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ABSTRACT: Although tropical cyclones play a critical role in global climate changes, their long-term
variations in the past are not well documented. In this article, a sediment core from the South Yellow
Sea was studied in order to reveal the influence of tropical cyclones on depositional processes. Integrat-
ing the results of radiocarbon dating and sediment grain-size analysis, we show that the studied se-
quence was deposited during the Holocene and the sedimentary dynamics were stable and at a relative-
ly low level, with a median grain-size range of 5.3—8.7 pm. It is found that coarse particles were likely
transported by highly dynamic depositional events. Based on the findings, a record of paleo-tropical cy-
clones was derived for the Early Holocene, and several intervals with a reduced influence of tropical cy-
clones were identified. In addition, it reveals a good agreement between the grain-size results and the
changes in solar activity, monsoonal intensity, and the El Nifio-Southern Oscillation. Overall, it can be
concluded that the influence of tropical cyclones on the sedimentary evolution of the muddy zone of the
South Yellow Sea was substantial during the Early Holocene on centennial timescales, and that solar
maxima may control the intensity of tropical cyclones via strengthening the walker circulation over the
tropical Pacific.

KEY WORDS: the Yellow Sea, Early Holocene, tropical cyclone, sedimentary process, sediment, grain

size, solar activity.

0 INTRODUCTION

Several areas of muddy sediments have developed on the
continental shelves of the East China Sea (i.e., the Bohai Sea
and the Yellow Sea) during the Holocene (Bian et al., 2013);
these muddy zones have high accumulation rates and are domi-
nantly influenced by the Yellow and Yangtze rivers (Fig. 1).
Their sediments are critical for understanding the processes by

*Corresponding authors: bangqihu@gmail.com;
yiliang@tongji.edu.cn

© China University of Geosciences (Wuhan) and Springer-Verlag

GmbH Germany, Part of Springer Nature 2022

Manuscript received June 18, 2020.
Manuscript accepted January 21, 2021.

which detrital materials are transported from land to the conti-
nental shelves (e.g., Qiao et al., 2017; Gao et al., 2016), and for
this reason, they have attracted considerable research attention.
Over the past decades, many studies have attempted to link sed-
imentary processes in these muddy zones to past changes in re-
gional sea level, the Asian monsoon, the development of del-
tas, and oceanic currents (e.g., Zhang et al., 2019; Peng et al.,
2018; Yang and Liu, 2007; Liu et al., 2004). For instance, by
integrating shallow seismic profiling and sedimentary cores,
Liu et al. (2013) proposed a close relationship between the del-
taic evolution of the Yellow River and sedimentation in the
South Yellow Sea. Zhou et al. (2014) reported that the relation-
ship between sedimentary magnetic susceptibility and grain
size in the South Yellow Sea can be used to identify the poten-
tial contributions of various sediment sources. Hu et al. (2012)
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Figure 1. Typhoon tracks in the western Pacific during 1961-1997 (Ying et al., 2014) and locations of cores YSC-10 (this study), ECS-DZ1 (Chen and Li, 2018),
YDZ-3 (Yietal., 2016), Lz908 (Li et al., 2014), and B60 (Lyu et al., 2020). The solid arrows denote warm currents (YSWC, Yellow Sea warm current; KC, Ku-
roshio current), and the dashed arrows indicate coastal cold waters (YSCC, Yellow Sea coastal cold water). The white shaded area represents the zone of Holocene

muddy sediments in the South Yellow Sea (Yang and Liu, 2007). The base map data were obtained from http://www.ngdc.noaa.gov/mgg/global/global.html.

found that the intervals of an intensified Asian winter monsoon
identified in three sediment cores from the South Yellow Sea
could be correlated to a weaken Asian summer monsoon and
suggested that this was due to solar activity. He et al. (2014) re-
constructed sea surface temperature (SST) variations in the cen-
ter of the South Yellow Sea and proposed that a decreasing
trend of SST could be linked to a weakening monsoon during
the last few centuries. These findings highlight the importance
of high- and mid-latitude climatic variations on sedimentary
processes on the Yellow Sea.

