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Characterizing the spatiotemporal variability of the East Asian summer monsoon (EASM)
advances our understanding of its rhythm, dynamics, and future impacts. East Asian
summer monsoon variations during the Holocene have been reconstructed from a
variety of geological archives and proxies. However, the spatiotemporal heterogeneity
of EASM rainfall during the Holocene remains controversial. Taiwan is geographically
suitable for studying the EASM history, through its geological archives. Herein, we
synthesize the reported lake and peat sedimentary records of the entire Holocene, in
addition to the records of mass-wasting and on-land deposition from cores collected
from Taiwan to illustrate the EASM induced hydroclimate changes in Taiwan throughout
the Holocene. Records from Taiwan indicate that the EASM rainfall maximum occurred
during the early Holocene, concurring with other EASM records from monsoon regions
in southern China. We suggest that the early Holocene EASM rainfall maximum
in southern China was mainly forced by the higher Northern Hemisphere summer
insolation and sea surface temperatures (SSTs) in the Western Pacific Warm Pool
(WPWP). A synthesis of EASM rainfall records from across China shows that the timing
of the Holocene EASM rainfall maximum occurred progressively later than that from
southern to northern China. This time-transgressive EASM rainfall maximum may be due
to the latitudinal shift of the westerlies and Western Pacific subtropical high (WPSH) that
was induced by changes of interhemispheric temperature gradients (1TN−S) and the
northern high latitude ice volume. Moreover, records from Taiwan suggest a significant
collapse of the EASM in Taiwan at ∼4–2 ka BP. Based on the records from Taiwan,
coastal East Asia, and the Tropical Pacific, we propose that the SSTs of the WPWP
and/or El Niño-Southern Oscillation activity may have exerted a strong influence on the
EASM rainfall changes during the late Holocene. Moreover, increased EASM rainfall in
southern China during the last 2 ka was likely caused by a southward shift of WPSH,
which is associated with gradual decreases in 1TN−S during the late Holocene.
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INTRODUCTION

As an important component of the global atmospheric circulation
system, the East Asian summer monsoon (EASM) plays a
significant role in global hydrologic and energy cycles and is the
primary driver of hydroclimatic changes in East Asia (Ding and
Chan, 2005; An et al., 2015). Unlike the Indian summer monsoon,
which consists of moisture sourced mainly from the Indian
Ocean, the EASM is a combination of tropical and subtropical
monsoon systems with complex moisture sources that include
tropical sources in the Indian Ocean and the South China Sea,
as well as subtropical sources in the western North Pacific (Ding
and Chan, 2005; Wang et al., 2008). The EASM has a profound
impact on the livelihood of people living in East Asia through
the distribution of monsoon-related rainfall and any related
disasters (e.g., floods, droughts, typhoons). It is vital to study the
evolution of EASM variabilities on different timescales in order
to understand their hemispheric and global teleconnections,
possible forcing mechanisms, and future hydroclimatic changes.

The history of the EASM and its forcing mechanisms have
been the subject of numerous paleoclimate studies. Various
geological archives have been used to reconstruct the EASM
history such as loess-paleosol sequences (An et al., 1990; Guo
et al., 2000; Sun et al., 2006, 2015; Wang H. et al., 2014; Beck
et al., 2018; Meng et al., 2018), lake and peat sediments (Zhou
et al., 2004; Xiao et al., 2006; Selvaraj et al., 2007; Yancheva
et al., 2007; Zhong et al., 2010; Chen F. et al., 2015; Park
et al., 2016; Wang et al., 2016), marine sediments (Wang et al.,
1999; Liu et al., 2003; Sun et al., 2003; Wan et al., 2010), and
stalagmite records (Wang et al., 2001, 2005; Yuan et al., 2004;
Dykoski et al., 2005; Cheng et al., 2009, 2016, 2019; Zhang et al.,
2019). Among these, the stalagmite records have been widely
used to reconstruct the variations in the EASM on different
timescales due to their wide distribution, precise dating, and
continuity over long timescales (Cheng et al., 2019). However, the
paleoclimatic significance of the most important proxy obtained
from stalagmites (stable oxygen isotopes; δ18O) remains debated
because of the complex relationship between local rainfall and
δ18O in the EASM region (Maher, 2008; Pausata et al., 2011;
Caley et al., 2014; Tan, 2014; Baker et al., 2015; Liu et al.,
2015; Chen et al., 2016). It has been argued that the variabilities
in the δ18O of Chinese stalagmites are more likely controlled
by changes in the moisture source (Maher, 2008; Maher and
Thompson, 2012) or the atmospheric moisture pathway (Baker
et al., 2015), rather than by local rainfall amounts. In addition,
Pausata et al. (2011) concluded that changes in the stalagmite
δ18O records from China reflect changes in the intensity of the
Indian rather than East Asian monsoon precipitation. However,
by comparing simulations and observations from paleoclimatic
records, Liu et al. (2014b) suggested that the stalagmite δ18O
records are a robust proxy for the EASM intensity in terms of
the southerly monsoon winds and monsoon rainfall in northern
China. Moreover, a synthesized stalagmite δ18O record, which is
based on 16 stalagmites from the EASM region of China, exhibits
a Holocene EASM evolutionary pattern that is similar to other
EASM records derived from the monsoonal region of China;
this result confirms that the stalagmite δ18O records are a valid

indicator of EASM intensity, rather than the local rainfall amount
(Yang et al., 2019).

