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a b s t r a c t

The phase relationship between the Indian summer monsoon (ISM) and the East Asian summer
monsoon (EASM) during the last deglaciation remains controversial. Here, we reconstruct a 15,000-year
plant cellulose d13C proxy record for the ISM from the Yuexi peat bog in southwestern China. The record
shows that the ISM abruptly decreases during the Younger Dryas (YD) stadial and abruptly increases
during the BøllingeAllerød (BA) interstadial. A comparison of the Yuexi record with other related proxy
climate records reveals two types of phenomena. First, the strengths of the two Asian monsoons are
inversely related during the YD stadial, i.e., the ISM strength decreases and the EASM increases. During
this period, the southern Chinese mainland consisted of a wide arid zone while the northern Chinese
mainland was much wetter. The arid zone in southern China resulted from two different types of
monsoon processes: the abnormal northward extension of the EASM rain belt, leading to less rainfall in
southeast China, or an illusion that the EASM weakened. The other process is a real weakening of the
ISM. Second, during the BA interstadial, the strengths of both the ISM and EASM clearly increased.
However, the maximum strengths appear to have occurred in the Allerød period. During this period, the
entire Chinese mainland, both northern and southern, experienced wet conditions. The abnormal climate
pattern of wet in the north and dry in the south during the YD stadial occurs because of the combined
effects of the strengthened EASM, intensified westerlies, and weakened ISM, which could be attributed to
the response to the abrupt cooling in the high northern latitudes and to the El Ni~no-like activity in the
equatorial Pacific. The widespread wet climate during the BA interstadial may be related to an abrupt
increase in the greenhouse gases (GHGs) concentrations in the atmosphere and to the La Ni~na-like ac-
tivity in the equatorial Pacific. These results contribute to a better understanding of the response of the
Asian monsoon to global changes and present a geo-historical scenario for understanding the East Asian
hydrological variations in the current global warming phase.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Several abrupt millennial timescale temperature variations are
prominent features of the climate during the last deglaciation.
These variations have been clearly recorded in the 18O/16O ice core
time series from the Greenland Ice Sheet Project 2 (GISP2) (Stuiver
et al., 1995). Because these time series contain a widespread BA
warming event and a widespread YD cooling event, the transition
between the warm and cold climates during the period presents a
: þ86 851 5891609.
unique opportunity to better understand the response of the
Earth's climate system to external and internal forcings. The Asian
summer monsoon system, which consists of the ISM and EASM, is
an important component of the Earth's climate system. Under-
standing the response of the Asian monsoon system to the climate
transitionwill contribute to a better understanding of the operation
of the Earth's climate system. In addition, because more than three-
fifths of the Earth's population depends on Asian monsoon rainfall
for their food and livelihood, there is an urgent need to better
understand and predict the hydrological variations in the current
global warming environment. Therefore, understanding the be-
haviors of the Asian monsoons in the last deglaciation provides a
valuable scenario from geological history.
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A recent review study (Tiwari et al., 2011) comparing marine
and terrestrial paleoclimate records from South Asia suggests that
the ISM fluctuated widely during the deglaciation, with weaker
monsoons during colder episodes, such as the YD, and stronger
monsoons during warmer episodes, such as the BA. However, this
study does not cover the paleoclimate records from some east Asian
regions that are influenced by the ISM, e.g., the Tibetan Plateau and
its adjacent regions, and it does not include the activity of the
EASM. Another study on global climate evolution during the last
deglaciation briefly discusses the behaviors of the ISM and EASM
during the transition period, mainly focusing on the results of a few
stalagmite 18O records from the southern Chinese mainland (Clark
et al., 2012). To complement these studies, we present here a
continuous peat cellulose d13C record of the ISM covering the past
15,000 years. By comparing this record with a variety of other
monsoon proxy records, especially the EASM proxy records pub-
lished in recent years, we attempt to clarify the abrupt variation,
phase relationship, and possible forcing mechanisms of the two
Asian monsoons during the last deglaciation.

2. Study region and methods

The researched peatland is located in Yuexi County in the
Sichuan Province of southwestern China (Fig. 1). The peatland is
near the southeastern edge of the Tibetan Plateau and is at the
southern extent of the Hongyuan peat bog (site 24 in Fig. 1). The
study site is a valley peat bog at an altitude of 1950 m above sea
level. As previous studies have shown, the southeastern Tibetan
Plateau, including the Hongyuan and Yuexi peatlands, is strongly
influenced by the ISM (Hong et al., 2003; Wang et al., 2010). The
annual average temperature is approximately 13 �C and the annual
mean rainfall is approximately 1000mm in the Yuexi region. Due to
Fig. 1. Sketch map showing the location of the Yuexi peat bog (yellow triangle) and some o
Kulishu, 5 e Jingbian, 6 eMidiwan, 7 e Lijiayuan, 8 e Dongxiang, 9 e Baxie, 10 e Yuanbao, 11
16 e Yili, 17 e Dongshiya, 18 e Hanon, 19 e Hulu, 20 e Dajiuhu, 21 e Dahu, 22 e Core17940
major summer precipitation areas: A e the Indian summer monsoon area, B e the East Asi
Wang et al., 2003). The base map of Fig. 1 was obtained from the GoogleMaps by using screen
CorelDRAW Graphics Suite 12.
the influence of the monsoon, approximately 95% of the annual
rainfall occurs in the period from May to September, with the pri-
mary rainfall season from June to August, consistent with the
general precipitation rule of the ISM domain (Wang et al., 2003).
Yunnan pine (Pinus yunnanensis) and evergreen sclerophyllous
oaks (Quercus senescens, Quercus rehderiana, Quercus gilliana)
dominate the vegetation around the peatland.

An approximately 6-m-long peat core (28�470N, 102�570E) was
drilled using a Russian peat corer. The plant residues in the core
sample are mainly composed of the vascular sedge family of C3
plants, including Carex and Kobresia, which is similar to the plant
composition of the Hongyuan peat profile located north of Yuexi
(Hong et al., 2003). An improved sodium chlorite oxidation method
was used to extract alpha-cellulose from the peat vegetation resi-
dues (Green, 1963; Hong et al., 2000). To determine the stable
carbon isotopic composition in the cellulose, 2 mg of the cellulose
samples was loaded into a borosilicate tube together with pre-
heated copper (II) oxide. After drying in a vacuum, the tube was
sealed with an oxy-gas torch and heated in a muffle furnace at
550 �C (Sofer, 1980; Hong et al., 2001). The resulting CO2 gas was
measured for stable carbon isotopes using a MAT-252 mass spec-
trometer. The stable carbon isotopes of the cellulose were
expressed as d13C relative to the VPDB scale (Coplen, 1996); the
overall precision was found to be better than ±0.1‰ (1s).

