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Abstract

The variability of the East Asian monsoon (EAM) during the Holocene exhibits significant regional response, and its evo-
lution needs further discussion. Awell-dated, high-resolution sea-surface temperature record based on long-chain unsaturated
alkenones, grain-size data, and clay mineral assemblages from the South Yellow Sea sediment is presented to investigate the
sedimentary provenance and reconstruct the EAM over the past 9.5 ka. The results show that the sediments are most likely
supplied by the Huanghe. The evolution of the East Asian summer monsoon (EASM) can be divided into three periods:
strong and relatively stable conditions during 9.5–7.0 ka, weakened conditions during 7.0–1.5 ka, and strengthened condi-
tions during 1.5–0 ka. The East Asian winter monsoon (EAWM) has experienced five periods: weakened conditions during
9.5–6.7 ka, weak and relatively stable conditions during 6.7–5.6 ka, strong and relatively stable conditions during 5.6–2.6 ka,
strengthened conditions during 2.6–1.5 ka, and weak and stable conditions during 1.5–0 ka. Moreover, in-phase correlation
was found between the EAWM and EASM at the orbital time scale in response to orbital-driven solar insolation, but out-of-
phase correlation at a centennial time scale is predominantly associated with solar activity.
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INTRODUCTION

The East Asian monsoon (EAM), comprising the East Asian
summer monsoon (EASM) and East Asian winter monsoon
(EAWM), is an important component of the Earth’s climate
system and has a significant influence on the socioeconomic
and cultural development of East Asia. Its evolution has been
widely studied via the analysis of the response of cave stalag-
mites (Wang et al., 2005, 2008; Hu et al., 2008; Cai et al.,
2010), loess–paleosol profiles (Sun et al., 2003, 2010;
Kang et al., 2018), lacustrine sediments (Yancheva et al.,

2007; An et al., 2012; Chen et al., 2015), and marine sedi-
ments (Xiao et al., 2006; Liu et al., 2009; Huang et al.,
2011; Sagawa et al., 2014; Hao et al., 2017) to global climate
changes. The study of the evolution of the EAM during the
Holocene has been improved with the acquisition of high-
resolution sedimentary records in recent years. However, pre-
vious studies have found that the evolution of the EAM has
significant regional response characteristics.
A pollen record in Gonghai Lake revealed that the EASM

gradually strengthened during the early-middle Holocene
and weakened during the late Holocene (Chen et al., 2015).
Records from lake deposits in Qinghai Lake and stalagmites
in Dongge Cave manifest a weakening of the EASM during
the Holocene (Wang et al., 2005; An et al., 2012). Similarly,
the EAWM also shows an asynchronous evolutionary trend.
A weakening trend of the EAWM during the Holocene is
recorded in the South China Sea (Hu et al., 2012; Huang
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et al., 2011; Steinke et al., 2011), while an enhanced trend is
recorded in the East Asian marginal sea (Zheng et al., 2014;
Hao et al., 2017). The nonuniformity of the monsoon variation
may be attributed to the different responses of sedimentary
environments to monsoonal change and/or the sensitivity of
various monsoon proxies. Therefore, more evidence is needed
for the study of the EAM’s evolution during the Holocene. It is
generally considered that the development of the EAM is
caused by the temperature gradient between the Eurasian con-
tinent and the Indo-Pacific Ocean (Wang et al., 2005, 2012; Hu
et al., 2012; Sagawa et al., 2014;Wen et al., 2016; Huang et al.,
2019). In recent decades, other forcing factors, such as the El
Nino–Southern Oscillation (ENSO), the Intertropical Conver-
gence Zone (ITCZ), and North Atlantic forcing related to the
Atlantic Meridional Overturning Circulation (AMOC), have
been proposed to drive the EAM’s evolution (Bond et al.,
2001; Yancheva et al., 2007; Hoffman and Jeremy, 2012;
Shi et al., 2012; Zheng et al., 2014; Böhm et al., 2015; Zhao
et al., 2019). The study of high-resolution regional climate evo-
lution provides evidence for understanding global climate
change during the Holocene.
The South Yellow Sea (SYS) is a semiclosed epicontinental

sea located north of the East China Sea, with an average water
depth of ∼44m at present. Its sedimentary environment is
strongly influenced by the EAM system. The central muddy
area is the main sediment “sink” and has aweak hydrodynamic
environment (Liu et al., 2004; Li et al., 2014a; Zhou et al.,
2015). Relatively minor changes in climate are likely to be
archived in the sedimentary record in this sensitive region.
Therefore, the SYS has been regarded as an ideal location
for studying the evolution of the EAM, and several studies
have targeted the reconstruction of the EAWM (Hu et al.,
2012; Hao et al., 2017). Coarse sensitive fractions of muddy
sediments recorded that the EAWM experienced strong (7.2–
4.2 ka), moderate (4.2–1.8 ka), and weakened (1.8–0 ka) peri-
ods during the Holocene, and the intensified events correlate
well with the North Atlantic ice-rafted debris (IRD) events
(Hu et al., 2012). Hao et al. (2017) constructed century-scale
variation in the EAWM for the past 6.3 ka using the high-
frequency variability in lignin records and proposed that
North Atlantic climate forcing has a significant effect on
EAWM variability at centennial time scales. In contrast, the
delivery of lignin in the SYS is mainly influenced by the Yel-
low Sea Warm Current (YSWC), which is not only driven by
the EAWM winds but also greatly affected by the Kuroshio
Current (Hao et al., 2017). Moreover, grain-size characteristics
in sediments from somemuddy areas can be influenced by riv-
erine runoff and storms as well as coastal currents (Tu et al.,
2017; Tian et al., 2019). Thus, how the SYS responds to the
EAWM variations and whether the sedimentary strata in the
SYS record the changes in the EASM requires further study
using high-resolution continuous sedimentary records.
In our study, we focused on high-resolution (∼10 yr spacing

on average) sediment records from the western central muddy
area of the SYS to elucidate the evolution of the EAM during
the Holocene. Clay mineral assemblages were used to deter-
mine the sediment provenance in the western SYS. The C37

long-chain alkenone thermometer (U K ′
37) and grain sizes,

which have been widely used in marine sediment research
(Xiao et al., 2006; Li et al., 2009; Hu et al., 2012; Tao et al.,
2012; Yi et al., 2012; Zhou et al., 2012; Sagawa et al., 2014;
Ruan et al., 2015; Nan et al., 2017), were used to construct
the processes of environmental evolution in the SYS. The evo-
lution of the EAM during the Holocene was reconstructed in
this study, and the phase relationship and dynamic mechanism
of the EAWMand EASM at different time scales are discussed
via comparison with different regional climate records.

