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Abstract
Projecting how the East Asian summer monsoon (EASM) rainfall will change with global warming is essential for human 
sustainability. Reconstructing Holocene climate can provide critical insight into its forcing and future variability. However, 
quantitative reconstructions of Holocene summer precipitation are lacking for tropical and subtropical China, which is the 
core region of the EASM influence. Here we present high-resolution annual and summer rainfall reconstructions covering the 
whole Holocene based on the pollen record at Xinjie site from the lower Yangtze region. Summer rainfall was less seasonal 
and ~ 30% higher than modern values at ~ 10–6 cal kyr BP and gradually declined thereafter, which broadly followed the 
Northern Hemisphere summer insolation. Over the last two millennia, however, the summer rainfall has deviated from the 
downward trend of summer insolation. We argue that greenhouse gas forcing might have offset summer insolation forcing 
and contributed to the late Holocene rainfall anomaly, which is supported by the TraCE-21 ka transient simulation. Besides, 
tropical sea-surface temperatures could modulate summer rainfall by affecting evaporation of seawater. The rainfall pattern 
concurs with stalagmite and other proxy records from southern China but differs from mid-Holocene rainfall maximum 
recorded in arid/semiarid northern China. Summer rainfall in northern China was strongly suppressed by high-northern-
latitude ice volume forcing during the early Holocene in spite of high summer insolation. In addition, the El Niño/Southern 
Oscillation might be responsible for droughts of northern China and floods of southern China during the late Holocene. 
Furthermore, quantitative rainfall reconstructions indicate that the Paleoclimate Modeling Intercomparison Project (PMIP) 
simulations underestimate the magnitude of Holocene precipitation changes. Our results highlight the spatial and temporal 
variability of the Holocene EASM precipitation and potential forcing mechanisms, which are very helpful for calibration of 
paleoclimate models and prediction of future precipitation changes in East Asia in the scenario of global warming.

Keywords  Holocene · EASM · Summer precipitation · CO2 forcing · Ice volume forcing · Tropical forcing · ENSO · 
Pollen · Quantitative reconstruction · Climate modeling

1  Introduction

The East Asian summer monsoon (EASM) is a subtropical 
monsoon that transports large amounts of heat and moisture 
to eastern China, Korea and Japan (Wang 2006). As a major 

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0038​2-018-4175-6) contains 
supplementary material, which is available to authorized users.

 *	 Chunmei Ma 
	 chunmeima@nju.edu.cn

1	 School of Geographic and Oceanographic Sciences, Nanjing 
University, Nanjing 210023, Jiangsu, China

2	 Jiangsu Collaborative Innovation Center for Climate Change, 
Nanjing 210023, China

3	 School of Earth Sciences and Engineering, Sun Yat-Sen 
University, Guangzhou 510275, China

4	 College of Environment and Planning, Henan University, 
Kaifeng 475004, China

5	 School of History and Culture, Sichuan University, 
Chengdu 610064, China

6	 College of Resources and Environment, Hebei Normal 
University, Shijiazhuang 050024, China

7	 Center for Hydrogeology and Environmental Geology, China 
Geological Survey, Baoding 071051, China

http://orcid.org/0000-0002-3173-9778
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-018-4175-6&domain=pdf
https://doi.org/10.1007/s00382-018-4175-6


	 F. Lu et al.

1 3

component of the Earth’s climate system, it now influences 
the lives of roughly one-fourth of the world’s population (Lu 
et al. 2013a). Unlike the tropical Indian summer monsoon 
(ISM), the EASM exhibits complex rainfall structures that 
encompass tropics, subtropics, and mid-latitudes (Ding and 
Chan 2005; Wang et al. 2008). It has been found that the 
EASM rain belt has shifted southward in the last few dec-
ades, with more floods occurring in southern China, espe-
cially in the middle and lower reaches of Yangtze River, 
while more droughts happen in northern China (Ding et al. 
2008; Sun et al. 2015). However, it remains unclear whether 
the observed southward migration of the EASM rain belt is 
induced by anthropogenic forcing or natural climate variabil-
ity (Li et al. 2010; Yang et al. 2015a). The Holocene thermal 
maximum, a warm period at ~ 10–5 cal kyr BP (Renssen 
et al. 2012), to some extent can be served as an analogue 
for global warming in the twenty-first century. Therefore, in 
order to predict future changes in the EASM rainfall under 
a warmer climate, it is crucial to understand the spatial and 
temporal variability of the EASM precipitation during the 
Holocene.

In recent decades, the variability of the EASM has been 
studied in detail by many researchers via various archives (An 
et al. 2015). Among these studies, speleothem δ18O records 
have been widely used as a proxy indicator of the EASM 
intensity on various timescales, with lower δ18O values 
implying higher spatially-integrated summer rainfall between 
the cave site and tropical Indo-Pacific oceans and/or higher 
local summer rainfall in the cave region (Cheng et al. 2012, 
2016; Dykoski et al. 2005; Wang et al. 2001, 2005; Yuan et al. 
2004). However, the correlation between rainfall and δ18O is 
extremely complex in the EASM region and therefore the 
climatic interpretation of speleothem δ18O records from Chi-
nese cave deposits remains highly controversial (Tan 2014). 
Recent isotope-enabled modeling studies suggest that speleo-
them δ18O records do not represent summer rainfall in China 
during the Holocene and Heinrich events, but actually reflect 
isotopic composition of rainfall over the Indian Ocean and 
ISM region (LeGrande and Schmidt 2009; Pausata et al. 2011). 
To address this question, Liu et al. (2014b) proposed that the 
speleothem δ18O records are a robust proxy of the EASM 
intensity in terms of monsoonal airflow over eastern China 
and the accompanying summer precipitation in arid/semiarid 
northern China. However, this interpretation is challenged 
by independently-dated loess (Lu et al. 2013a), lake (Chen 
et al. 2015) and desert (Li et al. 2014b; Lu et al. 2005) records 
from arid/semiarid northern China, which all indicate a mid-
Holocene rainfall/moisture maximum, being inconsistent with 
Chinese cave δ18O records (Liu et al. 2015). With that back-
ground in mind, one cannot infer past precipitation variability 
in East Asia directly from speleothem δ18O records unless 
independent quantitative records are available. Unfortunately, 

quantitative rainfall reconstructions are extremely scarce for 
monsoonal China, especially for southern China.

The mei-yu (known as baiu in Japan and changma in Korea) 
is a nearly east–west-elongated summer rain band over the 
middle and lower reaches of Yangtze River, which is the most 
important rainfall-producing system of the EASM (Ding 
and Chan 2005; Wang et al. 2008). Wang et al. (2008) once 
assessed the meanings of twenty-five existing EASM indices 
and concluded that the mei-yu rainfall, which is produced in 
the primary rain-bearing system, the East Asian subtropical 
front, is the best indicator of the variability of EASM circula-
tion system. However, the shortage of long-term rain gauge 
data has limited our ability to understand the mei-yu rainfall 
variability on longer timescales, e.g. during the Holocene. 
Although recently Li et al. (2017b) has presented a pollen-
based quantitative reconstruction of annual precipitation cov-
ering the last 10 kyr for the lower Yangtze region, quantita-
tive reconstructions of Holocene summer precipitation are still 
lacking for tropical and subtropical China, which is the core 
region of the EASM influence. Therefore, the Holocene evolu-
tion of mei-yu rainfall remains unresolved and needs further 
study.

In this study, we present a comprehensive dataset of quanti-
tative rainfall records that contains seasonal signals, including 
total annual precipitation (PANN), summer precipitation from 
May to September (PMJJAS) and summer precipitation from 
June to August (PJJA), based on pollen record at Xinjie site 
from the lower reaches of Yangtze River, which first extends 
instrumental records back to 12,500 years ago. Then we com-
pare our reconstruction with a number of other rainfall-related 
Holocene records from both northern and southern China to 
investigate the spatial and temporal variability of the EASM 
rainfall (Fig. 1). We also investigate possible forcing mecha-
nisms of Holocene EASM precipitation variability by com-
paring rainfall records with major drivers of Earth’s climate 
system such as Northern Hemisphere summer insolation, high-
northern-latitude ice volume, tropical sea-surface temperatures 
and greenhouse gas concentrations. It is interesting to find that 
our rainfall records coincide with paleoclimate records from 
humid southern China but differ from those in arid/semiarid 
northern China, indicating different rainfall responses between 
southern and northern China to high-northern-latitude ice vol-
ume forcing and tropical sea-surface temperature forcing dur-
ing the Holocene. Hence, our study provides a valuable insight 
into the forcing and future variability of the EASM rainfall in 
a warming world.

