
lable at ScienceDirect

Quaternary Science Reviews 115 (2015) 132e142
Contents lists avai
Quaternary Science Reviews

journal homepage: www.elsevier .com/locate/quascirev
Astronomical and glacial forcing of East Asian summer monsoon
variability

Youbin Sun a, b, *, John Kutzbach c, **, Zhisheng An a, b, Steven Clemens d, Zhengyu Liu c,
Weiguo Liu a, Xiaodong Liu a, Zhengguo Shi a, Weipeng Zheng e, Lianji Liang a, Yan Yan a,
Ying Li a

a State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Sciences, Xi'an 710061, China
b Joint Center for Global Change Studies, Beijing 100875, China
c Center for Climatic Research, University of Wisconsin-Madison, Madison, WI 53706, USA
d Department of Earth, Environmental and Planetary Sciences, Brown University, Providence, RI 02912-1846, USA
e Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029, China
a r t i c l e i n f o

Article history:
Received 19 November 2014
Received in revised form
11 March 2015
Accepted 13 March 2015
Available online

Keywords:
Chinese loess
East Asian summer monsoon
Insolation
Ice-sheets
CO2

Variability and dynamics
* Corresponding author. State Key Laboratory of Lo
Institute of Earth Environment, Chinese Academy of S
** Corresponding author. Center for Climatic Resear
Madison, Madison, WI 53706, USA.

E-mail addresses: sunyb@ieecas.cn (Y. Sun), jek@w

http://dx.doi.org/10.1016/j.quascirev.2015.03.009
0277-3791/© 2015 Elsevier Ltd. All rights reserved.
a b s t r a c t

The dynamics of glacialeinterglacial monsoon variability can be attributed to orbitally induced changes in
summer insolation and internal boundary conditions. However, the relative impacts of astronomical and
internal factors on East Asian summer monsoon variability remain controversial. Here we combine proxy
data and model results to evaluate the response of East Asian summer monsoon change to these forcings.
d13C of loess carbonate, a sensitive summer monsoon proxy from the western Chinese Loess Plateau,
demonstrates coexistence of distinct 100-, 41- and 23-ka periods, in contrast to precession-dominated
speleothem d18O records in South China. Model results indicate that insolation, ice and CO2 have distinct
impacts on summer precipitation changes in East Asia, whereas their relative impacts are spatially
different, with a relatively stronger insolation effect in south China and amore dominant ice/CO2 influence
in north China. Combined proxy data and model results indicate that East Asian summer monsoon vari-
ability was induced by integrated effects of summer insolation and changing boundary conditions (e.g., ice
sheets and CO2 concentration). Our proxy-model comparison further suggests that gradual weakening of
the summer monsoon related to slowly decreasing summer insolation at astronomical timescales will be
likely overwhelmed by the projected ongoing anthropogenic CO2 emissions.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Investigating the hydrological cycle is essential for a sustainable
Future Earth, because water plays a critical role in global ecological
and social systems. Monsoon circulation, as a primary driver of
hydrological changes in the low-to-mid latitudes of both hemi-
spheres (Webster et al., 1998; Wang and Ding, 2008; Wang, 2009;
Guo et al., 2012; Liu et al., 2013; An et al., 2015), can seriously
impact food production, water supply, and natural hazards through
severe flood and drought events (Ding and Chan, 2005; Huang
ess and Quaternary Geology,
ciences, Xi'an 710075, China.
ch, University of Wisconsin-

isc.edu (J. Kutzbach).
et al., 2007). Therefore, understanding monsoon variability from
the natural past to the anthropogenic future is critical for both
scientific communities and policy makers. Investigation of the
natural variability and dynamics of monsoon-related hydrological
changes has improved greatly through paleoclimate modeling and
data-model integration studies over past decades (e.g., Kutzbach
and Street-Perrott, 1985; Kutzbach and Guetter, 1986; Prell and
Kutzbach, 1992; Braconnot et al., 2007; Kutzbach et al., 2008; Liu
et al., 2014). However, assessing the relative importance of astro-
nomical and glacial factors on monsoon variability remains chal-
lengeable due to varied sensitivity of both models and proxies to
these forcings (Ding et al., 1995; Wang et al., 2008b; Lu et al., 2013;
Liu et al., 2014).

Although monsoon circulation is often defined as a seasonal
change in prevailing wind directions, many monsoonal regions also
experience large seasonal differences in rainfall as well (Webster
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et al., 1998; Wang and Ding, 2008). Geologically, many proxy in-
dicators of paleomonsoon variability reflect some aspect of changes
in rainfall and wind, such as Chinese loess and speleothem records
(e.g., Maher and Thompson, 1995; An, 2000; Wang et al., 2008b;
Cheng et al., 2009; Liu et al., 2014). Notably, these monsoonal
proxies display a considerable range of variability in amplitude,
phasing (timing), and relative concentrations of variancewithin the
primary frequency bands associated with three earth's orbital pa-
rameters (eccentricity, obliquity, and precession) (e.g., Clemens
et al., 2010; An et al., 2011; 2015; Wang et al., 2014). For example,
most loess-based proxies are characterized by distinct gla-
cialeinterglacial variations with a dominant 100-ka cycle over the
last 800 ka, implying a strong coupling to change in ice-sheet
volume (Ding et al., 1995; Liu et al., 1999). In contrast, speleothem
d18O shows a dominant 23-ka cycle, suggesting a direct link to
insolation forcing (Wang et al., 2008b; Cheng et al., 2009, 2012).
More recently, further analysis of the spelethom records to ice-
sheets and insolation forcing indicates a distinct influence of the
ice volume change on the d18O variability (Caballero-Gill et al.,
2012; Thomas et al., 2014; Cai et al., 2015). Different responses of
these proxies make it challenging to pin down the relative sensi-
tivity of Asian summer monsoon change to insolation and glacial
forcing.

