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Abstract The impact of global warming on the climate of northern China has been investigated intensively, and the behavior of
the East Asian monsoon during previous intervals of climatic warming may provide insight into future changes. In this study, we
use paleovegetation records from loess and lake sediments in the marginal zone of the East Asian summer monsoon (EASM) to
reconstruct the EASM during the interval of warming from the Last Glacial Maximum (LGM) to the Holocene. The results show
that during the LGM, desert steppe or dry steppe dominated much of northern China; in addition, the southeastern margin of the
deserts east of the Helan Mountains had a distribution similar to that of the present-day, or was located slightly further south, due
to the cold and dry climate caused by a strengthened East Asian winter monsoon (EAWM) and weakened EASM. During the last
deglaciation, with the strengthening of the EASM and concomitant weakening of the EAWM, northern China gradually became
humid. However, this trend was interrupted by abrupt cooling during the Heinrich 1 (H1) and Younger Dryas (YD) events. The
EASM intensified substantially during the Holocene, and the monsoon rain belt migrated at least 300 km northwestwards, which
led to the substantial shrinking of the desert area in the central and eastern part of northern China, and to the large expansion of
plants favored by warm and humid conditions. Paleoclimatic records from the marginal zone of the EASM all show that the
EASM reached its peak in the mid-Holocene, and past global climatic warming significantly strengthened the EASM, thereby
greatly improving the ecological environment in northern China. Thus, northern China is expected to become wetter as global
warming continues. Finally, high resolution Holocene vegetation records are sparse compared with the numerous records on the
orbital timescale, and there is a need for more studies of Holocene climatic variability on the centennial-to-decadal scale.
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1. Introduction India to East Africa prevailed over the Indian Ocean during

winter, and that the wind direction reversed during summer.
The word ‘monsoon’ derives from the Arabic ‘mawsim’, This seasonal monsoon wind reversal was used by them for
meaning ‘season’. By at least the first century AD, Arabic maritime navigation and trade. In 1686, Edmund Halley, a
sailors had noticed that northeasterly winds blowing from British astronomer, proposed that the monsoon was driven

by the thermal contrast between land and sea (Halley, 1686).
This insight had a profound effect on studies of the monsoon
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during the subsequent 300 years, and it has become the
dominant interpretation of monsoon dynamics. In contrast,
however, several recent studies have argued that the mon-
soon results from a seasonal shift in the Intertropical Con-
vergence Zones (ITCZ) (Gadgil, 2003; Wang, 2009).
Irrespective of the dynamics of the monsoon system, its es-
sential features are widely recognized: i.e., a large-scale
seasonal wind reversal and the associated wet summers and
dry winters.

Asia is the most prominent monsoon region on Earth and
the Asian monsoon plays a key role in interhemispheric heat
and moisture transport (Webster et al., 1998; Ding, 2004).
The monsoon rains sustain over half the world’s population,
and changes in monsoon intensity can cause major disasters
such as floods and droughts in monsoon regions. The Asian
monsoon is composed of two primary subsystems: the South
Asian (Indian) monsoon and the East Asian monsoon (Figure
1; Chen etal., 1991; Wang et al., 2003). According to Chen et
al. (1991), in the south Asian monsoon domain, the summer
monsoon is mainly controlled by the tropical climate system,
and the influence of the winter monsoon is weak due to the
blocking effect of the Tibetan Plateau; and in the East Asian
monsoon domain, the summer monsoon is controlled by both
the subtropical and tropical climate systems and by cold
northerly air masses. The EAWM flows to tropical areas over
continents and adjacent oceans east of the Tibetan Plateau,
and it even crosses the equator to the southern hemisphere
(Chen et al., 1991).