The influence of tropical cyclones (TCs) on the sediments
of these muddy zones has been relatively less explored in the
previous studies (e.g., Milliman et al., 2007). The western Pacif-
ic is the most dynamical region on Earth in terms of TCs (Fig.
1), accounting for about one third of global TC generation
(Henderson-Sellers et al., 1998). TCs can strengthen weather-
ing processes and sediment fluxes (Goldsmith et al., 2008), and
induce sediment erosion, transport, and re-settlement on sea
floors (Yao et al., 2021; Allison et al., 2005), thereby playing an
important role in global climate changes (Emanuel, 2005; Web-
ster et al., 2005). In the context of global warming, TCs are be-
coming significantly more intense according to modern obser-
vations and numerical modeling (Pausata and Camargo, 2019;
Zhou X et al., 2019; Tu et al., 2009; Wada and Usui, 2007); how-
ever, several researchers have argued that no significant correla-
tion exists between SST and TC intensity (Chan and Liu, 2004).
Due to short-term observations, geological archives can provide
critical insights into TCs and enable the testing of various hy-
potheses of the relationship between TC activity and global cli-
mate changes (e.g., Shan et al., 2019; Tian et al., 2019; Zhang et
al., 2018; Huang et al., 2015; Wang L C et al., 2014; Woodruff et
al., 2009). For instance, McCloskey and Liu (2013, 2012) re-
ported two cases of Holocene paleo-hurricane activity by study-
ing the sedimentary characteristics in coastal areas of Central
America, and found that hurricane behaviors varied across the

basin. For the Late Holocene, Chen et al. (2019, 2012) recon-
structed changes in paleo-typhoons which were closely correlat-
ed to El Nifio-Southern Oscillation (ENSO) activity. Zhou L et
al. (2019, 2017) validated the potential of coastal lagoon depos-
its for reconstructing paleo-typhoon events during the Middle
to Late Holocene, and reported that both ENSO and Western
Pacific Warm Pool have modulated paleo-typhoon changes.

However, most previous studies have focused on the Late
Holocene and there are few studies of the more distant past (e.g.,
Huang et al., 2015); this hinders our understanding of how tropi-
cal climate conditions, such as TC activity, were influenced by
mid-latitude environmental processes in the past. Therefore, in
the present study, we attempt to reconstruct paleo-TC variability
in the Early Holocene using grain-size analysis of a sediment
core from the South Yellow Sea (Fig. 1), with the aim of detect-
ing its potential linkage with various key climatic processes.

1 MATERIALS AND METHODS
1.1 Sediment Core YSC-10

The studied sediment core, YSC-10 (122°25'E, 35°58'N),
was collected from the South Yellow Sea (Fig. 1). The sedi-
ments in the area are transported mainly by the Yellow River in
winter, under the influence of the Yellow Sea warm current
(YSWC) and Yellow Sea cold current (YSCC) (Liu et al., 2013;
Shen et al., 1993); the YSWC is one of the major branches of
the Kuroshio current (KC). In addition, suspended sediments
from the Yangtze River may be carried back into the South Yel-
low Sea (Sun et al., 2000), driven by the YSWC and the south-
east summer monsoon (Zou et al., 2001; Tang et al., 2000).

Core YSC-10 was obtained in 2015 by the Qingdao Insti-
tute of Marine Geology, using a gravity driller with a diameter
of 130 mm. The water depth in the area is 56.8 m, and the length
of the core is 454 cm. The core sediments are highly homoge-
nous, grayish and blue-gray, consisting of clay and silty parti-
cles; there are only minor lithological changes with depth. For
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Figure 2. Grain-size distributions, chronology, grain-size parameters, and VPCA results for core YSC-10. (a) Grain-size frequency distributions; (b) percentag-

es of clay (<4 um), silt (4—63 um), and sand (>63 pm); (c) AMS "“C dating results with 1o uncertainties; (d) age model with 95% confidence intervals plotted

as light blue shading; (e)—(h) parameter changes in sediment grain size of core YSC-10. M. Median size; Mz. mean size; Sd. standard deviation; F1. the leading

component (39.47%; Fig. 3b).

grain-size analysis, the core was sampled in the laboratory at 5
and 2 cm intervals for the depths of 0-150 and 150-454 cm, re-
spectively.