A robust evaluation of the glacial/insolation impacts on
monsoon changes has been made using comprehensive data-
model comparisons (e.g., Kutzbach and Street-Perrott, 1985; Liu
et al., 2003, 2014; Braconnot et al., 2007, 2012; Yin et al., 2009,
2014; Weber and Tuenter, 2011; Eagle et al., 2013). Here we present
a sensitive summer monsoon proxy generated from two high-
resolution loess sequences on the northwestern Chinese Loess
Plateau (CLP), which demonstrates strong sensitivity of summer
monsoon variability to changing insolation and glacial boundary
conditions. The relative impacts of insolation, ice and CO2 on East
Asian summer monsoon variability were evaluated using sensi-
tivity experiments with the Community Climate System Model 3
(CCSM3) (Collins et al., 2006; Meehl et al., 2006). Further compar-
ison of paleoclimate data with modeling results indicates that
insolation, ice and CO2 have varying contributions to summer
precipitation changes in East Asia.
2. Monsoonal setting in East Asia

Monsoon circulation is characterized by seasonal changes in
wind direction and precipitation (Webster et al., 1998). Today,
monsoonal wind and precipitation are highly seasonal in East Asia.
In summer (hereafter referred to as the rainy season from May to
September), warm and humid air originating from low-latitude
oceans is transported northwestward up to the ChinaeMongolia
boundary, resulting in strong monsoonal precipitation in East Asia
(Gao et al., 1962). The northern boundary of the summer monsoon
front roughly corresponds to the isohyetal line of mean summer
precipitation (SP) around 1 mm/day (Fig. 1a). From a modern
meteorological perspective, changes in southerly wind intensity,
sea level pressure and summer precipitation within a certain
domain can be employed as monsoonal proxies (Wang et al.,
2008a). However, monsoonal precipitation is highly variable in
East Asia because of meridional shifts in the rain belt linked to
variability of the North Pacific Subtropical High (Ding and Chan,
2005), leading to a demarcation of climate regimes between
north and south China at ~33�N (Ding and Chan, 2005; Ding et al.,
2008). Over the past 50 years (1960e2010), SP has decreased in
most parts of north China, but increased evidently in southeast
China (Fig. 1b), implying that the SP change cannot be used
straightforward to indicate the summer monsoon intensity.
Among available monsoon proxies, seasonality of wind and
precipitation changes are two widely used indicators to define the
tempo-spatial variation of the summer monsoon intensity (Li and
Zeng, 2002; Wang and Ding, 2008). However, correlation be-
tween monsoonal winds and precipitation is complicated in East
Asia (Fig. 1c). In most parts of north China including the CLP, a
decreasing trend of the SP over the last 50 years is positively
correlated with weakening of the monsoonal wind intensity
defined as a dynamical normalized wind seasonality index (Li and
Zeng, 2002). In south China, particularly over the middle and lower
reaches of the Yangtze River, however, summer precipitation in-
creases gradually over the last 50 years due to the southward shift
of the monsoonal rain belt, and is negatively correlated with
weakening of the monsoonal wind intensity. An anti-phase
response of regional summer precipitation change to insolation
forcing between north and south China was also identified in the
transient simulations (Shi et al., 2012; Liu et al., 2014). A continuous
simulation of the East Asian monsoon (EAM) revealed that from the
LGM to Holocenemaximum, an enhanced southerlymonsoonwind
is accompanied by an increased monsoon rainfall in north China,
but not significant rainfall changes in southeastern China, implying
that the precipitation change in north China is positively related to
the monsoon intensity (Liu et al., 2014).

From a paleomonsoon perspective, it's difficult to infer the
summer monsoonal wind intensity from geological archives. Most
understanding of summer monsoon intensity is based on the
precipitation-related proxies derived from pedogenic intensity of
Chinese loess and isotopic composition of speleothems, although
the extent to which these proxies can be interpreted as a pure
summer monsoon indicator is still debated (Wang et al., 2001,
2008b; Cheng et al., 2009, 2012; Clemens et al., 2010; Dayem
et al., 2010; Pausata et al., 2011; Maher and Thompson, 2012).
Recently, comparison of observation data and isotope modeling
results suggests that the strong summer monsoon can be charac-
terized by intensified southerly wind, corresponding well to
negative d18O over China and enhanced rainfall in northern China
(Liu et al., 2014). Therefore, the paleo-precipitation change in
northern China, including loess-based precipitation proxies on the
CLP, most likely reflects the summer monsoon variation.

3. Material and methods

Two loess sequences at Jingyuan (JY, 36�2003000N, 104�3702400E)
and Gulang (GL, 37�2804300N, 102.5202800E) are located in the
northwestern CLP, close to the northern limit of the summer
monsoon front (Fig. 1a). SP at these two sites contributes to 75% of
the annual precipitation over the past 50 years, with ~60% water
vapor transported by the southerly monsoonal wind (Yan et al.,
2013). High sedimentation rate and weakly weathered loess se-
quences at the northwestern CLP can resolve millennial through
glacialeinterglacial monsoon variability (Sun et al., 2010, 2012b).
Samples at 10-cm intervals were collected from the upper 110 m of
two profiles including two 20-m loess pits in the uppermost part
for measurements of magnetic susceptibility (c), grain size and
carbon isotopes of inorganic carbonates (d13CIC). Grain size distri-
bution was determined using a Malvern 2000 laser instrument
after removal of organic matter and carbonate. Magnetic suscep-
tibility was measured with a Bartington MS 2 m. Carbon and Ox-
ygen isotopes of inorganic carbonate of loess samples were
measured using an isotope ratio mass spectrometer (MAT-252)
with an automated carbonate preparation device (Kiel II). Standard
deviation of carbon isotopic results is smaller than ±0.1‰ esti-
mated from repeated analyses of the laboratory standards.