REGIONAL SETTINGS

The Yellow Sea, located between mainland China and
the Korean Peninsula, covers an area of ∼38 × 104 km2

(He, 2006). Its hydrology manifests in clear seasonal varia-
tions, with the appearance of warm and saline tongue struc-
tures in winter and a cold-water mass that occupies the
central Yellow Sea below the thermocline in summer (Lee
et al., 2016; Tak et al., 2016). The Yellow Sea is divided
into two parts: the North Yellow Sea (NYS) and the SYS,
with the Shandong Peninsula separating the two. Two general
circulation patterns in the SYS are reported: a counterclock-
wise gyre in the western part and a clockwise gyre in the east-
ern part (Tak et al., 2016). The former consists of a northward
inflow of the YSWC and a southward inflow of the Yellow
Sea Coastal Current (YSCC), and the latter consists of the
YSWC and a southward inflow of the Korea Coastal Current
(KCC; Fig. 1). The YSCC and KCC are typical wind-induced
currents that flow southward throughout the year. The inten-
sity of the YSWC gradually weakens from the seafloor to the
sea surface (Tak et al., 2016). Two warm current branches
were found in the north and northwest based on the statistical
results of sea-surface temperature (SST) in the Yellow Sea
(Zhao et al., 2011). Moreover, the YSWC originates from a
tongue-shaped, high-salinity body of warmwater that extends
from the southwestern Cheju Island to the Yellow Sea
(Fig. 1), and its formation depends on the Kuroshio Current
and monsoon, with contributions of two-thirds and one-third,
respectively (Song, et al., 2009; Xu et al., 2009a).

The leading factor controlling sediment resuspension,
transport, and deposition by the tidal current in the Yellow
Sea was previously determined using a model combined
with in situ observations (Dong et al., 1989; Lee and Chu,
2001). A weak tidal current in the central SYS corresponds
to a muddy deposition, while a strong tidal current is respon-
sible for sand deposition (Yang et al., 2003; Li et al., 2014a;
Zhou et al., 2015). The Huanghe and Yangtze River are con-
sidered the two major sediment sources for the Yellow Sea
due to their high suspended sediment loads, which are
∼9.8 × 108 (Datong station; Ye, 2019) and ∼3.7 × 108 tons
(Tongguan station; Ye, 2019), respectively. Simulation
results revealed that most of the sediment in the muddy area
of the central SYS originates from the Old Huanghe delta
and the Yangtze River, while modern Huanghe sediment pro-
vides the smallest contribution (Bian et al., 2013; Lu et al.,
2019). Although the sediment transport process on the
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continental shelf is characterized by a “store in summer, trans-
port in winter” pattern (Qiao et al., 2017), some sedimenta-
tion based on events such as floods and typhoons also plays
a pivotal role in muddy areas with low sedimentation rates
(Tu et al., 2017; Tian et al., 2019). Normally, the influence
of the coastal current of the Yellow Sea transports the sus-
pended sediments along the northern coast of Jiangsu Prov-
ince to the southwest in winter, mixes them with Yangtze
River sediments carried by diluted water, and then brings
them into the central SYS, blocked by the YSWC in the
southern SYS (Bian et al., 2013; Gao et al., 2016).

MATERIALS AND METHODS

Core YS01 (35°30′N, 122°30′E, 30.09 m in length, 58.5 m
water depth), with an average sedimentation rate of ∼0.113
cm/yr, was retrieved from the western central muddy area
of the SYS in 2006 by R/V K407. The recovery rate of the
sediment was 95% on average. The core was split, photo-
graphed, described, and sampled in the laboratory to obtain
its sedimentological parameters in order to characterize the
sedimentary environment.

14C accelerator mass spectrometry dating for core
YS01

Large foraminiferal shells were difficult to find in the sedi-
ment; most shells found were those from the larvae of benthic

foraminifera. Fourteen sample ages were obtained via 14C
accelerator mass spectrometry dating of the shells of mixed
benthic foraminifera; the analyses were tested four times in
the Woods Hole Oceanographic Institution, Woods Hole,
MA, USA, and the Beta Analytic Company, Miami, FL,
USA. All ages were recalibrated. The sediment near the bot-
tom bed was disturbed during drilling, resulting in the loss of
samples at the top of the borehole core. The depth–age model
for the core was established based on corrected calendar years
using Calib Rev v. 7.0.4 software, the marine calibration
curve Marine13, and a reservoir correction of approximately
−139 ± 59 yr for the SYS (Southon et al., 2002; Fig. 2,
Table 1). All ages in this paper are reported as calibrated cal-
endar 14C ages before AD 1950.

Grain-size analysis

A total of 1081 grain-size samples were spaced at 1 cm,
with a mean time resolution of ∼9 yr. Particle-size analysis
was conducted at the Lab of Qingdao Marine Geology
Institute, China Geological Survey, Qingdao, China,
using a Malvern Mastersizer 2000 laser particle-size ana-
lyzer. The detrital fraction of the sediment was isolated
from the bulk sediment after removing the organic matter
and carbonates using 5 ml of 30% hydrogen peroxide
and 5 ml of 10% hydrochloric acid, respectively. All sam-
ples were then soaked with neutral distilled water and
washed three times in a centrifuge. The treated samples

Figure 1. Maps of the study area in the western North Pacific and regional surface current system. (a) The locations of the Yellow Sea, East
China Sea, and South China Sea; the sphere of influence of the Asian monsoon; and the mean location of the westerly jet stream. The red box
represents the area shown in b. (b) The ocean circulation of the region (modified from Nan et al., 2017). The red lines indicate the warm current
systems and the blue lines indicate the cold coastal currents. Shaded areas represent the muddy areas, namely: 1, the Shandong mud wedge; 2,
the central muddy deposit of the SYS; and 3, the southwest muddy deposit of Jeju Island. BS, Bohai Sea; NYS, North Yellow Sea; SYS, South
Yellow Sea; ECS, East China Sea; SCS, South China Sea; KCC, Korean Coastal Current; YSCC, Yellow Sea Costal Current; YSWC, Yellow
Sea Warm Current; TC, Tsushima Current; SPCC, Shandong Peninsula Coastal Current; CDW, Changjiang Diluted Water; KC, Kuroshio
Current; TWC, Taiwan Warm Current; SEC, Shelf Edge Current. Orange crosses show the locations of the climate proxy records in the mon-
soon region. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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were dispersed in an ultrasonicator for 50 s. A particle-size
analyzer was used for grain-size analysis with a measure-
ment range of 0.02–2000 μm, a size resolution of 0.01
Φ, and an error of less than 3%.

U K ′
37–based temperature

A total of 526 samples were extracted from 2-cm-thick
slices taken from the core and measured at the Marine
Organic Geochemistry Laboratory, Ocean University of
China, Qingdao, China. The U K ′

37 index was converted
given the relative abundance of the diunsaturated
(C37:2), triunsaturated (C37:3), and tetraunsaturated
(C37:4) methyl ketones of carbon 37 and calculated
based on the equation U K ′

37 = (C37:2 − C37:4)/(C37:2 +
C37:3 + C37:4). The C37:4 alkenone is rarely detected
in low- to midlatitude marine sediments and only
becomes abundant when the temperature is very low
(<4°C). The U K ′

37 index can therefore usually be simplified
to the following expression: U K ′

37 = C37:2/(C37:2 +
C37:3). The extracts were hydrolyzed in KOH-MeOH sol-
ution, and then separated with silica gel cartridges. After
derivatization by nitrogen, the O-Bis(trimethylsilyl)tri-
fluoroacetamide and alkenones within the alcohol sub-
fraction were analyzed by gas chromatography.
Biomarker identification and structure verification were
performed using thermo gas chromatography/mass spec-
trometry. Quantification of the biomarkers was carried

out on an Agilent 6890N gas chromatographer using an
HP-1 column (50 m) and with H2 as the carrier gas at
1.2 ml/min. The formula SST = U K ′

37 × 0.033 + 0.044
(Müller et al., 1998) was used to convert U K ′

37 into SST
at an analytical resolution of 0.3°C.