Northern China is located in the marginal zone of the
EASM, where the ecological environment is fragile and
sensitive to climate change. Since the 1970s, the EASM has
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weakened, and as a result the monsoon rain belt has migrated
southwards, causing frequent droughts in northern China
(Wang, 2001; Chase et al., 2003; Ding et al., 2008; Dai et al.,
2012). The decreased summer monsoon intensity is attrib-
uted by several researchers to anthropogenic global warming
(Li et al., 2010); however, others have suggested that it is
likely to be caused by increased winter and spring snow and
ice cover in the Tibetan Plateau (Ding et al., 2009), and by an
ENSO-like mode of sea surface temperature variation (Yang
and Lau, 2004). Since the modern ocean-atmosphere system
is far out of equilibrium with the elevated CO, levels because
of the large thermal inertia of the oceans (Levitus et al., 2000;
Back et al., 2013), the behavior of the EASM during past
warming intervals provides a valuable reference for under-
standing possible future climate change in East Asia.

The interval from the Last Glacial Maximum (LGM) to
the Holocene is the most recent warming period, and of-
fers a useful analog for predicting future hydroclimatic
changes (Quade and Broecker, 2009; Yang S L et al.,
2015). To date, various proxies have been used in regional
monsoon reconstruction during the LGM-Holocene in-
terval (Wang et al., 2010; Shen, 2013; Lu et al., 2013a; Liu
et al., 2015; Chen et al., 2016). In this study, to minimize
the effect of differences in the responses of different
monsoon rainfall proxies, paleovegetation records from
lake and loess deposits in northern China were synthe-
sized. Our major aims were to characterize changes in the
East Asian monsoon during the interval of climatic
warming from the LGM to the Holocene, and to assess the
possible future impact of ongoing global warming on the
climate of northern China.
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Figure 1 Study sites and location of the northern edge of the East Asian summer monsoon (EASM) (adapted from Xiao et al. (2004)). The dashed line
indicates the average position of the northern edge of the EASM during 1979-2000 (Qian et al., 2007).
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2. East Asian monsoon variability since the
LGM

Earth’s climate has undergone a dramatic transition from
glacial to interglacial conditions since the LGM, including an
increase in atmospheric CO, levels from ~180 to ~260 ppmv
(Liithi et al., 2008), an increase of global mean temperature
of 5-6°C (Snyder, 2016), and a sea level rise of ~134 m due
to large-scale ice melting in the Northern Hemisphere
(Lambeck et al., 2014). Against this background, the EASM
strengthened and the EAWM weakened from the LGM to the
Holocene, and this interval of monsoon variability can be
subdivided into three intervals: the LGM, last deglaciation,
and Holocene, as described below.

2.1 LGM

During the LGM (26.5-19 ka; Clark et al., 2009), a large ice
sheet covered the area of the Scandinavian Peninsula and
Barents and Kara Seas; it is known as the ‘Barents-Kara’ Ice
Sheet (Svendsen et al., 2004), with its southern margin at
~52°N. According to model estimates, the center of the ice
sheet on the Scandinavian Peninsula was 1800—2100-m thick
(Siegert et al., 1999). Meteorological observations have
shown that the EAWM system is maintained by the Siberian
High (Figure 1), and the cold air developing over the Si-
berian region comes mainly from the Barents and Kara Seas
(Chen et al., 1991). It follows that during the LGM, an in-
tensified Siberian High, caused by the development of the
large Barents-Kara Ice Sheet, would have caused a
strengthened EAWM and a weakened EASM, thus leading to
a southward retreat of the monsoon rain belt.

Northern China experienced a cold and dry climate during
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the LGM, which is reflected by changes in the extent of
deserts and in paleovegetation records. Geological studies
(Dong et al., 1996; Sun et al., 2009) have shown that the
inland deserts west of the Helan Mountains (Figure 2) may
have formed well before the Pleistocene and that there were
no significant changes in their extent between glacials and
interglacials, while large-scale changes in environment dur-
ing glacial-interglacial cycles occurred only for the deserts
cast of the Helan Mountains (Sun et al., 1998; Yang and
Ding, 2008; Lu et al., 2013b; Ding and Yang, 2017). At
present, the southeastern margins of the deserts east of the
Helan Mountains roughly coincide with the mean annual
precipitation isohyet of 400 mm, whereas during the LGM
the margin of the deserts had a distribution that was generally
similar to that of the present-day, or was located slightly
further south (Figure 2). The expansion of modern deserts is
in contrast to the present interglacial climate, and is thought
to be closely related to intensive human activity during the
last several thousand years (Zhu, 1998; Sun, 2000; Ding and
Yang, 2017).