The response of monsoon circulation to insolation and glacial
forcing is not consistent in different models, particularly the



Fig. 1. (a) Summer precipitation (May to September, mm/day) and locations of Chinese loess and cave sites; (b) Trend (mm/10 years) of summer precipitation change over
1961e2010 (data from China meteorological data center); (c) Correlation coefficients between changes in summer precipitation and monsoonal wind index (Li and Zeng, 2002). Two
loess sections (GL-Gulang, JY-Jingyuan) are located in the northwestern Chinese Loess Plateau. Three caves (SB-Sanbao, HL-Hulu, DG-Dongge) are situated in south China. Brown
dotted line denotes the northern limit of the summer monsoon front inferred from meteorological observations (Gao et al., 1962). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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monsoonal rainfall change in East Asia (Jiang et al., 2011; Zhao and
Harrison, 2012). Comparison of simulated and reconstructed pre-
cipitation changes in East Asia suggests that the CCSM3 (a coupled
ocean-atmosphere model) can be applied well for simulating the
seasonal cycle of monsoon circulation and precipitation in East Asia
(Meehl et al., 2006; Otto-Bliesner et al., 2006; Braconnot et al.,
2007). Comparison of CCSM3 simulated results with the reanalysis
data suggests consistent features such as seasonal shift of the wind
direction and precipitation and spatial distribution of the rainfall in
East Asia (Supplementary Fig. S1). More information about the
performance of the CCSM3 model for simulating Asian paleo-
climate changes were detailed in Otto-Bliesner et al. (2006) and
Meehl et al. (2006).

Three sensitivity experiments in this study were conducted by
the CCSM3 to evaluate the response of the Asian monsoon for the
pre-industrial (PI, 0 ka), Early Holocene (EH, 9 ka) and the Last
Glacial Maximum (LGM, 21 ka). Two additional experiments, LGM
condition with PI ice-sheets (LGMPI-ICE) and with PI CO2 concen-
tration (LGMPI-CO2), are carried out in order to evaluate the effects of
changing ice-sheets and CO2 concentration in glacial period. The
experimental design generally follows the framework of the Pale-
oclimate Modelling Intercomparison Project phase 3 (PMIP3),
except that the mid-Holocene (MH, 6 ka BP) experiment is replaced
by the early-Holocene (EH, 9 ka BP). For the PI experiment, all the
boundary conditions are kept as present-day and the CO2 concen-
tration is set to 280 ppmv. In EH experiment, only the astronomical
parameters are changed (Berger, 1978). In LGM experiment, the
distribution and height of the ice sheets are from ICE-5G dataset
(Peltier, 2004) and the CO2 concentration is 185 ppmv (Pertit et al.,
1999). The LGMPI-ICE and LGMPI-CO2 experiments were designed by
removing the excess LGM ice sheets (compared to PI with ice sheets
only in Greenland and Antarctica) and of using PI greenhouse gas
forcing (compared to the lowered LGM greenhouse gases). The
astronomical parameters and boundary conditions for each
experiment are listed in Table 1. These experiments were run for
Table 1
Earth's orbital parameters (Berger, 1978), CO2 concentration (Pertit et al., 1999), ice-sheets
models. Also shown are themodeled summer precipitation (SP) in north China (NC, 33e42

Experiments Topography Ice-sheets CO2 (ppmv) E

PI (0 ka) Modern Modern 280 0.016
EH (9 ka) Modern Modern 280 0.019
LGM (21 ka) ICE-5G ICE-5G 185 0.018
LGMPI-ICE Modern Modern 185 0.018
LGMPI-CO2 ICE-5G ICE-5G 280 0.018
100 years and the results are integrated for last 20 years at an at-
mospheric horizontal resolution of 2.8� � 2.8�. To evaluate the
spatial difference in the impacts of astronomical and glacial forcing,
the summer precipitation are averaged over north China (NC,
33e42�N, 100e120�E) and south China (SC, 24e33�N, 100e120�E),
respectively.

4. Grain size age model

Chronologies of Chinese loess-paleosol sequences have been
generated using magnetic susceptibility-based model (Kukla et al.,
1988), grain-size model (Porter and An, 1995; Vandenberghe et al.,
1997), and astronomical calibration (Ding et al., 1994, 2002; Lu
et al., 1999; Heslop et al., 2000; Sun et al., 2006). High correlation
between loess grain size and benthic d18O records implies a strong
coupling between the winter monsoon and ice volume changes
(Ding et al., 1995, 2002; Liu et al., 1999; Hao et al., 2012), which
allows establishing the chronology of Chinese loess by correlation
of mean grain size with the benthic d18O stack (Lisiecki and Raymo,
2005). Abrupt methane and speleothem d18O changes are
contemporaneous with high-latitude cooling during glacial termi-
nations (Cheng et al., 2009), confirming a strong coupling of rapid
monsoon and ice volume changes during deglaciations. Thus, ages
of the glacial terminations and interglacialeglacial transitions
inferred from the benthic d18O can be adopted as time controls for
generating the loess chronology (Porter and An, 1995; Hao et al.,
2012).

