016724 0.018682 0.019199 0.019199 0.019199

Obliquity (°) 23.45 24.10 24.22 24.22 24.22

Longitude of perihelion (°) 102.04 0.87 319.50 319.50 319.50

CO2 (ppm) 280 280 260 260 260

CH4 (ppb) 760 650 660 660 660

N2O (ppb) 270 270 260 260 260

Laurentide ice sheet None None None Peltier (2004) Peltier (2004)

St. Lawrence meltwater flux None None None None 0.05 Sverdrups
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pollen concentrates. Based on the twenty-five radiocarbon 
ages, it can be seen that the two sections were well dated 
and mostly formed during the Holocene. Compared with 
lacustrine sediments, the carbon reservoir effect is relatively 
weak in eolian sediments due to a low carbon exchange 
rate. Terrestrial pollen concentrates are ideal dating materi-
als to evaluate the carbon reservoir effect in eolian sediments 
(Zhou et al. 1997). The five pollen concentrates radiocarbon 
dates are relatively consistent with bulk organic matter ages 

in the two sections. For example, a radiocarbon age from 
pollen concentrates at 202.5 cm of the Huangyanghe (a) sec-
tion is 5,540 ± 25 14C yr BP, while two bulk organic mat-
ter ages at 176 and 226 cm are 3,395 ± 25 14C yr BP and 
7,235 ± 35 14C yr BP, respectively. Another radiocarbon age 
from pollen concentrates at 252.5  cm of the Huangyanghe 
(b) section is 9,785 ± 40 14C yr BP, which is also consist-
ent with the ages from above and below layers. Therefore, 
according to a comparison between different dating materi-
als, the chronologies of the two sections are generally reli-
able and the carbon reservoir effect is relatively slight. With 
regard to the purpose of this study, the dating error will not 
affect the long-term reconstruction of Holocene EAWM. It 
is noted that there are two ages from pollen concentrates that 
are slightly older than ages from the upper layers [275 cm, 
10,780  ±  40  14C  yr  BP at the Huangyanghe (a) section; 
292.5  cm, 10,635 ±  3514C yr BP at the Huangyanghe (b) 
section]. Pollen is small in size and light in weight, which 
is easily transported by wind. Eolian sediments, as well as 
pollen and spores, can be transported by wind from large 
areas in East and Central Asia; therefore, some old pollen 
is easily transported to the site. Bulk organic matter ages 
are less likely to be affected by the old pollen because of 
the small amount. Radiocarbon ages (14C yr BP) were cali-
brated to calendar years (Cal  yr BP) using the software of 
Calib6.11. Quantitative relationships between calibrated 
ages and depths were established according to a liner fitting 
(R2 = 0.9318) at the Huangyanghe (a) section and a quad-
ratic curve fitting (R2 = 0.9828) at the Huangyanghe (b) sec-
tion (Fig. 5).

4.2 � Grain-size, total organic carbon (TOC), magnetic 
susceptibility (MS) and carbonate content

The average median, mean and mode grain-size are 18.76, 
35.75 and 33.91 μm at the Huangyanghe (a) section and 
21.77, 38.22 and 32.33 μm at the Huangyanghe (b) sec-
tion. The overall grain-size is similar for the two sections 
(Fig. 6). Figure 7 shows the average grain-size frequency 
curves for the two sections, which are similar to each other 
and indicating that the peaks of grain-size frequency distri-
bution are at 28 μm for the Huangyanghe (a) section and 
32 μm for the Huangyanghe (b) section. The average clay, 
silt and sand contents are 15.32, 73.51 and 11.17 % at the 
Huangyanghe (a) section and 13.09, 73.59 and 13.32 % at 
the Huangyanghe (b) section (Fig. 6). Grain-size compo-
nents are also similar for them, and silt is a major com-
ponent for the two sections. Figure 6 shows variability of 
median, mean and mode grain-size, as well as clay, silt and 
sand contents from the two sections. There is an obvious 
shift in mode grain size at ~183 cm (5,088 cal yr BP) of 
the Huangyanghe (a) section, while the same condition can 
also be found at the Huangyanghe (b) section (Fig. 6). The 