During the LGM, desert steppe or dry steppe was dominant
in most areas of northern China. The vegetation in the
northwestern Loess Plateau was characterized by desert
steppe, consisting mainly of Artemisia, Echinops-type,
Chenopodiaceae, Nitraria and Ephedra, and vegetation in
the southeastern Loess Plateau was dominated by dry steppe
consisting of Poaceae, Artemisia, Taraxacum-type and
Echinops-type (Jiang et al., 2013, 2014, 2016; Yang X X et
al., 2015). In northeastern China, subalpine meadow pre-
vailed in the Great Khingan Mountains (Wu et al., 2016), and
a mosaic of steppe and mixed coniferous and broadleaved
forest was dominant around Lake Xingkai (Ji et al., 2015).

In addition to numerous qualitative climatic reconstruc-
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Figure 2 Distribution of the deserts in northern China during the LGM and Holocene Optimum (adapted from Ding and Yang (2017)).
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tions, quantitative reconstructions of temperature and pre-
cipitation have also been produced for China. Records of
magnetic susceptibility and phytoliths from Chinese loess
indicate that mean annual precipitation and temperature de-
creased by ~25-60% (Lu et al., 1994; Heller et al., 1993;
Mabher et al., 1994; Liu et al., 1995; Lu et al., 2007) and 5—
7°C (Lu et al., 2007; Han et al., 1996), respectively, during
the LGM relative to the present-day. Recently, a new proxy,
glycerol dialkyl glycerol tetraethers (GDGTs), has been ap-
plied to loess deposits for paleotemperature reconstruction,
and the results indicate temperatures of 14°C, 22°C and
15.5°C at Mangshan during the LGM, mid-Holocene and
late Holocene, respectively (Peterse et al., 2014); and tem-
peratures of 15°C, 23°C and 18°C at Lantian during the
LGM, mid-Holocene and late Holocene, respectively (Gao et
al., 2012). However, it is clear that such reconstructed tem-
peratures cannot be interpreted as mean annual temperatures,
but rather they reflect the mean temperature during the
growth season of the GDGT-producing bacteria (Gao et al.,
2012).

2.2 Last deglaciation

The last deglaciation (19-11.7 ka) was the interval of global
climatic warming from the end of the LGM to the early
Holocene (Figure 3; Clark et al., 2012). During the last de-
glaciation, insolation in the Northern Hemisphere increased
and global sea level rose by 80 m, leading to dramatic
changes in both terrestrial and marine environments. This
cold-warm transition was punctuated by several distinct
climatic events, such as the cold Heinrich event 1 (H1, 17.5—
16 ka), the warm Bolling-Allered (BA, 14.7-12.9 ka) and the
cold Younger Dryas (YD, 12.9-11.7 ka) (Alley and Clark,
1999) (Figure 3). These millennial-scale climatic events
were characterized by abrupt temperature changes of 15-20°
C in middle and high latitudes (Severinghaus and Brook,
1999; Liu et al., 2009), comparable to the amplitudes of
temperature oscillations during glacial-interglacial cycles.

The H1 event is characterized by coarse-textured loess on
the Chinese Loess Plateau (Figure 3; Porter and An, 1995;
Ding et al., 1998; Yang and Ding, 2014), reflecting, to a
certain extent, the expansion of deserts in northern China,
due to the cold and dry climate. Pollen records from the
Great Khingan Mountains in northern China also reveal a
cold and dry climate during the H1 event, but the humidity
was slightly higher than during the LGM (Wu et al., 2016).
The last deglaciation was also interrupted by the abrupt
cooling event of the Younger Dryas (YD), which may pro-
vide insights into possible extreme climatic events under
global warming scenarios.