Since grain size fluctuationswithin the upper 110m (S0-L4) at GL
and JY loess sections correspond well to benthic d18O record over
the last 350 ka (Lisiecki and Raymo, 2005), eleven tie points were
selected to match rapid changes of the grain size and benthic d18O
during the boundaries of marine isotope stages (MIS) 1e10 (Fig. 2).
Five additional agemarkers from the top 20-m (loess pits) at GL and
JYwere obtained by OSL dating (Sun et al., 2012b). Due to the coeval
changes between sedimentation rate and grain size (Ding et al.,
and topography (Peltier, 2004) in the CCSM3 sensitivity experiments and the PMIP3
�N,100e120�E) and South China (SC, 24e33�N,100e120�E) from the CCSM3 results.

T P SP (NC, mm/d) SP (SC, mm/d)

724 23.446 102.04 3.89 5.47
280 24.232 311.25 4.2 6.4
994 22.949 114.42 2.96 4.54
994 22.949 114.42 3.54 5.42
994 22.949 114.42 3.27 4.98



Fig. 2. Variations of magnetic susceptibility (c, pink), mean grain size (brown) and d13CIC (blue) of the GL and JY sections, and their correlation with benthic d18O stack (black,
Lisiecki and Raymo, 2005). Red diamonds indicate ages derived from tie points linking rapid changes in mean grain size with the boundaries of marine isotope stages (MIS) recorded
by the benthic d18O record. Red dashed lines denote two additional ages derived within MIS 6 and 9, respectively. Purple diamonds are the optically stimulated luminescence dates
(Sun et al., 2012b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2001), the chronology can be generated using the weighted grain-
size model proposed by Porter and An (1995):

Tm ¼ T1 þ ðT2 � T1Þ
 Xm

i¼1

A�1
i

! Xn
i¼1

A�1
i

!�1

where T1 and T2 are the age control points, respectively; Ai is the
sedimentation rate at depth i, which is assumed to be proportional
to the mean grain size; n is the total sampling level between T1 and
T2; andm is the sampling level at T1 and T2. The weighted grain size
model is more reliable than those obtained by linear interpolation
or by susceptibility model (Hao et al., 2012). The chronological
uncertainty is less than 2 ka for these tie points and interpolated
timing, respectively (Lisiecki and Raymo, 2005; Hao et al., 2012).

The grain-size age model was evaluated by comparison with
previously published loess chronologies, benthic d18O stack and
mean summer insolation (Fig. 3). Consistent with previous land-
ocean comparisons (Liu, 1985; Bloemendal et al., 1995; Ding et al.,
1995, 2002; Liu et al., 1999), the paleosol layers (S0 to S3) are well
correlated to MIS 1 to 9, respectively. Note that grain size time
series at JY and GL show three peaks in these paleosol layers, cor-
responding well to the precessional-scale insolation maxima
(Berger, 1978; Berger et al., 2010). However, grain size records from
the central CLP exhibit insignificant variability in these paleosols,
due to relatively low sedimentation rates and strong pedogenesis
(Ding et al., 2002; Sun et al., 2006; Hao et al., 2012). Chronologies of
S0 to S2 are consistent among these loess age models, whereas the
timing of L2 and S3 is different in these age models. Three grain size
peaks in S3 are well correlated to precessional insolation maxima
and MIS 9 in our age models, consistent with the astronomical
timescale developed by Sun et al. (2006). In two other age models
(Ding et al., 2002; Hao et al., 2012), however, the S3 was compressed
and correlated to early MIS 9 (~305e336 ka), whilst L2 was
expanded to MIS8 (245e280 ka) and late MIS 9 (280e305 ka).
Clearly, our grain size time series reveal a good land-ocean
matching for the glacialeinterglacial climate fluctuations.

5. Results and discussion

5.1. Sensitivity of loess proxies to monsoon variability

Mean grain size, c, and d13CIC exhibit almost identical fluctua-
tions at JY and GL, demonstrating robust inter-profile reproduc-
ibility (Fig. 2). Loess grain size mainly reflects the energy of winds
that transport dust particles from source areas to the CLP and thus
has been widely employed as a proxy indicator for the winter
monsoon intensity (e.g., An et al., 1991; Xiao et al., 1995). Magnetic
susceptibility (c) enhancements in Chinese loess derive mainly
from the pedogenic formation of fine-grained magnetic minerals
duringwarm and humid periods (Zhou et al.,1990), and can be used
to quantify the amount of paleorainfall (an indicator of the summer
monsoon intensity), when the mean annual precipitation varies
from 200 mm to 1200 mm (Maher and Thompson, 1995; Han et al.,
1996). Since the vegetation in the western CLP is dominated by C3
plants, carbon isotopes of inorganic carbonate (d13CIC) is thus very
sensitive to change in the precipitation-controlled vegetation
density and can serve as a more reliable proxy of the summer
monsoon intensity (Liu et al., 2011).