Fig. 4   Comparison of winter (December–January–February) surface 
temperature (°Celsius, colored contours), sea level pressure (hPa, 
contour lines), and 850 hPa winds (m/s, vectors) for (a) ERA Interim 
Reanalysis for 1979–2012 A.D. (Dee et al. 2011), (b) CCSM3 pre-
sent-day control simulation for 1990 A.D., and (c) CCSM3 TraCE 
transient simulation for 1950–1980 A.D
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thinning trend in grain-size is clear at the Huangyanghe 
(b) section based on variability of clay contents, median 
and mode grain-size. Below ~103 cm (~6,089 cal yr BP), 
grain-size is relatively coarse at the Huangyanghe (b) sec-
tion, while the average median, mean and mode grain-
size are 23.85, 39.23 and 34.18  μm, compared with 
17.80, 39.76 and 27.50 μm for the upper part. The aver-
age clay content is increased from 12.42  % in the lower 
part to 14.53 % in the upper part. There is a thinning trend 

in grain-size from early to late Holocene for the two sec-
tions, which can be detected although affected by several 
steps and peaks. Furthermore, there is an obvious turning 
point in the middle Holocene (~6.0–~5.0 cal kyr BP). The 
depositional environment is different below or above the 
turning point, showing a change in the eolian depositional 
system.

As has been shown in Fig.  8, changing trends of proxy 
data, including total organic carbon (TOC  %), magnetic 

Fig. 5   Correlation between calibrated 14C ages and depths for the Huangyanghe (a) and Huangyanghe (b) sections. Error bars for the calibrated 
14C ages were also shown in this figure

Fig. 6   Lithology, grain-size and calibrated 14C ages for the Huang-
yanghe (a) and Huangyanghe (b) sections. Green curves are from the 
Huangyanghe (a) section while red curves are from the the Huang-

yanghe (b) section. The green dashed line indicates the obvious mode 
grain size shift at the Huangyanghe (a) section; the red one indicates 
the mode grain size shift at the Huangyanghe (b) section
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susceptibility (MS χ/10−8  m3  kg−1) and carbonate con-
tent (CC %), are relatively consistent with changes in grain-
size. The average TOC, MS and CC are 1.51 %, 86.25 and 
4.46 % for the Huangyanghe (a) section, and 1.14 %, 73.47 
and 5.87 % for the Huangyanghe (b) section. There is a clear 
increasing trend for TOC and MS of the two sections from 
early to late Holocene, while the CC indicates a decreas-
ing trend from bottom to top, but an abrupt increase of CC 
appears at the top of the Huangyanghe (a) section, which may 
be related to modern human impacts. The increasing trend 
for TOC and MS and the decreasing trend in CC correspond 
to the thinning tendency in grain-size from the early to late 
Holocene. At the Huangyanghe (a) section, the average TOC, 
MS and CC are 0.79 %, 50.91 and 4.83 % below ~183 cm 
(5,088 cal yr BP), while the upper ones are 2.05 %, 112.37 
and 4.18 %. Below ~103 cm (~6,089 cal yr BP), the average 
TOC, MS and CC are 0.69 %, 45.18 and 7.34 % at the Huang-
yanghe (b) section, which are 2.09 %, 132.23, 2.84 % for the 
upper part (Fig. 8).

4.3 � EAWM indicators

Grain-size data have been widely used to reconstruct 
eolian depositional environment, which is closely related 

to the EAWM in Northern China, and significant scientific 
achievements have been made on a long time scale (An  
et al. 1991; Xiao et al. 1995; An and Porter 1997; Lu et al. 
2004). Environmentally sensitive grain-size components, 
extracted from grain-size data, can be used to show vari-
ability of various climatic factors, such as winter monsoon 
and effective moisture (Prins et al. 2000; Sun et al. 2002; 
Xiao et al. 2005). In this study, we used the grain-size 
standard deviation model to extract environmentally sensi-
tive grain-size components from the grain-size frequency 
distribution curve (Xiao et al. 2005; Hu et al. 2012). The 
method is to calculate the standard deviation of frequency 
distribution data for all samples then determining the sen-
sitivity of every grain-size component. Standard deviation 
is a measure of central tendency (how spread out your data 
is) from the average, which is always used with the average 
and not with the mode. A large standard deviation means 
your data is very spread out, a small one means your data 
is grouped closely together. Please see a more detailed 
description in Xiao et al. (2005) and Hu et al. (2012).