Most studies provide only qualitative estimates of the
magnitude of the temperature decrease during the YD event
in East Asia. A foraminifera-based quantitative reconstruc-
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Figure 3 Chinese loess grain-size stack (Yang and Ding, 2014) and the
stalagmite 5"%0 record (Wang et al., 2008) since the LGM from northern
China, and their correlation with the NGRIP 5'%0 record from Greenland
(Andersen et al., 2004; Svensson et al., 2008) and global average surface
temperature (Snyder, 2016). Lower values of the loess grain-size stack
correspond to a coarser grain size, and vice versa.

tion from the East China Sea shows that the winter sea sur-
face temperature decreased by 1.5-3.3°C relative to the BA
warm period (Wang P X et al., 1996), while the summer sea
surface temperature was little changed. A pollen-based
quantitative reconstruction from Lake Suigetsu, Japan (Na-
kagawa et al., 2006), shows that the mean temperature of the
coldest month decreased by 4°C and that of the warmest
month by 3°C, compared with the BA period. Recently,
Wang et al. (2012) identified the occurrence of mirabilite
deposition during the YD event in a lake from the Hexi
Corridor, northwestern China. Using the relationship be-
tween mirabilite deposition and temperature in modern salt
lakes, they suggested a drop of 11°C of the mean annual
temperature during the YD event relative to today. However,
all these quantitative reconstructions need to be verified in
future studies.

In northern China, a dry climate prevailed during the YD
event. A pollen-based quantitative reconstruction from Lake
Gonghai, Shanxi Province indicates an approximate 80-mm
decrease in annual precipitation during the YD (Chen et al.,
2015). At the same time, in northern China, due to the in-
creased aridity, the loess grain size coarsened (Figure 3;
Yang and Ding, 2014), stalagmites recorded high 50 values
(Wang et al., 2008; Ma et al., 2012) or even stopped growing
(Cai et al., 2008), and lake levels decreased (Wang et al.,
1994). Pollen records from lake sediments in northern China
indicate that during the YD, steppe expanded and the extent
of woodland decreased, whereas trees such as Picea, Larix
and Betula, which are favored by cold climatic conditions,
increased (Stebich et al., 2009; Chen et al., 2015; Ji et al.,
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2015; Wu et al., 2016).

As early as the 1970s and 1980s, it was proposed that large
influxes of glacial meltwater into the North Atlantic reduced
northward heat transport in the Atlantic Ocean, thereby
causing the cold YD event (Johnson and McClure, 1976;
Rooth, 1982). Broecker et al. (1985, 1988) refined this in-
terpretation and suggested a specific physical mechanism
(Broecker et al., 1989): The input of large volumes of
meltwater into the North Atlantic caused a reduction in
surface-water salinity and density and a resultant weakening
or shutdown of the Atlantic meridional overturning circula-
tion, thereby leading to the cooling of high northern latitudes
and sea ice-expansion. Broecker et al. (1989) further sug-
gested that (1) prior to the YD, the meltwater from Lake
Agassiz, which was located around the southwestern margin
of the Laurentide Ice Sheet, flowed through the Mississippi
River to the Gulf of Mexico; and (2) during the YD event the
meltwater was diverted to the northern Atlantic Ocean
through the St Lawrence valley. To date, the weakening or
shutdown of the thermohaline circulation, due to a major
release of meltwater into the North Atlantic, is the preferred
mechanism responsible for the YD event. However, other
hypotheses have been proposed, including the discharge of
Arctic sea-ice (Bradley and England, 2008), the strength-
ening of the North Atlantic westerlies (Brauer et al., 2008)
and the impact of a comet or meteorite (Firestone et al., 2007;
Kennett et al., 2009), with the change in meridional over-
turning circulation potentially being a feedback or response
to these events.

According to a recent study of a stalagmite from Kulishu
Cave, Beijing, it took ~340 years for the climate to move into
the YD, and less than 38 years to move out (Ma et al., 2012).
This asymmetry in the structure of the YD event resembles
that shown by other stalagmite 5'%0 records from the Asian
monsoon domain, but it is not observed in paleoclimatic
records from Greenland and the North Atlantic (Ma et al.,
2012). Due to the short duration of the YD event, as well as
the limits of the resolution of paleoclimatic records and un-
certainties in climate proxies, several aspects of the YD
event are still unclear, including its detailed characteristics,
spatial extent, and its effect on the East Asian environment.