1.2 Laboratory Analyses

Seven samples of mixed planktonic foraminifera from
core YSC-10 were extracted for radiocarbon dating (Fig. 2).
The radiocarbon measurements were conducted by Beta Analyt-
ic Inc. USA using accelerator mass spectrometry (AMS). To re-
move the effects and the influence of stable carbon isotope (Re-
imer et al., 2016), the AMS "C dates were calibrated using Cal-
ib7.1 (Stuiver et al., 2019), with an additional regional reservoir
correction (AR =-138 = 68 yr) (Liu et al., 2016; Ye et al., 1989).

A total of 178 grain size samples were measured for pa-
leoenvironmental study. The grain size samples were pretreat-
ed with 10-20 mL of 30% H,0O, to remove organic matter,
washed with 10% HCI to remove carbonates, rinsed with deion-
ized water, and then placed in an ultrasonic bath for several
minutes to facilitate dispersion. The grain size spectra of the re-
maining terrigenous material were measured using a Malvern
Mastersizer 2000 laser-particle size analyzer at the School of
Geographic and Oceanographic Sciences, Nanjing University,
China. A total of 100 grain size ranging of 0.3—600 um were
exported for further analysis.

Sediment grain-size analysis is a power tool in paleoenvi-
ronmental studies (e.g., Manoj et al., 2020; Liang et al., 2017,
Zhang et al., 2017). For analyses of sedimentary dynamics,
two parameters were selected: the C value, which is one per-
centile of grain size distribution and indicates the most hydro-

dynamic sedimentary component; and the M value, which is
the median diameter and reflects the mean hydrodynamic ener-
gy. The C-M diagram can provide valuable insights into sedi-
ment transport and hydrodynamic intensity (Passega, 1964,
1957). In order to identify the factors associated with sedimenta-
ry grain-size changes and to extract potential paleoenvironmen-
tal signals, we analyzed the grain-size spectra using a varimax-
rotated, principal component analysis (VPCA), which can parti-
tion various sediment inputs or dynamics components (e.g., Yi
et al., 2016). We also used core Lz908 from the Bohai Sea (Li
et al., 2014), core YDZ-3 from the modern delta of the Yellow
River (Yi et al., 2016), and core ECS-DZ1 from the East China
Sea (Chen et al., 2020), as references to cross-check the results
from core YSC-10.

2 RESULTS AND DISCUSSION
2.1 Age Model

Reference to Table 1 shows that most of AMS “C dates in-
crease with depth (Fig. 2c), suggesting that the sedimentary
processes were relatively stable during the interval of sediment
accumulation. The topmost age (2 021 cal yr BP) at 5 cm depth
is consistent with previous reports (Mei et al., 2016; Wang F F
et al., 2014), which documented substantial hiatuses along the
margins of the muddy zone in the South Yellow Sea. Although
the basal date (8 207 + 84 cal yr BP) is slightly younger than
the preceding date (8 290 + 76 cal yr BP), there is an overall
good consistency between date and depth (» = 0.97, p < 0.01)
for core YSC-10, which demonstrates the reliability of the geo-
chronology obtained by linear interpolating between the radio-
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Table 1 Radiocarbon dating on the materials from core YSC-10
Sample ID Lab No. Depth (cm) Dating Conventional age Calibrated age 95% confidence inter-
materials + error (yr BP) + error (cal yr BP) val (cal yr BP)
YSC10-5 444549 5 2250+ 30 2021+95 1 841-2 246
YSC10-75 444550 75 4200+ 30 4477+ 106 424441713
YSC10-145 444551 145 Mixed 4680 +30 5106+ 116 4 879-5 290
YSC10-215 444552 215 planktonic 5890 + 30 6448 + 90 6 289-6 621
YSC10-285 444553 285 foraminifera 6490 + 30 7152+ 90 69587307
YSC10-385 444554 385 7 690 + 40 8290+ 76 8 134-8 439
YSC10-435 444555 435 7 600 + 30 8207 + 84 8027-8 352