2 � Regional settings

The Xinjie site (119°42′E, 31°22′N; elevation 6 m above 
sea level) is located in the lower reaches of Yangtze River 
where mei-yu rainfall occurs (Fig. 1). Lying between warm 
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temperate deciduous forest of northern China and subtropi-
cal evergreen forest of southern China (Supplementary Fig. 
S1) (Wu 1980), the natural vegetation is highly sensitive 
to precipitation/effective moisture changes induced by the 
EASM variability (An et al. 2000). Besides, there has con-
tinuous and thick lacustrine sediments widely distributed in 
the lowlands of this area (Zhu et al. 1987), which provides 
precious materials for the study of paleoclimate. The lower 
Yangtze region is also one of the most important cultural 
origins of Chinese civilization (Wu et al. 2012a; Zhu et al. 
2014) where the earliest rice cultivation and domestication 
have been found (Zong et al. 2007; Zuo et al. 2017). Archae-
ological studies suggest that most Neolithic cultural sites 
are located in the southeastern part of the Taihu Plain (Zhu 
et al. 2003); whereas the western part has been less affected 
by human activities and natural landscapes were preserved 
until the last millennium (Okuda et al. 2003; Xu et al. 1995; 
Yi et al. 2006). Therefore, the pollen record from Xinjie site 
mainly reflects natural vegetation changes during most of 
the Holocene and is suitable for reconstructing past climate.

The modern climate at Xinjie site is characterized by 
two distinct seasons: (i) a cold and dry winter under the 
influence of the Siberian high-pressure system and the 
East Asian winter monsoon; (ii) a warm and wet summer 

with the onset of the EASM and expansion of the western 
North Pacific subtropical high (An 2000). Mean annual tem-
perature (TANN) at the nearby Liyang meteorological sta-
tion (31°26′N, 119°29′E; elevation 8 m above sea level) is 
15.8 °C for the period 1953–2015, with mean coldest month 
temperature (TCOM) of 2.8 °C and mean warmest month 
temperature (TWAM) of 28.4 °C. Mean annual precipitation 
(PANN) is 1151 mm, most of which occur during summer 
time (Fig. 2). Mean precipitation of extended summer form 
May to September (PMJJAS) is 692 mm, accounting for ~ 60% 
of the PANN, while mean precipitation of meteorological 
summer from June to August (PJJA) is 480 mm, accounting 
for ~ 41% of the PANN.

3 � Materials and methods

3.1 � Pollen analysis

The fieldwork was conducted in May 2013 and we obtained 
a 386 cm long core at Xinjie site (core LTD-12). Previ-
ously, a shorter pollen record (0–8 cal kyr BP) without cli-
mate reconstruction from core LTD-12 has been reported 
(Lu et al. 2015). For this study, we resampled this core at 
higher resolution and extended the pollen record to cover 
the whole of Holocene and the Younger Dryas (YD) period, 
and performed quantitative precipitation reconstructions. 
A total of 127 samples at 2 cm intervals from the top of 
core LTD-12 down to 379 cm were used for pollen analysis, 
with an average temporal resolution of 90 years per sample. 
Palynomorph extraction followed standard methods (Fægri 
and Iversen 1989). The procedures include HCl, KOH, HF 
and acetolysis treatments. A known number of Lycopodium 
spores were added prior to chemical treatment to calculate 
pollen concentrations. Identification followed pollen mor-
phological atlases (Wang et al. 1995) aided by modern ref-
erence slides. A minimum of 500 terrestrial pollen grains 
were counted for each sample. Pollen percentages were 
calculated based on the total sum of terrestrial taxa. Pollen 
diagram was generated by the software Tilia version 2.04 
(Grimm 1987). The fossil pollen data were summarized by 
a detrended correspondence analysis (DCA) (Hill and Gauch 
1980) which copes well with non-linear species responses 
using CANOCO version 4.5 (Ter Braak and Smilauer 2002).

3.2 � Chronology

Ten composite 14C dates (Table 2) were used to construct an 
age-depth model for core LTD-12 (Supplementary Fig. S2). 
Four samples of core LTD-12 were directly dated by using 
the accelerator mass spectrometry (AMS) 14C technique, 
while the other six dates were cited from a parallel pro-
file T5033 (Li et al. 2009). Rubidium contents of these two 

Fig. 1   Rainfall patterns within the EASM domain during the Holo-
cene synthesized by our study. June–July–August (JJA) mean 850-
hPa streamlines based on NCEP reanalysis2 during 1979–2015 (Kan-
amitsu et  al. 2002). Green squares (N1–N7) indicate locations of 
rainfall/moisture records in northern China with maximum rainfall/
effective moisture occurred during the mid-Holocene at ~ 8–3 cal kyr 
BP. Blue triangles (S1–S5) indicate locations of rainfall/moisture 
records in southern China with maximum rainfall/effective moisture 
occurred during the early and middle Holocene at ~ 10–6  cal  kyr 
BP (see Table 1 for details). The blue star indicates location of δ18O 
records from Dongge Cave (Dykoski et al. 2005; Wang et al. 2005). 
The blue cross indicates the location of Xinjie site in this study. 
Red dashed line indicates modern limit of Asian summer monsoon 
(400 mm isohyet). Areas where elevation is above 3000 m are shaded 
in yellow
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profiles correlate well and hence the dating depths of T5033 
were converted to the corresponding depths of core LTD-
12 (Supplementary Fig. S3). The dating samples of core 
LTD-12 were prepared in the laboratory of Guangzhou Insti-
tute of Geochemistry, Chinese Academy of Sciences, and 
14C was measured by the State Key Laboratory of Nuclear 
Physics and Technology, Peking University. The cited ages 
were dated using either conventional or AMS methods 
(CASS 1992; Li et al. 2009; Song et al. 1997). All 14C dates 
were calibrated to calendar years according to the software 
CALIB version 7.0.4 using the IntCal13 curve (Reimer et al. 
2013). The ages of fossil pollen samples were calculated by 
linear interpolation or extrapolation. Although some of the 
dates were based on total organic carbon (TOC) which may 
suffer from old-carbon effects (Grimm et al. 2009), previous 
comparison with optically stimulated luminescence dating 
has confirmed their reliability (Li 2011).

3.3 � Rainfall reconstructions

Our quantitative rainfall reconstructions are based on the 
weighted-averaging partial least squares (WAPLS) regres-
sion (Ter Braak and Juggins 1993), which combines the abil-
ity to model unimodal responses with efficient extraction of 
components (Birks 1998; Juggins and Birks 2012). WAPLS 
regression was selected because it has reliable predictive 
power and has been proven to perform as well as or even 
better than other numerical approaches in the practice of 
pollen-based reconstruction (Cao et al. 2014; Juggins and 
Birks 2012). Also, it has been widely applied to reconstruct 
past climate in many studies (Chen et al. 2014, 2015; Li 
et al. 2016, 2017a, b, c; Stebich et al. 2015; Xu et al. 2010). 
The model performance was evaluated by bootstrap cross-
validation (Manly 2006). The optimal number of compo-
nents was chosen by randomisation t test (van der Voet 1994) 
and represents a reduction in the root mean squared error 
of prediction by at least 5% (Birks 1998) (Supplementary 
Table S1). Sample-specific errors were estimated by boot-
strap resampling with 1000 cycles (Birks 2003).

A total of 712 modern surface pollen samples located 
in the potential Holocene environment of Xinjie site were 
selected from the high-quality East Asian pollen database 
(Zheng et al. 2008, 2014) to form a modern training set 
(Supplementary Fig. S1). We excluded the surface pollen 
samples from deserts and steppes in northwestern China, 
as well as those from highland meadows on the Qinghai-
Tibet Plateau according to the Holocene pollen assembles 
at Xinjie site (Fig. 4 and Supplementary Fig. S4). We also 
excluded surface pollen samples from northeastern China 
because the persistent occurrence of Tsuga pollen suggests 
that the Holocene climate at Xinjie site cannot be as cold as 
current northeastern China (Supplementary Fig. S4) (Yang 
et al. 2009). Modern Tsuga is mainly found in the Southwest 

Mountains (Hengduan Mountains), Southeast Mountains, 
Central Mountains (Qinling and Daba Mountains), Taiwan 
Central Range, and Japanese Archipelago (except Hok-
kaido); in contrast, no Tsuga is found in northeastern China 
(Yang et al. 2009). Therefore, surface pollen samples from 
northeastern China should not be considered as an analogue. 
The continental-scale East Asian pollen database has been 
shown to be powerful and suitable for WAPLS models (Cao 
et al. 2014; Li et al. 2015; Lu et al. 2011a; Zheng et al. 
2014). It has been checked that every fossil pollen sample 
has its closest analogue in the modern training set. Pollen 
percentages were calculated based on total terrestrial taxa 
sum and square-root transformed to improve the ratio of sig-
nal to noise (Prentice 1980). The three target climate vari-
ables to be reconstructed are PANN, PMJJAS and PJJA, because 
they are ecologically meaningful (Cao et al. 2014) and cor-
related directly with the EASM (Wang et al. 2012). For the 
EASM region, the total annual precipitation is dominated 
by the summer precipitation (Ding and Chan 2005). How-
ever, summer precipitation might have a stronger influence 
on Holocene vegetation than annual precipitation, because 
summer precipitation occurs in a warm season when plants 
grow and thereby is more biologically meaningful. Modern 
rainfall values were extracted from the WorldClim version 2 
database at a very high spatial resolution (~ 0.86 km2) for the 
period 1970–2000 (Fick and Hijmans 2017). The accuracy 
of the WorldClim version 2 database has been improved by 
using satellite data (Fick and Hijmans 2017). The rainfall 
data were log10 (X + 1) transformed before modeling since 
they exhibit log-normal distributions (Juggins and Telford 
2012).