Previous work has shown that the vascular sedge family of C3
plants exhibits a sensitive physiological response to the relative
humidity of the environment by regulating the opening and closing
of leaf stomata. This activity leads to changes in the stable carbon
isotopic composition of atmospheric CO2 utilized in plant photo-
synthesis (Francey and Farquhar, 1982; Schleser, 1995). The varia-
tion of the herbaceous plant's d13C value reflects the variation of the
environmental relative humidity or precipitation. Because both the
f the related research sites (yellow circle). 1 e Tashiro, 2 e Sihailongwan, 3 e Hani, 4 e

e Gaolanshan, 12 e Tuxiangtao, 13 e Qinghai Lake, 14 e Bosten Lake, 15 eManas Lake,
, 23 e Dongge, 24 e Hongyuan, 25 e Shayema, 26 e Sumxi Co. The three boxes define
an summer monsoon area, and C e the westerly area (modified from Gao et al., 1962;
shot software, and then the related research marks were added to the map by using the
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main growing season of herbaceous plants and the monsoon pre-
cipitation season are concurrent, i.e., from May to September, the
variations of the d13C value for herbaceous plants reflect the
changes of monsoon precipitation in the summer season. As a
result, information on summer monsoonal rainfall changes at a
given time can be preserved in the d13C values of peat plant cellu-
lose. Finally, plant cellulose is highly resistant to decomposition.
Both cellulose and its isotopes are highly stable over periods of
approximately 105 years (Briggs et al., 2000). Recent advances in
the extraction and purification of cellulose from batch-bulk peat
samples have allowed application of the d13C value of peat cellulose
to reconstruct the history of the Asian summer monsoon precipi-
tation. The lower (or more negative) the d13C value in the peat
cellulose is, the greater the rainfall, and vice versa. In addition, the
evaluation of the summer monsoon intensity is still an issue dis-
cussed in the atmospheric physics community. Two potential def-
initions have been presented. One is based on the summer
monsoon precipitation amount and the other is based on the wind
regime of the summer monsoon (Huang et al., 2008). Some studies
have suggested that both the wind and precipitation variations are
good indicators of the intensity of the ISM and EASM (Wang et al.,
2003). Here, we use the summer monsoon rainfall amount as an
indicator of the Asian summer monsoon intensity, which has been
widely accepted by the paleoclimate community (Chen et al., 2011;
An et al., 2012). The greater the summer rainfall amount, the
greater the summer monsoon intensity, and vice versa. Therefore,
the lower (or more negative) the d13C value in the peat cellulose is,
the greater the Asian summer monsoon intensity, and vice versa
(Hong et al., 2001, 2003, 2005, 2010).

The core was divided into units of differing peat color and
texture. Radiocarbon samples were used to bracket the changes in
core sedimentology and then additional ages were used to further
secure the chronology. Finally, 20 14C age control points were set up
(Fig. 2; Table 1). The peat cellulose samples of the control points
were prepared for graphite targets; their 14C intensity was deter-
mined at the AMS Laboratory of the National Institute for Envi-
ronmental Studies in Tsukuba, Japan, to obtain the 14C age (Uchida
et al., 2008). The chronological age was obtained after correction
using the CALIB-4.3 program (Stuiver et al., 1998). We then ob-
tained the calibrated 14C age sequence of the Yuexi peat profile via
linear interpolation. In the case of natural output the mean sedi-
mentation rate in the entire Yuexi peat profile was approximately
36 cm per 1000 years, and the sedimentation rates at the interval
from 14,598 to 12,681 cal yr BP exceeded 10 cm per 1000 years
Fig. 2. Chronology and lithology of fresh peat core from the Yuexi peat bog.
(Table 1), which is sufficient to resolve millennial-scale variability.
The Yuexi peat core sample was cut continuously into 1-cm sub-
samples equivalent to a mean time resolution of approximately 27
years. The results of the upper 5.4 m portion of the Yuexi peat core
(15,000 cal yr BP) are presented in this study.

We compare the data of Yuexi peat with several previously
published paleoclimate records, most of which have been pub-
lished in the last decade. These records have reliable chronologies
and have presented information regarding the dry and humid
conditions during the YD and/or BA periods.

3. Results and discussion

3.1. Abrupt variation of the ISM in the past 15,000 years

The southwest Chinese mainland is subject to the influence of
the ISM. However, sensitive ISM proxy records spanning more than
15,000 years and covering the last deglaciation, such as the d18O
record from the Dongge Cave stalagmite (Dykoski et al., 2005), are
few. Although some paleolimnological sediments have a long his-
tory that covers the last glacial period, they do not record the
abrupt variations and the transient nature of the ISM during the last
deglaciation. It is thought that snow cover on the Tibetan Plateau
may effectively buffer the impact of lower-magnitude events (Cook
et al., 2011).

Our Yuexi peat cellulose d13C record presents new ISM infor-
mation regarding two aspects. First, the record again confirms an
important phenomenon in which the ISM precipitation shows a
series of abrupt reductions on centennial to millennial timescales
that correspond to the ice-rafted debris (IRD) cooling events
numbered from 0 to 8 in the North Atlantic during the Holocene
epoch (Fig. 3) (Fleitmann et al., 2003; Gupta et al., 2003; Hong et al.,
2003). This teleconnection relationship is further expanded to the
last deglaciation. Fig. 3 shows that from approximately
12,900 cal yr BP onwards, the d13C values of the Yuexi peat cellulose
abruptly increase, indicating an abrupt decrease in ISM rainfall or a
weakened monsoon. The weakening reaches a minimum around
12,500 cal yr BP. In the subsequent period of approximately 400
years, the ISM strength generally maintains a weak state, although
there are some fluctuations in strength. From approximately
12,100 cal yr BP, the d13C values of the Yuexi peat cellulose begin to
abruptly decrease, indicating a rapid increase in ISM rainfall or an
increase in the monsoon's strength. The strengthening reaches a
maximum around 11,800 cal yr BP. Taking the 14C dating errors into
Black error bars show 14C dates with 1s error of the Yuexi peat profile.



Table 1
Radiocarbon dates of Yuexi peat profile.

Lab code Sample ID Depth (cm) d13C (‰, VPDB) 14C age (yr BP) Calibrated age range (yr BP) Calibrated age (yr BP)