Different fluctuations between loess d13CIC and magnetic sus-
ceptibility during glacial periods confirm that loess d13CIC is more
sensitive to precipitation change than is magnetic susceptibility
(Fig. 2). The magnetic susceptibly variation is more significant in
interglacial paleosols (S0eS3) than in glacial loess (L1eL4), whereas
themean grain size is less variable during interglacials compared to
glacials; both are in contrast to large-amplitude d13CIC fluctuations
during both glacial and interglacial periods. Unlike magnetic sus-
ceptibility, that is less sensitive to glacial summer monsoon in-
tensity in the northwestern CLP, d13CIC remains sensitive to change
in precipitation-controlled vegetation density (Liu et al., 2011). To
evaluate the relationship between loess d13CIC and summer



Fig. 3. Comparison of GL (green) and JY (purple) grain size time series with previously published grain size variations (Chiloparts (brown, Ding et al., 2002)); Quartz grain size (QGS,
pink, Sun et al., 2006); Luochuan >32 mm content (blue, Hao et al., 2012), mean summer insolation at 65�N (red) (Berger et al., 2010), and benthic d18O stack (black) (Lisiecki and
Raymo, 2005). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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precipitation change, thirteen surface soil samples were collected
across the CLP, with the summer precipitation (SP) decreasing from
450 mm to 75 mm and the summer temperature changing from
23.5 to 17.5 �C (Fig. 4a). d13CIC of thirteen surface samples are highly
correlated with changes in precipitation, evaporation, and relative
humidity during the vegetation growing season (May to
September) (Fig. 4b), but less sensitive to the summer temperature
changes (particularly in thewestern CLP), implying that the d13CIC is
very sensitive to the SP change.

The carbon isotope composition of inorganic carbonate in Chi-
nese loess has been investigated intensively to indicate monsoon-
induced changes in types and density of paleovegetation (e.g.,
Frakes and Sun, 1994; Han et al., 1997; Wang and Follmer, 1998;
Ding and Yang, 2000; An et al., 2005; Sun et al., 2012a; Yang
et al., 2012). However, debates still exist regarding the interpreta-
tion of bulk loess d13CIC, because both detrital and pedogenic car-
bonates are presented in Chinese loess (Liu, 1985; Ning et al., 2006;
Rao et al., 2006; Sheng et al., 2008; Liu et al., 2011; Li et al., 2013).
Therefore, glacialeinterglacial d13CIC variations are controlled by
three factors: carbon isotopes of detrital carbonate (d13CDC), carbon
Fig. 4. (a) Summer precipitation changes (mm/day) over 1961e2000 and locations of surfac
from the CLP with temperature (red), precipitation (blue), evaporation (purple) and relative
QB-Qaidam Basin; GD-Gobi Deserts in northern China and southern Mongolia, CLP-Chinese
major Asian dust sources and CLP, respectively. (For interpretation of the references to colo
isotopes of pedogenic carbonate (d13CPC), and the proportions of
detrital and pedogenic carbonates, which can be expressed as
follows:

d13CIC ¼ f � d13CPC þ ð1� fÞ � d13CDC

where f is the proportion of pedogenic carbonate, d13CPC and d13CDC
are carbon isotopic compositions of pedogenic and detrital car-
bonates, respectively. To determine the d13CDC, surface samples
were collected from the potential Asian dust sources, including
Taklimakan Desert, Qaidam Basin, and Gobi/sandy deserts in north
China and south Mongolia (Fig. 4a). The d13C of inorganic carbonate
in desert surface sediments ranges from �0.9 to 0.7‰ (Fig. 5a),
implying that the primary carbonates are derived from marine
strata with an average d13C value around 0‰ (Veizer et al., 1999).
The d13CPC at the Jingyuan section varies between �8.5‰
and �6.5‰ (Fig. 5a), as estimated from the carbon isotopic results
of organicmatter (d13COC, Liu et al., 2011) by subtracting the isotopic
difference (~15‰) between organic matter and pedogenic car-
bonate (Cerling et al., 1989). The carbon isotopic difference (d13CDiff)
e samples from Asian dust sources and CLP; (b) Correlation of d13CIC of surface samples
humidity (pink) during the summer season (May to September). TD-Taklimakan Desert;
Loess Plateau. Blue and black squares denote the surface samples collected from the
r in this figure legend, the reader is referred to the web version of this article.)



Fig. 5. (a) Glacialeinterglacial variations of d13COC, d13CPC, d13CDiff, and d13CIC, and their comparisonwith the d13CDC results; (b) Comparison of d13CIC with d13CDiff and d13COC. d13CPC is
estimated from d13COC by subtracting 15‰ (Cerling et al., 1989; Liu et al., 2011). d13CDiff denotes the carbon isotopic difference between d13CPC and d13CIC, with large difference
corresponding to more proportion of detrital carbonate (DC).
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between d13CIC and d13CPC reflects the proportional contribution of
d13CDC (Ning et al., 2006). Taken together, large-amplitude d13Cic
variability at glacialeinterglacial timescales is caused by mixing
ratio of detrital to pedogenic carbonates and by the d13CPC varia-
tions (Fig. 5b).

In the western CLP where the vegetation is dominated by C3
plants, both d13COC variation of surface soil samples and carbon
isotope composition of C3 plant are highly correlated with summer
precipitation change (Wang et al., 2003; Liu et al., 2005; Rao et al.,
2013). Meanwhile, high Mg/Ca and Sr/Ca ratios of authigenic car-
bonate at the Jingyuan section indicate that the production of
pedogenic carbonate in arid CLP is heavily dependent on the
precipitation-induced leaching intensity, rather than on the
temperature-related evaporation (Li and Li, 2014). Therefore, both
the carbon isotope and proportion of pedogenic carbonate in the
arid CLP are controlled predominantly by summer precipitation
change. Global satellite observations show a linear relationship
between vegetation cover and precipitation under arid conditions
(Donohue et al., 2013), highlighting water as the dominant limit to
vegetation growth in the arid western CLP. During interglacials and
interstadials, enhanced summer precipitation can result in
increased soil moisture and biomass, strong soil respiration, and
high pCO2. All these conditions favor the formation of pedogenic
carbonate, with more negative d13C values (Cerling, 1984; Cerling
et al., 1989; Quade et al., 1989a, 1989b; An et al., 2005; Liu et al.,
2011).