Clay mineral analyses

Samples used for clay mineral analyses were taken at ∼6 cm
intervals; 146 samples were obtained and analyzed in total.
The <2 μm fractions of each sample were separated by the
Stoke’s settling velocity principle and concentrated by centri-
fuging after the carbonate and organic matter were removed
using 30% H2O2 and 10% HCl, respectively. Clay minerals
were measured with standard X-ray diffraction on a D8
ADVANCE diffractometer at Qingdao Institute of Bioenergy
and Bioprocess Technology, Chinese Academy of Sciences,
Qingdao, China. The semiquantitative estimation of clay min-
eral abundances was based on theweighted peak areas of smec-
tite (17 Å), illite (10 Å), and kaolinite/chlorite (7 Å) of the
glycolated curve (Esquevin, 1969) using MDI Jade v. 6.5 soft-
ware. Relative proportions of kaolinite and chlorite were deter-
mined based on the ratio from the 3.57/3.54 Å peak areas. The
chemical index of illitewas assessed bymeasuring the intensity
ratio of the 5 Å and 10 Å illite peaks. An illite chemistry index
below 0.5 represents Fe-Mg–rich illite characterized by physi-
cal erosion, whereas an index above 0.5 is found inAl-rich illite
formed by strong hydrolysis (Esquevin, 1969).

Figure 2. Sedimentary characteristics of borehole core YS01. (a) Lithologic log for 0–11 m in depth. Ages were obtained by AMS 14C dating.
SC, silty clay; CSi, clayey silt; S-Si-C, sand–silt–clay; S, sand. (b) Sedimentation rate (m/ka, blue line). (c) Age–depth model (red line). (d)
Content of sand fractions (%). (e) Content of silt fractions (%). (f) Content of clay fractions (%). (g) Mean grain size (μm). h) Sorting. (i) Size–
frequency plots and cumulative probability plots for sediments at 1.0 m, 3.0 m, 7.0 m, and 10.0 m. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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RESULTS

Core lithology and chronology of core YS01

Sedimentary succession can be divided into four depositional
units based on the lithology and sedimentary structure of the
core, including two shallow-marine facies and two continen-
tal facies (Wang et al., 2019). The analyses presented in this
paper mainly focus on the 0–10.8 m interval in order to reveal
the response of sedimentary records in the SYS to climate
change during the Holocene (Fig. 2). Water content is rela-
tively high in sediments and can reach up to 59.6%.
For convenience, we used the core to describe the context.

This unit is characterized by gray or taupe clayey silt with hor-
izontal bedding, and organic matter spots and shell fragments
are scattered throughout. Thin shelly layers, organic matter
strips, and silty clay layers are common. The chronostrati-
graphic framework of the core was reconstructed based on
AMS 14C measurements (Jia et al., 2019; Fig. 2c; Table 1).
The dating points were conducted at 0.9 m intervals on aver-
age and yielded a basal age of ∼9.5 ka. The average resolu-
tion of the record is about 10 yr owing to the 1 cm

sampling intervals. The result of AMS 14C dating suggests
that the strata did not reverse during this period, which further
suggests a stable sedimentary environment in the study area.
Based on the 14 measured 14C ages, sediment accumulation
rates between the dated horizons range from 0.3 to 4.1 m/
ka. The average sedimentation rate of the core is 1.13 m/ka.
A high sedimentation rate was identified at 3.2–4.2 m and
6.9–7.8 m (Fig. 2b).

Grain size

The sediments have little grain-size variation in this unit,
ranging from 3.7 to 7.6 μm (Wang et al., 2019; Fig. 2g).
Clay and silt contents range from 29.1% to 50.3% and
49.7% to 69.5%, respectively. Anticorrelations exist between
clay and silt, which have a mean content of 38.0% and 61.7%,
respectively. The content of sand is low, with an average of
0.3%; only a few layers exceed 1%. The result for sediment
grain-size parameters shows that sediment sorting is closely
related to grain size and that good sorting corresponds to a
fine grain size (Fig. 2g and h).

Table 1. AMS radiocarbon dating results.

Sample no.a
Sample depth

(cm)
Materials

(benthic foraminifera)
Weight
(mg)

Measured
radiocarbon age

(yr BP)
δ13C (per

mil)
Calendar age
(cal yr BP)

beta-436552 b2 0.0–2.0 Buccella. frigida (Cushman), Astrononion.
tasmanensis (Carter)

7.3 640 ± 30 0.5 243 ± 36

103917a2 20.0–26.0 Ammonia. ketienziensis (Ishizaki),
Protelphidium. tuberculatum (d’Orbigny)

6.1 1210 ± 25 −0.63 701 ± 29

103918a2 120.0–126.0 Astrononion. tasmanensis (Carter),
Ammonia. ketienziensis (Ishizaki)

8.2 2090 ± 25 −0.38 1604 ± 27

103919a2 217.0–223.0 Ammonia. ketienziensis (Ishizaki),
Astrononion. tasmanensis (Carter)

10.1 2710 ± 25 −0.34 2342 ± 26

103920a2 317.0–323.0 Ammonia. ketienziensis (Ishizaki),
Astrononion. tasmanensis (Carter)

8.8 3010 ± 35 −0.65 2735 ± 31

71081a1 413.5–417.5 Protelphidium. tuberculatum (d’Orbigny),
Astrononion. tasmanensis (Carter)

6.0 3230 ± 30 −0.92 2970 ± 28

71082 a1 515.5–520.5 Protelphidium. tuberculatum (d’Orbigny),
Astrononion. tasmanensis (Carter)

6.2 3740 ± 45 −1.24 3602 ± 34

Beta-334426b1 598.7–602.7 Astrononion. tasmanensis (Carter),
Ammonia. ketienziensis (Ishizaki)

11.0 4300 ± 30 −4.00 4355 ± 36

71083a1 691.3–695.3 Ammonia. ketienziensis (Ishizaki), Ammonia.
pauciloculata (Phleger et Parker)

7.8 4950 ± 35 −1.31 5236 ± 27

71084a1 778.0–782.0 Bulimina. marginata (d’Orbigny), Ammonia.
pauciloculata (Phleger et Parker)

5.1 5180 ± 45 −1.09 5503 ± 30

Beta-334425
b1

852.0–856.0 Bulimina. subula, Ammonia. ketienziensis
(Ishizaki)

7.8 5530 ± 30 −2.40 5859 ± 36

71085a1 876.1–880.1 Bulimina subula, Bulimina. marginata
(d’Orbigny)

6.4 6190 ± 35 −1.29 6572 ± 25

71086a1 978.8–982.8 Ammonia. ketienziensis (Ishizaki), Bulimina
subula.