TERRA-120310a25 YXI01 1 24.53 416 ± 26 477e509 491
TERRA-120310a16 YXI02 14 �24.95 446 ± 27 497e518 508
TERRA-121610a12 YXI03 24 �24.38 843 ± 33 700e787 751
TERRA-120310a23 YXI04 33 �25.24 906 ± 26 782e904 840
TERRA-113010b14 YXI05 40 �26.40 1269 ± 40 1176e1267 1213
TERRA-120310a14 YXI06 59 �26.18 1596 ± 30 1417e1528 1471
TERRA-120310a26 YXI07 84 �26.09 2238 ± 32 2162e2329 2231
TERRA-120310a29 YXI08 140 �26.28 3088 ± 32 3265e3361 3312
TERRA-113010b15 YXI09 193 �26.47 3487 ± 43 3703e3828 3763
TERRA-113010b16 YXI10 201 �25.74 3613 ± 47 3860e3980 3925
TERRA-120310a17 YXI11 240 �26.07 3884 ± 29 4259e4407 4329
TERRA-113010b17 YXI12 283 �26.01 6435 ± 48 7323e7419 7360
TERRA-113010b18 YXI13 335 �24.70 7268 ± 50 8021e8160 8090
TERRA-120310a27 YXI14 383 �25.07 7762 ± 35 8481e8591 8544
TERRA-113010b19 YXI15 411 �25.03 9114 ± 47 10,220e10,370 10,265
TERRA-113010b20 YXI16 442 �25.58 9668 ± 57 10,874e11,194 11,074
TERRA-113010b21 YXI17 485 �24.58 10,470 ± 46 12,226e12,543 12,425
TERRA-113010b22 YXI18 518 �24.88 10,808 ± 40 12,614e12,729 12,681
TERRA-120310a15 YXI19 539 �25.25 12,473 ± 49 14,243e14,887 14,598
TERRA-120310a20 YXI20 608 �24.59 14,390 ± 51 17,247e17,660 17,506
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account, the decrease in ISM rainfall or the weakening of the
monsoon's strength from approximately 12,900 to 11,800 cal yr BP
inferred from the d13C values of the Yuexi peat should correspond
to the YD cooling event that occurred from 12,900 to
11,700 cal yr BP in the North Atlantic region (Stuiver et al., 1995).
This result coincides with the results from Dongge Cave and South
Asia (Dykoski et al., 2005; Tiwari et al., 2011). Fig. 3 also demon-
strates that corresponding to the Older Dryas (OD) (around 15,000
to 14,700 cal yr BP) and the Intra-Allerød cold periods
(13,250e13,070 cal yr BP) (Stuiver et al., 1995), the ISM strength
appears to confirm the weakening trend. However these results
remain to be examined further because they require a better 14C age
constraint.

Second, the Yuexi peat record also shows variations in the
strength of the ISM during the last deglacial interstadial. In the
interval from approximately 14,700 to 13,300 cal yr BP, the d13C
value decreases, indicating an increase in ISM rainfall or an inten-
sification of the monsoon's strength (Fig. 3). It is generally thought
that this time interval corresponds to the BA warm period in the
18O/16O ice core record of GISP2 (Stuiver et al., 1995). The
strengthening ISM during the BA warm period has also been
recorded in both the Dongge Cave stalagmite 18O in East Asia and
several proxy indicators in South Asia (Dykoski et al., 2005; Tiwari
Fig. 3. The d13C precipitation proxy record of Yuexi peat cellulose for the Indian summer m
events (Bond et al., 1997). Number 0 indicates the ‘Little Ice Age’ event (Bond et al., 1997). Th
and OD, respectively. The vertical gray bands trace the comparisons of precipitation anomalie
The vertical light red and red bands trace the comparisons of the precipitation anomalies o
et al., 2011). It is worth noting, however, that the Yuexi peat record
shows clear fluctuations in monsoon precipitation during the BA
interstadial (Fig. 3). A significant increase in the ISM strength and
amplitude appears to occur only from 14,000 to 13,250 cal yr BP,
possibly corresponding to the Allerød warm period in the North
Atlantic (Stuiver et al., 1995).

3.2. Hydrological variations in East Asia during the YD stadial

Based on the seasonal fields of the modern monsoon stream
function, air pressure, humidity, and precipitation, the Chinese
mainland and its adjacent areas have been divided into several
different monsoon climate regions. It is climatologically thought
that the 105� longitude line, which runs along the eastern flank of
the Tibetan Plateau and through the Indo-China ‘land-bridge’,
roughly delineates the ISM and EASM regions (Gao et al., 1962;
Wang et al., 2003, 2008; Hong et al., 2010). For this study, the
three boxes in Fig. 1 are applied to define major summer precipi-
tation areas, i.e., the ISM region (5e34�N, 65e105�E), the EASM
region (10e45�N, 105e145�E), and the westerly region (34e50�N,
65e105�E). Obviously, the classification of research sites near the
line is more ambiguous. For instance, the Dongge Cave (site 23 in
Fig.1) is situated in the eastern side of the line, but its climate signal
onsoon. Numbers from 1 to 8 indicate the eight North Atlantic ice-rafted debris (IRD)
e Younger Dryas, Inter-Allerod, and Oldest Dryas cooling events are denoted by YD, IA,
s for the Indian summer monsoon inferred from the Yuexi d13C with the cooling events.
f the monsoon with the Bølling and Allerød warming events.
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has often been considered as representative of the ISM (Dykoski
et al., 2005).

A previous study revealed a series of abrupt inverse phase var-
iations between the ISM and EASM on centennial to millennial
timescales that show the teleconnection relationship with the IRD
cooling events in the North Atlantic Ocean during the Holocene
(Hong et al., 2005). The inverse phase oscillation for the YD period
has also been previously discussed (Hong et al., 2010). Our Yuexi
peat record presents further evidence for the inverse phase varia-
tions. Fig. 4h shows the maximum d13C value of the Yuexi peat
cellulose during the period from approximately 12,900 to
11,800 cal yr BP, indicating a decrease in ISM rainfall or aweakening
of the monsoon's strength. As already discussed, this observation
corresponds to the YD cooling event that occurred approximately
between 12,900 and 11,700 cal yr BP in the North Atlantic (Stuiver
et al., 1995) and also coincides with the results of Sumxi Co (site 26
Fig. 4. Correlation of climatic events between the two Asian monsoons during the last deg
summer monsoon in the region north of approximately 34�N. The light green color show
approximately 34�N. The red color indicates the precipitation proxy records of the Indian su
and OD, respectively. The Allerød and Bølling warming events are indicated by A and B, respe
the two monsoons during the cooling periods. The vertical red and light red bands trace th
in Fig. 1) (Gasse et al., 1991), Lake Shayema (site 25 in Fig. 1) (Jarvis,
1993), and the Dongge Cave (site 23 in Fig. 1) (Dykoski et al., 2005)
in the ISM region of southwestern China and with other ISM re-
cords from South Asia (Tiwari et al., 2011).