The spatiotemporal heterogeneity of EASM rainfall during
the Holocene is also a debated issue (Shi et al., 2012; Xie et al.,
2013; Chen F. et al., 2015; Jia et al., 2015; Rao et al., 2016;
Zhou et al., 2016; Goldsmith et al., 2017; Zhu et al., 2017;
Huang X. et al., 2018; Ming et al., 2020; Xu et al., 2020). For
example, stalagmite δ18O records show an early Holocene EASM
maximum (Dykoski et al., 2005; Wang et al., 2005; Cai et al., 2010;
Dong et al., 2010; Zhang et al., 2019), which is also supported
by lacustrine records from southern China (Zhou et al., 2004;
Zhong et al., 2010; Wang et al., 2016; Sheng et al., 2017). However,
numerous records from arid/semi-arid northern China show a
middle Holocene EASM rainfall maximum (Lu et al., 2013; Wang
and Feng, 2013; Li et al., 2014; Wang H. et al., 2014; Chen F.
et al., 2015; Guo et al., 2018). By combining these records with
the TraCE-21 ka transient simulation (Liu et al., 2009, 2014a). Lu
et al. (2019) pointed out that the trend of the Holocene EASM
rainfall in southern China (28◦–38◦N, 112◦–124◦E) matched
with the decreasing trend in the Northern hemisphere solar
insolation (NHSI), while the maximum rainfall in arid/semi-
arid northern China (38◦–53◦N, 80◦–105◦E) lags behind the
peak insolation by ∼4–5 ka. By comparing the full and single
forcing transient simulations, Lu et al. (2019) also suggested that
the northern high latitude ice volume suppressed the summer
rainfall in northern China, but had little effect on southern
China during the early Holocene, leading to the meridional
asynchronous evolution of the EASM rainfall amounts. Note
that “southern China” as defined by Lu et al. (2019) is not
the traditional view of what is actually “southern China.” It
is a region located around the middle to lower reaches of the
Yangtze River. Recently, Xu et al. (2020) noted a very different
pattern of the EASM in southern China, based on lake level
reconstructions. According to their reconstructions, the summer
monsoon rainfall in southern China was high during the early
and late Holocene, but low during the middle Holocene (Xu
et al., 2020). Such a pattern is also evident in subtropical East
Asia (20–27◦N, 110–125◦E) precipitation in the TraCE−21ka
simulations (Xu et al., 2020). This pattern is also supported
by several paleoclimate records from the middle Yangtze Valley
which indicate wet conditions during the early and late Holocene,
but dry conditions during the middle Holocene (Xie et al.,
2013; Huang X. et al., 2018; Liu et al., 2019). However, these
records are inconsistent with other proxy records from the same
sites, including a pollen record from the Dajiuhu peatland (Zhu
et al., 2010) and a stalagmite δ18O record from Heshang Cave
(Hu et al., 2008). This discrepancy may exist for a number
of reasons, such as climatic sensitivity of the different proxy
indicators (Li et al., 2018; Lu et al., 2019). However, pollen
based quantitative rainfall reconstructions from the lower reaches
of the Yangtze River show an early to middle Holocene (10–
6 ka BP) EASM rainfall maximum (Li et al., 2018; Lu et al.,
2019). These studies render the spatiotemporal evolution of the
EASM rainfall elusive. Moreover, the early to middle Holocene
has generally been characterized as a warm period (Renssen et al.,
2012) and has thus been considered as a potential “analog” for
modern climatic conditions. To better project any future changes
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of the EASM-related hydroclimate under a background of global
warming, it is essential to comprehend the spatiotemporal
variations of EASM rainfall during the Holocene and its possible
forcing mechanisms.

Located at the front edge of the East Asian continent
(Figure 1A), Taiwan’s climate is heavily influenced by the EASM;
therefore, it is a suitable location for exploring past EASM
variability by studying the geological archives in its lakes and
swamps (Liew et al., 2006, 2014; Selvaraj et al., 2007, 2011,
2012; Lee and Liew, 2010; Lee et al., 2010; Yang et al., 2011;
Wang L.-C. et al., 2014; Wang et al., 1999; Ding et al., 2016,
2017). However, due to the high relief, steep topography, extreme
rainfall, and landslides induced by frequent typhoon activity that
lead to high erosion and sedimentation rates, climate archives
from Taiwan are rarely long enough to cover the entire Holocene.
To date, only three lake and peat sediment cores have been
retrieved that cover the entire Holocene. These sediment cores
originate from the Retreat Lake (northern Taiwan, 24◦29′N,
121◦26′E; 2230 m above sea level; Selvaraj et al., 2007), the
Toushe Basin (central Taiwan, 23◦49′N; 120◦53′E; 650 m above
sea level; Liew et al., 2006), and the Dongyuan Lake (southern
Taiwan, 22◦10′N, 120◦50′E, 360 m above sea level; Lee et al.,
2010; Figure 1B). In addition, Taiwan is a mountainous island
characterized by active rock uplift, rapid fluvial bedrock incision,
frequent seismic activity, and episodic extreme rainfall events,
rendering it exposed to frequent landslides and debris flows
that are observed almost annually (Hsieh and Chyi, 2010).
The deposited gravel from ancient landslide and debris flows,
and their associated landforms (e.g., alluvial terraces) can be
used to reconstruct paleo-mass-wasting events that are likely
related to climatic changes (Hsieh et al., 2011, 2014). The

mass-wasting events have been traced back to 14.8 ka using
radiocarbon dating. Furthermore, Wu (2013) obtained a good
record of the on-land depositional history during the Holocene
by studying the 12 deep cores from the Lanyang Plain in
northern Taiwan. In this study, we compiled data from all the
three long sedimentary cores that covered the entire Holocene
and combined them with the mass-wasting records and the
depositional histories that were obtained from the on-land
cores to illustrate the variability of EASM rainfall in Taiwan
during the Holocene.

Study Area
The subtropical island of Taiwan is located off the southeastern
coast of mainland China. Its climate is mainly influenced by
the East Asian monsoon system, which has strong seasonal
variabilities. Precipitation in Taiwan is influenced by the
northeasterly monsoon during the cold season (September–
April) and the southwesterly monsoon during the warm
seasons (May–August) (Chen and Chen, 2003; Wang and
Chen, 2008). The annual rainfall in Taiwan usually exceeds
2500 mm and can reach 3300 mm locally. More than 90%
of the total rainfall occurs during the summer season. In
addition to the EASM rainfall, Taiwan is often threatened
by episodic typhoons that have caused enormous loss of
life and property. On average, approximately four typhoons
hit Taiwan every year (Chen and Chen, 2003). According
to the Taiwan Central Weather Bureau,1 the mean monthly
temperature of Taiwan ranges from 14◦C in January to
28◦C in July.