Table2 One-way ANOVA results for grain-size parameters of core YSC-10

Variance Sum of Mean  Fvalue Sig.
squares square level

Between groups 335 335 83.0 <0.01
M Within groups 71.0 0.4

Total 104.5

Between groups 2.0 2.0 69.4  <0.01
Mz Within groups 5.1 0.03

Total 7.1

Between groups 0.3 0.3 12.6 <0.01
Sd Within groups 3.7 0.02

Total 4.0

Between groups 130 281 130 281 13.5 <0.01
C Within groups 1701 308 9 666

Total 1831589

Between groups 27.5 27.5 15.1 <0.01
>125 um  Within groups 319.9 1.8

Total 347.5

Between groups 479 47.9 65.4 <0.01
F1 Within groups 129.1 0.7

Total 177.0

Between groups 9.0 9.0 9.4 <0.01
F3 Within groups 168.0 1.0

Total 177.0

carbon dates (Fig. 2d). The resulting sediment accumulation
rates are close to regional estimates (Zhang et al., 2019), indi-
cating that the basal age of core YSC-10 is ~9 000 cal yr BP
(Liu et al., 2020).

2.2 Sediment Grain Size Changes

The mean sediment grain size (Mz) for the entire core is
7.3 £0.2 @ (Fig. 2). This value indicates the occurrence of low-
energy sedimentary processes during the Holocene, and in ad-
dition the low standard deviation confirms that in terms of
grain size the sediments are relatively homogenous. However,
most of the grain-size parameters, such as the contents of clay
(<4 pm), silt (4—63 pm), and sand (>63 um), show a pro-
nounced shift at the depth of ~250 cm (Fig. 2). Specifically, in
the upper part of the core (Unit 1), the Mz, median size (M val-
ue), and standard deviation (Sd) are 7.4 = 0.1 @, 6.0 £ 0.3 um,
and 1.5 + 0.1 ©, respectively, with a sandy content of 1.3% +
1.1%; and in the lower part of the core (Unit 2), the correspond-

ing values are 7.1 £ 0.2 @, 7.0 + 0.7 um, and 1.6 = 0.2 O, re-
spectively, and the sandy content is 3.0% + 2.5%. To confirm
that there is a statistically significant difference between the
two units, we conduct one-way analysis of variance (ANOVA)
for several grain-size parameters. As shown in Table 2, all of
the differences between the two units are statistically signifi-
cant (p < 0.01), inferring that the boundary between the two
units represents a significant change in sedimentary processes.

A multi-mode grain-size distribution pattern is evident in
the data from core YSC-10, which was also observed in other
cores from the continental shelves of the East China Sea, but
with different modal values (Fig. 3a). Moreover, this multi-
mode pattern of grain-size distribution does not change signifi-
cantly with depth in the core (Fig. 2a), confirming the stability
of sedimentary processes during the Holocene. The VPCA re-
sults of the grain-size data identify three characteristic compo-
nents (Fig. 3b), which accounts for 91.10% of the total vari-
ance (Table 3). The first two leading components likely inte-
grate variations of low-dynamic sedimentary processes (Fig.
3b), while the third component, which is correlated with the
>150 um grain-size fraction, reflects a high-energy sedimenta-
ry process which is more energetic than those previously identi-
fied in coastal and fluvial sediments of the Bohai Sea and the
East China Sea (Fig. 3a). Notably, the C-M diagram displays a
different pattern compared to that for the Bohai Sea and the
East China Sea, with C values of 30—500 pm and M values of
5.3-8.7 um (Fig. 3d). These results show that the most dynam-
ic sedimentary process recorded in core YSC-10 does not track
the variations in the dominant sedimentary components.