However, the climate situation of the EASM region in the YD
period is more complex. In general, it seems there is a climate-
boundary situated roughly from the Kunlun Mountains to the
Qinling Mountains on the Chinese mainland (at approximately
34�N) (Fig. 1). The vast area north of the boundary, including the
northern EASM and westerly regions, has a wetter climate, while
the southern EASM region has a drier climate or less rainfall. For
example, the d13C value of the Tashiro peat cellulose in north-
eastern Japan clearly decreases (site 1 in Fig. 1), indicating an in-
crease in EASM rainfall during the YD (also see Fig. 4a) (Shinozaki
et al., 2011). In the Hani peatland of the northeastern Chinese
mainland (site 3 in Fig. 1), located in the west of the Tashiro
laciation. The dark green color shows the precipitation proxy records of the East Asian
s the precipitation records of the East Asian summer monsoon in the region south of
mmer monsoon. The Younger Dryas and Oldest Dryas cooling events are denoted by YD
ctively. The vertical gray bands trace the comparisons of the precipitation anomalies of
e comparisons of the precipitation anomalies during the warming periods.
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peatland, a variety of proxy climate indicators, including peat cel-
lulose d13C (also see Fig. 4b) (Hong et al., 2010), hydrogen isotope
compositions (DdD) (Seki et al., 2009), and n-alkane Paq values of
individual plant wax hydrocarbons (also see Fig. 4c) (Zhou et al.,
2010), all record an especially moist local climate or more
monsoonal precipitation during the period. In Lake Sihailongwan
near the Hani peatland (site 2 in Fig. 1), the accumulation rates for
biogenic silica (F-bSiO2) exhibit several abnormal increases in the
maxima during the YD (Schettler et al., 2006), the pollen percent-
age of Larix, Picea, and Abies reach their maximum (Stebich et al.,
2009), and in particular, the thickness of the sediment varve of
Lake Sihailongwan drastically oscillates withmaximum peaks of up
to 2 cm (Stebich et al., 2009). These phenomena have attracted a
discussion about the local climate conditions of Sihailongwan
(Hong et al., 2010). Considering the more monsoonal precipitation
in the Hani district near Lake Sihailongwan during the YD, we
cannot exclude the interpretation that the aforementioned phe-
nomena of Lake Sihailongwan may also reflect a moist local climate
or more monsoon precipitation (Hong et al., 2011).

The wetter climate signal during the YD period is also recorded
in the sediment of the Loess Plateau in north-central China. The
Baxie loess section (site 9 in Fig. 1) is located in the southeastern
Loess Plateau where the rapid deposition of dust under cool, dry
glacial conditions gave way to a period of soil development and
reduced dust influx attributed to a strengthening of the moist
summer monsoon during the YD (An et al., 1993). Furthermore, the
Midiwan profile (site 6 in Fig. 1) is located in the central Loess
Plateau of northeastern Baxie. A variety of proxy climate indicators
in the profile, including tree and herb pollen concentrations,
organic carbon content, and d13C values of organic carbon, all show
different degrees of increased monsoon rainfall during the YD
(Fig. 4d) (Zhou et al., 1996, 2004). The Jingbian and Dongxiang
profiles provide additional evidence for a wetter climate in the YD.
The Jingbian profile (site 5 in Fig. 1), which is near the Midiwan
profile, has a YD sequence consisting of lacustrine silts, overlain by
grayish black, silty peat and is dated from 12,730 to 11,850 cal yr BP.
Zhou et al. demonstrated that both tree and herb pollen counts
show a significant increase within the peat layer, signifying an in-
crease in precipitation during the YD (Zhou et al., 2001). The
Dongxiang profile (site 8 in Fig. 1) is located to the southwest of
Midiwan and has a pedogenic paleosol layer, dated from 12,730 to
11,850 cal yr BP, indicating a more humid phase during the YD
(Zhou et al., 2001). The Kulishu Cave (site 4 in Fig. 1) located to the
northeast of the Midiwan provides a speleothem oxygen isotope
record for the YD event in northern China (Ma et al., 2012). One of
the most prominent features is that the Kulishu record clearly
shows the three negative d18O excursions during the YD period
centered at 12,410, 12,100, and 11,930 yr BP (230Th dates and layer
counting), indicating a clear increase in the monsoon rainfall.

In recent years, black carbon mass sedimentation rates (BCMSR)
originating from regional paleofires have been used to assess the
millennial scale wetedry changes in the Loess Plateau region. The
results of the Lijiayuan profile (site 7 in Fig. 1) reveal that “during
the YD Chronozone, the background BCMSR shows three phases: a
phase of relatively low background BCMSR bracketed by two pha-
ses of high background BCMSR. This indicates that a strong fire
regime existed during the early and late stages of the YD Chro-
nozonewhile aweak fire regime occurred in themiddle stage (Page
67 of Wang et al., 2012a).” According to Fig. 4 presented by Wang
et al., the so-called early and late stages of the YD Chronozone refer
to two points in time around 12,500 and 11,200 cal yr BP, respec-
tively, and the so-called middle stage refers to the more than 1300-
year interval between the two time points. Because most of the
weak fire regime from around 12,500 to 11,200 cal yr BP falls within
the period of the YD event (around 12,900 to 11,700 cal yr BP;
Stuiver et al., 1995), these results may imply a wetter climate of the
Loess Plateau during the YD, although the wetter conditions do not
necessarily mean reduced fire and vice versa. Additionally, in the
western Loess Plateau, three thick loess profiles [i.e., Yuanbao,
Gaolanshan, and Tuxiangtao (sites 10, 11, 12 in Fig. 1)] have been
chosen to study rapid climatic changes (Chen et al., 1997). The re-
sults show high values of magnetic susceptibility and a low content
of CaCO3during the YD period (Fig. 4 of Chen et al., 1997), indicating
more pedogenesis and hence summer precipitation.

Qinghai Lake (site 13 in Fig. 1), located west of Loess Plateau, is
the largest closed-drainage saline lake in northwestern China. As
early as the 1980s, a pioneering study noted that the lake water
freshened and the lake level rose, possibly indicating the local wet
climate during the YD (Kelts et al., 1989). This research indicated
that “if this wet Qinghai episode is linked to the European record
then the current model of a regionally-limited, Younger Dryas
impact may require revision (Page 180 of Kelts et al., 1989).” Un-
fortunately, this idea did not attract enough attention, though this
seemingly unusual phenomenon was later consistently confirmed.
For example, this wet signal is also clearly recorded in a redness
series in the sediment that originated from iron oxides near red
beds or loess deposits transported fluvially into the lake (Fig. 4e) (Ji
et al., 2005). Farther west in northern China, there is the largest
inland freshwater lake called Bosten Lake (site 14 in Fig. 1), located
in northern Xinjiang Province. Based on the lacustrine carbonate
isotopic composition, sporopollen, and CaCO3 analysis, the climate
during the YD period was cold and relatively humid (Zhong, 1998).
A wetter climate during the YD has also been tentatively proposed
based on the investigation of Manas Lake (site 15 in Fig. 1), located
in the northwest region of Bosten Lake (Rhodes et al., 1996).