7.9 6800 ± 55 −1.17 7277 ± 30

71087a1 1130.7–1134.7 Ammonia. beccarii (Linne) vars.,
Protelphidium. tuberculatum (d’Orbigny)

28.2 9820 ± 40 −1.88 10,672 ± 22

aa1, a2: the first and second dating, Woods Hole Oceanographic Institution, Woods Hole, MA, USA; b1, b2: the third and fourth dating, Beta Analytic
Radiocarbon Dating Laboratory, Miami, FL, USA.
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The division of the core into three stages is supported by
vertical changes in grain size. Sediments were characterized
by coarse grain size (average sand component: 0.6%) and
high frequency variation at the 6.3–10.8 m interval, with an
average mean grain size of 5.9 μm. Mean grain size began
to decrease and sorting gradually became better in the follow-
ing interval of 1.4–6.3 m. The average content of sand and silt
decreased by 0.5% and 4.5%, respectively. The last interval
(0–1.4 m) is characterized by a coarsening of sediment
grain size and poor sorting, and the components near the
median grain size account for a large proportion of the sedi-
ment (Fig. 2g and h). The grain-size distribution of the terrig-
enous fraction in the core exhibits a single, normally
distributed population with a peak at 3–7 μm. Cumulative
probability plots show that more than 90% of the fractions
in the sediments were transported in suspension (Fig. 2i).
The grain size versus standard deviationmethodwas used to

distinguish the different controlling factors of the sedimentary
processes (Yi et al., 2012; Hu et al., 2012; Zhou et al., 2012;
Zheng et al., 2014) and to further reconstruct current evolution
and/or climate change in geologic history. Standard deviations
were calculated for each of the 26 grain-size classes identified
by the particle-size analyzer. Two peaks with larger standard
deviations than the adjacent grain-size classes (4.3 and
21.4 μm) were observed, which represent the most sensitive
fractions in response to changes in the sedimentary environ-
ment and are interpreted to represent environmentally sensitive
size classes (Supplementary Fig. S1). The first sensitive size

class (2.8–6.6 μm, fine fraction) ranged from 22.9% to
50.5%, with a mean value of 31.7%, and the second (15.6–
37.2 μm, coarse fraction) varied between 0.02% and 21.5%,
with a mean value of 11.8%. Figure 3 shows that the contents
of the coarse and fine fractions exhibit apparent fluctuations
and almost opposite trends along the core. The proportional
contribution of these sensitive fractions shows a three-stage
evolution, and the boundary is consistent with the grain-size
division (Fig. 3a). The coarse fraction exhibited stable (9.5–
7.1 ka), decreasing (7.1–1.6 ka), and increasing (1.6 ka to
the present) trends over the past 9.5 ka (Fig. 3b). In contrast,
the fine fraction demonstrated the opposite variation tendency
(Fig. 3d). We calculated the mean grain-size range of the two
components (Fig. 3c and e), in which themean grain size of the
fine fraction ranged from 4.3 to 4.6 μm and that of the coarse
fraction ranged from 17.0 to 23.2 μm. The comparison
between the mean grain size of the fine fraction samples and
that of the coarse fraction shows that the mean grain size of
sediment core YS01 was caused by the coarse fraction
(Fig. 3a, c, and e), suggesting that fine fraction variation was
passively caused by coarse fraction. Therefore, we considered
that the coarse fraction was the environmentally sensitive
grain-size fraction in core YS01.

SST

The calibrated SST of core YS01 is shown in Fig. 3f and
ranges from 12.5°C to 17.5°C with a mean value of 15.1°C

Figure 3. (color online) Variations in the environmental proxies recorded in core YS01. (a) Mz (μm) mean grain size, which indicates the
concentration trend of grain-size distribution. (b, d) Sensitive fractions (%). (c, e) Mean grain size for sensitive fraction (μm). (f)
U K ′

37-based sea-surface temperatures (SSTs) calibrated with the equation described in Müller et al. (1998).
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throughout the past 9.5 ka (Jia et al., 2019). The SST recorded
in the SYS during the Holocene exhibited a distinct drop and
rise at 5.6 and 2.6 ka, with temperatures of 2.9°C to 3.5°C,
respectively. Based on the characteristics of SST distribution,
the sedimentary environment of the SYS during the Holocene
revealed by the core can be divided into five intervals, with
boundaries at 7.0, 5.6, 2.6, and 1.2 ka (Fig. 3f). These are
the warming, warm and stable, cold and stable, cooling,
and warm and stable periods from the early Holocene to the
present. The SST of the SYS fluctuated frequently during
the Holocene and did not moderate until 2.6 ka. Interestingly,
the sediments of the core regularly recorded several cooling
events, including the periods of 8.8–8.5, 8.3–7.9, 7.6–7.3,
7.1–6.7, 6.4–6.1, 5.6–5.2, 5.1–4.8, 4.3–4.0, 3.4–3.1, 2.9–
2.6, and 1.6–1.2 ka (Fig. 3f). The largest cooling amplitude
was up to ∼4.5°C at approximately 6.9 ka.

Clay minerals

The relative abundances of four minerals—smectite, illite,
chlorite, and kaolinite—were plotted together with the illite
chemistry index for the core (Fig. 4). The assemblages are
mainly composed of illite (55.0%–66.5%, average 61.9%),
followed by chlorite (10.1%–17.4%, average14.2%), kaolin-
ite (6.8%–13.7%, average 9.7%), and smectite (10.2%–

21.0%, average14.2%). The illite chemical index varies
between 0.36 and 0.62, with an average of 0.5. In general,
the down-core variations of clay minerals in core YS01 dis-
play a two-step mode divided by 6.7 m (5.0 ka). Smectite
and illite have an inverse trend, with low smectite and high
illite at 6.7–1.2 m and high smectite and low illite at 10.8–

6.7 m. Chlorite shows a trend similar to illite, whereas kaolin-
ite shows no obvious trend (Fig. 4).

DISCUSSION

Potential sources of clay mineral

Previous studies have suggested that the detrital sediments in
the SYS are mainly derived from the Huanghe, Yangtze
River, and surrounding small rivers in Korea (Yang and
Youn, 2007). The clay minerals in the sediments of surround-
ing rivers have been well studied (Table 2). Huanghe sedi-
ments show relatively high smectite content (>10%), while
Yangtze River sediments contain relatively more illite plus
chlorite content (Yang et al., 2003; Xu et al., 2009b; Choi
et al., 2010; Cho et al., 2015; Lu et al., 2015; Zhang et al.,
2019a) and less smectite (<10%) compared with Huanghe
sediments. More chlorite (>20%) and less kaolinite content
(<5%) in Yalujiang sediments (Li et al., 2014b) and more
kaolinite (15%) and less smectite (<5%) content are found
in Korean rivers sediments (Yang et al., 2003; Cho et al.,
2015). Due to the high smectite content in the Huanghe sed-
iments in comparison with other possible sources, the smec-
tite/illite ratio can be used to distinguish the Huanghe source
(Li et al., 2014b). In addition, chlorite is usually produced by
metamorphic rocks in high latitudes through physical weath-
ering, while kaolinite is formed in warm-humid environments
and is the product of chemical weathering. Therefore, the kao-
linite/chlorite ratio can be used to reflect the variation in cli-
mate and identify the source area (Li et al., 2014b).
Furthermore, the clay minerals in the mud deposits off the

Figure 4. (color online) Downcore variation of clay mineral assemblages (a–d), illite chemistry index (e), and illite/chlorite ratio (f).
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southern Shandong Peninsula and modern Yangtze River
delta during the Holocene have similar compositions to the
modern Huanghe and Yangtze River fluvial sediments,
respectively (Liu et al., 2007; Wang and Yang, 2013). This
means that no significant changes have taken place in the

clay mineral compositions of the Huanghe and Yangtze
River sediments during the Holocene.