2.3 Holocene

Compared with the LGM, the Holocene (11.7 ka to the
present) was characterized by a weakened EAWM and a
strengthened EASM. As a result, the climatic zones in East
Asia migrated northwards and monsoon precipitation in-
creased accordingly, causing dramatic changes in environ-
ment such as a shrinking of the area of desert (Figure 2; Sun
et al., 1998; Lu et al., 2013b; Ding and Yang, 2017) and an
increase in plants favored by warm and humid conditions.
However, the spatiotemporal pattern of changes in the East
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Asian monsoon during the Holocene are debated. Some have
suggested a southward time-transgressive pattern of the
Holocene Optimum (An et al., 1993; Wu et al., 1994; An et
al., 2000), with the wet interval occurring during the early
Holocene in northern China, during the mid-Holocene in the
middle and lower reaches of the Yangtze River, and during
the late Holocene in southern China. In contrast, others have
suggested a gradual northward advance of the Holocene
Optimum in the East Asian monsoon region (Zhou et al.,
2016), with the wet period occurring in the early Holocene in
southern China, and in the mid-Holocene in northeastern
China.

Numerous monsoon proxy records from a variety of se-
dimentary records have confirmed that the late Holocene in
northern China was characterized by a weakened EASM.
However, the timing of the peak in EASM intensity remains
controversial. Some have suggested that the early Holocene
was a period of maximum summer monsoon precipitation
(Chen F H et al., 2001, 2003, 2008; Chen C T A et al., 2003;
Zhou et al., 2004), while others have proposed that max-
imum monsoon precipitation occurred in the mid-Holocene
(Xiao et al., 2004, 2008; Wen et al., 2010a, 2010b, 2017;
Chen et al., 2015). The reasons for this discrepancy may be
largely related to the completeness, continuity and resolution
of the geological records, as well as to differences in the
climatic significance and sensitivity of the various monsoon
proxies employed.

Meteorologists have shown that changes in the intensity of
the EASM are essentially reflected by the advance or retreat
of the monsoon frontal rainfall belt. It is generally accepted
that the more northerly the penetration of the frontal rainfall
belt, the greater the intensity of the summer monsoon (Tao
and Chen, 1987). The northern edge of the EASM is defined
as the northern limit of the monsoon precipitation, which
shifts northwards or southwards with interannual fluctua-
tions of the EASM, and thus forms the northern marginal
zone of the EASM (Figure 1; Qian et al., 2007; Tang et al.,
2010). At present, the northern marginal zone corresponds to
the wet-dry transitional area in East Asia which extends in a
NE-SW direction. Thus, the environmental system within the
marginal zone is very sensitive to monsoon precipitation and
paleoclimatic records from lake and loess deposits from the
zone are therefore important for constraining the timing of
the Holocene Optimum. Next, we summarize the principal
features of these records.

2.3.1 Lake records

Pollen records from lakes Daihai (Xiao et al., 2004), Hulun
(Wen et al., 2010a), Dali (Wen et al., 2017), Gonghai (Chen
et al., 2015) and Bayanchagan (Jiang et al., 2006) (Figure 1),
in the marginal zone of the EASM, show that during the early
Holocene (11000-8000 yr), steppe consisting of Poaceae,
Artemisia, Chenopodiaceae and Ephedra was dominant in
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most areas, indicating a dry climate. However, trees such as
Pinus, Betula, Ulmus and Quercus were present in several
geographically restricted areas (Xiao et al., 2004; Chen et al.,
2015). During the mid-Holocene (8000-3000 yr), tree pollen
increased, indicating a forest-steppe vegetation, with Pinus,
Quercus, Betula, Ostryopsis and Ulmus dominant in southern
areas surrounding lakes Gonghai and Daihai (Xiao et al.,
2004; Chen et al., 2015). In northern areas, the vegetation
changes can be divided into two periods: (1) During
8000-6000 yr, forest around lakes Dali and Bayanchagan
consisted mainly of Betula, Ulmus, Quercus and Corylus,
and forest around Lake Hulun was dominated by Befula and
Corylus; (2) during 6000—3000 yr, conifers (mainly Pinus)
increased markedly, while deciduous trees such as Betula,
Ulmus and Quercus decreased. During the late Holocene
(~3000 yr to the present), steppe vegetation expanded again,
and trees in areas around lakes Daihai and Bayanchagan
almost disappeared. In contrast, small patches of Pinus and
Betula remained in areas around lakes Gonghai, Dali and
Hulun, although the size of these forested areas was much
smaller than during the mid-Holocene.