In contrast, southeastern China and the adjacent area south of
approximately 34�N generally had low rainfall during the YD. For
instance, the Dongshiya Cave (33�470N, 111�340E) (site 17 in Fig. 1),
southwest of the city of Luanchuan, Henan Province, is located on
the southern slope of the Qinling Mountains. Therefore, a dry
episode during the YD inferred from its stalagmite d18O record (Cai
et al., 2008) provides strong evidence for a different climate on the
two sides of the climate-boundary. Similar evidence can be found in
the Hanon paleo-maar in Jeju Island, Korea (site 18 in Fig.1), located
at approximately the same latitude (33�150N, 126�330E) as the
Dongshiya Cave. The very low content of total organic carbon in the
maar sediment during the YD period indicates a local arid climate
(Lee et al., 2008). Toward the south, the percentage of evergreen
tree pollen in the Dajiuhu peatland (site 20 in Fig. 1) gradually
decreases, indicating a decrease in the summer rainfall amount
(Zhu et al., 2009). This finding coincides with the d18O results of the
Hulu Cave stalagmite (site 19 in Fig. 1) (Fig. 4f) (Wang et al., 2001).
At the same time, in the Dahu peatland (site 21 in Fig. 1), southeast
of the Dajiuhu peatland, a decreasing TOC, relatively more positive
d13C values, and a low accumulation of organic matter all indicate a
dry climate (Zhou et al., 2004; Zhong et al., 2010). In the South
China Sea (SCS), the diatom abundance of brackish-littoral species,
e.g., Cyclotelle spp. and Diploneis spp., in the No. 17940 core sedi-
ment (site 22 in Fig. 1) was clearly distinguished, indicating an in-
crease in salinity in the SCS. This increase has been attributed to the
decrease in summer precipitation in South China that resulted in
less freshwater passing through the Pearl River and into the SCS
(Huang et al., 2009). In addition, the heavier d18O values of seawater
in the MD01-2393 core from the mouth of the Mekong River at the
southern extent of the SCS also suggest low rainfall during the YD
period (Colin et al., 2010).

In summary, during the YD, there was a wetter region from
northern Japan Island, through the Loess Plateau, and westward to
the Xinjiang area of the northern Chinese mainland. At the same
time, there was a drier region in southeastern China. Because the
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climate of the ISM region west of 105� longitude was also drier
during the YD, a widespread region from southeastern China and
adjacent areas, through the Tibetan Plateau, and westward toward
South Asia experienced a drier climate during that period (Fig. 5).
3.3. Hydrological variations in the Chinese mainland during the BA
interstadial

As mentioned before, during the BAwarm period, the records of
Yuexi, Dongge (Fig. 4h and g), and South Asia (Tiwari et al., 2011) all
suggest a humid climate or strengthening of the ISM. Unexpectedly,
the EASM region, including both the northern and the southern
EASM regions, also appears to have had awetter climate, indicating
a strengthening of the EASM (Fig. 6). For example, the diatom
abundance of brackish-littoral species in the No. 17940 core sedi-
ment in the SCS indicated a relatively low level of seawater salinity,
which suggested high EASM precipitation (Huang et al., 2009).
Toward the north, in the Dahu peatland, an increase in the TOC,
relatively more negative d13C values, and a higher accumulation of
organic matter all indicate awetter climate (Zhong et al., 2010). The
humid climate has also been reflected in the stalagmite d18O record
of the Hulu Cave (Wang et al., 2001). The maar sediment of Jeju
Island, Korea, near the boundary line, suggests a cold and arid
climate during the YD. However, during the BA, the sediment's
multi-proxy data indicate warm and humid conditions (Lee et al.,
2008). Toward the northern EASM area and adjacent regions,
numerous proxy climate records, e.g., the Tashiro peatland
(Shinozaki et al., 2011), Lake Sihailongwan (Schettler et al., 2006;
Stebich et al., 2009), the Hani peatland (Seki et al., 2009; Hong
et al., 2010; Zhou et al., 2010), the Baxie loess (An et al., 1993),
the Midiwan profile (Zhou et al., 2004), and Qinghai Lake (Ji et al.,
2005), all clearly indicate a humid climate.
Fig. 5. Sketch map showing the abnormal climate pattern of the Chinese mainland and adja
sites with dry climate conditions influenced by the Indian summer monsoon. A solid yellow c
blue circle and blue circle denote the sites with wet climate conditions influenced by the East
6 e Lijiayuan, 7 e Dongxiang, 8 e Baxie, 9 e Yuanbao, 10 e Gaolanshan, 11 e Tuxiangtao, 1
Hanon, 18 e Hulu, 19 e Dajiuhu, 20 e Dahu, 21 e Core17940, 22 e Dongge, 23 e Hongyuan
summer monsoon (after Gao et al., 1962). The base map of Fig. 5 was obtained from the G
The Yili Valley (site 16 in Fig. 1), located in the westernmost
region of Xinjing Province, is dominated by westerly winds
throughout the year because of the topography that is open to
the west which allows westerly airflow. A palynology study of
the Yili Valley has also revealed the relatively warm and humid
climate during the BA period (Li et al., 2011), though the climate
during the YD period is drier, which may be representative of
climate change during those periods in the westerly area.
Moreover, research in the Yili Valley has clearly shown climate
fluctuations during the BA period. The largest peak of the Arte-
misia/Chenopodiaceae (A/C) ratio occurred in the Allerød period
(Fig. 6 of Li et al., 2011), which implies a maximum in effective
moisture or precipitation at that time. A similar phenomenon is
also found in the Asian monsoon area. A variety of indicators in
Fig. 4 also suggest that during this approximately 1420-year BA
warm period, both the ISM and EASM rainfall or the strengths of
the two monsoons are unstable and have fluctuating variations.
However, their maximum strengths appear to occur in the
Allerød period.
3.4. Dynamic mechanism for wet conditions in the north and dry in
the south during the YD stadial

Recent studies suggest that the superposition of two factors,
namely the variations of GHGs and the Atlantic meridional over-
turning circulation (AMOC), explain much of the variability in
regional and global temperatures during the last deglaciation
(Shakun and Carlson, 2010; Clark et al., 2012). However, the dy-
namic mechanism for the abnormal climate patternwith wet in the
north and dry in the south in East Asia during the same period
remains unclear. Several factors have been used to identify the
dynamic processes.
cent areas during the Younger Dryas stadial. The solid red circle and triangle denote the
ircle denotes the site with dry climate conditions influenced by the westerlies. The solid
Asian summer monsoon. 1 e Tashiro, 2 e Hani, 3 e Kulishu, 4 e Jingbian, 5 eMidiwan,
2 e Qinghai Lake, 13 e Bosten Lake, 14 e Manas Lake, 15 e Yili, 16 e Dongshiya, 17 e

, 24 e Shayema, 25 e Sumxi Co. The dashed line denotes the present-day limit of the
oogleMaps by the same methods as Fig. 1.