1http://www.cwb.gov.tw

FIGURE 1 | (A) Locations of the climate records synthesized and discussed in this study. (B) Mean monthly temperature and precipitation in the meteorological
stations near the three lakes and peat bog are provided (Taiping Mountain Station for Retreat Lake, Sun Moon Lake Station for Toushe peat bog and Hengchun
Station for Dongyuan Lake).
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Retreat Lake is a shallow (<1.5 m depth) sub-alpine lake
with a small surface area (104 m2) located in northern Taiwan
(Figure 1B). Because its hydrological system is closed, the lake
level is mainly controlled by precipitation and evaporation.
The lake is filled by monsoon-related precipitation during the
summer and is almost dried out during the winter. The sediment
deposited in the lake is entirely derived from the surrounding
mountains and consists of argillite, slate, and phyllite. The lake
levels were likely higher during the early stages according to the
basin shape. Retreat Lake lies on the route of the EASM and close
to the main axis of the northward flowing Kuroshio Current.
According to the nearest weather station in Taiping Mountain,
the mean monthly temperature is 12◦C and ranges from 6◦C
in January to 18◦C in July. The mean annual precipitation is
∼4000 mm and has strong seasonal variations (ranges from
110 mm in winter to 770 mm in summer), suggesting influences
dominated by the summer monsoon. Modern vegetation in the
drainage basin of Retreat Lake is composed of subtropical species,
dominated by Cyclobalanopsis and Quercus (Selvaraj et al., 2011).

Toushe Peat Bog is located in central Taiwan (Figure 1B).
The mean annual rainfall in this area is 2400 mm, according to
the nearest meteorological station, Sun Moon Lake. The mean
monthly temperature is 19◦C and ranges from 14 to 23◦C.
Subtropical evergreen Lauro-Fagaceae forests currently occupy
the Toushe Basin (Liew et al., 2006). A 40 m long sediment core
was previously collected from this site, covering the last glacial
period (Liew et al., 2006). The bog was a lake prior to the last
glacial period but became a peat bog by the early stage of the
glacial period and desiccated at∼1.7 ka BP (Liew et al., 2006).

Dongyuan Lake is located on the eastern coast of southern
Taiwan (Figure 1B), has a surface area of 2 m × 104 m, and a
catchment area of approximately 94 m × 104 m. According to
the Hengchun meteorological station near Dongyuan Lake, the
mean monthly rainfall ranges from 20 to 460 mm, with an annual
rainfall of more than 2000 mm. More than 90% of the annual

rainfall occurs during the summer season. The mean monthly
air temperature ranges from 21 to 28◦C, with a mean annual
temperature of 25◦C. The lake has been undisturbed for the last
21 ka and has become artificially managed in recent decades. The
catchment of the lake is currently a swampy wetland dominated
by species of Poaceae and Cyperaceae. The surrounding hills are
covered by a subtropical evergreen forest (Lee and Liew, 2010).

The Lanyang River originates at Nan-Hu Mountain (3535 m
above sea level) with a mean 5% gradient. The length of the
Lanyang River is 73 km, with a drainage area of 980 km2.
The average annual precipitation in the Lanyang watershed is
approximately 3250 mm, with rainfall being most abundant
during the EASM season, particularly during typhoons. With a
steep gradient and abundant rainfall, Lanyang River has one of
highest sediment yields in the world, with a present-day annual
sediment load of approximately 8–17 Mt/year (Jeng and Kao,
2002; Dadson et al., 2003; Milliman and Kao, 2005).

PROXY VARIATIONS AND DISCUSSION

EASM Rainfall Variation in Taiwan During
the Holocene
In this synthesis, we compiled data from three individual lake
and peat cores that span most of the Holocene period. The three
cores were collected from the northern, central, and southern
regions of Taiwan. We then compared these cores with the
sedimentary history records derived from 12 on-land cores from
northern Taiwan and landslide records based on accelerated
mass spectrometer (AMS) 14C from various locations in Taiwan
(Table 1). For the sediment cores from the Toushe peat bog and
Dongyuan Lake, we applied the interpretations presented in the
original studies. The spore percentages (percentage of the sum of
pollen and spores) in these two cores were used as an indicator
of the moisture condition (Liew et al., 2006; Lee et al., 2010).

TABLE 1 | Paleoclimate records from Taiwan synthesized in this study.

Site name Location Lake areas Core length Time span Dating
method

Number of
dates

Proxies used References

Retreat Lake Northern Taiwan,
24◦29′N, 121◦26′E

104 m2 1.7 m 10.3 ka 14C 10 TOC Selvaraj et al.,
2007, 2011

Toushe Basin Central Taiwan,
23◦49′N; 120◦53′E

1.75 km2 39.5 m 96 ka 14C 13 Spores Liew et al., 2006

Dongyuan Lake Southern Taiwan,
23◦49′N; 120◦53′E

2 × 104 m2 15 m 22 ka 14C 18 Spores Lee and Liew, 2010

Lanyang Plain Northern Taiwan 14C 116 for 12
cores

Sedimentation rate Wu, 2013

Pa-chang River Southwestern
Taiwan

14C 55 Number of 14C dates Hsieh et al., 2014

Hua-tung coast Eastern Taiwan 14C 34 Number of 14C dates Hsieh et al., 2011

Trunk Cho-shui
River and
Chen-yeo-lan River

Central-south
Taiwan

14C 25 Number of 14C dates Hsieh and Chyi,
2010

Lao-nung River Central-south
Taiwan

14C 22 Number of 14C dates Hsieh and Chyi,
2010

Nan-tzu-hsien River Southwestern
Taiwan

14C 7 Number of 14C dates Hsieh et al., 2012
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FIGURE 2 | Paleoclimate records from Taiwan. (A) TOC record from Retreat Lake (Selvaraj et al., 2011). (B) Variations in sedimentation rate from on-land cores in
northern Taiwan (The blue dashed line, Wu, 2013). (C) Record of spore percentages from Toushe Basin (Liew et al., 2006). (D) Record of spore percentages from
Dongyuan Lake (Lee and Liew, 2010). (E) Available radiocarbon dates derived from mass-wasting sequences compiled by Hsieh et al. (2014). Bars represent 1σ