A novel method (Telford and Birks 2011) was used to 
assess the statistical significance of the quantitative rainfall 
reconstructions, which shows that all three rainfall variables 
are statistically significant (Fig. 3). The reconstruction of 
annual precipitation can explain 31% of the variance in the 
fossil pollen data and is better than 98% of the reconstruc-
tions trained on random environmental variables. For the 
two summer precipitation reconstructions, PMJJAS and PJJA 
can explain 32 and 33% of the variance in the fossil pollen 
data at Xinjie site, respectively; which is better than 99% of 
the reconstructions trained on random environmental vari-
ables, supporting our assumption that summer precipitation 
might have a stronger influence on Holocene vegetation in 
the lower Yangtze region than total annual precipitation. 
Since temperature and precipitation are the most significant 
variables that control regional vegetation, we also assessed 
the statistical significance of temperature reconstructions. 
The results show that reconstructions of temperature vari-
ables (TANN, TCOM, TWAM) at Xinjie site can explain less 
variances in the fossil data than those of precipitation recon-
structions, further supporting that our precipitation recon-
structions are reliable (Fig. 3).
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3.4 � Climate model simulations

In order to investigate the possible forcing mechanisms 
behind the EASM precipitation variability, we compared 
our precipitation reconstructions with model results from 
the Paleoclimate Modeling Intercomparison Project (PMIP) 
(Fig. 9) (Joussaume and Taylor 1995). For the mid-Holocene 
experiment of the PMIP, the core forcing lies in orbitally-
induced ~ 5% changes in the seasonal distribution of solar 
insolation (Berger 1978). More details on the models and 
data were given by Jiang et al. (2013). In order to investi-
gate the individual and combined effects of various climate 
forcings on the EASM precipitation, we also compared our 
precipitation reconstructions with model results from the 
TraCE-21 ka transient simulation, which simulated continu-
ous climate evolution of the last 21 kyr (Liu et al. 2009, 
2014b). The TraCE-21 ka simulation was performed in a 
state-of-art coupled ocean–atmosphere model, the Com-
munity Climate System Model version 3 (CCSM3) of the 
National Center for Atmospheric Research with a spatial res-
olution of T31 (3.75° × 3.75°) (Collins et al. 2006). The full 
TraCE simulation was driven by the complete set of realistic 
transient climate forcing, including orbitally-induced solar 
insolation variations (Berger 1978), atmospheric greenhouse 
gas concentrations (Joos and Spahni 2008), meltwater fluxes 
(Liu et al. 2009) and continental ice sheets (Peltier 2004). 
The full TraCE simulation can capture many key charac-
teristics of the reconstructed climate evolution such as the 
Bølling-Allerød warming (Liu et al. 2009), the Younger 
Dryas cooling (Liu et al. 2012) and El Niño variability 
(Liu et al. 2014a). Four single-forcing transient simulations 
(ORB, GHG, ICE and MWF) were conducted in the same 
way as the full TraCE simulation, but each was driven by 
a single forcing with other transient forcings and boundary 
conditions remaining constant at the start of each simulation 
(He et al. 2013). Simulations ORB and GHG were initialized 
from the full TraCE state at 22 cal kyr BP. ORB was driven 
only by transient variations in orbital configuration (Berger 
1978); while GHG was driven only by transient variations 
in greenhouse gas concentrations (Joos and Spahni 2008). 
Simulations ICE and MWF were initialized at the full TraCE 
state of 19 cal kyr BP. ICE was driven only by the chang-
ing continental ice sheets (Peltier 2004); while MWF was 
driven only by transient variations in the Northern Hemi-
sphere meltwater fluxes (Liu et al. 2009). We calculated 
the regional-averaged summer precipitation in the region 
(28–38°N; 112–124°E) around Xinjie site for southern 
China and calculated the regional-averaged summer precipi-
tation in the region (38–53°N; 80–105°E) over deserts and 
drylands for arid/semiarid northern China (Supplementary 
Fig. S5). These regions are in well agreement with the spa-
tial distribution of proxy records synthesized (Fig. 1) and the 
modeled summer precipitation changes can be representative 

of the reconstructed precipitation changes from geological 
records (Fig. 7). However, the regions are not exactly identi-
cal to the traditional view of southern China and northern 
China divided by the Qinling-Huaihe line (~ 34°N). This 
is because the spatial resolution of TraCE-21 ka simula-
tion is too low to divide southern and northern China in an 
accuracy way. Besides, the thermal equator of TraCE-21 ka 
simulation has been found to be situated more North than 
the true by ~ 4° (Shanahan et al. 2015) and thereby it can-
not correctly capture the spatial patterns of reconstructed 
precipitation changes if the traditional division of southern 
China and northern China was used directly without any 
adjustments (Liu et al. 2014b). It is known that precipitation 
field is much difficult to simulate and subject to great model 
errors (Liu et al. 2014b). In order to evaluate the relative 
importance of summer insolation forcing and greenhouse 
gas forcing in influencing Holocene summer precipitation 
at Xinjie site in southern China, we compared simulations 
ORB and GHG in a more detail way by calculating their 
absolute contributions (Fig. 12). The absolute contributions 
were calculated by subtracting summer precipitation in the 
full TraCE state at 22 cal kyr BP. This is the time when ORB 
and GHG were initialized with other transient forcings and 
boundary conditions remaining constant. Therefore, sum-
mer rainfall at that time is the baseline for calculating their 
absolute contributions.

4 � Results and discussion

4.1 � Vegetation succession in the lower yangtze 
region

The pollen diagrams (Fig. 4 and Supplementary Fig. S4) 
show clear changes in natural vegetation of the lower Yang-
tze region since ~ 12.5 cal kyr BP. From ~ 12.5 to 11.5 cal 
kyr BP, Artemisia increased rapidly while Cyclobalanopsis 
and Quercus decreased significantly. Maximum values of 
conifer and steppe taxa (Pinus and Artemisia) and minimum 
values of broadleaved arboreal taxa (Cyclobalanopsis, Liq-
uidambar and Quercus) indicate a cold and dry climate 
prevailing in the period of the Younger Dryas (Carlson 
2013). After ~ 11.5 cal kyr BP, the percentages of subtropi-
cal arboreal taxa (Cyclobalanopsis and Liquidambar) and 
deciduous Quercus increased abruptly, indicating rapid 
warming of the climate and strengthening of the EASM at 
the start of Holocene (Dong et al. 2010; Johnsen et al. 2001). 
From ~ 11.5 to 4.2 cal kyr BP, the pollen assemblages were 
dominated by Cyclobalanopsis, Liquidambar and Quercus, 
implying a mixed forest consisting of evergreen and decidu-
ous broadleaved trees under a warmer and wetter climate 
during the early and middle Holocene. After ~ 5.5 cal kyr 
BP, Pinus increased gradually at the expense of evergreen 
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broadleaved trees, which may be in response to the gradual 
cooling of climate and weakening of the EASM (Marcott 
et al. 2013; Wang et al. 2005). During the mid- to late Holo-
cene transition, the vegetation experienced an abrupt shift 
at ~ 4.2 cal kyr BP with the replacement of subtropical ever-
green and deciduous broadleaved forest by a cold-tolerant 
forest community dominated by Pinus. The general trend of 
vegetation succession at Xinjie site is further supported by 
the scores of DCA axis 1 (Fig. 4). The Holocene vegetation 
history at Xinjie site is in good agreement with many other 
published pollen records from the lower Yangtze region 
(Chen et al. 2009; Innes et al. 2014; Liu et al. 1992; Okuda 
et al. 2003; Shu et al. 2007; Xu et al. 1995; Yang et al. 1996; 
Yao et al. 2017a; Yi et al. 2006). It is also consistent with a 
large number of pollen records from tropical and subtropical 
China (Dearing et al. 2008; Kramer et al. 2010; Sheng et al. 
2017; Wang et al. 2007; Xiao et al. 2007; Zhao et al. 2009, 
2017; Zhu et al. 2010). These coherent variations among 
pollen records covering a broad geographical region are 
better explained by climate change than by human impact 
(Innes et al. 2014; Zhao et al. 2009). However, human distur-
bance may have been intense enough to destroy natural veg-
etation over the last millennium, as indicated by reduction in 
tree pollen such as Pinus and sharp increase in herbaceous 
pollen such as Poaceae and Brassicaceae (Cao et al. 2010; 
Li et al. 2014a; Lu et al. 2015). Some previous studies also 
suggest that human influence was insignificant in the west 
Taihu basin before the last millennium (Okuda et al. 2003; 
Yao et al. 2017a).