Fig. 6. Sketch map showing the wet climate pattern of the Chinese mainland and adjacent areas during the BøllingeAllerød interstadial. The solid blue circles denote the sites with
wet climate conditions influenced by the Indian summer monsoon, the East Asian summer monsoon, and the westerlies. 1 e Tashiro, 2 e Sihailongwan, 3 e Hani, 4 e Midiwan, 5 e

Qinghai Lake, 6 e Yili, 7 e Hanon, 8 e Hulu, 9 e Dahu, 10 e Core 17940, 11 e Dongge. The dashed line denotes the present-day limit of the summer monsoon (after Gao et al., 1962).
The base map of Fig. 6 was obtained from the GoogleMaps by the same methods as Fig. 1.
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3.4.1. Possible impact of ITCZ on precipitation variation
Shifts in the mean latitude of the Intertropical Convergence

Zone (ITCZ) are generally accompanied by significant changes in
hydrological quantities in the tropics and subtropics. The dry
climate in the Asian monsoon region during the early and middle
Holocene is generally thought to be evidence of a southward
migration of the ITCZ (Wang et al., 2005; Fleitmann et al., 2007;
Wanner et al., 2011), although records of aeolian sands and palae-
osols from the northernmargins of the EASM regions show awetter
early and middle Holocene (Yang et al., 2013). A southward shift of
the ITCZ has also been used to explain the variability of monsoon
precipitation during the last glacial period (Wang et al., 2001,
2006). However, the phase relationship of the Asian monsoons
may provide a more complete constraint for the hypothesis. The
impact of ITCZ migration would be correct if only the variation of
the precipitation in the ISM region is considered. However, it is
difficult to explain why increasing EASM rainfall occurs in northern
Asia or why the EASM strengthens after the southward shift of the
ITCZ. It is clear that there are other forcing factors in addition to the
migration of the ITCZ.

3.4.2. Possible impact of cooling air temperature on effective
moisture

A cooling climate may act to inhibit evaporation and thus to
increase the effective moisture. Therefore, decreasing air temper-
ature during the YD should be considered as one of the factors
leading to wetter conditions in northern China. However, this does
not appear to be the primary reason for the climate difference with
wet conditions in the north and dry in the south because the cli-
mates of both northern and southern China cooled during the
cooling episodes, e.g., the YD event. Moreover, in recent years, the
actual evaporation conditions in the arid and semi-arid areas of
northern China have been re-estimated by applying newer stan-
dardized techniques to hydrological simulations and data from field
observations. The results show that the loss of water in these areas
was not as significant as previously believed and that the moisture
variability in these areas was dominated by variations of monsoon
intensity and precipitation (Yang et al., 2011).

3.4.3. Effects of the westerlies
The westerlies are usually considered to affect northwest China

in the middle latitudes. Specifically, the local summer rainfall may
mainly result from transport of moisture by the westerly wind. As
research progresses, understanding the climate dynamics of the
westerly area has gradually deepened. A competitive relation be-
tween the growth and decline of the westerlies and the Asian
monsoon has been gradually stressed. Currently, the focus of
debate surrounds which factor is the dominant factor for the
climate variation of northwest China, the westerly or the EASM.
Some researchers have suggested, based on the study of vegetation
and palynology, that the northern boundary of the Asian monsoon
has moved in geological history and that the monsoon region
covered the entire northern Chinese mainland, including north-
western China, during the last deglaciation and early-mid Holocene
(Fig. 103 (d) of Winkler and Wang, 1993; Fig. 1 of Morrill et al.,
2003). Considering the high water level of most lakes in northern
and central Mongolia during the mid Holocene, some scientists
have also speculated that the moisture-bearing summer monsoon
may extend its influence westward to Xinjiang and northward to
northern Mongolia (Rhodes et al., 1996; Tarasov et al., 2000, 2007;
Blyakharchuk et al., 2007; Rudaya et al., 2009; Yang et al., 2011). In
contrast, others have shown that on the orbital timescale, the arid
central Asia region that is dominated by westerlies experienced
synchronous and coherent moisture changes during the Holocene
and that the effectivemoisture history in central Asia is out of phase
with that in monsoonal Asia (Chen et al., 2008). This result implies
that the monsoon barely extended to central Asia during the Ho-
locene (Chen et al., 2008; Liu et al., 2008; Li et al., 2011). A recent
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study used the flux of the >25-mm fraction in the Lake Qinghai
sediment as a westerlies climate index (WI), with large WI values
indicating strengthened westerlies and intensified aridification (An
et al., 2012). TheWI record shows that during the YD period, theWI
value was large, reflecting intensified westerlies and resultant cold-
dry impacts. This result clearly shows that the intensifiedwesterlies
did not transport more water vapor to northern China during the
YD and therefore does not seem to be the primary reason for the
widespread humid climate in northern China during that period.

In fact, in addition to the consideration of the water vapor
amount, further verification of the effect of the westerlies from a
kinetic perspective is more important. Based on the global rean-
alysis data sets provided by NCEP/NCAR, it is generally thought that
in the background climate (or normal climatological conditions),
the summer water vapor over the Chinese mainland originates
mainly from the ISM and EASM transport. The water vapor trans-
ported by the mid-latitude westerlies is relatively weaker. In
addition, the water vapor from westerlies mainly occurs in the
higher atmosphere (500 hPa and above), while the monsoon
moisture that greatly affects precipitation is mainly concentrated in
the lower atmosphere (800 hPa and below) (Zhou and Yu, 2005;
Wang and Chen, 2012). However, these findings do not mean that
the effect of the westerlies can be neglected. The importance of the
westerly, as a cold and dry airflow, is demonstrated when it en-
counters warm and humid monsoon water vapor that eventually
results in the strong convergence over themain rainbelts, providing
a highly beneficial background for abundant rainfall (Zhou and Yu,
2005). These results highlights that intensified westerlies and a
strengthened EASM are the two indispensable factors during the
YD. Their encounter and convergence in the atmosphere play a
fundamental role in the occurrence of a humid climate in northern
China during the YD.

3.4.4. Possible impact of the EAWN
In addition to the EASM, the impact of the East Asian winter

monsoon (EAWM) on the regionally dry and wet condition may
also need to be considered, since the precipitation inferred from
some proxy climate indicators refers to the average precipitation
for the whole year. Previous studies have revealed that in the
northern winter season the cold air controlled by the Arctic Oscil-
lation and the Siberian High propagates southward along the
eastern margin of the Tibetan Plateau and forms the strongest
northerly dry and cold winter monsoon in the world, which plays
an important role for the winter precipitation of the eastern Asian
region (An, 2000; Wu and Wang, 2002). In general, however, the
contribution of the winter precipitation to the whole year's pre-
cipitation amount is relatively small for the monsoonal East Asia.
Themeteorological data of the 13 counties of Xinjiang, China during
1951e1980 show that the ratio of mean precipitation amount in the
autumn and winter seasons, including the snow amount, to the
mean annual precipitation amount ranges from 20% to 50%, and the
average value is only about 32% (Zhang and Deng, 1987). On the
other hand, the relationship between the strength variations of the
Asian summer monsoon and EAWM is still unclear, which suggests
that the possible impacts of the Arctic Oscillation and the Siberian
High on the Asian summer monsoons remain to be further studied.

3.4.5. Factors promoting an increase in the EASM strength during
the YD

We have already shown evidence of the strengthened EASM and
intensified westerlies during the YD and have used the dynamic
process of convergence of the monsoon and westerlies in the at-
mosphere to explain the occurrence of rainfall in northern China
during the period. Further clarifying the primary factor leading to
an increase in the EASM strength during the YD would contribute
to a better understanding of the global significance of the abnormal
climate pattern of wet in the north and dry in the south. This factor
should meet two conditions: it occurred in the YD period and it can
lead to the inverse phase variation of the Asian monsoons on
millennial timescales, i.e., the EASM strengthens while the ISM
weakens.