calibrated ranges or their combinations where more than one set of data are available. The numbers (>1) of dates are shown above the bars. The gray bar highlights
the EASM rainfall maximum during the early Holocene.
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However, the total organic carbon (TOC) content of the sediment
core from Retreat Lake was used directly as an indicator of
precipitation in the original studies (Selvaraj et al., 2007, 2011),
which should be suspected. The extremely high TOC content
during the middle Holocene was interpreted to represent a
significantly increased summer monsoon rainfall (Selvaraj et al.,
2007, 2011). However, the TOC proxy has been suggested to
be sensitive to hydrological changes from peat conditions (high
TOC) to a lacustrine status (low TOC) in southern China (Zhou
et al., 2004). The much higher TOC content of the Retreat Lake
during the middle Holocene might reflect a drier condition. This
means that the water availability for Retreat Lake during the
middle Holocene was low compared those during 10.3–8.6 ka BP
and 2.1 ka BP to the present (Figure 2A). The C/N ratios in the
same core (Selvaraj et al., 2011) also point to a lake status during
the early Holocene and the last 2 ka but a mire status during the
middle Holocene.

Records from Taiwan through the Holocene are compiled in
Figure 2. As mentioned above, the TOC proxy in Retreat Lake
might reflect the changes of relatively dry swampy peat and wet
lacustrine mud sequences. The lower TOC content from 10.3–
8.6 ka BP in Retreat Lake might suggest higher water availability
due to wet conditions (Figure 2A). The percentages of Spores
in the Toushe Basin and Dongyuan Lake exhibit sharp increases
at around 11.5 ka BP, indicating an intensification of the EASM
after the Younger Dryas event. The percentages of spores in both
lakes remained high until ∼8.2 ka BP, indicating high summer
monsoon rainfall amounts during the early Holocene. Several
centennial-scale oscillations punctuated this period (at 10.5, 9.7,
and 9.2 ka BP) (Figures 2C,D). Moreover, the mass-wasting
records show that the largest mass-wasting activity in Taiwan
occurred during the early Holocene (Figure 2E, 11.3–8.7 ka BP).
These mass-wasting events collectively created extensive alluvial
terraces (Hsieh et al., 2014). Although earthquakes can initiate
mass-wasting, the synchronicity of the ages of the terraces
constructed among different landforms prefer frequent heavy
rain associated with the enhanced EASM rather than earthquakes
for the genesis of these mass-wasting events (Hsieh et al.,
2014). Moreover, the sediment record based on the 12 on-land
cores from the Lanyang Plain in northern Taiwan suggests that
particularly high accumulation rates occurred at 12–8 ka BP
(Figure 2B), which were mainly induced by increased summer
monsoon rainfall (Wu, 2013). According to these observations,
the records from Taiwan collectively show an early Holocene
EASM rainfall maximum (∼11.5–8 ka BP).

The transition from lacustrine sediments to peat deposits
are abrupt at 8.6 ka BP (drastic increase in TOC content)
for Retreat Lake might reflect a decreased water availability
due to drier conditions (Figure 2A). The sedimentation rate
of on land cores from Lanyang Plain exhibit a decreasing
trend since 8 ka BP (Figure 2B), which might attribute to a
decreasing precipitation. Both of the spore records from central
and southern Taiwan suggest a decreased EASM rainfall since
8 ka BP, with a wet excursion at ∼7 ka BP (Figures 2C,D).
Strikingly, the radiocarbon dates of the mass-wasting sequences
also decreased since 8 ka BP. The driest interval occurred at ∼4–
2 ka BP, which is most pronounced in the records from Retreat

Lake and Dongyuan Lake. Retreat lake totally dried up during
4.5–2.1 ka BP as reflected by a hiatus during this interval, which
is attributable to a collapse of the EASM at that time (Selvaraj
et al., 2007, 2011). Although the spore record in the Toushe
basin shows a slightly increasing trend since 3.3 ka BP, the dry
interval during 4–2 ka BP has been widely reported in many other
records from Taiwan (Liew and Huang, 1994; Chen and Wu,
1999; Wenske et al., 2011; Liew et al., 2014; Wang et al., 2015).
Over the last two millennia, both the TOC record from Retreat
Lake in northern Taiwan and the spore percentage record from
Dongyuan Lake in southern Taiwan suggest an increased EASM
rainfall (Figures 2A,C). Additionally, a significant increase in the
number of radiocarbon dates of the mass-wasting sequences since
2 ka BP (Figure 2E) likely suggests that more landslide events
occurred and were probably induced by frequent heavy rainfall.
However, the sedimentation rate of on land cores from Lanyang
Plain further decreased during last 2 ka (Figure 2B), which may
be ascribed to the strong influences of human activity.

Large uncertainties in the reconstructions of Holocene EASM
rainfall in Taiwan may exist due to the small number of records
available. Moreover, uncertainties might also be raised from the
different proxies used as EASM rainfall indicators for different
sites (i.e., TOC for northern Taiwan and spore percentages
for central and southern Taiwan). The different proxies used
as precipitation indicators could be complicated by additional
factors such as sampling resolution, local surface processes, and
climatic sensitivity to the large-scale climatic forcing factors
for each individual proxy. For example, the wet excursion at
∼7 ka BP registered in pollen records from central and southern
Taiwan is not detected in TOC records from northern Taiwan.
This discrepancy might be caused by the climatic sensitivity
of different proxies. Despite the large uncertainties in their
details, the general consistency in temporal patterns among
different records indicate that these records can be used for
regional comparisons.