Figure 7 shows curves of the grain-size standard devia-
tion model for the two sections, and there are four environ-
mentally-sensitive grain-size components for each section: 
<2, 2–20, 20–200 and >200  μm from the Huangyanghe 

Fig. 7   The average grain-size frequency distribution curves and the grain-size standard deviation curves from the Huangyanghe (a) and Huang-
yanghe (b) sections
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(a) section and <2, 2–20, 20–159 and >159 μm from the 
Huangyanghe (b) section. The extreme fine-grained or clay 
fraction (<2 μm), extracted from the two sections, has been 
widely reported in northern China. Investigations on eolian 
particle dynamics have found that the coarse particles, or 
silt fraction in aeolian sediments, are generally transported 
by surface winds and moves (Sun et al. 2002; Pye 1995). 
The fine-grained particles or clay fraction can be dispersed 
within a wide altitudinal extent and are mainly transported 
by upper level air flow; however, the upper level air flow 
is less related to the winter monsoon compared with sur-
face winds (Pye 1995; Rea et al. 1985). Therefore, the 
extreme fine-grained fraction is not usually used as a proxy 
of the EAWM (Pye 1995; Rea et al. 1985; Sun et al. 2002, 
2008). The extremely coarse components, >200  μm at 
the Huangyanghe (a) section and >159 μm at the Huang-
yanghe (b) section, are usually related to severe duststorm 
events that are not directly correlated with the EAWM (Sun 
et al. 2002, 2008). As a result, we can choose the EAWM 
indictor from 2–20 and 20–200 μm at the Huangyanghe (a) 
section and 2–20 and 20–159 μm at the Huangyanghe (b) 
section. Grain-size data from eolian sediments in northern 
China are generally composed of a coarse component and a 
finer overlapping component, which are similar to the two 
remaining components in this study (Sun et al. 2004). Stud-
ies of modern dusts and variations of the two grain-size 

components suggest that the coarse component was trans-
ported mainly by low-altitude northwesterly winds of 
the EAWM circulation (Sun et al. 2004; Weltje and Prins 
2007), while the finer part probably comes from the high-
altitude westerly air flow. Therefore, the coarser compo-
nents from the two sections, 20–200  μm at the Huang-
yanghe (a) section and 20–159 μm at the Huangyanghe (b), 
were chosen as the EAWM indicator. Figure  8 indicates 
changes of the four environmentally-sensitive grain-size 
components from the two sections.

Total organic carbon (TOC) of eolian sediments can also 
be related to the EAWM in northern China, since a strong 
winter monsoon will reduce the next year’s plant growth 
and is not conducive to preservation of organic matter (Xiao 
et al. 2002), while magnetic susceptibility (MS) has been 
used as an millennial-scale EAWM indicator (Fang et al. 
1999). Carbonate content (CC) is directly affected by car-
bonate leaching processes that may also be influenced by 
the EAWM on the long-term time scales (He et al. 2013). 
A comparison of the EAWM indicator [20–200 μm at the 
Huangyanghe (a) section and 20–159  μm at the Huang-
yanghe (b)], TOC, MS and CC from the two sections has 
been shown in Figs. 8 and 9. The EAWM indicator is nega-
tively correlated with TOC and MS, and positively corre-
lated with CC, showing that when the EAWM is strong the 
TOC and MS values are relatively low and the CC values 

Fig. 8   Total organic carbon, magnetic susceptibility, carbonate con-
tent and environmentally sensitive grain-size components extracted 
based on the standard deviation model for the Huangyanghe (a) and 

Huangyanghe (b) sections. Green curves are from the Huangyanghe 
(a) section while red curves are from the the Huangyanghe (b) section
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are relatively high, and vice versa. This is consistent with 
our understanding of these proxies (Fang et al. 1999; Xiao 
et al. 2002; He et al. 2013). During the Last Deglaciation 
and early Holocene, the EAWM is relatively strong and 
there is a turning point in the middle Holocene (~7.0–
~6.0 cal kyr BP) for the evolution of the Holocene EAWM; 
after that, the EAWM is weakened. An abrupt EAWM 
fluctuation was found between ~12.0 and ~10.5  cal kyr 
BP, which can be related to the Younger Dryas (YD) event 
showing impacts of the extreme cold event to the EAWM.