In recent years, the impacts of the physical processes in the
southern hemisphere on the ISM have attracted more and more
attention. This is related to the nature of the ISM that is driven by
cross-equatorial pressure gradient between the Indian low over the
Asian continent and the Mascarene high in the southern Indian
Ocean (Webster and Fasullo, 2003; An et al., 2011). As the Antarctic
became warmer during the YD (Blunier and Brook, 2001; Koutavas
et al., 2002), for instance, the Mascarene high would decrease and
the Indian low would intensify, which would lead to a decrease in
the cross-equatorial pressure gradient or a weakening of ISM.
However, the impact of the southern hemisphere on the EASM
remains unclear.

The El Ni~no-Southern Oscillation (ENSO) phenomenon in the
tropical Pacific Ocean may be a candidate that may meet the two
conditions mentioned above. Research on the cold tongue of the
eastern equatorial Pacific has shown that the SST gradient in the
equatorial Pacific decreased and that the Pacific was in an El Ni~no-
like pattern during the YD and the OD periods (Koutavas et al.,
2002). At the same time, investigations of the SST and salinity
variability in the western tropical Pacific warm pool also published
the same results (Stott et al., 2002). In particular, Stott et al. have
suggested the following: “the shifts in the tropical Pacific ocean/
atmosphere system are analogous to modern ENSO. El Ni~no con-
ditions correlate with stadials at high latitudes, whereas La Ni~na
conditions correlate with interstadials (Page 222 of Stott et al.,
2002).”

Although the impact of paleo-ENSO on the monsoon during the
YD remains unclear, research regarding the influence of modern
ENSO on the Asian monsoon has been conducted over the past two
decades. A statistical analysis of the relationship between the ISM
rainfall and ENSO over the past 100 years suggested that ISM
rainfall tends toweaken in an El Ni~no year and to strengthen in a La
Ni~na year (Shukla and Paolina, 1983). This relationship may be
strong enough to forecast incidences of ENSO (Webster et al., 1998).
Later, a simulation study noted that severe droughts in India have
always been accompanied by El Ni~no events, although El Ni~no
events have not always produced severe droughts, which may
depend on the tropical Pacific SST anomaly pattern associated with
different ENSO events (Kumar et al., 2006). Another simulation
study using a global coupled climate model (the Parallel Climate
Model) also found that the precipitation variability in the Indian
monsoon region is closely tied to a multidecadal pattern of SST
anomalies in the Pacific Ocean. When the eastern Pacific SST
warms, the Indianmonsoon region experiences dry conditions, and
vice versa (Meehl and Hu, 2006).

In the East Asian monsoon region, the modern EASM rainfall
shows a significant spatial and temporal variation on interannual
timescales, which has been attributed to the migration of a
monsoonal rain belt and to the variation of monsoon intensity. In
general, in April or May of every spring, an EASM rain belt is situ-
ated over the South China Sea region. In late May or early June, the
rain belt moves to the southern region of the Yangtze River. Then,
the rain belt will suddenly jump northward to the region between
the Yangtze River and the Huaihe River on the Chinese mainland,
Japan, and South Korea. This marks the beginning of the Meiyu
season in China's Yangtze River-Huaihe River basin and of Japan's
Baiu and South Korean's Changma seasons. In early or mid-July, the
rain belt of the monsoon will again jump northward to a region in
northern China, northeast China, and North Korea, indicating the
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end of the Meiyu season in the Yangtze River-Huaihe River region
and the beginning of the rainy season in northern regions of China.
After the middle of August, the monsoonal rain belt generally
moves quickly back to southern China. This phenomenon shows the
so-called three settlements and two skip motions of a monsoonal
rain belt over the Chinese mainland (Huang et al., 2008). Therefore,
the rainfall distribution over the EASM region depends on the
propagation speed of the monsoonal rain belt and on the length of
time it remains over a given area. This situation often results in
anomalous rainfall patterns on interannual timescales, with either
floods in the north and drought in the south that usually reflect a
stronger monsoon, or drought in the north and floods in the south
on the Chinese mainland that usually indicate a weaker monsoon
(Zhou and Yu, 2005). For example, during the period from 1951 to
1965, precipitation in northern China was much higher than the
perennial mean value. From 1965 to 1976, precipitation in the
Chinese mainland began to show oscillations. Starting around 1977,
the rainfall decreased and continuous drought conditions have
occurred in northern China (Huang et al., 2008). According to the
rainfall data in recent years meteorologists tend to believe that the
rainfall amounts in northern China may have again begun to in-
crease, while precipitation in southern China may have started to
decrease.

Previous studies have revealed that the EASM variation on
interannual timescales is closely related to both the intensity and
position of the western Pacific subtropical high (STH) and the
thermal conditions of the equatorial Pacific (Tao and Chen, 1987).
The results from numerical analysis and modeling have further
suggested that the interannual variation of the STH reflects the
variation in EASM intensity. When the SST variation in the equa-
torial east-middle Pacific takes on an El Ni~no-like pattern, the STH
tends to strengthen. The STH over the western Pacific moves to the
north, resulting in the northward migration of a precipitation belt
toward China. This migration results in an increase in rainfall in
northern China and, concurrently, less rainfall in the southern re-
gions of China. Conversely, when the SST variation in the equatorial
east-middle Pacific takes on a La Ni~na-like pattern, the STH tends to
weaken and its location over the western Pacific moves to the
south. This pattern generally results in the migration of the pre-
cipitation belt to the southern regions of China, with an increase in
precipitation in the south but less rainfall in the north (Sun and
Ying, 1999; Ying and Sun, 2000; Wu et al., 2003). The numerical
analysis also demonstrated that when the equatorial east-middle
Pacific is in a warm phase or in an El Ni~no-like pattern and the
EASM strengthens, the ISM tends to weaken (Sun and Ying, 1999),
which implies the occurrence of the inverse phase variation of the
two Asian monsoons. This pattern coincides with the results from
the ISM region mentioned previously.

In addition, to understand the phase response of the monsoonal
circulation to insolation forcing at the Earth-orbital obliquity band
(41 ka), the inverse phase variations between the ISM and EASM
were recently simulated by a fully coupled global climate model
(GCM) using a new phase mapping approach (Chen et al., 2011). In
that study, the EASM characterized by precipitation in the northern
Chinese continent (30e42�N, 105e140�E) and in the southern
Chinese continent (20e30�N, 105e140�E) are called the NEASM
and the SEASM, respectively. The simulations show that the ISM
and the SEASM are in-phase and that the NEASM is out of phase
with the ISM at the obliquity band (Chen et al., 2011). Another 46-
ka transient accelerated simulation with the NCAR Community
Climate System Model version 3 (CCSM3) shows that strengthened
southeasterly wind anomalies appear over the central high lati-
tudes of East Asia when the STH over the northwest Pacific (NWP)
strengthens, transporting more moisture from the NWP to the
EASM region, increasing precipitation in northern China, and
decreasing precipitation in South China. Thus, the changes in the
EASM precipitation forced by precessional variations exhibit a
seesaw pattern between North and South China (Wang et al.,
2012b). These results coincide with the aforementioned results
that are the reported in Section 3.2, although their timescales are
different.