Early Holocene EASM Rainfall Maximum
in Taiwan and Spatiotemporal Pattern of
the Holocene EASM Rainfall Maximum
Across China
A detailed comparison of EASM proxies from Taiwan with other
regional paleoclimate records is shown in Figure 3. The temporal
pattern of the EASM rainfall during the Holocene, registered
in archives from Taiwan, appears to vary in agreement with
other monsoon rainfall records from southern China, collectively
suggesting an early Holocene EASM rainfall maximum and a
relatively drier middle to late Holocene (Figure 3). Well-dated
high-resolution pollen records from Huguangyan Maar Lake
clearly show an early Holocene EASM maximum (11.5–8 ka BP)
and a relatively dry middle to late Holocene (Figure 3E; Wang
et al., 2016; Sheng et al., 2017). Small grain-size fractions from
Tengchongqinghai Lake in southwestern China, which have been
interpreted as an indicator of monsoon precipitation (Zhang
et al., 2017), also show similar trends than the records from
Taiwan throughout the Holocene, with an early Holocene rainfall
maximum (Figure 3F). It is worth noting that the general trend of

Frontiers in Earth Science | www.frontiersin.org 6 July 2020 | Volume 8 | Article 234

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


feart-08-00234 July 28, 2020 Time: 17:59 # 7

Ding et al. Holocene EASM Variability in Taiwan

FIGURE 3 | Comparisons of paleoclimate records from Taiwan (A–D) with regional and global climatic records (E–K). (A) TOC record from Retreat Lake (Selvaraj
et al., 2011). (B) Variations in sedimentation rate from on-land cores in northern Taiwan (The blue dashed line, Wu, 2013). (C) Record of spore percentage from
Toushe Basin (The purple line, Liew et al., 2006). (D) Record of spore percentage from Dongyuan Lake (The green line, Lee and Liew, 2010). (E) Variations in pollen
concentrations from Huguangyan Maar Lake (Wang et al., 2016). (F) Small grain size contents from Tengchongqinghai Lake. (G) Speleothem δ18O records from
Dongge (Dykoski et al., 2005). (H) SST records from the MD81 site in the western tropical Pacific (Stott et al., 2004). (I) Hematite percentages in the North Atlantic
(Bond et al., 2001). (J) Summer insolation at 30◦N (The black line, Berger and Loutre, 1991). (K) Ti records from the Cariaco Basin, off the coast of Venezuela (The
brown line, Haug et al., 2001). The gray bars highlight the early Holocene rainfall maximum and the “2-ka shift.” The cyan bars indicate dry events.
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EASM rainfall was punctuated by a series of centennial-timescale
dry events (10.5, 9.7, and 9.2 ka BP) that have also been identified
in various paleoclimatic records from southern China (Wang
et al., 2016; Yang et al., 2019; Xu et al., 2020). These events
coincide with low sea surface temperature (SST) events in the
Western Pacific Warm Pool (WPWP; Figure 3H; Stott et al.,
2004) and may correspond to North Atlantic ice-rafting events
(Figure 3I; Bond, 1997; Bond et al., 2001). The in-phase pattern
and consistencies in timing of these oscillations may suggest a
strong teleconnection between the climate systems in low latitude
and northern high latitude regions.

It has previously been assumed that precession-induced
changes in the Northern Hemisphere summer insolation (NHSI)
modulated EASM rainfall variations on an orbital timescale
during the Holocene (Wang et al., 2001, 2017; Cheng et al.,
2016; Lu et al., 2019; Yang et al., 2019; Zhang et al., 2019).
The monsoon rainfall records from Taiwan and other records
from southern China do track changes in the NHSI, showing
an increased summer rainfall during the early Holocene and
decreased summer rainfall during the middle to late Holocene
(Figure 3). Asynchronous responses of surface temperatures over
the land and ocean to insolation heating generate enhanced land–
ocean thermal gradients and increased onshore moist air flow
in the summer during precession maxima, resulting in increased
EASM rainfall during the early Holocene. Furthermore, elevated
NHSI during the early Holocene (Figure 3J) may have induced
higher SSTs in the WPWP (Figure 3F; Stott et al., 2004), causing
an elevated seawater evaporation rate and a northward migration
of the mean annual location of the Intertropical Convergence
Zone (ITCZ; Figure 3K). This would have enhanced monsoon
circulation and brought a large amount of evaporated water
vapor from tropical and subtropical oceanic regions to the East
Asian continent, which in turn caused more summer rainfall in
subtropical monsoonal East Asia (Stott et al., 2004; Sun and Feng,
2013; Li et al., 2018; Lu et al., 2019). However, the changes in the
NHSI and SSTs of the WPWP cannot explain all of the observed
EASM rainfall variability during the Holocene or the existence
of the spatiotemporal heterogeneity of EASM rainfall in China
(Chen F. et al., 2015; Lu et al., 2019; Xu et al., 2020).

As mentioned above, the monsoon rainfall records
from southern China collectively show an early Holocene
rainfall maximum at ∼11.5–8 ka BP. However, quantitative
reconstructions of annual and summer rainfall amounts, based
on high-resolution pollen records from the Xinjie site on the
lower reaches of the Yangtze River, indicate that the maximum
summer rainfall occurred between ∼10–6 ka BP (Figure 4; Lu
et al., 2019), which is slightly later than records from southern
China. Li et al. (2018) reported a similar pattern (EASM rainfall
maximum at ∼10–7 ka BP) based on three high-resolution
fossil pollen sequences from the lower Yangtze region ∼220 km
west of the Xinjie site. Moreover, paleoclimate records from
arid/semi-arid northern China exhibit a very different pattern,
indicating a middle Holocene EASM rainfall maximum (Lu
et al., 2013; Wang and Feng, 2013; Li et al., 2014; Wang H.
et al., 2014; Chen F. et al., 2015; Guo et al., 2018). For example,
a quantitative reconstruction of Holocene EASM rainfall,
based on a well-dated high-resolution pollen record from