4.2 � Precipitation variability in the lower yangtze 
region

The pollen-based quantitative reconstructions of three rain-
fall variables (PANN, PMJJAS and PJJA) with sample-specific 
errors as well as rainfall seasonality are shown in Fig. 5. 
Therefore, here we provide a high-resolution dataset of 
Holocene precipitation changes for the lower reaches of 
Yangtze River, which reveals not only annual rainfall vari-
ability but also summer rainfall variability. Reconstructed 
precipitation shows low values during the YD period and 
increases abruptly at the start of the Holocene, maintain-
ing high values until ~ 6 cal kyr BP (about 20–30% higher 
precipitation than present), followed by a gradual decrease. 
Since ~ 4.2 cal kyr BP, the precipitation does not decrease 
monotonically but exhibits strong oscillations of multi-
centennial duration. In general, the annual precipitation and 
summer precipitation have varied synchronously on various 
time scales ranging from several decades to ten thousands of 
years. Our calculation of rainfall seasonality shows that the 
mean contributions of the PMJJAS and PJJA to the PANN during 
the Holocene are ~ 71% and ~ 48%, respectively (Fig. 5d, 
e), indicating that the annual precipitation at Xinjie site has 

been dominated by the EASM precipitation throughout the 
Holocene. However, the rainfall seasonality also changed 
with time over the past 12.5 kyr. During the early and middle 
Holocene, the contribution of summer precipitation to the 
annual precipitation was relatively small, compared to the 
late Holocene and Younger Dryas period, indicating that the 
precipitation was less seasonal in the early and middle Holo-
cene when the climate was warm and wet but became more 
seasonal in the late Holocene and Younger Dryas when the 
climate was cool and dry. This might be because that, dur-
ing the early and middle Holocene, the rainy season became 
longer while the dry season became shorter, similar to the 
current tropical rainforest climate (Peel et al. 2007), which 
could be best explained by the northward migration of the 
Intertropical Convergence Zone (Haug et al. 2001). On the 
centennial to millennial timescales, the general trend of rain-
fall was punctuated by several dry events such as 4.2-kyr 
event, 7.0-kyr event and 9.0-kyr event. These events coincide 
with weak Asian monsoon events inferred from speleothem 
δ18O records at Dongge Cave (Dykoski et al. 2005; Wang 
et al. 2005) and can be correlated to ice-rafting events in 
the North Atlantic (Bond et al. 1997, 2001). The 4.2-kyr 
event has been documented by many proxy records in east-
ern China (Innes et al. 2014; Ma et al. 2008; Yang et al. 
2015b; Yao et al. 2017a) and may have been responsible 
for the collapse of Neolithic cultures such as the Liangzhu 
Culture (Wu and Liu 2004). The 9.0-kyr event is considered 
to be a widespread climate anomaly across the whole North-
ern Hemisphere with cooling at high latitudes and drying in 
the tropics (Fleitmann et al. 2008). Therefore, it seems that 
the Holocene precipitation in the lower Yangtze region was 
susceptible to global climate change. Besides, the dry events 
correspond to intervals of strong seasonality, indicating that 
rainy season was much shorter and summer precipitation 
was more concentrated during dry periods, which may imply 
that both drought and flood could happen in the same year.

4.3 � Broad‑scale controls on summer precipitation 
at xinjie site

To investigate the factors that directly and indirectly control 
the precipitation changes at Xinjie site during the Holocene, 
we compare our reconstruction with proxy records of broad-
scale atmospheric circulations such as the EASM and the 
Intertropical Convergence Zone (ITCZ) (Fig. 6). Note that 
the speleothem δ18O record is generally considered to repre-
sent broad-scale atmospheric circulation rather than EASM 
precipitation, because its relationship with rainfall is com-
plex and debated (Liu et al. 2014b; Maher and Thompson 
2012; Tan 2014; Zhang et al. 2017). Overall, the temporal 
pattern of summer rainfall at Xinjie site bears a remark-
able resemblance to high-resolution δ18O records from 
Dongge Cave (Dykoski et al. 2005; Wang et al. 2005), to 
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titanium concentration data from the Cariaco Basin (Haug 
et al. 2001), and to temperature anomalies in the extrat-
ropical Northern Hemisphere (30°–90°N) (Marcott et al. 
2013). These strong similarities demonstrate that summer 
precipitation at Xinjie site is tightly linked to the EASM 
circulation system and to the mean position of the ITCZ 
during the Holocene at orbital timescales, with high rainfall 
corresponding to strong monsoonal circulation and north-
ward movement of the ITCZ. Besides, temperature changes 
in the Northern Hemisphere may have been an important 
driving force of the EASM circulation system and ITCZ 
migration (Lu et al. 2013a; Schneider et al. 2014). Varia-
tions in the thermal gradient between Northern and Southern 
Hemisphere lead to meridional movements of the ITCZ and 
EASM rain belt (Lu et al. 2013a; Schneider et al. 2014), and 
thus influence summer precipitation at Xinjie site. However, 
temperature change and ITCZ migration cannot explain all 
variability of the EASM circulation system and summer 
rainfall at Xinjie site, because their late-Holocene evolu-
tions are quite different. For example, the temperature con-
tinued to decline and the ITCZ continued to shift southward 
during the late Holocene. In contrast, monsoonal circula-
tion indicated by Dongge cave δ18O records (Dykoski et al. 
2005; Wang et al. 2005) and summer precipitation at Xinjie 
site remained constant and/or even increased over the last 
few millennia. Therefore, another broad-scale atmospheric 
circulation, in addition to the ITCZ, must have played a key 
role in modulating the EASM circulation system and asso-
ciated summer rainfall. Because the western North Pacific 
(WNP) subtropical high is a major and important component 
of the present-day EASM circulation system (Ding and Chan 
2005; Wang et al. 2008), we argue that the WNP subtropical 
high might have influenced the EASM circulation system 
and summer rainfall at Xinjie site during the late Holocene 
too. Although there is a strong coherency between the spe-
leothem δ18O records and summer precipitation at Xinjie 
site during the Holocene, a major deviation is noted over 
the last millennium. The speleothem δ18O records increase 
remarkably, known as “the 2-kyr shift” (Cheng et al. 2016), 
but the upward trend of summer precipitation at Xinjie site 
is less marked. This may be attributable to intense human 
impact as reflected by the pollen record.

4.4 � Different rainfall patterns between southern 
and northern China

Higher summer rainfall during the early and middle Holo-
cene than the late Holocene at Xinjie site is consistent with 
independent paleoclimate records from monsoonal South 
China (shown in Fig. 1 and listed in Table 1). For instance, 
high-resolution evidence from eutrophic peat/mud sequences 
at Dahu, Jiangxi Province, indicates that the Holocene opti-
mum of the EASM precipitation occurred between ~ 10 and 

6 cal kyr BP in southern China (Zhou et al. 2004). Addition-
ally, a semi-quantitative synthesis of many pollen records 
with reliable chronologies and high-resolution data from 
southern China suggests a humid climate in the early and 
middle Holocene, but a drier climate in the late Holocene 
(Fig. 6e) (Zhao et al. 2009). More recently, Li et al. (2017b) 
present a quantitative annual rainfall reconstruction based on 
pollen from Chaohu Lake (Fig. 6d, green), ~ 220 km west 
of Xinjie site, which shows a similar trend to the inferred 
rainfall at Xinjie site. However, two hydrological records 
from Dajiuhu peatland and Heshang Cave in the middle 
Yangtze region indicate wet conditions in the early and late 
Holocene, but dry conditions in the mid-Holocene (Xie 
et al. 2013). These two records are also inconsistent with 
other proxy records from the same sites, including a pollen 
record from Dajiuhu peatland (Zhu et al. 2010) and a spe-
leothem δ18O record from Heshang Cave (Hu et al. 2008). 
This discrepancy may occur for a number of reasons such 
as climatic sensitivity of the different proxy indicators (Li 
et al. 2017b). A recent study from the same site (Heshang 
Cave) has related the two hydrological records to extreme 
events such as storms and floods (Zhu et al. 2017). In sum-
mary, the quantitative reconstruction of precipitation at Xin-
jie site together with the evidence outlined above indicate 
that southern China has experienced a declining monsoonal 
rainfall pattern during the Holocene.