Although at glacialeinterglacial timescales, changes in the
vegetation type (C3/C4), atmospheric CO2 and temperature might
also influence the d13C values and proportion of pedogenic car-
bonate. These influences are rather limited compared to precipi-
tation change, because (1) CO2 change might lead to ~1‰ shift of
carbon isotopic composition (Feng and Epstein, 1995); (2) the
vegetation type in the western CLP is dominated by C3 without
significant glacialeinterglacial changes (Liu et al., 2011; Rao et al.,
2013); and (3) impact of temperature change on the secondary
carbonate production is insignificant compared to the precipitation
fluctuation in the arid CLP (Li and Li, 2014). Therefore, loess d13CIC
variation in the northwestern CLP most likely reflects the regional
precipitation change and can be regarded as a sensitive proxy for
the summer monsoon intensity (Liu et al., 2011).

5.2. Glacialeinterglacial summer monsoon variability

Since the d13CIC variations are quite similar between GL and JY,
we employed averaged d13CIC result of these two sections to reflect
the summer monsoon variability (Fig. 6). Given more sensitivity
and higher temporal resolution relative to previous loess-based
summer monsoon proxies, our d13CIC record provides new in-
sights into the summer monsoon variability over the past 350 ka.
Amplitude contrast of the d13CIC variations is evident (4.5e6‰)
between glacials and interglacials, with more negative values
during interglacials compared to glacial intervals. During three
interglacials (i.e., MIS 5, 7 and 9), the d13CIC record demonstrates
three distinctive precessional peaks, consistent with that of both
mean summer insolation and speleothem d18O records, implying a
strong influence of insolation on interglacial summer monsoon
variability. During glacial times, however, the d13CIC amplitude is
damped but still display precessional cycles, indicating a combined
influence of insolation and glacial boundary conditions on the
summer monsoon variability. By contrast, the speleothem d18O
variations show rather uniform amplitude without significant
glacialeinterglacial difference. Amplitude difference between loess
d13CIC and speleothem d18O implies that their linkages to the
summer monsoon intensity are not identical. Unlike the close link
of the loess d13CIC variability to the summer precipitation, the
speleothem d18O in Eastern China might be influenced by multiple
factors such as isotopic depletion along the vapor transport path
(Hu et al., 2008; Pausata et al., 2011; Liu et al., 2014), changes in
d18O values of meteoric precipitation (Wang et al., 2008b) or the
amount of summer monsoon precipitation (Cheng et al., 2009), and
seasonality in the amount and isotopic composition of rainfall
(Clemens et al., 2010; Dayem et al., 2010; Maher and Thompson,
2012). In contrast, speleothem d18O record from southwestern
China demonstrates distinctive glacialeinterglacial and preces-
sional variability, due to relatively stable moisture input and at-
mospheric circulation influenced by the Indian monsoon (Cai et al.,
2015).

Unlike the speleothem d18O records from Hulu and Sanbao
caves, the d13CIC records display significant glacialeinterglacial
variations with strong spectral peaks at 100-, 41-, and 23-ka pe-
riods, with relative contributions of 44%, 35%, and 21%, respectively
(Fig. 6b). The d13CIC spectrum is in contrast to a single dominant 23-
ka peak in the speleothem d18O spectrum from Eastern China and a
remarkable 100-ka peak in benthic d18O and CO2 spectra, but
similar to the Indian monsoon variability inferred from the spe-
leothem d18O record in southwestern China (Cai et al., 2015). The
spectral difference implies that mechanisms driving loess d13CIC
and speleothem d18O variability are dissimilar. Climatically, coex-
istence of the 100-, 41-, and 23-ka periods in the loess d13CIC
spectrum is attributable to the combined influence of astronomical
(i.e., summer insolation) and glacial forcing (e.g., changing surface
boundary conditions such as ice volume, CO2 concentration)
(Kutzbach and Guetter, 1986; Prell and Kutzbach, 1992). The rela-
tively strong 100-ka variance indicates a dominant glacial impact



Fig. 6. Time series (a) and spectral results (b) of monsoonal proxies, summer insolation, CO2 and benthic d18O stack. From top to bottom: (a) Mean summer insolation at 65�N (red)
(Berger et al., 2010), Speleothem d18O (pink) from the Hulu and Sanbao caves (Wang et al., 2008b; Cheng et al., 2009), averaged d13CIC results of GL/JY sections (green); (b) Ice-core
CO2 concentration (blue) (Pertit et al., 1999); Benthic d18O stack (black) (Lisiecki and Raymo, 2005). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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on loess d13CIC variability. The obliquity and precession peaks are
also distinct in the spectra of the d13CIC records and mean summer
insolation from May to September, but considerably weaker in the
spectra of the CO2 and benthic d18O. The rainy season in East Asia is
strongly associated with the onset (early May) and retreat (late
September) of the summer monsoon (Gao et al., 1962; Ding and
Chan, 2005; Ding et al., 2008). Thus, we propose that the total
summer irradiation (a function of obliquity, Berger et al., 2010), the
length of the summer season and the magnitude of summertime
insolation (a function of precession and eccentricity, Berger, 1978),
all might play important roles in affecting summer monsoon vari-
ability through changing land-ocean thermal contrast and merid-
ional temperature gradient (Kutzbach and Guetter, 1986; Prell and
Kutzbach, 1992; Kutzbach et al., 2008; Shi et al., 2011; Yin et al.,
2014).