FIGURE 4 | Comparisons of the summer monsoon rainfall maximum across
China. (A) North–South hemisphere temperature gradients (McGee et al.,
2014). (B) Meltwater flux in the Northern Hemisphere in TRACE21 (dark blue
line, Liu et al., 2014a) and 231Pa/230Th ratio in Western subtropical Atlantic
(cyan triangles), a proxy for the AMOC (McManus et al., 2004).
(C) Synthesized moisture index for arid/semiarid northern China (Li et al.,
2014). (D) Annual rainfall from Gonghai Lake, northern China (Chen F. et al.,
2015). (E) Summer rainfall reconstructions for the Xinjie site in the lower
Yangtze region (Lu et al., 2019). (F) Variations in pollen concentrations from
Huguangyan Maar Lake (The blue line, Wang et al., 2016). (G) Small grain size
contents from Tengchongqinghai Lake (The brown line, Zhang et al., 2017).
(H) Records of spore percentages from Toushe Basin (The green line, Liew
et al., 2006) and from Dongyuan Lake (The dark blue line, Lee and Liew,
2010). The gray bars highlight the EASM rainfall maximum.

an alpine lake in northern China, indicates that the rainfall
maximum occurred during the middle Holocene (Figure 4;
Chen F. et al., 2015). A reconstruction of effective moisture
levels, based on analyses of changes in sedimentary facies of
aeolian deposits and vegetation types in the desert regions of
northern China, indicates that the effective moisture reached a
peak from 8–4 ka BP (Figure 4; Li et al., 2014). A pollen-based
moisture index, synthesized from six Holocene sequences from
the summer monsoon-influenced semi-arid belt, also indicates
that a pronounced middle Holocene EASM rainfall maximum
occurred at∼8.5–4.5 ka BP (Wang and Feng, 2013).

To investigate the spatial patterns of the Holocene EASM
rainfall maximum across China, we compared the rainfall records
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from southern China with those from the lower Yangtze region
and northern China (Figure 4). We found apparent time-
transgressive onsets and terminations of the Holocene rainfall
maximum between 11.5 and 8 ka BP in southern China, 10–
6 ka BP for the lower reaches of the Yangtze region, and 8–
4 ka BP for northern China. Increasing evidence and model
results suggest that additional forcing mechanisms may also
modulate the EASM rainfall patterns, such as westerlies and
Western Pacific subtropical high (WPSH; Chiang et al., 2015;
Kong et al., 2017; Zhang et al., 2018; Xu et al., 2020). Unlike
the tropical Indian summer monsoon, the EASM has more
complex moisture sources and rainfall structures and is closely
associated with low-level southwesterly airflow and the migration
of the rain belt—known as the mei-yu (in Korean: changma,
and in Japanese: baiu) front in China (Ding and Chan, 2005;
Wang et al., 2008). The summer rainfall varies significantly from
southern to northern China because of the seasonal migration
of the mei-yu front/WPSH. It should be noted that the mei-yu
rain belt lies on the northwestern flank of the WPSH. Recently,
Xu et al. (2020) argued that the intensity and location of the
WPSH, which are induced by inter-hemispheric and/or zonal
Pacific temperature gradients, modulated the summer monsoon
rainfall in subtropical China during the Holocene. In addition,
the north–south displacement of the westerlies has also been
proposed to be responsible for the Holocene EASM rainfall
variability (Chiang et al., 2015; Sun et al., 2015; Kong et al., 2017).
Based on comparisons of model results with proxy data, Sun
et al. (2015) note that insolation forcing has a greater impact
on the precipitation change in southern than in northern China,
whereas the glacial forcing has a weaker impact in southern China
compared to northern China. They argued that the different
summer precipitation responses to solar insolation and glacial
forcing between northern China and southern China reflect
the complex dynamics of the EASM, linked to high- and low-
latitude climates through migrations of westerlies and WPSH
(Sun et al., 2015). Here, we propose that the time-transgressive
EASM rainfall maximum from southern to northern China might
be induced by the migration of the meridional location of the
westerlies and WPSH, which may have been modulated by inter-
hemispheric temperature gradients.

Inter-hemispheric temperature gradients (1TN−S) are
important for modulating the meridional location of the
planetary atmospheric circulation systems (Toggweiler, 2009;
McGee et al., 2014; Xu et al., 2019). For example, increased
1TN−S can be expected to push the northern hemisphere
westerlies and the ITCZ northward and vice versa (McGee et al.,
2014; Putnam and Broecker, 2017). The NPSH is also expected
to move synchronously. From modern observations, the WPSH
shifts to its northernmost location at August, when the SSTs are
highest in the northern Hemisphere and lowest in the southern
Hemisphere. It is reasonable to expect a northward shift of the
NPSH with an increasing 1TN−S. Thus, changes in 1TN−S
could potentially change the meridional location of the westerlies
and WPSH and consequently modulate the rain belt migration
in China, especially on long timescales. As shown in Figure 4A,
1TN−S was relatively lower during the early Holocene compared
to the middle Holocene. The location of the westerlies and WPSH

might have been sustained at a more southern location, leading
to increased monsoon precipitation in southern China and a
short rainy season in northern China during the early Holocene
(Figure 4). With gradual increases in 1TN−S, the westerlies
and WPSH might have shifted further north, leading to the
onset of the monsoon rainfall maximum in the lower Yangtze
region at ∼10 ka BP (Figure 4). Eventually, the westerlies and
WPSH reached its northernmost location at ∼7 ka BP when the
Holocene monsoon rainfall peaked in northern China (Figure 4).
Moreover, the ice volume in the northern high latitudes was
still large during the early Holocene. The melting freshwater
from the Laurentide ice sheet was continuously delivered to
the North Atlantic until ∼7 ka (Figure 4B; Carlson et al., 2008;
Liu et al., 2014a). The discharge of meltwater into the North
Atlantic can slow down the Atlantic meridional overturning
circulation (AMOC), which can change the inter-hemispheric
thermal gradient (Toggweiler, 2009; McGee et al., 2014) and
shift the mean position of the westerlies and perhaps the WPSH.
The more southern position of the westerlies and WPSH during
the early Holocene may be responsible for the drier climate in
northern China. As shown in Figure 4B, with the gradually
diminished meltwater flux and the recovered AMOC during
the early Holocene, the westerlies and WPSH might also shift
northward gradually. The northward shift of the WPSH is
generally accompanied by a stronger southerly wind over eastern
China, which increases the monsoon rainfall in northern China
(Liu et al., 2014b). Paleoclimate Modeling Intercomparison
Project (PMIP) models also simulated a stronger EASM than
baseline EASM during the middle Holocene (Jiang et al., 2013).