In summary, the evidence from observations and simulations
has shown that inverse phase variations between the ISM and
EASM can occur on interannual and orbital timescales. However,
additional simulations are required to further explore the poten-
tial dynamic relationship between the El Ni~no-like pattern,
strengthened EASM, and weakened ISM during the YD cooling
event on millennial timescales. If this dynamic relationship exists,
it would highlight a unique scenario of global changes during the
YD. At that time, accompanied by the occurrence of Melt Water
Pulse IB and the cooling air temperature in the high northern
latitudes (Fairbanks, 1989; Broecker, 2003) and by the El Ni~no-like
activity in the equatorial Pacific (Koutavas et al., 2002; Stott et al.,
2002), both the EASM and westerlies strengthened while the ISM
weakened. Together these responses resulted in the abnormal
climate pattern of wet in the north and dry in the south in East
Asia.

It is worth emphasizing, however, that two different types of
monsoon processes could cause this southern arid zone from
southeastern China westward toward the remainder of southern
Asia (Fig. 5). One process is a migration of the EASM rainfall belt
to the north along with a strengthened EASM, which leads to less
rainfall in southeastern China. In this case, the weakening of the
EASM inferred simply from the arid climate in southeastern
China is only an illusion. The increased aridness in southeastern
China reflects only a false weakening of the EASM. The other
monsoon process, as previous studies have indicated, is a real
weakening of the ISM, which leads to little moisture being
transported to the ISM region. In turn, this process leads to
regional drought from the Tibetan Plateau to South Asia. Un-
derstanding the climate differences caused by the inverse vari-
ations of the two Asian monsoons is an important basis for global
comparisons among paleoclimate records, research on climate
dynamics, and investigating the relationship between climate
change and ancient civilizations.

3.5. Response of the Asian summer monsoon to the forcing of GHGs
and ENSO during the BA interstadial

During the BA warming period the Earth's climate system also
experienced large changes: ice sheets decayed, resulting in a global
mean sea level rise; terrestrial and marine ecosystems experienced
large disturbances, resulting in a net release of the greenhouse
gases CO2 and CH4 to the atmosphere; and changes in atmospheric
and oceanic circulation affected the global distribution and fluxes of
water and heat (Clark et al., 2012). In addition, it was during this
period that the temperature pattern in the tropical Pacific showed a
change from a decreasing gradient to an increasing gradient, indi-
cating a transition from an El Ni~no-like pattern in the Last Glacial
Maximum (LGM) to a La Ni~na-like pattern in the BA (Koutavas et al.,
2002; Stott et al., 2002). Indeed, the Yuexi peat records the tran-
sition from aweak ISM in the OD to a strong ISM in BA (Fig. 4h, i) as
a response to this changing SST gradient. However, the expected
transition from a strong to a weak EASM does not occur, and the
intensity of the EASM continues to increase during the BA period, as
recorded in a variety of proxy indicators from the northern Chinese
mainland and adjacent regions (Fig. 4aeg). This discrepancy
possibly implies that for this transition period, the climate forcing
factor was not limited to ENSO activity and that there may be other
forcing mechanism.
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When the BAwarming event was recorded in the Greenland ice
core (Stuiver et al., 1995), a clear cooling event, named as the
Antarctic Cold Reversal (ACR), was recorded in the Antarctic ice
core during the same period (Blunier and Brook, 2001). This seesaw
effect of the climate system (Stocker, 1998) would increase the
cross-equatorial pressure gradient between the Indian low and the
Mascarene high and would lead to strengthening of the ISM. The
impact of the seesaw effect on the EASM, however, remains to be
elucidated.

The abruptly increasing concentration of CO2 and CH4 in the
atmosphere, particularly the latter, at the transient interval from
the LGM to BA has been considered as a main cause of the climate
warming during the BA (Shakun and Carlson, 2010; Clark et al.,
2012). The climate warming would have generated plenty of heat
and moisture, which in turn would be favorable for increased
rainfall in a widespread area covering the entire Asian monsoon
region (Bengtsson, 2010). One supporting piece of evidence is that
the maximum rainfall did not occur in the Bølling but in the Allerød
period, regardless of the ISM or EASM regions (Fig. 4). It was only in
the Allerød period, however, that the concentration of global at-
mospheric CH4 reached its maximum (Grootes et al., 1993; Brook
et al., 2000). It is noteworthy that in a comprehensive consider-
ation to the effects of GHGs and ENSO, a recent modeling suggests a
large increase in wetness over Central, East, and South Asia during
the 21st century (Dai, 2013). If this hypothesis were correct, an
increasing amount of rainfall in the entire Asian monsoon region
would be expected in the future if the current climate continues to
warm and the atmospheric concentrations of GHGs continue to
rise.

4. Conclusions

The Yuexi peat cellulose d13C time series is a sensitive proxy
record for the ISM. The record again confirms an important phe-
nomenon in which the strength of the ISM abruptly decreases
during the YD and OD stadial events and during a series of IRD cold
events in the Holocene. The Yuexi peat also clearly records an in-
crease in ISM strength during the BA interstadial, particularly in the
Allerød warm period.

Comparisons between the Yuexi peat and other related proxy
climate records show that during the YD, the two Asian monsoons
showed inverse phase variations, with the ISM decreasing while
the EASM increased, similar to the anti-phase variations in the IRD
events of the Holocene.

Corresponding to the inverse phase variations during the YD, a
wetter climate occurs in the northern Chinese mainland and a drier
climate occurs in the south. It should be emphasized that the cause
of this drier climate in southern China should be attributed to two
different types of monsoon processes. One is a migration of the
EASM rainfall belt to the north along with enhancement of the
strength of the EASM, leading to less rainfall in southeastern China.
Therefore, this weakening of the EASM inferred by the drier climate
in southeastern China is only an illusion. The other monsoon pro-
cess is a real weakening of the ISM, as indicated by the Yuexi peat
d13C and the Dongge Cave stalagmite d18O, leading to regional
drought in southwestern China.

The abnormal climate pattern of wet in the north and dry in the
south during the YD results from the combined effects of the
strengthened EASM, intensified westerlies, and the weakened ISM,
which could be attributed to the response to the abrupt cooling in
the high northern latitudes and to the El Ni~no-like activity in the
equatorial Pacific.

The wetter climate occurred in a widespread area covering the
entire Asian monsoon region during the BA interstadial, which
could be related to an increase in GHGs concentrations in the
atmosphere and to the thermal condition in the equatorial Pacific.
The impacts of the seesaw effect of the climate system on the two
Asian monsoons remain to be clarified.
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