5.3. Sensitivity of monsoon variability to insolation, ice and CO2

forcing

To identify the response of summer monsoon variability to
various forcing factors, numerous sensitivity experiments with
differing boundary conditions have been conducted (Kutzbach and
Guetter, 1986; Prell and Kutzbach, 1992; Kutzbach et al., 2008;
Weber and Tuenter, 2011; Lu et al., 2013; Liu et al., 2014). These
simulations suggest that monsoonal precipitation in tropical re-
gions respond significantly to insolation forcing, whereas changing
surface boundary conditions (e.g., ice-sheets, land albedo, sea ice,
and sea surface temperature) exert a strong influence on mid-
latitude monsoon changes (e.g., Kutzbach and Guetter, 1986).
Multi-model results suggest that both astronomical and glacial
factors have distinctive impacts on Asian summer monsoon change
(Yanase and Abe-Ouchi, 2007; Jiang et al., 2011) (Supplementary
Fig. S2 and references therein). However, differentiating the rela-
tive influence of insolation and the coupled ice-sheet and CO2
changes on the summer monsoon intensity remains challenging,
due to the nonlinear relationship between astronomical forcing
and glacial response (Hays et al., 1976; Shackleton, 2000; Yin and
Berger, 2012). Here we further analyzed the modeling results of
five sensitivity experiments (PI, EH, LGM, LGMPI-ICE, and LGMPI-CO2
in Table 1). The model results were analyzed to address the relative
sensitivity of the SP change for the south and north China to the
insolation, CO2 and ice-sheet forcing, respectively.
Since the difference between the PI and EH experiments is due
to the changing astronomical parameters (Table 1), the SP increase
in EH relative to PI is evident in most parts of East Asia, reflecting
the significant impact of insolation forcing on summer monsoon
variability (Fig. 7a). The SP increase from PI to EH is largest and
most significant in SC, but is also large and statistically significant in
most of the eastern half of NC, compared to the region of the CLP.
These spatial differences indicate that changing summer insolation
has a larger influence on the SP change in SC compared to NC,
because insolation-induced land-sea thermal contrast has greatest
impacts in low latitudes and in areas closer to the coast (Kutzbach
and Guetter, 1986). The LGM-PI difference mostly represents the
impacts of increased ice-sheets (more ice at LGM than at PI) and
reduced greenhouse gas (lower concentration of CO2 at LGM rela-
tive to PI) forcing, while the effect of orbitally induced insolation
forcing is small because of minor summer insolation difference
between these two periods. The SP decrease from PI to LGM is
significant in NC and most parts of SC, but not distinctive in
southeast China (Fig. 7b). The impact of increased ice-sheets and
reduced CO2 on the SP likely derives from an increased meridional
temperature gradient (Braconnot et al., 2007; Yanase and Abe-
Ouchi, 2007; Jiang et al., 2011), strengthening and southward
shift of the westerlies (Yanase and Abe-Ouchi, 2007; Nagashima
et al., 2011), increased snow/ice cover on the Tibet Plateau
(Thompson et al., 1997; Chen et al., 1999), and sea level drop during
the LGM relative to the PI (Peltier, 2004; Wang et al., 2005; Jiang
et al., 2011). All these factors could prevent the northwestward
penetration of the summer monsoon front and thus reduce the
summer precipitation amount. Our sensitivity experiments suggest
significant impacts of both changing insolation and glacial bound-
ary conditions on the summer precipitation change (Fig. 7a and b),
consistent with multi-model mean results of the PMIP3 outputs
(Fig. S2).

Model results of the LGMPI-ICE and LGMPI-CO2 experiments were
employed to evaluate the separate effect of removing the excess
LGM ice sheets and of using high PI CO2 forcing relative to the LGM
condition. In general, decreased ice-sheets and increased CO2 tend
to strengthen the summer precipitation (Fig. 7c and d). In most
parts of East Asia, the SP increases significantly in response to
reducing ice sheet, with 0.58 mm/day and 0.88 mm/day in NC and
SC, respectively; while the SP increases induced by CO2 are
0.31 mm/day in NC and 0.44 mm/day in SC (Table 1). The CO2



Fig. 7. CCSM3-simulated differences in summer precipitation (mm/d) and 850 hPa wind vectors (m/s) between (a) EH-PI, (b) LGM-PI, (c) LGMPI-ICE-LGM, and (d) LGMPI-CO2-LGM. For
wind speeds, grids which are above 3000 m a.s.l. are not shown. Dashed rectangles indicate North China (NC, 33e42�N, 100e120�E) and South China (SC, 24e33�N, 100e120�N).
Black and red crosses denote the location of two loess sections and three caves. Dots denote regions where the model results exceed the 95% confident level using the Student's t-
test. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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impact is different from that of the ice-sheets with a rather weak
magnitude under the LGM condition (Fig. 7d), because its contri-
bution to glacial temperature anomalies is less than that of ice cover
(Felzer et al., 1998). The SP percentage changes induced by
decreased ice and increased CO2 are higher in NC (13.8% and 7.4%)
than in SC (9.7% and 4.9%), implying that their relative impacts are
more significant in NC than in SC. Taken together, our sensitivity
experiments suggest that insolation, ice and CO2 all have played
important roles in driving glacialeinterglacial summer monsoon
variability. Note that the insolation impact on the gla-
cialeinterglacial SP change in our sensitivity experiments is
underestimated compared to the impacts of the ice-sheets and CO2,
because the insolation difference between EH and PI is lower than
most of full precessional insolation cycles (Berger, 1978). Mean-
while, the impacts of ice sheets and CO2 might be overestimated
due their nonlinear response to astronomical forcing. Thus, similar
to the works done by Yin et al. (2009, 2014), more sensitivity ex-
periments together with factor separation analysis should be per-
formed to robustly assess the individual impact of each forcing
factor in the future.