Based on analyses of total organic and inorganic carbon
and C/N ratios of a sediment core from Lake Dali, Xiao et al.
(2008) inferred a highest lake level during the early Holo-
cene (11500-7600 yr), dramatic fluctuations in lake level
during the mid-Holocene (7600-3450 yr), and a general
falling trend during the late Holocene (3450 yr to the pre-
sent). They further proposed that the expansion of the lake
during the early Holocene resulted from the input of snow/
ice melt from the Great Khingan Mountains, while the rise
and fall of the lake level during the mid-Holocene was clo-
sely related to changes in monsoonal precipitation.

In the marginal zone of the EASM, the characteristics of
quantitative temperature reconstructions vary from site to
site. Pollen-based temperature reconstructions from lakes
Bayanchagan (Jiang et al., 2006, 2010) and Hulun (Wen et
al., 2010b) indicate a warmer early to mid-Holocene than
present, while that from Lake Daihai (Xu et al., 2010) shows
a cooler early Holocene and a warmer mid-Holocene relative
to the present; however, the temperature reconstructions
have a comparatively large degree of error and need to be
refined. Precipitation reconstructions show similar results
(Xu et al., 2010; Wen et al., 2010b; Jiang et al., 2006, 2010;
Chen et al., 2015): the mid-Holocene was the wettest interval
with an annual precipitation increase of ~20—40% compared
to today.

2.3.2 Loess records

In the Chinese Loess Plateau, the interval of strongest
pedogenic development in the Holocene soil is usually
characterized by the finest grain size and highest magnetic
susceptibility, reflecting the period of maximum summer
monsoon intensity and the minimum area of desert (Yang and
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Ding, 2008, 2014). Radiocarbon (14C) measurements of soil
organic matter from the Jingtai, Weiyuan, Qingyang, Lantian
and Xingyang sections (Figure 1) (Yang S L et al., 2015)
yielded ages of ~4 ka for the best-developed unit of the
Holocene soil. It has been demonstrated that measured '“C
ages of soil organic matter are always younger than the ac-
tual age of deposition, due to the addition of younger organic
matter through rootlet penetration, bioturbation, and perco-
lation of soluble organic substances (Geyh et al., 1983; Wang
Y et al., 1996). Therefore, the best developed unit of the
Holocene soil should have formed during the mid-Holocene,
implying that the mid-Holocene was an interval of maximum
monsoon precipitation.

During the Holocene Optimum, Artemisia was still
dominant in pollen assemblages in the Chinese Loess Pla-
teau. The frequencies of Echinops-type, Chenopodiaceae,
Nitraria and Ephedra decreased, while those of Poaceae and
tree pollen increased (Jiang et al., 2013, 2014, 2016; Yang X
X et al., 2015). From northwest to southeast across the Loess
Plateau, Corylus, Quercus, Pinus and Poaceae increased, and
Artemisia and Taraxacum-type decreased. In general, dry
steppe prevailed in the northwestern Loess Plateau, while
meadow-steppe vegetation dominated in the southeast (Jiang
et al., 2014).

Northern Hemisphere insolation increased gradually from
the LGM to the early Holocene, peaking at 11 ka, followed
by a gradual decrease until the present. However, records
from the marginal zone of the EASM all show a monsoon
precipitation maximum in the mid-Holocene (~8 ka), lagging
the peak in insolation by ~3000 years. This time lag can be
attributed to a delay in the northward retreat of the polar front
in the North Pacific, due to the persistence of remnant
Northern Hemisphere ice sheets, which would have ham-
pered the northward shift of the EASM (Xiao et al., 2008).