Similar to our observations, a time-transgressive termination
of the African Humid Period during the Holocene has been
reported and was attributed to decreasing summer insolation
and the gradual southward migration of the tropical rain
belt (Shanahan et al., 2015). An et al. (2000) reported a
time-transgressive EASM rainfall maximum from northwest to
southeast China throughout the Holocene, which was attributed
to the southeastward shift of the monsoon front and weakening
summer insolation. However, due to the poor chronological
controls and low sampling resolution, the timing of the EASM
rainfall maximum is not well constrained. Subsequent evidence
from the last 20 years also does not support a southward shift
of the maximum precipitation belt. Recently, Zhou et al. (2016)
suggested the opposite pattern, based on tree pollen records
across China, with a marked northward migration of the onset
of the “Holocene optimum” in East Asia, from ∼10 ka BP in
southern China to ∼6 ka BP in northeastern China. However,
the “Holocene Optimum” in their study depended on the thermal
or moisture condition in different regions, which may not solely
reflect the summer monsoon rainfall maximum (Zhou et al.,
2016). In this study, we focused on the rainfall maximum
without considering the temperature. As shown in Figure 4,
well-dated and quantitative reconstructions of EASM rainfall
records (from the Gonghai Lake and Xinjie site) were selected
as the representative records for northern China and the lower
reaches of the Yangtze region. Although palynological records
from Taiwan are not quantitative reconstructions, like those from
the Gonghai Lake and Xinjie site, similar temporal patterns
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between spore percentages, sedimentary history records, and
mass-wasting records across Taiwan (which are independent
with temperature condition) suggest that the spore percentages
can faithfully reflect the EASM rainfall variations in Taiwan.
Moreover, pollen analyses of the same records based on a
biomization technique (Liew et al., 2006; Lee et al., 2010)
pointed out that the Holocene Thermal Optimum in Taiwan
occurred at ∼8–4 BP which is different from the early Holocene
rainfall maximum indicated by spore percentages. Additional
quantitative reconstructions of summer precipitation, especially
in southern China, are needed in the future to illustrate
the spatial and temporal variabilities of EASM precipitation
during the Holocene.

Drought in Taiwan During 4–2 ka BP and
a Possible Link to El Niño-Southern
Oscillation
During the late Holocene, the EASM rainfall exhibits a more
complex pattern. A catastrophic drought occurred in Taiwan
from 4 to 2 ka BP, followed by an increase in EASM rainfall
during the last 2 ka. The dry interval at 4–2 ka BP has also been
reported in other records from Taiwan (Liew and Huang, 1994;
Chen and Wu, 1999; Wenske et al., 2011; Wang et al., 2015). In
addition, this dry interval has been broadly reported in records
from coastal East Asia and/or subtropical East Asia (Figure 4).
Chen R. et al., 2015 reported a dry interval between ∼3.6 and
2.1 ka BP based on a sediment record retrieved from Jingpo Lake
in northeastern China (Figure 5A). Similar results have also been
obtained from a peat core from the Haini Peat in northeastern
China (Figure 5B; Hong et al., 2005). Multi-proxy evidence
obtained from a sediment core retrieved from the Mulyoungari
crater swamp on Jeju Island, South Korea, also suggests a dry
interval between 4.3 and 1.9 ka BP (Figure 5C; Park et al., 2016).
Near cessation of peat deposition and negligible sedimentation
between 4 and 2 ka BP in the Kimotsuki lowland delta plain
of Southern Japan, suggests greatly reduced precipitation (Ishii,
2018). Multi-proxy evidence from a marine sediment core from
the inner shelf of the northern South China Sea also suggests
reduced summer rainfall at 3.5–2 ka BP (Figure 5E; Huang C.
et al., 2018). The grain size fraction in Tengchongqinghai Lake
(Zhang et al., 2017) and the redness values in Qinghai Lake (Ji
et al., 2005) also suggest decreased summer monsoon rainfall.
Moreover, the dry interval from 4 to 2 ka BP can also be identified
in stalagmite δ18O records, such as those from Dongge Cave
(Figure 3H; Dykoski et al., 2005) in southern China, Jiuxian Cave
in central China (Cai et al., 2010), Tianmen Cave on the southern
Tibetan Plateau (Cai et al., 2012), and Qunf Cave in southern
Oman (Fleitmann, 2003).

Since the water vapor supply for the EASM region is mainly
derived from the WPWP (Ding and Chan, 2005; Liu et al., 2014b),
variations in SST in the WPWP are likely to influence the water
vapor availability and hence summer precipitation in East Asia.
Furthermore, increased El Niño-Southern Oscillation (ENSO)
activity since the late Holocene might also have a significant
impact on the EASM rainfall (Conroy et al., 2008; Cai et al.,
2010; Selvaraj et al., 2011; Park et al., 2016; Xu et al., 2016;

Huang C. et al., 2018). The catastrophic droughts at 4–2 ka
may have coincided with decreased SSTs in the WPWP and
increased ENSO activity (Figures 5H,I). It has been reported
that the frequency and intensity of ENSO significantly increased
since ∼4 ka BP (Figure 5I; Rein, 2007; Conroy et al., 2008).
Reconstructions suggest that El Niño events occurring at 4–
2 ka BP were among the strongest in the Holocene (Rein, 2007).
Cores from coral reef frameworks along an upwelling gradient
in the tropical eastern Pacific show that reef ecosystems in the
tropical eastern Pacific collapsed between 4 and 1.5 ka BP, which
coincided with greatly increased El Niño events (Toth et al.,
2012). It is likely that El Niño-like conditions persisted during 4–
2 ka BP. During El Niño-like conditions, a decline in the SST of
the WPWP due to the amount of warm water mass brought to the
eastern tropical Pacific, may have induced less formation of water
vapor over the WPWP and thus less moisture was available for the
subtropical East Asian monsoon region (Chen R. et al., 2015; Park
et al., 2016; Huang C. et al., 2018; Li et al., 2018). In addition, a
significantly southward shift of the ITCZ with high variabilities at
4–2 ka BP (Figure 3K) might also have contributed to decreased
EASM rainfall. Moreover, a corresponding attenuation of warm
Kuroshio currents at 4–2 ka BP (as indicated by a decrease in
the abundance of foraminifera Pulleniatina obliquiloculata in
sediment cores from the Okinawa Trough, Figure 5D) might
also have significantly decreased the summer monsoon rainfall
in Taiwan and northeastern Asia (Figure 5; Selvaraj et al., 2007;
Park et al., 2016).