4.4 � EAWM simulations

Figure  9 shows a comparison between the reconstructed 
Holocene EAWM variability and the simulated Holocene 
EAWM indices. They indicate a consistent changing trend, 
a strong early Holocene EAWM and a generally smooth 
weakening tendency. As mentioned above, the proxies 
show a steeper trend in the mid Holocene ca. 6  ka. This 
does appear in some of the model time series from the 
TraCE experiment, most notably in the ΔSLP.

The equilibrium simulations also generally show a 
weakening pattern through the Holocene, particularly when 
comparing simulations with only orbital forcing. In fact, 
the early Holocene equilibrium simulations indicate that 
the addition of a remnant Laurentide Ice Sheet and back-
ground meltwater flux weaken the winter monsoon com-
pared to the orbital-only simulation. From this, we can 
conclude that the relatively stronger winter monsoon in the 
early Holocene compared to the late Holocene is due to 
orbital forcing.

The SLP can further explain the trends in the winter 
monsoon circulation patterns described by the Z500 and 
U300 indices (Fig. 9). Therefore, it is important to under-
stand what drives changes in the sea level pressure differ-
ence. Figure  10 shows surface temperature and sea level 
pressure anomaly maps for the different simulations. It is 
clear that for the middle and early Holocene, orbital forcing 
causes an enhanced land-sea temperature contrast in win-
ter. This enhances the sea level pressure difference between 
the Siberian High and the Aleutian Low, mostly through 
deepening the Aleutian Low. Similar increased land-sea 

Fig. 9   A comparison of the simulated Holocene EAWM indices as 
described in text: the 500 hPa geopotential height in the location of 
the monsoon trough over East Asia (Z500) and the strength of the 
polar jet stream at the 300 hPa level just south of Japan (U300); the 
simulated difference between the Siberian High and Aleutian Low 
pressure centers (ΔSLP); the EAWM indicator [the 20–200  μm 
component for the Huangyanghe (a) section and the 20–159  μm 
component for the Huangyanghe (b) section] and proxy data of total 
organic carbon, magnetic susceptibility, carbonate content for the 
Huangyanghe (a) and Huangyanghe (b) sections and previous Holo-

cene East Asian winter monsoon reconstructions including AG/CS 
(the ratio between A. granulata and C. stelligera) from Huguang Maar 
Lake (Wang et al. 2012), Ti (counts/s) from Huguang Maar Lake 
(Yancheva et al. 2007), the west–east SST gradient (oC) between the 
southwestern and southeastern SST stacks in the South China Sea 
(Huang et al. 2011). Green curves are from the Huangyanghe (a) sec-
tion while red curves are from the the Huangyanghe (b) section. All 
of the simulated data are standardized in the figure. All time series 
have been oriented such that stronger winter monsoon conditions are 
to the right
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temperature contrast is not observed due to adding the Lau-
rentide ice sheet or the background meltwater flux down 
the St. Lawrence River.

5 � Discussion

5.1 � Comparison with previous studies

In this study, we reconstructed the Holocene EAWM his-
tory on the basis of 25 AMS 14C dates, the grain-size 
standard deviation model and proxy data from two sedi-
mentary sections at the southern edge of the Gobi Desert, 
which shows a strong early Holocene EAWM and a 

declining trend since the middle Holocene (~6.0–~5.0 cal 
kyr BP). For the general changing trend, the calculated 
Holocene EAWM circulation patterns using a transient 
simulation and several equilibrium experiments agrees 
with the reconstructed winter monsoon intensity. Our new 
Holocene EAWM record has some similarities and some 
differences with previous work. For example, Wang et al. 
(2008, 2012) used high-resolution diatom assemblages 
as a proxy indicator of the EAWM from Huguang Maar 
Lake and their results showed that the EAWM shifted from 
strong to weak from the early to late Holocene (Fig.  9). 
An enhanced EAWM during the early Holocene is also 
shown by the reconstructed Holocene west–east SST gradi-
ent from the South China Sea (Huang et al. 2011) (Fig. 9). 