A ternary diagram of smectite-(kaolinite+chlorite)-illite
and a discrimination plot of smectite/illite versus kaolinite/
chlorite ratios were produced to discern the provenance of

Table 2. Comparison of clay mineral assemblage between core YS01 and potential provenances.

Sample locations Smectite (%) Illite (%) Kaolinite (%) Chlorite (%) References

YS01 14.2 61.9 9.6 14.2 This study
14.0 65.0 9.0 12.0 Milliman et al. (1985)
12.0 62.0 10.0 16.0 Yang et al. (2003)
21.0 56.0 10.0 13.0 Xu et al. (2009b)
12.0 56.3 9.3 22.4 Choi et al. (2010)
26.0 56.0 8.0 11.0 Lu et al. (2015)

33.0 49.0 8.0 9.0
Huanghe 22.0 59.0 9.0 10.0

29.0 54.0 8.0 9.0
26.0 55.0 7.0 11.0 Zhang et al. (2019a)
23.0 58.0 9.0 10.0
31.0 52.0 7.0 9.0
34.0 50.0 7.0 9.0
14.0 66.0 9.0 11.0 Lu et al. (2015)
20.5 63.7 7.7 8.3 Cho et al. (2015)
6.6 70.8 9.4 13.2 Fan et al. (2001)
6.0 66.0 16.0 12.0 Yang et al. (2003)

Yangtze River 5.0 67.0 9.0 19.0 Xu et al. (2009b)
3.9 61.7 9.8 24.5 Choi et al. (2010)
7.0 71.0 7.0 15.0 Lu et al. (2015)
3.2 61.0 16.3 19.6 Cho et al. (2015)

North Korean River 0.1 64.0 18.0 18.0 Park and Khim (1992)
4.0 60.0 19.0 17.0 Yang et al. (2003)
1.8 59.5 17.8 21.5 Cho et al. (2015)

South Korean River 4.0 70.0 12.0 14.0 Li et al. (2014b)

Lingtai loess 25.0 61.0 6.0 8.0 Zhang et al. (2019a)

Yalujiang 11.0 65.0 3.0 21.0 Li et al. (2014b)

Figure 5. (color online) Ternary diagram (a) and discrimination plot (b) showing the variation in clay mineral assemblages of core YS01 from
the South Yellow Sea. The clay mineral data of the potential sources are also plotted for comparison.
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clay minerals of core YS01 (Fig. 5). These plots show that
most of the core sediments are scattered on the Huanghe
source, indicating that they may have predominantly origi-
nated from the Huanghe during the Holocene (Fig. 5). The
influence of Yangtze River and Korean rivers sediments is
limited. Based on the studies of clay minerals in these sedi-
ments by Fan et al. (2001), the illite/smectite ratio in the
core sediments ranges from 2.7 to 6.4, which further supports
these results. The sediments derived from Korean rivers were
mostly deposited along the Korean Peninsula, and the sedi-
ments that reached the core can be ignored due to the low sus-
pended material from these rivers (Yang et al., 2003).
Therefore, the decrease of the smectite/illite ratio at 5.0 ka
can be attributed to the mixing of sediments from the Yangtze
River, which further reveals that the YSWC intruded into the
study area during this period. Previous studies have also sug-
gested that the inflow of the YSWC started at 6.4–4.3 ka
(Kong et al., 2006; Xiang et al., 2008; Li et al., 2009).

Paleoclimatic interpretations of the proxies: grain
size and SST

Grain-size fractions sensitive to the sedimentary
environment

Sensitive fraction is one of the proxies that can record changes
in the sedimentary environment directly and has been widely
used for the reconstruction of paleoenvironmental evolution
(Xiao et al., 2006; Zheng et al., 2014; Kang et al., 2018;
Zhou et al., 2019). Coarse fractions in the muddy sediments
of the eastern China Sea have generally been considered to
be related to the enhancement of the coastal current and are
considered to reflect winter monsoon intensity (Xiao et al.,
2006; Hu et al., 2012). However, coarse fractions are also
affected by summer monsoon precipitation and typhoons
related to river runoff and the in situ resuspension of sedi-
ments, respectively (Yang and Chen, 2007; Yi et al., 2012;
Zhou et al., 2012; Tian et al., 2019; Zhou et al., 2019). In
general, the geologic implications of the coarse fraction of
sediment in the muddy area need to be analyzed based on
the characteristics of the study area itself.
The provenance result mentioned in the previous section

shows that the sediments in core YS01 were derived from
the Huanghe during the Holocene. Frequency distribution
curves exhibit unimodal distribution characteristics and the
content of each component in the sediment shows no signifi-
cant changes (Fig. 2d, e, and f), indicating a stable hydrody-
namic environment. Furthermore, high water content with
almost nonexistent fine sand and very low coarse silt content
indicate that sedimentary deposits occur in marine environ-
ments with weak hydrodynamics (Zhou et al., 2015). It is
well known that strong wave action induced by winter gales
causes the resuspension of coastal sediments, and these sed-
iments can be transported to the central SYS through the
coastal currents with greater transport distances in winter
(Bian et al., 2013; Gao et al., 2016). The grain-size analysis
shows that fine fractions account for a large proportion of

the sediment (Fig. 3d) and are closely related to the coastal
current driven by the winter monsoon. However, considering
the small contribution of this fraction to the change of sedi-
ment grain size (Fig. 3e), we considered that the coastal cur-
rent is not the main factor controlling the change of sediment
grain size in the study area. The coarse fractions with poor
sorting may represent event deposition.
A strong typhoon in summer is the most likely factor caus-

ing the change of the sedimentary dynamic environment in
the study area. Sediment records show that the grain size of
the resuspended sediment affected by typhoons is coarser
than that of normal sediments (Tian et al., 2019; Zhou
et al., 2019). Observation data of suspension in the SYS
show that the suspension concentration near the seabed fol-
lowing typhoon transit in summer is much higher than in win-
ter (Gao et al., 2016). Thus, the influence of a typhoon on the
sedimentary process is very important. The storm wave
reaches and disturbs the local sediment and the resuspended
coarse sediments, with poor sorting redeposition in situ.
The distribution characteristics of grain-size parameters also
show that sediment sorting becomes poor with an increase
in the coarse fraction (Figs. 2 and 3). According to our statis-
tics of typhoons in the past 70 yr, approximately two summer
typhoons occur in the SYS every year on average. Therefore,
typhoons can be regarded as the main factor affecting coarse
fraction in the muddy area of the SYS. The content and mean
grain size of coarse fractions reflect the frequency and inten-
sity of the typhoon, respectively. Generally, a typhoon will
occur during the prevailing summer monsoon period, and its
intensity increases during relatively warm periods (Bender
et al., 2010; Knutson et al., 2015; Zhou et al., 2019). Therefore,
the coarse fraction in the study area can be used to reflect the
intensity of the storm, and the EASM can then be reconstructed.