5.4. Monsoon dynamics and future implication

Since the integrated effects of the astronomical and glacial fac-
tors on the summer monsoon variability are difficult to infer from
modeling results or paleodata alone, we compare model results
with paleo-proxies to assess the dynamics driving the summer
monsoon variability (Fig. 8). Model-derived SP changes indicate
that insolation forcing has greater impact on the SP change in SC
than in NC, whereas the glacial forcing has weaker impact in SC
compared to NC. Although the ice-sheets and CO2 influences on the
SP are spatially different, the ice effect is larger than the CO2 effect
in both regions during the LGM condition. Sensitivity coefficients of
glacial and insolation impacts on the SP change are identical in SC,
but change to 75% and 25% in NC, respectively. The different SP
responses to astronomical and glacial forcings between NC and SC
reflect the complex dynamics of the East Asia summer monsoon,
linked to high- and low-latitude climates through migrations of
westerly jet and subtropical High (Wu et al., 2009; Nagashima et al.,
2011; Sun et al., 2012b; Chiang et al., 2015; An et al., 2015).

Model-derived summer precipitation change in NC and SC can
be compared with paleo-proxies generated from Chinese loess and
speleothem records (Fig. 8). Loess d13CIC exhibits a smaller ampli-
tude variability between EH and PI than between LGM and PI,
consistent with the model-derived SP percentage change. This
proxy-model match together with a dominant 100-ka period in our
loess d13CIC records indicate that glacial factors (ice and CO2) have
played a more dominant role in driving the SP changes in NC over
the past 350 ka. By contrast, the speleothem d18O variability be-
tween EH and PI is more significant than the LGM-PI contrast,
different from the equal percentage change of model-derived SP
between EH-PI and LGM-PI. The amplitude mismatches between



Fig. 8. Response of proxy- and model-derived summer precipitation (SP) change to
insolation, ice and CO2 forcing. (a) Natural forcings: Mean summer insolation at 65�N
(red) (Berger et al., 2010), Benthic d18O stack of ice volume (dark blue) (Lisiecki and
Raymo, 2005), Ice-core CO2 (green) (Pertit et al., 1999). (b) Monsoonal response in
NC: Jingyuan loess d13CIC (purple line) and model-derived SP percentage changes (blue
bar); (c) Monsoon response in SC: Hulu/Sanbao speleothem d18O (brown) (Wang et al.,
2008b) and model-derived SP percentage changes (blue bar). Dashed arrows indicate
the future trend of forcing factors and SP responses. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)
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speleothem d18O and insolation forcing were also evident in peak
interglacials (e.g., MIS 5e, 7c and 9e), likely attributed to other
factors such as changes in moisture source and related atmospheric
and oceanic processes (Clemens et al., 2010; Dayem et al., 2010;
Maher and Thompson, 2012; Liu et al., 2014; Cai et al., 2015).

A thorough understanding of past climate variability and dy-
namics, particularly regarding the CO2 impact (Liu et al., 2012; Yin
and Berger, 2012; Lu et al., 2013), would permit a robust projection
of future precipitation change and a sustainable eco-societal
development in monsoon-affected regions (Bradley, 2000; Berger
and Loutre, 2002; Hao et al., 2012). Our data-model comparison
indicates that both summer insolation as well as ice volume and
CO2 boundary conditions have played key roles in driving summer
monsoon variability, though their effects on the SP changes are
spatially different in East Asia. A prolonged interglacial and a
delayed build-up of the northern hemisphere ice-sheets have been
predicted due to the low eccentricity and the damped summer
insolation variability at present (Berger et al., 1999; Berger and
Loutre, 2002). Holding the CO2 and ice-sheets constant, summer
monsoon intensity would decrease slightly due to the approach of
summer insolation minimum over the next few millennia (Fig. 8).
However, taking into account the ongoing human-induced CO2
emissions and the consequent global warming effects (e.g., glacial
melting and sea level rise) (Meehl et al., 2012), extrapolation of our
proxy-model results (i.e., 7.4% and 4.9% increases in the SP of NC
and SC due to ~100 ppmv CO2 increase) would predict increased
summer precipitation over the 21st century, due to the anthropo-
genic CO2 increase from 390 ppmv in 2010 to 540 ppmv in 2100
under the RCP4.5 scenario (Meinshausen et al., 2011). Our projec-
tion is consistent with strengthening of the summer monsoon in
East Asia inferred from the multiple model results in the coupled
model intercomparison project phase 5 (Jiang and Tian, 2013).
6. Conclusion

Investigation of a sensitive SP proxy (d18CIC) from two high-
resolution loess sequences on the northwestern CLP reveals that
the summer monsoon demonstrates significant glacialeinterglacial
variability, with distinct spectral peaks associated with primary
astronomical periods of eccentricity (100-ka), obliquity (41-ka) and
precession (23-ka). The 100-ka and 41-ka periods are predominant
in the loess proxy, in contrast to a unique precessional peak in the
speleothem record, implying that changing surface boundary
conditions and obliquity might have played an important role in
driving the summer monsoon variability. Sensitive experiments
confirm that insolation, ice-sheets and CO2 all can affect the sum-
mer precipitation change in East Asia, but with different magni-
tudes between NC and SC. Our work suggests that a thorough
understanding of past monsoon variability and dynamics, particu-
larly regarding the CO2 impact, could provide increased confidence
in projections of future precipitation change in monsoon-affected
regions.
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