Fig. 10   Differences in winter (December–January–February) surface temperature (°Celsius, colored contours) and sea level pressure (hPa, con-
tour lines) between the CCSM3 equilibrium simulations. Negative contour lines are dashed
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Environmentally-sensitive grain-size data from the Central 
Yellow Sea, Eastern China also indicate that the evolution-
ary history of the EAWM broadly follows the orbitally-
derived winter insolation with a similar Holocene long-
term decreasing trend as the EASM (Hu et al. 2012). On 
the contrary, the high-resolution record of titanium concen-
tration from the Huguang Maar Lake in subtropical China 
indicates that the EAWM was strengthened from the early 
Holocene to late Holocene (Yancheva et al. 2007) (Fig. 9). 
In Central China, Yang and Ding (2008) found that the 
grain-size of many loess records shows a consistent result 
with the result from Yancheva et al. (2007). Our results of 
the Holocene EAWM are generally supported by multidis-
ciplinary data from lacustrine and marine sediments (Wang 
et al. 2008, 2012; Tian et al. 2010; Huang et al. 2011; Hu 
et al. 2012) (Fig. 9). The reliability of the MS, S-ratio and 
Ti content records from the Huguang Maar Lake as indi-
cators of the EAWM has also been questioned due to the 
provenance of the sediments (Zhou et al. 2009; Han et al. 
2010). In addition, loess records in Central China are not 
only controlled by the EAWM, but also influenced by the 
EASM that affects boundary changes of the desert and 
loess areas (Yang and Ding 2008). As a result, there can be 
some misunderstandings regarding the records that indicate 
strengthened EAWM from the early Holocene to late Holo-
cene. This study further confirms a strong early Holocene 
EAWM and a declining trend since the middle Holocene.

Furthermore, the relationship between Holocene EAWM 
and EASM is another focus of research. In the South China 
Sea, a ΔSST record shows that after ∼8.5 kyr the EAWM 
strengthened relative to the last Deglaciation, similar to the 
strengthening of the EASM, while Holocene summer and 
winter monsoon strength probably are not anti-correlated 
(Tian et al. 2010). In the Northern Qinghai–Tibetan Pla-
teau, a late Holocene record from Kusai Lake suggests 
that intensified winter and summer monsoons are well cor-
related with respective reductions and increases in solar 
irradiance (Liu et al. 2009a). In the Eastern Qinghai–Tibet 
Plateau, a peat sequence from the Hongyuan Swamp using 
the dust flux and the content of trace metallic elements 
shows different patterns of changes in the Asian winter and 
summer monsoons before and after 5.5 cal ka BP (Yu et al. 
2011). During the early Holocene, the EASM was strength-
ened by the increased low-latitude solar insolation in the 
Northern Hemisphere, which has been widely confirmed 
by paleoclimate records in the typical monsoon domain; 
and then, the intensity of EASM circulation declined in 
response to changes in insolation and a southward shift in 
the ITCZ (Fleitmann et al. 2003; Dykoski et al. 2005; Mor-
rill et al. 2006; Cai et al. 2010). Our new record shows that 
the evolution pattern of Holocene EAWM at the southern 
edge of the Gobi Desert is consistent with EASM recon-
structions from the Asian summer monsoon domain. 

However, abrupt climatic events on the centennial or 
decadal-scale may have different impacts to EAWM and 
EASM (Hu et al. 2012). Moreover, the winter and summer 
monsoon systems may have different responses on even 
longer time scales, for example glacial-interglacial cycles 
(Sun et al. 2012; Huang et al. 2011). It is important to pay 
more attention to time scales when explaining the EAWM 
records and understanding the relationship between winter 
and summer monsoon.