2.3 Index of Tropical Cyclone Activity
2.3.1 Possible environmental processes responsible for the
grain-size characteristics

Paleo-TC records have usually been identified based on a
disturbed depositional sequence or a high-dynamic sedimenta-
ry event (e.g., Zhou et al., 2017; Huang et al., 2015; Wang L C
et al., 2014; Woodruff et al., 2009). For instance, Woodruff et
al. (2009) reconstructed Middle to Late Holocene typhoon vari-
ability by identifying the sedimentary signature of coastal
flooding in Japan. Similarly, Wang L C et al. (2014) estimated
paleo-TC influences using coarse-grained sediments and plank-
tonic diatoms in Taiwan Island. Most recently, Zhou X et al.
(2019) studied paleo-TC variability over the past 2 000 years
using variations of the coarse fraction (>63 um) of sediment
cores collected from the muddy zone in the East China Sea,
and found a close relationship between paleo-TC variability
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Figure 3. Comparison of sediment grain-size characteristics of various depositional environments. (a) Grain size distribution of core YSC-10 (this study), core
Lz908 (Bohai Sea; Li et al., 2014), and core ECS-DZ1 (East China Sea; Chen et al., 2020); (b) VPCA factor loadings for the grain-size data from core YSC-10;

(c) ternary diagrams for the grain-size data from the three sediment cores; (d) corresponding C-M diagrams.

Table 3 Results of principal component analysis of sediment grain-size of

core YSC-10
Component Initial eigenvalues/extraction
Total % of Variance Cumulative %
F1 38.28 39.47 39.47
F2 30.98 31.94 71.41
F3 19.10 19.69 91.10

and global warming. On this basis, changes in the coarse frac-
tion could potentially reflect TC activity in the East China Sea.

Due to regional oceanic currents and the strong influence
of the Yellow River (e.g., Yang and Liu, 2007; Liu et al., 2004),
fine-grained sediments are deposited in the study area and areas
of muddy sediments developed (Bian et al., 2013). As mentioned
above, the median grain size of core YSC-10is 6.6 + 0.8 um, sug-
gesting a very low-energy hydrodynamic environment in the
study area during the Holocene. Under the influence of tropical
cyclones (Fig. 1), coarse particles in such an environment have
two possible sources, river inputs and transport by TCs.

The Yellow River is one of the main sediment sources of
the South Yellow Sea (Shen et al., 1993), and the median size
of the sediments at the modern river mouth ranges from 30 to

50 um (Ren et al., 2012); in addition, sedimentary inputs of the
Yellow River into the Bohai Sea are closely correlated with
monsoonal changes (Yi et al., 2016). It can be seen that there is
some consistency between the Asian monsoon variations (Fig.
4a) and the sedimentary record of core YSC-10 (Fig. 4b), infer-
ring that the Asian monsoon played an important role in the
sedimentary evolution of the studied area. Moreover, the study
area is a part of the subaqueous delta of the Yellow River in the
South Yellow Sea (Liu J et al., 2013; Yang and Liu, 2007; Liu J
P et al., 2004), and the deltaic evolution of the Yellow River is
another important sedimentary influence. After the initiation of
the Yellow River Delta at ~6 300 yr BP (Yi et al., 2016), the av-
erage sediment accumulation rate in core YSC-10 decreased
from ~0.93 to ~0.47 m/kyr after ~6 500 yr BP. Since detrital
materials might be trapped due to the formation of the Yellow
River Delta, the decreased sedimentation rate may be associat-
ed with its formation (Liu et al., 2020), which is also the case
for the delta of the Yangtze River (e.g., Wang L C et al., 2014).
Sea-level change is another critical factor that may have
influenced the sedimentary evolution of the study area. In the
Early Holocene, the rapid rise of global sea level ceased (Fig.
4f), and the level was 10—20 m below that of today (Wael-
broeck et al., 2002), or close to it (Siddall et al., 2003). A re-
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Figure 4. Comparison of various enviromental proxy records from East
Asia. (a) Stalagmite 5O series from Sanbao Cave (Cheng et al., 2016), in-
dicating Asian monsoon intensity; (b)—(c) sediment grain-size changes in
core YSC-10 (this study); (d) sediment grain-size changes of core YDZ-3
(Yi et al,, 2016), indicating the deltaic evolution of the Yellow River; (e)
stack record of the Kuroshio current (KC), based on four time series (Jian et
al., 2000) integrated using VPCA (Yi et al., 2016); (f) global and regional

sea level changes during the Holocene.