The 2-ka Shift
For the past 2 ka, it seems the EASM rainfall has increased
according to the records from Taiwan. Proxies from both
northern and southern Taiwan suggest increased summer
precipitation. Moreover, mass-wasting records also indicate that
landslide events have increased significantly during last 2 ka.
A strengthening of the Asian summer monsoon for the last
2 ka was identified in numerous paleoclimatic records from
monsoonal regions in Asia and seems to be a robust feature
(Zhao et al., 2013). Most of these monsoon rainfall records
in their synthesis are from subtropical East Asia (see in Zhao
et al., 2013). Recently, Cheng et al. (2016) noted that the Asian
summer monsoon registered in stalagmite records deviated from
the downward trend in NHSI through the Holocene over the
last 2 ka. They termed this late Holocene anomaly as the “2-ka
shift.” They also suggested that this “shift” anti-correlated with
monsoon records from South America and some temperature
records from Antarctica, a scenario very similar to the millennial-
scale events throughout the past glacial-interglacial cycles, which
is mainly caused by changes in the intensity of the AMOC.
Cheng et al. (2016) suggested that a possible increase in the
intensity of the AMOC may explain the “2-ka shift.” Moreover,
progressive increases in the concentrations of greenhouse gases
have been proposed as being responsible for the intensification
of the Asian monsoon since 2 ka BP (Zhao et al., 2013; Lu
et al., 2019). However, records from northern China show a
persistently decreasing trend during the late Holocene (Figure 4;
Li et al., 2014; Chen F. et al., 2015) which likely contradicts
with the increased intensity of the AMOC and greenhouse gas
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FIGURE 5 | Records showing the prolonged dry interval from 4 to 2 ka BP. (A) δ13Corg values from Jingpo Lake, northeastern China (Chen R. et al., 2015).
(B) Cellulose δ13C record from Hani peat (Hong et al., 2005). (C) Arboreal pollen/total pollen (AP/T) ratios from Jeju Island, South Korea (Park et al., 2016).
(D) Abundances of the foraminifera Pulleniatina obliquiloculata from the Okinawa Trough (Jian et al., 2000). (E) Records of chemical weathering proxies (CIAm) from
the northern inner shelf of the South China Sea (Huang C. et al., 2018). (F) TOC record from Retreat Lake (Selvaraj et al., 2007). (G) Record of spore percentages
from Dongyuan Lake (Lee and Liew, 2010). (H) SST records from the MD81 site in the western tropical Pacific (Stott et al., 2004). (I) Sand percentages from El
Junco Lake, eastern tropical Pacific (Conroy et al., 2008).
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forcing. We propose that the “2-ka shift” might also, or at
least partly, be induced by a southward shift of the WPSH,
associated with a gradual decrease in 1TN−S during the late
Holocene (Figure 4). This proposal is supported by the opposing
trends of EASM rainfall between northern and southern China
during the last 2 ka.

CONCLUSION

In this study, we integrate the lake and peat records that
cover the entire Holocene epoch with mass-wasting records
and depositional history records from Taiwan, to illustrate the
variations in EASM rainfall in Taiwan throughout the Holocene.
Records from Taiwan indicate an early Holocene EASM rainfall
maximum and agree with other EASM records from southern
China. We suggest that the early Holocene EASM rainfall
maximum in southern China was mainly forced by a higher
NHSI and elevated SSTs in the WPWP. In addition, we observed
the transgressive timing of the EASM rainfall maximum across
China, which may be due to the latitudinal shift of the westerlies
and WPSH that were induced by a gradually increasing 1TN−S
and diminishing ice volume during the early to middle Holocene.
Combined with other records from the East Asian monsoon
region and the tropical Pacific, we found a pronounced dry
interval at 4–2 ka BP, which probably resulted from prevailing
El Nino-like conditions and drastically decreased SSTs in the
WPWP during this interval. For the last 2 ka, the EASM
has increased abnormally as compared to the downward trend
of the NHSI. Besides the changes in the intensity of AMOC
and/or increased concentrations of greenhouse gases during
the last 2 ka, a southward shifting WPSH, associated with
a gradual decrease 1TN−S during the late Holocene, might
have contributed to the EASM rainfall anomaly in southern
China. The meridional SST gradients are expected to increase
as global warming continues (Rind, 1998), which might cause
a northward shift of the WPSH (analogous to the conditions
during the middle Holocene), leading to an increased EASM
rainfall in northern China and a decreased EASM rainfall
in southern China. Our discussions on the spatiotemporal
variability of the Holocene EASM rainfall, which are helpful
for understanding the potential forcing mechanisms for EASM
variations and predicting future hydroclimate changes in East

Asia under the scenario of global warming. However, well-
dated high-resolution records of Holocene EASM rainfall in
subtropical East Asia are still sparse. Additional high-resolution
and quantitative reconstructions of EASM rainfall in low latitude
regions are warranted to illustrate the detailed information of
the spatiotemporal variabilities in the EASM precipitation during
the Holocene. More simulation works with high resolution are
also needed in the future to investigate the possible forcing
mechanisms on the spatiotemporal heterogeneity of EASM
rainfall during the Holocene.
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