5.2 � Mechanisms of the Holocene EAWM evolution

Our results show that both the EASM and the EAWM dis-
play a similar long-term decreasing trend since the early 
Holocene, resulting from the orbital forcing seasonal varia-
tion of solar insolation in the Northern Hemisphere (Berger 
and Loutre 1991). A similar conclusion was reached in a 
previous study comparing equilibrium simulations for 6 
and 0  ka (Zhou and Zhao 2009). That study also identi-
fied the importance of the land-sea temperature contrast in 
affecting the ΔSLP. Our result is somewhat different from 
that of Shi et al. (2011), who concluded that the EAWM is 
driven primarily by obliquity forcing and its effects on the 
meridional temperature gradient rather than the zonal gra-
dients we identify. Part of this inconsistency could be due 
to the fact that those authors considered only the strength 
of the Siberian High, rather than the zonal ΔSLP, in 
understanding EAWM variations. Even though the ΔSLP 
appears to do a good job in explaining the Z500 and U300 
indices for the EAWM in our simulations, it is possible 
that meridional temperature differences forced by obliquity 
could make an additional contribution.

An important conclusion from our study is that other 
candidates for causing a strong EAWM during the early 
Holocene, the remnant Laurentide ice sheet and the back-
ground freshwater forcing, were not significant. Both of 
these forcings seemed like plausible causal factors based 
on previous work. It has been hypothesized, for example, 
that large Northern Hemisphere ice sheets were responsi-
ble for the strong EAWM during glacial periods (e.g., Liu 
and Ding 1993; Ding et al. 1995). Also, meltwater forcing 
during Heinrich events of the last glacial period has been 
shown to cause significant strengthening of the EAWM in 
model simulations (e.g., Sun et al. 2012). Both the Lauren-
tide ice sheet and North Atlantic meltwater forcings were 
significantly smaller during the early Holocene than they 
were during glacial times, however (only ~5 % of full gla-
cial values).

Our findings are consistent with future projections of 
EAWM from coupled climate models. Generally, models indi-
cate that the EAWM will become weaker in the future due to 
increased concentrations of atmospheric greenhouse gases 
(Hori and Ueda 2006; Jiang and Tian 2012). The weakening 
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of the winter monsoon in these models appears tied to a reduc-
tion of the ΔSLP as both the Siberian High and Aleutian Low 
weaken. One likely cause of reduced ΔSLP is greater heating 
of the land surface than the ocean surface by the greenhouse 
gas forcing (Hu et al. 2000; Jiang and Tian 2012).

6 � Conclusions

A Holocene eolian EAWM record was collected at the south-
ern edge of the Gobi Desert, while twenty-five AMS 14C ages 
and proxy data were obtained. Holocene EAWM history 
was reconstructed using environmentally-sensitive grain-size 
components, which were extracted by the grain-size standard 
deviation model and were consistent with total organic matter, 
magnetic susceptibility and carbonate content data. The results 
show a strong early Holocene EAWM and a turning point for 
the changes during the middle Holocene, after that the inten-
sity of the EAWM declines gradually. Based on output from 
transient and equilibrium simulations using the CCSM3, we 
analyzed changes in EAWM during the Holocene. The results 
indicate a gradually decreasing trend since the early Holocene, 
which agrees with our reconstructed Holocene EAWM inten-
sity. The model results also show a broad agreement with other 
lacustrine and marine EAWM records in Eastern and Southern 
China. The transient model simulated significantly decreased 
EAWM at the mid-to-late Holocene in East Asia compared 
to the early Holocene. Orbital forcing, which increased the 
land–ocean temperature and sea level pressure contrast, can 
explain this trend. Other forcings, including the remnant Lau-
rentide ice sheet and meltwater forcing in the North Atlantic, 
were too small to explain the strong EAWM during the early 
Holocene. This study generally confirms that the relationship 
between winter and summer monsoon is different on various 
time scales, and supports the proposed mechanisms for future 
winter monsoon changes in East Asia.
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