SST

SST in summer and winter changes from 22.8°C to 26.6°C
and from 6.2°C to 9.0°C, respectively; annual mean SST var-
ies from 15.2°C to 17.2°C (Supplementary Fig. S2). The SST
reconstructed by the core, ranging from 12.5°C to 17.5°C, is
close to the annual mean SST. A positive correlation between
surface sediment U K ′

37 values and mean annual SSTs in the
Yellow Sea has also been found (Tao et al., 2012; Ruan
et al., 2015; Jia et al., 2019); therefore, we interpreted
U K ′

37-derived SST as annual mean SST in the study site. We
compared seasonal and annual SSTs, and the result shows
that annual SST has the same change trend as winter SST
(Supplementary Fig. S2). Moreover, the SST variation char-
acteristics of the eastern China Sea simulated by Zhang et al.
(2019b) show that the spatial distribution characteristics of
annual mean SST depend on the variation of winter SST.
Thus, the variations of SST reconstructed in this study can
reflect SST changes in winter. The YSWC, as the only exter-
nal heat source in the eastern China Sea, contributes to the
variation in heat content in the SYS. The heat transported
by the YSWC in winter is five times smaller than that of
the net surface heat loss integrated over the Yellow Sea
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(Wei et al., 2013). The winter SST is inversely and weakly
correlated with the EAWM indices and short-wave radiation,
respectively (Supplementary Fig. S3), indicating that the
EAWM—rather than short-wave radiation—controls SST in
the Yellow Sea. Therefore, the SST can be used to reconstruct
the evolution of the EAWM. For the paleoclimate records that
lack instrumental data, we assume that the mechanism of SST
variation is also applicable.

Inference of the EAM intensity over the last ∼9.5 ka

In-phase variations in EAWM and EASM intensity on
orbital time scale

Variation in the intensity of the EASM and EAWM in the
SYS during the Holocene were reconstructed based on the
sedimentary records revealed by core YS01. The EASM

can be divided into three periods: strong and relatively stable
during 9.5–7.0 ka, weakened during 7.0–1.5 ka, and
enhanced during 1.5–0 ka (Fig. 3c). Variations in coarser
fractions in core YS01 present a gradual decrease from 25%
to 9%, indicating that the EASM had a weakening trend
over the past 9.5 ka. This weakening trend on the orbital
time scale is also well documented by δ18O values from sta-
lagmites (Wang et al., 2005; Fig. 6d) and pollen from lake
sediments (Shen et al., 2005; Chen et al., 2015). On the
other hand, the SSTs record a distinct drop at 5.6 ka with a
range of 2.9°C, which represents the sudden strengthening
of the EAWM. Similarly, two distinct rising processes are
found at 2.6 ka (3.5°C) and 1.2 ka (2.0°C), suggesting a
rapid weakening of the EAWM. In general, SST records
exhibit a linear rising trend overall (Fig. 7g), indicating a
weakening of the EAWM on the orbital time scale. It also
indicates that the EAWM can be divided into five periods at

Figure 6. (color online) East Asian summer monsoon (EASM) variations on the orbital time scale during the Holocene. (a) Summer insolation
at 35°N, W/m2(Laskar et al., 2004). (b) EASM wind index in TRACE21 (Wen et al., 2016); JJA, the simulated meridional wind speed in
June-July-August. (c) Variations in the content of the coarser grain-size component (this study). (d) δ18O variability in stalagmites from
the Dongge Cave (China; Wang et al., 2005). (e) Summer monsoon index derived from Qinghai Lake (An et al., 2012); SMI, Summer mon-
soon index. (f) Bulk Ti content from Cariaco basin sediments from Ocean Drilling Project (ODP) Site 1002 (Haug et al., 2001), which rep-
resents the Intertropical Convergence Zone (ITCZ) shift.
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the millennial time scale: weakened conditions during 9.5–
6.7 ka, weak and relatively stable conditions during 6.7–5.6
ka, strong and relatively stable conditions during 5.6–2.6
ka, enhanced conditions during 2.6–1.5 ka, and weak and sta-
ble conditions from 1.5 ka to the present (Fig. 3f). Winter
monsoon proxy records, based on sedimentary records such
as grain size obtained from Chinese loess and marine sedi-
ments (Stevens et al., 2007; Hu et al., 2012), temperature in
the western Pacific (Steinke et al., 2010, 2011; Huang et al.,

2011), and dust flux in the eastern Tibetan Plateau (Yu
et al., 2011) revealed the same linear weakening characteris-
tics of the winter monsoon on an orbital time scale during the
Holocene. Consequently, the results in this study reveal
in-phase changes between summer and winter monsoons in
the SYS on orbital time scales (Figs. 6 and 7).
The near linear trend of the EAWM and EASM may be

related to the seasonal insolation triggered by orbital elements
at orbital time scales during the Holocene (Figs. 6 and 7).

Figure 7. (color online) East Asian winter monsoon (EAWM) variations on the orbital time scale during the Holocene. (a) Winter insolation at
35°N and 65°N,W/m2(Laskar et al., 2004). (b) Lake Qinghai westerlies climate index (WI; flux of >25 μm fraction; An et al., 2012). (c) Gauss-
ian smoothed (200 yr) GISP2 potassium (K+; ppb) ion proxy for the Siberian High (Mayewski et al., 2004). (d) EAWM wind index in
TRACE21 (Wen et al., 2016); DJF, December-January-February. (e) The δ18O record from core SK-2 in the western North Pacific (Sagawa
et al., 2014). (f) Sea-surface temperature (SST) gradient between the surface and thermocline waters in the South China Sea, core MD05-2904
(Steinke et al., 2011), and the west–east SST gradient between the southwestern and southeastern SST stacks (Huang et al., 2011). (g)
U K ′

37 -reconstructed SST in core YS01 (this study).

106 L. Wang et al.

https://doi.org/10.1017/qua.2020.62 Published online by Cambridge University Press

https://doi.org/10.1017/qua.2020.62


Wen et al. (2016) conducted a long-term transient simulation
of climate evolution forced by orbital forcing individually,
and a positive correlation between the EAWM and the
EASM at orbital time scales was found (Figs. 6b and 7d).
Enhanced (decreased) winter (summer) solar insolation in
the Northern Hemisphere corresponds to weakening winter
(summer) monsoons. As shown in Figure 7c, there is a
decreasing trend in the K+ derived from core GISP2 (Mayew-
ski et al., 2004), which indicates a weakening of the Siberian
High during the Holocene (Lorenz et al., 2006). The intensity
of westerlies during the Holocene did not show a linear trend
similar to the EAWM variations (Fig. 7b), indicating that the
meridional temperature gradient in the Northern Hemisphere
is relatively stable on orbital time scales (An et al., 2012). The
AMOC developed steadily during the Holocene (McManus
et al., 2004); therefore, the North Atlantic cold signal has
no significant effect on the winter monsoon at this time
scale. The increase in the winter insolation leads to winter
warming in eastern Siberia (Lorenz et al., 2006), which sup-
presses the development of the Siberian High (Sagawa et al.,
2014). The decrease in the thermal difference from land to sea
caused by the weakening of the Siberian High is the most
likely factor causing the weakening of the EAWM. On the
other hand, decreased solar insolation in the Northern Hemi-
sphere in summer leads to a decrease in the thermal difference
from sea to land, which directly results in the weakening of
the summer monsoon (Dykoski et al., 2005; Shen et al.,
2005; Wang et al., 2005; An et al., 2012; Chen et al., 2015;
Wen et al., 2016). Meanwhile, the ITCZ migrates southward
with decreasing monsoon precipitation (Fig. 6f; Haug et al.,
2001; Poore et al., 2004), which is another response of the
internal atmospheric circulation of the Earth to the weakening
of summer insolation.
In general, it is understood that the EASM and EAWM are