gional sea-level reconstruction for the East China Sea shows a
similar pattern (Liu et al., 2004). For core ECS-DZ1 (water
depth ~12 m), close to the mouth of the Yangtze River (Fig. 1),
the median size of the coarse particles is ~250 um (Fig. 3a),
while for core YSC-10 (water depth ~57 m), far from the coast-
line of Jiangsu and Shandong provinces, the median size of the
coarse particles is ~314 pum (Fig. 3). Considering the small
range of variations of the M value and the VPCA component
F1 (Fig. 2), together with the core location, sea-level changes
may have had a relatively weak influence on the sedimentary
dynamics of the study area. Additionally, there is no agreement
between the changes in C values of core YSC-10 and the KC
(Fig. 4e), of which the YSWC is one of the main branches in
the South Yellow Sea. It has been suggested that although the
KC dominates the chemical characteristics of the muddy zone
(Zhang et al., 2019; He et al., 2014), this is not the case for the
sedimentary dynamics.

Overall, the variations of these three factors—the Asian
monsoon, deltaic evolution, and regional sea-level change—
have minimal consistency with the stratigraphic variation of
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coarse particles in the study area (Fig. 4c). Notably, the C val-
ue is the most dynamic sedimentary component of core YSC-
10, implying that other factors may dominate the sedimentary
process responsible for its transport.

2.3.2 TC index

The C-M diagram for core YSC-10 is quite different to
that for other locations in the region (Fig. 5). For suspended
and sea-surface sediments around the modern mouth of the Yel-
low River (Figs. 5b, 5¢) and in the muddy zone of the Bohai
Sea (Fig. 5e), there is a good positive correlation between C
and M values. This is also evident for cores Lz908 and ECS-
DZ1 (Chen and Li, 2018; Li et al., 2014), as well as for sedi-
ments from the abandoned mouth of the Yellow River in the
western part of the South Yellow Sea (Fig. 5d). The covariation
of M and C indicates that the most dynamic component is usual-
ly integrated with the mean state of sedimentary processes for
various environments, and this relationship was observed in the
first application of the C-M diagram to different sedimentary fa-
cies and depositional periods (Passega, 1964, 1957). By con-
trast, in core YSC-10, C varies independently of M (Fig. 5a),
which suggests that the most dynamic component should re-
flect the effects of some undetected factor. This unique pattern
does not reflect a response to the Asian monsoon, the Yellow
River, or to regional sea-level changes, but it suggests the possi-
ble role of other highly dynamic events, such as TC transport.

TCs are a major factor affecting the sea-floor geomorphol-
ogy and sediment redeposition in coastal zones and continental
shelves (Zhou X et al., 2019; Huang, 2017; Sun et al., 2017;
D’ Asaro et al.,, 2014). For instance, because of their large
wavelength and high energy, the influence of tropical cyclones
can extend to water depths of >100 m (Wang et al., 2018; Hale
et al., 2012), resulting in coarse particles being transported far
from the coastlines. Because of the long distance to the coast-
lines in the muddy zone of the South Yellow Sea (Fig. 1),
coarse particles cannot readily be supplied by rivers and cur-
rents, and TCs are the most likely transport medium. More-
over, as a sediment transport agent, TCs differ from rivers and
currents which usually determine the mean state of sedimenta-
ry dynamics; by contrast, TCs represent episodic and random
impacts, which are relatively independent of the influence of
rivers and currents. This characteristic is likely to be responsi-
ble for the observation that C varies independently of M in
core YSC-10. Therefore, considering the relatively low deposi-
tion rate and large sampling interval in the upper part of core
YSC-10, we now focus on the lower part of the core (below
~226 cm, prior to ~6 558 cal yr BP), and use the coarse frac-
tion to reflect variations in the intensity of TCs and to explore
their variability.