However, this rainfall pattern does not agree with rain-
fall records from the currently arid and semiarid northern 
China (Chen et al. 2015; Li et al. 2014b; Lu et al. 2005, 
2013a), which indicate a mid-Holocene maximum rainfall 
at ~ 8–3 cal kyr BP (Fig. 6f, g). For example, a well-dated, 
high-resolution annual rainfall reconstruction based on pol-
len record from Gonghai Lake in northern China indicates 
that the rainfall maximum occurred during the mid-Holo-
cene (Fig. 6f, blue) (Chen et al. 2015). A reconstruction of 
summer precipitation since ~ 9.5 cal kyr BP for northern 
China exhibits a similar trend, with inferred maximum rain-
fall at ~ 7–4 cal kyr BP (Fig. 6f, green) (Li et al. 2016). In 
addition, proxy records of loess magnetic susceptibility, total 
organic carbon and organic carbon isotopic composition 
from the Chinese Loess Plateau, which are considered to 
be directly linked to summer rainfall, suggest a more humid 
climate at ~ 8–3 cal kyr BP (Lu et al. 2013a). Moreover, a 
reconstruction of effective moisture levels based on sedi-
mentary facies and vegetation types from deserts and sandy 
lands of northern China indicates that the climate gradually 
became wetter between ~ 12 and 6 cal kyr BP, reaching a 
maximum effective moisture at ~ 8–3 cal kyr BP (Fig. 6g) 
(Li et al. 2014b; Lu et al. 2013b). Therefore, the summer 
rainfall in northern China has a unimodal pattern during 
the Holocene, which is distinct from that in southern China 
(Fig. 7). Another major difference lies in the late Holocene. 
After ~ 3.3 cal kyr BP, the summer precipitation in arid/
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semiarid northern China decreased rapidly (Chen et al. 
2015), faster than the decrease in the Northern Hemisphere 
summer insolation (Laskar et al. 2004). In contrast, the sum-
mer precipitation in southern China remained unchanged 
and/or even increased in an anomalous fashion over the last 
two millennia, deviated from the downward trend of sum-
mer insolation in the Northern Hemisphere (Laskar et al. 
2004). Our finding of different rainfall patterns between 
southern China and currently arid/semiarid northern China 
is supported by the full TraCE simulation (Liu et al. 2009), 
which shows that modeled summer precipitation in the 
region around Xinjie site was highest in the period from 10 
to 6 cal kyr BP while the modeled summer precipitation in 

arid/semiarid northern China was highest during the mid-
Holocene (Fig. 7a, c).

4.5 � Possible forcing mechanisms for EASM rainfall 
variability

To test for links between EASM precipitation and major 
climate forcings, we compare summer rainfall records 
from southern and northern China to July insolation at 
65°N (Laskar et al. 2004), arctic ice-sheet extent (Dyke 
2004), fresh-water flux in the Northern Hemisphere (Liu 
et al. 2014b), an Atlantic meridional overturning circu-
lation (AMOC) proxy in the subtropical North Atlantic 

Table 1   List of sites of rainfall/moisture records shown in Fig. 1 and discussed in the text

Site ID Site name Latitude (°N) Longitude (°E) Region Proxy type Dating method Number of 
dates

References

N1 Qinghai Lake 36.67 100.51 North China Pollen-based 
precipitation

AMS 7 Li et al. (2017a) 
and Shen et al. 
(2005)

N2 Yulin section 38.33 109.73 North China Loess magnetic 
susceptibility

OSL 4 Lu et al. (2013a)

N3 Gonghai Lake 38.9 112.23 North China Pollen-based 
precipitation

AMS 22 Chen et al. (2015)

N4 Daihai Lake 40.55 112.66 North China Pollen-based 
precipitation

AMS 8 Li et al. (2016); 
Xiao et al. 
(2004) and Xu 
et al. (2010)

N5 Bayanchagan 
Lake

41.65 115.21 North China Tree pollen 
percentage

AMS 6 Jiang et al. (2006)

N6 Dali Lake 43.26 116.6 North China Pollen-based 
precipitation

AMS 18 Xiao et al. 2015)

N7 Hulun Lake 48.92 117.42 North China Pollen-based 
precipitation

AMS 13 Wen et al. (2010)

S1 Chaohu Lake 31.53 117.37 South China Pollen-based 
precipitation

AMS 10 Chen et al. (2009) 
and Li et al. 
(2017b)

S2 Dajiuhu Peat 31.49 110 South China Evergreen 
tree pollen 
percent-
age, carbon 
isotope

AMS 7 Ma et al. (2008); 
Ma et al. (2009) 
and Zhu et al. 
(2010)

S3 Dahu Peat 24.25 115.03 South China Evergreen 
tree pollen 
percentage

AMS 12 Xiao et al. (2007) 
and Zhou et al. 
(2004)

S4 Huguangyan 
Lake

21.15 110.28 South China Tropical 
tree pollen 
percentage, 
chlorophyll a

AMS 12, 7, 24 Sheng et al. 
(2017); Wang 
et al. (2007) 
and Wu et al. 
(2012b)

S5 Xingyun Lake 24.34 102.8 South China Pollen-based 
precipitation

AMS 8 Chen et al. (2014)

DG Dongge Cave 25.28 108.08 South China Speleothem 
δ18O

230Th 37, 45 Dykoski et al. 
(2005) and 
Wang et al. 
2005)
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Ocean (McManus et al. 2004), sea-level rise in the western 
Pacific (Liu et al. 2004), sea-surface temperatures of the 
Indo-Pacific Warm Pool (Stott et al. 2004), El Niño/South-
ern Oscillation (ENSO) variability in the equatorial eastern 
Pacific (Moy et al. 2002), and atmospheric carbon dioxide 
(CO2) and methane (CH4) concentrations from Antarctica 
(Loulergue et al. 2008; Luthi et al. 2008) (Fig. 8). These var-
ious climate forcings can be divided into four main groups: 
(i) summer insolation forcing; (ii) high latitude forcing (ice 
sheet, sea-level change, fresh water flux, AMOC); (iii) low 
latitude forcing (tropical sea-surface temperatures, ENSO 
variability); and (iv) greenhouse gas forcing (CO2 and CH4 
concentrations).

4.5.1 � Insolation forcing

Changes in the Earth’s orbital parameters (i.e., eccentricity, 
obliquity and precession) modulate the seasonal distribution 

of solar insolation. A number of loess and speleothem 
records reveal that the long-term history of the EASM is 
dominated by orbital cycles (Cheng et al. 2012; Lu et al. 
2004), indicating that the EASM is subject to insolation 
forcing at orbital time scales. The summer rainfall at Xinjie 
site varies broadly in concert with changes in July insola-
tion at 65°N (Laskar et al. 2004), supporting the hypothesis 
of insolation forcing (Fig. 8d) (Kutzbach 1981; Kutzbach 
and Guetter 1986). Higher summer insolation during the 
early and middle Holocene induced stronger ocean-to-land 
thermal gradients, which enhanced monsoon circulation 
and brought more water vapour to the lower reaches of the 
Yangtze River, in favor of more summer precipitation. In 
contrast, the decrease of summer rainfall during the mid- to 
late Holocene was in response to the lowering of Northern 
Hemisphere summer insolation (Laskar et al. 2004). Most 
model results from the Paleoclimate Modeling Intercom-
parison Project (PMIP) suggest that mid-Holocene summer 
precipitation was ~ 10% higher than the baseline period in 
the EASM region due to orbital forcing (Jiang et al. 2013). 
However, the PMIP model results underestimate the mag-
nitude of reconstructed summer rainfall variation (Fig. 9). 
In addition, the PMIP models simulate decreased mid-Hol-
ocene annual rainfall in the middle and lower reaches of the 
Yangtze and Yellow Rivers (Jiang et al. 2013), which is in 
conflict with geological records. Therefore, our precipitation 
reconstructions potentially provide evidence for the valida-
tion and correction of climate models. Furthermore, insola-
tion forcing on the EASM precipitation is supported by the 
TraCE transient simulation, which shows that the regional-
averaged summer precipitation in the region around Xinjie 
site decreased from the early Holocene to the late Holocene 
mainly due to summer insolation forcing (Fig. 10).