positively correlated over orbital time scales in the SYS during
the Holocene. Moreover, considering that the EAM originates
from the thermal difference between land and sea (Hu et al.,
2012), the seasonal variation of solar insolation is the first-order
control factor. The orbital-driven solar insolation is the funda-
mental reason for the weakening of the EAWM and EASM
on orbital time scales. This is different from the previous under-
standing that an inverse phase change of the EAWMandEASM
is driven by the variation in summer solar insolation intensity at
high latitudes in the Northern Hemisphere. In fact, they are con-
trolled by relatively independent systems and show in-phase
changes on the orbital scale during the Holocene.

Out-of-phase variations in EAWM and EASM on
centennial time scale

The sediment record shows centennial-scale variability
superimposed on the long-term trend during the Holocene
(Fig. 3b and f). Previous studies have proposed that the rela-
tionship between winter and summer monsoons in East Asia
was spatially and temporally variable on a centennial time
scale (Wang et al., 2012; Kang et al., 2018). To reveal the

evolution of the monsoon on centennial/multicentennial
time scales in the SYS, the original paleoclimate data had
to be smoothed and detrended. The 1000 and 200 yr moving
averages were applied to the coarse fraction and SST to obtain
millennial- and centennial-scale monsoon changes. This
method has been widely used in paleoclimate research
(Sagawa et al., 2014; Hao et al., 2017; Kang et al., 2018).
The same method was applied to other climate indicators col-
lected, such as the westerlies index (WI), the Siberian High
(SH), and the total solar irradiance (TSI), among others. To
find centennial-scale variability, low-frequency millennial-
scale variability must be removed by subtracting the
1000 yr moving average. Anomalies in the centennial-scale
variability are standardized using the standard deviation, fol-
lowing Sagawa et al. (2014).

The winter monsoon revealed in the SYS is consistent with
that reconstructed using SST during the winter season in the
western North Pacific and is within the dating error (Sagawa
et al., 2014; Fig. 8d and e). Similarly, variability in the coarse
fraction in the study area and the δ18O records of stalagmites
in Dongge Cave show a good correlation on centennial time
scales (Wang et al., 2005; Fig. 8g and h). These characteris-
tics further explain the reliability of the reconstruction of the
EAM evolution in this study. An inverse relationship between
the summer and winter monsoons on centennial scales was
found (Fig. 8e and g), which is similar to the periods during
the Younger Dryas, Heinrich, and ∼8.2 ka cooling event. To
investigate the factors that drive the EAM changes on centen-
nial time scales, the detrended global paleoclimatic indicators
(e.g., the TSI, North Atlantic IRD, SH, WI, and ITCZ) and
the EAM reconstructed in this study were selected for spectral
analysis. The results show that all indicators show a signifi-
cant ∼700-yr-cycle period, and the confidence level of this
period is more than 99% (Fig. 9), indicating an inherent con-
nection between these indicators on the centennial time scale.

High-frequency solar activity, as external forcing, signifi-
cantly influences Earth’s climate system (Bond et al., 2001;
Fleitmann et al., 2003; Dykoski et al., 2005; Huang et al.,
2011, 2019; Sagawa et al., 2014). As shown in Figure 8d–
h, low TSI (weak solar activity) reconstructed from 10Be in
ice cores (Steinhilber et al., 2009) shows good agreement
with the weak EASM record and the strong EAWM revealed
in this study. Solar perturbation is independent of Earth’s
orbital motion, and its variability superimposes on long-term
changes in insolation, which also has an impact on the climate
system (Xiao et al., 2006; Sagawa et al., 2014). Weakened
solar activity reduces the amount of solar radiation and
leads to a strong winter monsoon and a weak summer mon-
soon. Figure 8 shows that the EAM reconstructed from the
SYS is mostly related to solar activity, indicating that the var-
iation in solar activity could be the crucial factor affecting the
EAM at centennial time scales. Mayewski et al. (2004) col-
lected ∼50 globally distributed paleoclimate records and pro-
posed that the rapid climate changes during the Holocene
were mostly forced by solar activity.

To further investigate the relationship between the EAM
and solar activity, wavelet power spectrum analysis was
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Figure 8. (color online) Centennial time scale variations in paleoclimatic indicators. (a) The westerlies index (WI; flux of >25 μm fraction)
record (An et al., 2012). (b) The standardized record of GISP2 potassium (K+; ppb) ions, which can be used to reconstruct the Siberian
High (SH; Mayewski et al., 2004). (c) The standardized record of drift ice for MC52-VM29-191 during the Holocene (Bond et al., 2001);
HSG, Hematite-stained grains. (d) The standardized SK-2 δ18O record (Sagawa et al., 2014). (e) The standardized record of U K ′

37- reconstructed
sea-surface temperature (SST) in the YS01 core (this study). (f) The standardized record of the total solar irradiance (TSI; Steinhilber et al.,
2009). (g) The standardized YS01 coarser grain-size component content (this study). (h) The standardized Dongge Cave δ18O record (Wang
et al., 2005). (i) The standardized record bulk Ti content from the Cariaco basin sediments from ODP Site 1002 (Haug et al., 2001), which
represents the shift of the Intertropical Convergence Zone (ITCZ). ( j) The frequency of El Niño per 100 yr (Conroy et al., 2008). Identical
treatment of standardization, which includes the calculation of the 200 yr running mean anomaly from the 1000 yr running mean and its stand-
ardization using the standard deviation, is applied to the SST in the YS01 core, coarse-component content in the core, frequency of El Nino–
Southern Oscillation (ENSO)/100 yr, flux of >25 μm fraction in sediment derived from Lake Qinghai, drift ice for the MC52-VM29-191 core,
GISP2 potassium (K+; ppb) ions, bulk Ti content from the Cariaco basin sediments, and coarse component content in the core. Gray bars
indicate significant cold periods in the YS01 record. EAWM, East Asian winter monsoon.
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performed for the SST record, the coarse fraction from the
core, and the TSI record (Supplementary Fig. S4). TheMorlet
wavelet was chosen for the continuous wavelet transform in
this study. The TSI power spectrum shows significant cyclic-
ity of ∼210 (de Vries cycle), 700, 490, and 350 yr cycles
(Supplementary Fig. S4a). The power spectrum of SST
shows a cyclicity of 700, 540–450, 330, and 250 yr with a
95% confidence level (Supplementary Fig. S4b), and the
grain-size analysis shows 540, 454, 380–340, and 200 yr
cycles (Supplementary Fig. S4c). The spectra of TSI and
SST share almost common cyclicities, and these cyclicities
exhibit strong power during the Holocene.
Considering the interoperability of the global climate sys-