Typically, three of the studied grain-size parameters repre-
sent changes in coarse particles, i.e., the C value, the sandy con-
tent (>125 pum), and VPCA F3. Specifically, the C value repre-
sents the intensity of the most dynamic component (Fig. 6a);
the sandy content represents the contribution of coarse particles
to the grain-size distribution (Fig. 6b); and VPCA F3 represents
the pattern of variations of coarse particles (Fig. 6¢). Because
of the high degree of consistency between the three parameters,
we used their arithmetic mean and standardized value to reduce
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Figure 5. C-M diagrams for marine sediment from various environments. (a) C-M changes of core YSC-10 during the Early Holocene (this study), highlighted

by black dots; (b) surface sediments from the modern mouth of the Yellow River Mouth (Ren et al., 2012); (c) sediments of core YDZ-3 from the present Yel-
low River Delta (Yi et al., 2016); (d) surface sediments of the abandoned mouth of the Yellow River in the western part of the South Yellow Sea (Zhang et al.,
2014); (e) sediments of core B60 from the central muddy zone of the Bohai Sea (Lyu et al., 2020); (f) C-M changes in core ECS-DZ1 during the Early Holo-

cene (Chen et al., 2020), highlighted as green crosses.

the potential bias involved in using a single index

2
n

_ x;—min
" max—min’
Here x, represents the three grain-size indices, n = 3, and TC is
the derived index of tropical paleo-cyclones. The resulting TC
index represents major changes in the hydrodynamic in the
South Yellow Sea (Fig. 6d), and reference to Fig. 7 reveals sub-
stantial centennial-scale variability of this signal during the
Early Holocene.

2.4 Variation in the TC Index and Its Potential Driving
Mechanism

The TC index can be used to examine temporal variations
in the influence on sedimeation in the South Yellow Sea during
the Early Holocene, and its relationship with other factors
(Figs. 6-8). Four periods with relatively low intensity of paleo-
TC are evident: 6 500—6 800, 7 200—7 500, 7 900—8 400 cal yr
BP, and prior to 8 800 cal yr BP, with 100—300-year periodici-
ties (Fig. 7). These intervals with low paleo-TC intensity can
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Figure 6. Derived tropical cyclone (TC) activity in the Yellow Sea and comparisons with various environmental proxies. (a)—(c) C-value, >125 um content, and

VPCA F3 of core YSC-10 with FFT low-frequency (<0.005) components (bold lines); (d), (f) Stacked grain-size index reflecting strong sedimentary dynamics

associated with tropical cyclone (this study), and (i) FFT low-frequency (<0.005) component of (d), (f); (e) total solar irradiance (TSI) during the Holocene

(Steinhilber et al., 2009); (g) stalagmite 8O record from Dongge Cave (Wang et al., 2005), indicating Asian monsoon intensity; (h) SST difference between

the western and eastern Pacific (Emile-Geay et al., 2007), indicating ENSO-like conditions. All dashed lines represent the original data, and the bold lines repre-

sent their FFT low-frequency (<0.005) components.

be linked to Asian monsoon weakening events (Cheng et al.,
2016; Wang et al., 2005) in the Early Holocene; however, there
is little consistency between the original time series (Fig. 4a),
except on the centennial timescales (Figs. 61 and 8). Modern ob-
servations show that the average rainfall associated with tropi-
cal cyclones exceeds 700 mm/year (Wang et al., 2008), which
contributes to 60%-80% of the variance of annual/summer rain-
fall in eastern China (Yi et al., 2018). Considering these observa-
tions, Yi et al. (2018) suggested that on orbital timescales, TCs
may have significantly contributed to Asian monsoon variabili-
ty during the Late Quaternary. Our data from the South Yellow
Sea suggest that changes in the TC index and Asian monsoon
may not be directly correlated on the centennial timescales, but
the agreement between the low-frequency filtered versions of
these signals (>200-yr periodicity) indicates a close relationship
between them, which is worth investigating in the future.
According to modern observations, TCs are controlled by
tropical SST in the western Pacific, where local SSTs are usual-
ly higher than 26-27 °C, and below this temperature threshold
their generation decreases abruptly to an extremely low level
(Wada and Usui, 2007). In the tropical Pacific, the most promi-
nent factor affecting SST changes is ENSO (Cai et al., 2019),
which is defined by the SST difference between the western
and eastern Pacific and varies between warm states (El Nifo)
and cold states (La Nifia). The ENSO influence on tropical cy-
clones generation/intensity is complicated. For instance, using