Insolation change, however, is unlikely to be the only 
control on the EASM precipitation, because reconstructed 
summer rainfall at Xinjie site was punctuated by several dry 
events such as the Younger Dryas event during a time when 

Fig. 2   Monthly mean temperature and monthly total precipitation 
from the Liyang meteorological station calculated over the period 
1953–2015. The shaded areas denote standard deviations

Table 2   Radiocarbon dates used for the chronology of core LTD-12 at Xinjie site

Laboratory code Dated material Dating method Depth (cm) 14C date (years BP) Calibrated age (cal 
years BP) (2σ)

References

GZ6724 TOC AMS 50.5 2120 ± 25 2002–2152 This study
BK95045 Charcoal 14C 110.0 3340 ± 65 3442–3722 Song et al. (1997)
ZK0254 Charcoal 14C 150.0 3840 ± 95 3978–4448 CASS (1992)
SH0030 Charcoal 14C 182.0 4320 ± 70 4805–5067 CASS (1992)
KF071204 TOC 14C 231.0 5281 ± 175 5696–6398 Li (2011)
XA3318 Peat AMS 240.0 5903 ± 26 6666–6759 Li (2011)
XA3323 Peat AMS 269.0 6266 ± 28 7161–7260 Li (2011)
GZ6730 TOC AMS 299.5 7310 ± 30 8032–8179 This study
GZ6731 TOC AMS 339.5 9060 ± 45 10,169–10,285 This study
GZ6732 TOC AMS 385.5 11,135 ± 45 12,853–13,097 This study
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summer insolation was high. Besides, as observed in the 
precipitation/effective moisture records from northern China 
(Chen et al. 2015; Li et al. 2014b; Liu et al. 2015; Lu et al. 
2005, 2011b, 2013a; Xu et al. 2010), the maximum rain-
fall/effective moisture significantly lags peak insolation by 
~ 4–5 kyr. Furthermore, the inferred summer precipitation 
at Xinjie site deviates from the downward trend of summer 
insolation during the late Holocene. To explain these dis-
crepancies, we hypothesize that during the last deglaciation 

and early Holocene when glacial boundary conditions were 
still strong, high-northern-latitude ice volume in addition to 
summer insolation change might have influenced the spatial 
and temporal variability of the EASM precipitation. Dur-
ing the late Holocene when summer insolation forcing was 
weak, tropical sea-surface temperatures (especially ENSO) 
and greenhouse gas concentrations might have offset or pro-
moted the effect of insolation forcing.

4.5.2 � High latitude forcing

Variations in high-northern-latitude ice volume have been 
considered to influence the EASM and East Asian winter 
monsoon (EAWM) on glacial-interglacial time scales (Ding 
et al. 1995, 2002; Ding and Yu 1995; Liu and Ding 1992), 
but how it influences the spatial and temporal variability of 
EASM precipitation during the Holocene is poorly under-
stood. The development of ice volume in high northern 
latitudes causes lowering of the global sea level, increase in 
the land-surface albedo, enhancement of the Siberian high, 
strengthening of the EAWM and southward displacement 
of the Westerlies (Chen and Huang 1998; Ding et al. 1995, 
2002; Ding and Yu 1995; Hao et al. 2012; Liu and Ding 
1992). During the last deglaciation and early Holocene, the 
ice volume in the Northern Hemisphere was still large and 
global sea level was low (Fig. 8a, b) (Dyke 2004; Liu et al. 
2004). The high-northern-latitude ice volume might affect 
the EASM precipitation by means of three key processes 
(Ding et al. 2005). First, the lowering of sea level and sub-
sequent exposure of East Asian continental shelves in the 
Pacific marginal seas increases the distance for moisture 
transport from ocean to land, thereby reducing the sum-
mer rainfall over northern China and allowing deserts and 

Fig. 3   Histogram of the proportion of variance in the LTD-12 pol-
len record explained by 999 transfer functions (WAPLS-2) trained 
with random environmental data. Solid black lines mark the propor-
tions of variance explained by TANN, TCOM, TWAM, PANN, PMJJAS and 
PJJA. Black dotted line marks the proportion of variance explained by 
the first axis of a principal components analysis (PCA) of the fossil 
pollen data. Red dotted line marks the proportion of variance below 
which 95% of the reconstructions trained on random environmental 
variables can explained (p = 0.05)

Fig. 4   Pollen percentage 
diagram of key pollen types 
at Xinjie site and detrended 
correspondence analysis (DCA) 
axis 1 scores. See Fig. S4 in 
the supplementary material for 
more details



Variability of East Asian summer monsoon precipitation during the Holocene and possible forcing…

1 3

drylands to expand (Ding and Yu 1995; Ding et al. 2005; 
Li et al. 2014b). Second, the intensification of the EAWM 
and southward shift of the mid-latitude Westerlies prevent/
delay the northward movement of the EASM airflows and 
therefore shorten the summer monsoon season and resultant 
rainfall amount (Ding and Yu 1995; Ding et al. 2005). Third, 
the melting of ice sheet alters ocean circulation, which then 

affects atmospheric circulation (Chen et al. 2015; Sun et al. 
2012). During the deglaciation, the Laurentide ice sheet 
experienced rapid melting and large volumes of freshwa-
ter were episodically released from Lake Agassiz into the 
North Atlantic Ocean (Fig. 8a) (Carlson et al. 2008; Teller 

Fig. 5   Pollen-based quantitative reconstructions of precipitation 
change and seasonality at Xinjie site. a Annual precipitation (PANN). 
b Extended summer precipitation from May to September (PMJJAS). c 
Summer precipitation from June to August (PJJA). d Contribution of 
PMJJAS to PANN. e Contribution of PJJA to PANN. Cyan bands in plots 
a–c indicate bootstrap-estimated standard errors. Red lines in plots a–
e are a LOESS smoother (span = 0.1) highlighting long-term trends. 
Black dashed lines in plots a–c represent modern mean values. The 
right side scales show the anomaly of the reconstructed values rela-
tive to modern mean values (in %). More contribution of summer 
rainfall (PJJA, PMJJAS) to annual rainfall indicates more seasonality 
(Yao et al. 2017b)

Fig. 6   Comparison of inferred summer rainfall at Xinjie site with 
other Holocene records. a Temperature anomalies for extratropical 
Northern Hemisphere (Marcott et al. 2013). b Titanium concentration 
data from the Cariaco Basin, a proxy for the ITCZ (Haug et al. 2001). 
c δ18O records from Dongge Cave, a proxy for the EASM circulation 
(Dykoski et  al. 2005; Wang et  al. 2005). d Summer rainfall at Xin-
jie site (blue) and annual rainfall from Chaohu Lake (green) (Li et al. 
2017b). e Synthesized moisture index for monsoonal South China 
(Zhao et al. 2009). f Annual rainfall from Gonghai Lake (blue) (Chen 
et al. 2015) and summer rainfall in semiarid North China (green) (Li 
et  al. 2016). g Synthesized moisture index for arid/semiarid North 
China (Li et  al. 2014b). The shaded area in plots a–e indicates an 
interval from ~ 10–6  cal  kyr BP where maximum rainfall occurred 
in southern China. The shaded area in plots f–g indicates an interval 
from ~ 8–3 cal kyr BP where maximum rainfall occurred in northern 
China
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et al. 2002). The discharge of meltwater reduces sea surface 
salinity, thereby inhibiting the formation of North Atlantic 
Deep Water (NADW) and ultimately weakening the AMOC 
(Fig. 8b) and associated heat transport, which then causes 
anomalous cooling at high northern latitudes (Barber et al. 
1999; Yu et al. 2010). The cooling of high northern lati-
tudes alters interhemispheric thermal gradient and causes 
a southward shift in the mean position of the ITCZ (Chi-
ang and Friedman 2012; Lu et al. 2013a; Schneider et al. 
2014), thereby interrupting the insolation-driven trend of 
the EASM rainfall.