tem on the centennial time scale, the EAM is bound to be con-
trolled by additional factors. We compared the IRD recorded
in the North Atlantic, the westerlies recorded from Qinghai
Lake on the northern Tibetan Plateau (An et al., 2012), the
GISP2 K+ (ppb) ion proxy for the SH (Mayewski et al.,
2004), and the bulk Ti content from the Cariaco basin for
the ITCZ migration with the EAM records of this study and
found that they are correlated within the dating error
(Fig. 8). Previous studies have proposed that the evolution
of the EAM is closely related to North Atlantic forcing
through the westerlies (Huang et al., 2011; Sun et al., 2011;
Hao et al., 2017; Jia et al., 2019), which can contribute to
the out-of-phase behavior between the EAWM and the
EASM. The formation of North Atlantic DeepWater is inhib-
ited by meltwater input, which weakens or even shuts down

the AMOC (Dykoski et al., 2005; Wen et al., 2016). This
results in heat retention in low latitudes (Wu et al., 2008;
Böhm et al., 2015) and large-scale cooling in the North Atlan-
tic (Thomas et al., 2007). In addition, the meridional temper-
ature gradient increases in the Northern Hemisphere (Böhm
et al., 2015), leading to the enhancement of westerlies. The
influence of this process on the climate of East Asia manifests
as the increase in the winter monsoon and the decrease in the
summer monsoon (Sun et al., 2011; Yang et al., 2019). Long-
term transient simulations of climate evolution forced by
North Atlantic meltwater also show that the EAWM and
EASM are inversely correlated during the period of Heinrich
1, the Younger Dryas, and the ∼8.2 ka cooling event (Wen
et al., 2016). A series of climate shifts (IRD events) driven
by solar output were discovered in the North Atlantic during
the Holocene (Bond et al., 2001). An et al. (2012) proposed
that the westerlies was linked to northern high-latitude cli-
mate and it also show periodic change during the Holocene
(Fig. 8a). In addition, the westerlies are considered as the
link between the North Atlantic and the EAM system. How-
ever, current evidence can only show that North Atlantic forc-
ing has an effect on the EAM system and that it mostly
manifests in an extreme cooling period related to the weaken-
ing of the AMOC (Sun et al., 2011). More evidence is needed
regarding its impact on EAM periodic evolution during the
Holocene at centennial time scales. Due to a lack of evidence
for the regular changes in the AMOC and/or meltwater inputs
throughout the entire Holocene, North Atlantic forcing

Figure 9. Spectral analysis results for paleoclimatic indicators. (a) Total solar irradiance (TSI; Steinhilber et al., 2009). (b) Ice-rafted debris
(IRD; Bond et al., 2001). (c) Siberian High (SH; Mayewski et al., 2004). (d) Westerlies index (WI; flux of >25 μm fraction) record (An et al.,
2012). (e) Sea-surface temperature (SST) in YS01 core (this study). (f) Sensitive coarse fraction (this study). (g) Bulk Ti content from the
Cariaco basin sediments from ODP Site 1002 (Haug et al., 2001). (h) The Dongge Cave δ18O record (Wang et al., 2005). All data were inter-
polated at 10 yr intervals and analyzed using Redfit v. 3.8 software. The red and blue lines indicate the 99% and 95% confidence levels, respec-
tively. ITCZ, Intertropical Convergence Zone. (For interpretation of the references to color in this figure legend, the reader is referred to theweb
version of this article.)
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probably cannot be regarded as the decisive factor driving
EAM evolution in the Holocene.
Precipitation is generally used to indicate EASM variation

(Wang et al., 2005). Its intensity is closely related to the
migration of the annual mean position of the ITCZ (Yancheva
et al., 2007), which is associated with solar activity (Poore
et al., 2004) and ocean thermohaline circulation (Broccoli
et al., 2006). The relatively good correlation between the
migration of the ITCZ and the TSI changes on the centennial
time scale (Fig. 8h and i) reveals that the location change of
the ITCZ was probably controlled by solar activity during
the Holocene. EASM intensity revealed by the grain-size
spectrum is similar to the significant periods of the TSI
record, but solar activity weakens and the summer monsoon
does not respond well in some periods (Fig. 8f and h), such
as at 7.3 and 4.9 ka, indicating that the variation of EASM
strength on centennial time scales during the Holocene was
regulated by other factors in addition to solar activity. That
the EASM is not driven simply by changing solar insolation
has also been revealed by speleothem isotope records (Wang
et al., 2005). The most significant summer monsoon weaken-
ing event occurred at 8.4–8.1 ka (Fig. 6g–i). It is considered
the response of the SYS to the ∼8.2 ka cooling event, is char-
acterized by a cold and/or dry climate (Bond et al., 2001;
Hoffman and Jeremy, 2012), and resulted from the meltwater
outflow from the Laurentide ice margin lake to Hudson Bay
(Carlson et al., 2008; Wanner et al., 2011; Hoffman and
Jeremy, 2012). Eventually, it caused the Northern Hemi-
sphere to cool and the ITCZ to migrate southward (Poore
et al., 2004) and a weakening of the EASM (Broccoli et al.,
2006; Yu et al., 2009).
In recent years, it has been proposed that the EAM is driven

by the ENSO (Jia et al., 2015; Park et al., 2016; Li et al., 2017;
Huang et al., 2019; Zhao et al., 2019). However, the fre-
quency of the ENSO per 100 yr during the Holocene has
only increased since the late Holocene (Conroy et al.,
2008). Its weak correlation with the EAM also suggests that
ENSO activity is not the decisive factor for the periodic
change of the EAM during the Holocene (Fig. 8j). In general,
internal forcing is not the decisive factor controlling the peri-
odic changes of the EAM on the centennial time scale, even
though the ENSO, ITCZ, and North Atlantic forcing all con-
tribute to EAM evolution. Therefore, the ∼700 yr periodic
evolution of the EAM reconstructed in the SYS is mainly
controlled by solar activity.

CONCLUSIONS

A high-resolution core (YS01) retrieved from the central
muddy area in the SYSwas analyzed for grain size, UK ′

37-based
-based SST, and clay mineral assemblages to investigate the
source of clay minerals and reconstruct the evolution of the
EAM for the past 9500 years. The clay mineral assemblages
for the core mainly consist of illite (61.9%), followed by chlo-
rite (14.2%), smectite (average 14.2%), and kaolinite (aver-
age 9.7%). In addition, the illite/smectite ratio in core
sediments ranges from 2.7 to 6.4, indicating a Huanghe

source in the study area. The coarse fraction and SST were
used to reconstruct the evolution of the EASM and the
EAWM, respectively. The EASM is manifested in the follow-
ing three variations: strong and relatively stable during 9.5–
7.0 ka, weakened during 7.0–1.5 ka, and strengthened during
1.5–0 ka. Similarly, the EAWM can be divided into five
stages: weakened during 9.5–6.7 ka, weak and relatively sta-
ble during 6.7–5.6 ka, strong and relatively stable during 5.6–
2.6 ka, strengthened during 2.6–1.5 ka, and weak and stable
from 1.5 ka to the present. We also found that the EASM and
EAWM are correlated at the orbital time scale in response to
orbital-driven solar insolation forcing, but anticorrelated at
centennial time scales in terms of solar activity.
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