modern typhoon data and historical documents from South Chi-
na, Elsner and Liu (2003) proposed that TCs tend to recurve
northward, away from China, during an El Nifo event (e.g., Bi-
an et al., 2013; Chan, 2000, 1985). By contrast, Camargo and
Sobel (2005) argued that TCs are more intense and longer-
lived during El Niflo years than La Nifia years, according to an
analysis of the statistical relation among observation data.
Kang et al. (2019) stated that the differences in the spatial dis-
tribution of the locations of TC genesis were not solely deter-
mined by different ENSO states. However, conclusions derived
from reconstructions of the paleo-TC variation from geological
records tend to be similar. For example, Chen et al. (2012) ob-
served that an intensified paleo-TC occurred more frequently
during La Nifa-like states; and Zhou L et al. (2019) found a
positive correlation between paleo-TC intensity and La Nifia-
like intervals in the South China Sea. In the present study, there
is a good agreement between the TC index and the SST differ-
ence between the western and eastern Pacific (Figs. 6h and 8),
which supports the hypothesis that TCs are more intense and
longer-lived during La Nifia years. Over the past decades, the
increased temperature difference between the western and east-
ern Pacific during an La Nifia state would intensify the Walker
circulation and monsoonal rainfall over East Asia (Emile-Geay
et al., 2007), and TC influences over East Asia would similarly
be strengthened (Chen et al., 2012; Ma et al., 2006). On the
centennial timescale, this relationship may be similar, demon-
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strating a consistent relation between ENSO, the Asian mon-
soon, and paleo-TC intensity.

Previous studies have shown that solar activity is one of
the most important factors in regional climate changes during
the Holocene (e.g., Tan et al., 2011; Wang et al., 2005; Bond et
al., 2001); however, the influence of solar activity on climate
changes in the tropical Pacific is debated. On decadal times-
cales, for example, Meehl et al. (2009) revealed that solar maxi-
ma could enhance the off-equatorial tropical rainfall and reduce
tropical clouds. Misios et al. (2019) reported a reduced hydro-
logical cycle that weakens the Walker circulation over the tropi-
cal Pacific during solar maxima, which is likely amplified by
the Bjerknes feedback. Wang et al. (2005) suggested that on
decadal to centennial timescales, higher solar irradiance corre-
sponded to stronger Asian monsoon intensity, based on the sta-
lagmite 8O record of Dongge Cave in South China. In this
study, the observed good agreement between the paleo-TC re-
cord and reconstructed total solar irradiance (TSI), which repre-
sents variations in solar activity (Figs. 6e and 8), confirms that
solar activity may be one of the most important factors control-
ling past changes in TC intensity. Integrating all of these com-
parisons, it is proposed that solar maxima may strengthen the
Walker circulation over the tropical Pacific and thus intensify
TC and Asian monsoon during the Early Holocene.

3 CONCLUSIONS

The radiocarbon dating and sediment grain-size analyses of
a sedimentary sequence from the South Yellow Sea are used to
reconstruct the influence of tropical cyclones on sedimentation
during the Early Holocene. The main findings are as follows.

(1) The studied core was deposited during the Holocene
and its sedimentary dynamics were relatively weak and uni-
form, with a median grain size range of ~5.3—8.7 um.

(2) The coarse fraction of the sediments was likely trans-
ported by highly energetic sedimentary events, based on a com-
parison of the grain-size characteristics with those of sediments
of the Bohai Sea and East China Sea.

(3) A paleo-tropical cyclone record was derived from the
content of coarse particles (>125 um) in the sediments; the vari-
ations in this record are correlative with changes in solar activi-
ty, monsoonal intensity, and the El Nifio-Southern Oscillation.

(4) The influence of tropical cyclones on the sedimentary
evolution of the muddy zone of the South Yellow Sea was signifi-
cant on the centennial timescale in the Early Holocene, and solar
maxima may have controlled the intensity of tropical cyclones
by strengthening the Walker circulation over the tropical Pacific.
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