All the above processes might have influenced the 
EASM precipitation variability during the period from ~ 13 

to 7 cal kyr BP, which is supported by the single-forcing 
experiments of the TraCE-21 ka simulation (Fig. 10). Simu-
lation MWF indicates reductions in summer precipitation 

Fig. 7   Different rainfall patterns between southern China (b) and 
northern China (d) during the Holocene and comparison with model 
results (a, c) from the full TraCE simulation (Liu et al. 2009). a Mod-
eled summer precipitation in the region around Xinjie site. b Pollen-
based summer precipitation reconstruction at Xinjie site in southern 
China. c Modeled summer precipitation in arid/semiarid northern 
China. d Pollen-based annual precipitation reconstruction at Gonghai 
Lake in northern China (Chen et al. 2015)

Fig. 8   Comparison of summer rainfall records to various climate 
forcings. a Meltwater flux into the North Atlantic (Liu et al. 2014b) 
and Northern Hemisphere ice-sheet extent (Dyke 2004). b 231Pa/230Th 
ratio in Bermuda, a proxy for the AMOC (McManus et al. 2004); and 
sea level change in the western Pacific (Liu et  al. 2004). c Annual 
rainfall reconstruction from Gonghai Lake in northern China (Chen 
et al. 2015). d Summer rainfall reconstruction at Xinjie site together 
with 65°N July insolation (Laskar et  al. 2004). e Sea-surface tem-
perature (SST) reconstruction for the Indo-Pacific Warm Pool (Stott 
et al. 2004). f El Niño events per 100 years from Laguna Pallcacocha, 
southern Ecuador (Moy et  al. 2002). g Atmospheric CO2 and CH4 
concentrations from Dome Concordia, Antarctica (Loulergue et  al. 
2008; Luthi et al. 2008). A LOESS smoother (span = 0.1) was applied 
to highlight major trends in plots c–f. The yellow area in plots a–d 
indicates an interval from ~ 13–7 cal kyr BP where high-latitude forc-
ing may influence the EASM precipitation. The grey area in plots c–g 
indicates an interval from ~ 3–0 cal kyr BP where ENSO and green-
house gases may influence the EASM precipitation
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in both southern and northern China during the YD and 
8.2-kyr events when a huge volume of meltwater was dis-
charged into the North Atlantic Ocean (Fig. 10c). Although 
the performance of simulation ICE is not so good in simu-
lating summer precipitation changes in the selected regions, 
it does show that autumn precipitation in northern China 
increased from ~ 13 to 7 cal kyr BP in response to the retreat 
of ice sheets (Fig. 10d). However, it should be noted that the 
response of East Asian summer precipitation to high-north-
ern-latitude ice volume forcing during the early Holocene 
was spatially different. The summer precipitation in northern 
China was low during the early Holocene and did not reach 
a peak until ~ 6 cal kyr BP (Fig. 8c) (Chen et al. 2015; Li 
et al. 2014b; Lu et al. 2005, 2013a). In contrast, the summer 
precipitation in southern China has been high from ~ 10 cal 
kyr BP (Fig. 8d). The different rainfall response between 
southern and northern China to high latitude forcing is also 
supported by the TraCE-21 ka simulation. For example, the 
reduction of summer precipitation in northern China in the 
simulation MWF can be up to ~ 15%, whereas that of south-
ern China is less than ~ 3%. This may be attributable to their 
different geographical locations and large-scale atmospheric 
circulations. As discussed in Sect. 4.3, the summer precipi-
tation of southern China during the Holocene was mainly 
controlled by the EASM and ITCZ. When the ITCZ shifted 
northward rapidly after the YD and the EASM intensified 
(Dykoski et al. 2005; Haug et al. 2001), the summer rainfall 
of southern China increased in response. The arid/semiarid 
northern China, however, is located near or even outside the 
modern summer monsoon limit, where summer rainfall is 

influenced by multiple large-scale atmospheric circulations 
including the mid-latitude Westerlies as well as the EASM 
(Fig. 1) (An et al. 2012; Zhao and Yu 2012). The relatively 
strong Westerlies during the early Holocene may be respon-
sible for the drier climate in northern China (Zhang et al. 

Fig. 9   Comparison of mid-Holocene precipitation at Xinjie site to the 
PMIP model results. The red boxplots indicate pollen-based precipi-
tation reconstructions at Xinjie site; while the green boxplots indicate 
simulated precipitation over China in 36 PMIP models (Jiang et  al. 
2013)

Fig. 10   Modeled summer precipitation for southern China (blue) and 
northern China (red) in full and single forcing experiments from the 
TraCE-21 ka simulation (Liu et  al. 2009). a Full TraCE simulation, 
with transient forcing changes in summer insolation, greenhouse 
gases, ice sheets and meltwater fluxes. b Only insolation forcing. c 
Only meltwater flux forcing. d Only ice sheet forcing. e Only green-
house gas forcing. The yellow bars indicate intervals of low sum-
mer precipitation such as YD period and 8.2-kyr event, which were 
induced by meltwater flux forcing. The grey bar indicates the last 
millennium when summer precipitation in southern China increased 
partly due to greenhouse gas forcing. The green arrows indicate the 
trends of summer precipitation in full and single forcing experiments, 
respectively
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2017), like the situation in central Asia (Chen et al. 2008). 
Besides, unlike southern China, which is located in the cen-
tre of the EASM influence, northern China is remote from 
the coastline and thus may be more sensitive to sea level 
fluctuations and resultant water vapour transport (Ding and 
Yu 1995). The lowering of sea level may also be accompa-
nied by the southward retreat of summer monsoon boundary, 
which would substantially reduce the summer precipitation 
in northern China, thereby resulting in its arid/semiarid sta-
tus (Ding et al. 2005).

4.5.3 � Low latitude forcing

Variability of sea-surface temperatures (SSTs) in the tropical 
Pacific and Indian Oceans has been proposed to influence the 
EASM circulation and associated rainfall on interannual to 
interdecadal timescales in the instrumental records (Chang 
et al. 2000; Ding et al. 2009; Yang and Lau 2004), whereas 
little is known about their linkage during the Holocene. Here 
we argue that the tropical SST changes may affect the spatial 
and temporal variability of EASM precipitation during the 
Holocene via two major intermediaries: (i) evaporation of 
seawater in the monsoon source that determines the amount 
of water vapour available for precipitation and (ii) the inten-
sity of the WNP subtropical high that controls the position 
of the EASM rain belt.

First, since the water vapour supply for the EASM is 
mainly derived from the Indian Ocean and western tropical 
Pacific Ocean (Ding and Chan 2005; Drumond et al. 2011; 
Liu et al. 2015), variations in SSTs in these oceans are likely 
to have influenced the rate of evaporation and hence summer 
precipitation in East Asia during the Holocene. Our com-
parison shows that for the last ~ 13 kyr summer precipitation 
at Xinjie site always tracks changes in the sea surface tem-
peratures of the Indo-Pacific Warm Pool (Fig. 8e) (Stott et al. 
2004) and the tropical Indian Ocean (not shown) (Saraswat 
et al. 2013; Weldeab et al. 2014; Xu et al. 2008), supporting 
our assumption that SSTs and EASM rainfall were linked 
throughout the Holocene.

Second, ENSO-related SST changes affect the intensity of 
the WNP subtropical high and therefore the position of the 
EASM rain belt. Generally, a wet southern China is preceded 
by a warm (El Niño condition) equatorial eastern Pacific in 
the previous boreal winter (Chang et al. 2000). The convec-
tion associated with El Niño causes complementary cooling 
in the western North Pacific, which enhances the WNP sub-
tropical high, thereby increasing the intensity and duration 
of summer precipitation in southern China while shortening 
the rainy season of northern China (Chang et al. 2000; Ding 
et al. 2009; Wang et al. 2000; Zhao et al. 2010). In addition, 
the enhancement and westward expansion of the WNP sub-
tropical high can contribute to the coincident development 
of warm SST anomalies in northern Indian Ocean and South 

China Sea (Chang et al. 2000). The warming of northern 
Indian Ocean and South China Sea will increase evaporation 
and hence supply more water vapour into the middle and 
lower reaches of the Yangtze River along the northwest flank 
of the WNP subtropical high, where the southwest monsoon 
wind is enhanced (Chang et al. 2000; Yang and Lau 2004). 
On the other hand, the anomalous strong WNP subtropical 
high and low-level southwesterly airflow can weaken the 
normal southeast monsoon wind over central and northern 
China, which consequently suppresses summer precipitation 
over semiarid northern China (Yang and Lau 2004; Zhao 
et al. 2010).

After ~ 6.8 cal kyr BP, the EASM precipitation responded 
more linearly to summer insolation forcing after the dis-
appearance of glacial boundary conditions (Laskar et al. 
2004). However, the contrary rainfall patterns between 
northern and southern China during the late Holocene can-
not be explained by insolation forcing alone. We suppose 
that ENSO variability may have been responsible for this 
late Holocene anomaly. Both paleoclimate reconstructions 
(Moy et al. 2002) and model simulations (Liu et al. 2014a) 
indicate that El Niño events were most frequent during the 
late Holocene (Fig. 8f). The late Holocene El Niño might 
have led to southern floods and northern droughts during the 
late Holocene, as observed in instrumental records (Fig. 11) 
(Chang et al. 2000; Ding et al. 2009; Yang and Lau 2004). 
Our hypothesis is supported by speleothem magnetic min-
eral records from Heshang Cave in the middle Yangtze 
region, which show that ENSO-related storms and floods 
were strongest during the late Holocene (Zhu et al. 2017). 
The influence of ENSO on the intensity of the WNP subtrop-
ical high is also supported by a transient simulation using the 
Kiel Climate Model, which shows that the WNP subtropical 
high was relatively strong during the late Holocene (Jin et al. 
2014; Wang et al. 2015). Consequently, the impact of ENSO 
forcing was superimposed on the effect of summer insolation 
forcing during the late Holocene, thereby causing opposite 
rainfall trends in southern and northern China at that time.