2.3.3 Millennial- to centennial-scale climatic change

The Holocene climate has traditionally been regarded as
relatively stable, and changed gradually in line with varia-
tions in Earth orbital parameters and global ice volume.
However, Bond et al. (1997) identified 9 cold events, with a
quasi-periodicity of 1470 years, in Holocene paleoclimatic
records from Greenland and the North Atlantic. These cold
events are also documented in stalagmites (Wang et al.,
2005) and peats (Hong et al., 2003) in the South Asian
monsoon domain, as well as in lake sediments (Chen et al.,
2006; Xiao et al., 2009) in the East Asian monsoon area.
Bond et al. (2001) further proposed a solar forcing me-
chanism for the Holocene cold events over the North
Atlantic, whereas other studies have suggested several dif-
ferent forcing factors such as ocean circulation (Bianchi and
McCave, 1999; Debret et al., 2007), tidal action (Berger and
von Rad, 2002), the North Atlantic Oscillation (Giraudeau et
al., 2000), and changes in geomagnetic field intensity (St-
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Onge et al., 2003).

Recently, a 500-year cyclic climatic change was identified
in a 5000-year pollen record from a maar lake in northeastern
China (Xu et al., 2015). Tan et al. (2003) reconstructed a
2650-year (665BC-AD1985) warm season temperature re-
cord from a stalagmite from Shihua Cave, in Beijing, and
identified cycles of 206, 325, 758 and 900 years. These short
cycles are usually attributed to solar activity (Tan et al.,
2003; Xu et al., 2014), or may be explained by random
processes (Turner et al., 2016). Overall, high-resolution
studies of Holocene climatic change are sparse and need to
be supplemented.

3. Impact of global temperature changes on the
EASM in the past and possible impact in the
future

3.1 Impact of past global climatic warming on the
EASM rain belt

From the LGM to the Holocene Optimum, the EASM rain
belt migrated northwards with rising global temperature
(Figure 3), leading to a substantial increase in precipitation in
East Asia. This shift of the monsoon rain belt is well re-
flected by changes in the extent of arid regions and vegeta-
tion zones. As mentioned earlier, the southeastern desert
margins in northern China during the LGM are similar to
those of the present (Figure 2; Sun et al., 1998; Yang and
Ding, 2008; Lu et al., 2013b; Ding and Yang, 2017). During
the Holocene Optimum, the deserts east of the Helan
Mountains disappeared entirely. Pollen records suggest that
during the Holocene Optimum this region was occupied by
Artemisia steppe and steppe with spare trees (Jin et al.,
2001), which formed a black sand deposit with a relatively
high organic matter content. These black sand beds often
contain one or more thin, yellow sand layers, as observed in
many sections. The ages of these thin sand layers appear to
be variable in different deserts, or even within the same
desert (Li et al., 1995; Jin et al., 2001; Mason et al., 2009;
Yang and Yue, 2011; Lu et al., 2013b), suggesting local-scale
sand re-activation that was possibly related to human activ-
ity. In addition, an eastward increase in humidity during the
Holocene Optimum is identified in the deserts east of the
Helan Mountains (Jin et al., 2001). Compared to the LGM,
the desert environment retreated northwards by about
300 km, and westwards by over 1000 km, during the Holo-
cene Optimum (Sun et al., 1998; Lu et al., 2013b; Ding and
Yang, 2017). Since the development of a desert environment
is a result of aridification, an advance of the desert margin
can only occur when precipitation is reduced below a critical
amount. Consequently, the extent of desert margin migration
can be roughly regarded as the migration distance of the
EASM rain belt.
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Yang S L et al. (2015) measured the 5°C values of soil
organic matter from 21 loess sections (Figure 4) across the
Chinese Loess Plateau, and reconstructed the spatial pattern
of C, biomass for the LGM and Holocene Optimum. The
results show that the isolines of C, biomass have a northeast-
southwest zonal distribution for both intervals, which is
consistent with the present-day precipitation pattern: i.e., a
northeast-southwest trend for the modern annual isohyets.
Therefore, the northeast-southwest zonal distribution pattern
of C, biomass on the Loess Plateau is a useful analog for the
EASM rain belt. Using the plot of 10-20% C, biomass as a
reference, Yang S L et al. (2015) estimated a minimum 300-
km northwestward migration of the monsoon rain belt for the
warm Holocene compared with the cold LGM (Figure 4).
This estimate is similar to the aforementioned distance of
desert margin migration from the LGM to the mid-Holocene.