4.5.4 � Greenhouse gas forcing

Increases in atmospheric CO2 concentration have been 
hypothesized as a potential driver of the EASM precipi-
tation change on the Chinese Loess Plateau from the last 
glacial maximum (LGM) to the middle Holocene (Lu et al. 
2013a). A large increase (~ 100 ppmv) in atmospheric CO2 
concentration from glacial state (LGM) to interglacial state 
(Holocene) would dramatically warm up high northern 
latitudes (Liu et al. 2009, 2012), which leads to a north-
ward migration of the ITCZ and therefore the EASM rain 
belt (Chiang and Friedman 2012; Lu et al. 2013a; Schnei-
der et al. 2014). Temperature reconstructions and transient 
simulations indicate that the global warming during the last 
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deglaciation was preceded by increasing CO2 concentra-
tion (Shakun et al. 2012). Sensitivity experiments further 
show that the Bølling-Allerød warming was dominated by 
the CO2 forcing (Liu et al. 2009), with polar amplification 
of attendant cryosphere feedbacks (Liu et al. 2012). Dur-
ing the Holocene, however, the change in CO2 concentra-
tion is small (~ 20 ppmv), and whether it can influence the 
EASM precipitation remains unclear. During the early and 
middle Holocene when summer precipitation at Xinjie site 
was high, CO2 concentration was low and increased steadily 
from ~ 8 cal kyr BP to the late Holocene (Fig. 8g), suggest-
ing that CO2 forcing may not be the major driving force of 
the EASM precipitation variability during the Holocene. If 
it has been a major driver, the summer precipitation should 
have increased from the early to late Holocene. The maxi-
mum values of CO2 in the late Holocene may, however, have 
contributed to the anomalous increase of summer precipi-
tation at Xinjie site since ~ 2 cal kyr BP. The lowering of 
summer insolation tends to reduce the amount of summer 
precipitation (Kutzbach et al. 2008), while an increase in 
the CO2 concentration tends to enhance summer rainfall (Lu 
et al. 2013a) (Fig. 10b, e). We argue that the CO2 forcing 
may have offset the effect of insolation forcing during the 
late Holocene when summer insolation forcing was weak. 
In addition, there may be a threshold for CO2 forcing to 
overcome summer insolation forcing. For example, CO2 con-
centrations greater than ~ 277 ppmv at ~ 2 cal kyr BP may 
have forced the upward trend of summer precipitation at 
Xinjie site. Our hypothesis of CO2 forcing on the Holocene 
EASM precipitation is supported by the GHG single forcing 
experiment (Fig. 10e), indicating that summer precipitation 
in both southern and northern China began to increase from 
~ 7 cal kyr BP. A detail comparison between the GHG and 

ORB simulations (Fig. 12) indicates that greenhouse gas 
forcing exceeded summer insolation forcing at ~ 5.5 cal kyr 
BP and then became the major contributor for late Holo-
cene summer rainfall. After ~ 2.3 cal kyr BP, greenhouse gas 
forcing exceeded full forcing and thus was the greatest and 
even the only positive contributor for summer precipitation. 
Besides, greenhouse gas forcing has a persistent positive 
contribution to summer rainfall during the whole Holocene, 
while summer insolation forcing has a negative contribu-
tion since ~ 4.0 cal kyr BP (Fig. 12). Obviously, it is the 
greenhouse gas forcing that offset summer insolation forcing 
and thereby kept summer precipitation in the region around 
Xinjie site to be positive in the late Holocene (Fig. 12). Sum-
mer insolation forcing alone would lead the late Holocene 
climate to be drier than that during the LGM. In contrast, 
greenhouse gas forcing alone is sufficient to explain the 
higher summer precipitation during the late Holocene than 
during the LGM (Fig. 12). An increase in CO2 concentra-
tion would also enhance sea-surface temperatures, which in 
turn affect summer monsoon precipitation (Hu et al. 2000). 
The strengthening of ENSO throughout the Holocene (Moy 
et al. 2002) was accompanied by a gradual increase in CO2 
concentrations, indicating a possible causal linkage between 
them. Similarly, CH4 concentrations may have had a simi-
lar effect on the EASM precipitation (Fig. 8g). Therefore, 
the late Holocene summer rainfall anomaly at Xinjie site in 
southern China (the 2-kyr shift) might be largely attributable 
to greenhouse gas forcing. Overall, summer insolation and 
greenhouse gases are the two most important contributor to 

Fig. 11   Correlation map for Nino3 relative index with CRUTS4.0 
gridded (0.5° × 0.5°) precipitation fields during the period 1960–2014 
(Harris et al. 2014). Colored contours represent significant correlation 
coefficients (p < 10%)

Fig. 12   Absolute contributions of greenhouse gas forcing and sum-
mer insolation forcing to the Holocene summer precipitation in 
the region around Xinjie site simulated in the TraCE experiments 
(Liu et  al. 2009). Arrows indicate that GHG overcame ORB at 
~ 5.5 cal kyr BP, and greenhouse gas forcing became the major and/or 
even the only positive contributor for the late Holocene summer pre-
cipitation since ~ 2.3  cal  kyr BP. Another arrow indicates that sum-
mer insolation has a negative contribution to summer precipitation 
since ~ 4.0 cal kyr BP
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Holocene summer precipitation in the EASM core region, 
with summer insolation playing a major role during the early 
and middle Holocene and greenhouse gases playing a major 
role during the late Holocene.

5 � Conclusions

We have presented high-resolution and pollen-based quanti-
tative reconstructions of both annual and summer precipita-
tion covering the last 12.5 kyr for the lower Yangtze region. 
This is the first quantitative reconstruction of Holocene 
summer precipitation for tropical and subtropical China. 
Our summer precipitation reconstruction is consistent with 
paleoclimate records from tropical and subtropical China, 
indicating ~ 30% higher summer monsoon rainfall during 
the early and middle Holocene at ~ 10–6 cal kyr BP; but 
distinct from those in arid/semiarid northern China that indi-
cate a mid-Holocene rainfall maximum at ~ 8–3 cal kyr BP. 
Our reconstructions also suggest that the precipitation was 
less seasonal in warm and wet periods but more seasonal 
in cold and dry periods. Our investigation of the underly-
ing forcing mechanisms indicates that summer precipitation 
in arid/semiarid northern China was strongly affected by 
high-northern-latitude ice volume during the early Holocene 
despite high summer insolation. In contrast, summer rain-
fall in southern China was mainly controlled by summer 
insolation forcing. However, over the last two millennia the 
rainfall has deviated from the downward trend of summer 
insolation. We argue that CO2 forcing might have overcome 
summer insolation forcing and contributed to the late Holo-
cene rainfall anomaly at Xinjie site as well as “the 2-kyr 
shift” in cave records (Cheng et al. 2016). The TraCE-21 ka 
transient simulation supports that greenhouse gas forcing 
exceeded summer insolation forcing at ~ 5.5 cal kyr BP and 
then became the major contributor for late Holocene summer 
rainfall, especially since ~ 2.3 cal kyr BP. Besides, tropical 
sea-surface temperatures could modulate the EASM pre-
cipitation by affecting evaporation of seawater in the mon-
soon source. Furthermore, we attribute the rapid drying of 
northern China and anomalous wetting of southern China 
during the late Holocene to the influence of El Niño/South-
ern Oscillation. The different rainfall patterns and responses 
between southern China and arid/semiarid northern China 
indicate the complex rainfall structure of the subtropical 
EASM during the Holocene, which are very helpful for pre-
dicting future precipitation changes in China in the scenario 
of global warming. Moreover, comparisons of quantitative 
reconstructions to model results suggest that the PMIP simu-
lations underestimate the magnitude of Holocene precipita-
tion changes. Therefore, quantitative rainfall reconstructions 
are essential for calibration of paleoclimate models.

Our discussions about the variability and forcing mecha-
nisms of the EASM precipitation are based on quantitative 
reconstructions that are independent of speleothem δ18O 
records whose interpretation remains controversial and 
therefore draw a more unambiguous conclusion. However, 
quantitative records of Holocene summer precipitation are 
still insufficient. We therefore strongly recommend that addi-
tional quantitative reconstructions of summer precipitation 
should be made in the future to provide a more detailed 
picture of the spatial and temporal variability of the EASM 
precipitation during the Holocene. We also recommend that 
additional transient simulations and sensitivity experiments 
with high spatial resolution and calibrated by quantitative 
records should be performed to identify the individual and 
combined effects of insolation, ice volume, freshwater flux, 
sea-surface temperatures and greenhouse gas concentrations 
on the spatial and temporal variability of the EASM precipi-
tation during the Holocene.
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