3.2 Impact of global warming on the climate of
northern China

The impacts of global warming are of increasing concern for
governments, the scientific community, and societies
worldwide (IPCC, 2013). Held and Soden (2006) proposed
that, with ongoing global warming, arid regions will become
drier, and wet regions will become wetter. The rationale for
this conclusion is that rising atmospheric humidity will cause
the existing patterns of atmospheric moisture divergence and
convergence to become intensified, thus causing effective
precipitation to be more negative in dry regions and more
positive in wet regions. However, Broecker and Putnam
(2013) argue that, as the continents of the Northern Hemi-
sphere warm faster than the Southern Hemisphere oceans, an
increase in the interhemispheric temperature contrast will
tend to shift the thermal equator (ITCZ) northwards, leading
to increased precipitation in monsoonal Asia.

It is noteworthy that the ‘southern-flood-northern-drought’
climatic pattern in China, observed since the 1970s and
caused by a weakening of the EASM intensity, is consistent
with the prediction of Held and Soden (2006). However, the
geological records of climatic warming during the past 20 ka
presented herein demonstrate that increased global tem-
peratures strengthened the EASM and resulted in a con-
comitant northward advance of the monsoon rain belt.
During earlier warm periods, such as Quaternary inter-
glacials (Ding et al., 1999; Yang and Ding, 2008), the Plio-
cene (Ding et al., 2001; Yang et al., 2018) and the mid-
Miocene (Liu et al., 2011; Deng, 2016), northern China was
consistently characterized by a wet climate due to increased
monsoonal precipitation. Evidently, the geological records
strongly support the scenario of Broecker and Putnam
(2013). By contrast, the pattern suggested by Held and Soden
(2006) would be valid if global warming did not induce shifts
in atmospheric circulation patterns, which would indeed
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Figure 4 Locations of the East Asian summer monsoon rain belt (purple dashed lines) for the Last Glacial Maximum (LGM) and the mid-Holocene,
reconstructed using the 10-20% isolines for C, biomass (adapted from Yang S L et al. (2015)).

cause humid regions to become wetter and dry regions to dry
further. However, if global warming induced shifts in cir-
culation patterns then an opposing pattern of shifts in pre-
cipitation would occur (Allan, 2014). A recent study
(Rehfeld and Laepple, 2016) has demonstrated that the re-
lationship between temperature and precipitation is time-
scale-dependent, i.e., a positive temperature—precipitation
relationship in monsoonal Asia on timescales longer than
30-50 years, and a negative temperature—precipitation re-
lationship on time scales shorter than 30 years. We therefore
suggest that the drying trend in northern China, which has
already lasted for almost nearly half-a-century, will even-
tually reverse with continued global warming, and indeed a
symptom of such a reversal may have already appeared
(Ding et al., 2014).

4. Conclusions

In general, there is abundant information available on East
Asian monsoon variability for northern China on orbital
timescales, including for the interval after the LGM. This
information has provided a general picture of Asian mon-
soon evolution, as well as of the relationship between global
temperature and monsoonal precipitation. However, there is
a comparative lack of high-resolution Asian monsoon re-
cords of sufficient stratigraphic resolution to capture varia-
bility on millennial-to-centennial scales, or even shorter,

especially of vegetation. In addition, abrupt climatic events
and centennial-to-decadal-scale climate variability also merit
further investigation, including their expression at different
latitudes, including the quantitative reconstruction of cli-
matic parameters, and inter-regional correlations of paleo-
climatic records and mechanisms. Such studies are crucial
for attaining a better understanding of spatiotemporal chan-
ges in the East Asian monsoon and the driving mechanisms,
for predicting future climate changes, and for evaluating the
ecological effects of global warming. Thus, we suggest that
they should be the focus of future geological studies and
paleoclimate modelling.
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