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ARTICLE INFO ABSTRACT

There has been no proxy climate record simultaneously showing the identified millennial-scale change events of
the India summer monsoon (ISM) during the period from the Last Glacial period to the Holocene, although these
abrupt changes have been shown in separate records. This deficiency prevents further understanding of the
potentially different characteristics of the ISM rapid changes. Here, we present a 33,300-year record of the ISM
reconstructed from the stable carbon isotopic composition of cellulose in peat deposits collected near the Tibetan
Plateau, reflecting the millennial-scale history of abrupt changes in the ISM intensity from the cold late Last
Glacial to the warm Holocene epoch. Our record shows that, corresponding to the abrupt cooling (warming)
events that occur in the high northern latitudes, the ISM intensity abruptly decreases (increases), which provides
additional evidence for the teleconnection between low-latitude monsoonal variability and the rapid tempera-
ture fluctuation of high northern latitudes. However, this relationship behaves differently in the cold and warm
stages. In the cold late Last Glacial period, a one-to-one response is often seen, but in the warm Holocene, the
ISM often shows only partial responses to the rapid cooling events. In particular, more than half of the abruptly
weakening events in the ISM occur in the Holocene, and the amplitudes of declines are larger in the warm stage
than in the cold stage, which reveals that extreme change events in the ISM have occurred much more in the
warm Holocene and may have once influenced the development of ancient civilizations. We consider that the
various characteristics of the abrupt changes in the ISM during the warm and cold stages may have derived from
different combinations of climatic drivers within the two stages. These results provide a historical record of the
considerable changes in ISM and resultant effects on human society, and so provide a background for concerns
over contemporary climate change.
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1. Introduction associated with global changes has resulted in the presentation of

several hypotheses concerning the mechanism of abrupt change of the

Abrupt millennial climate change reflects a rapid step-like shift
phenomenon in climate variability that has occurred repeatedly in
Earth history and differs from the slow climate variation caused by the
change of the relative position between the Earth and the Sun
(Overpeck and Webb, 2000). A series of abrupt temperature changes
has been perfectly recorded in the Greenland GISP2 ice core (Johnsen
et al., 1992; Dansgaard et al., 1993; Stuiver and Grootes, 2000) and ice-
rafted debris (IRD) sediments of the North Atlantic (Bond et al., 2001).
Correspondingly, abrupt changes in the intensity of the India summer
monsoon (ISM) during the Holocene Epoch (Gupta et al., 2003;
Fleitmann et al., 2003; Hong et al., 2003; Wang et al., 2005; Dykoski
et al., 2005) and the last deglaciation (Yuan et al., 2004) have also been
observed. Comparing the ISM records with both the climate processes
from the high northern latitudes and the other physical processes
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ISM in the Holocene (Gupta et al., 2003; Fleitmann et al., 2003; Hong
et al., 2003; Yuan et al., 2004; Wang et al., 2005; Wanner et al., 2011).
The study of the millennial change in the ISM can be traced back to a
more distant past. In 1998, a group of high-resolution records from the
West Arabian Sea for the first time reported a series of abrupt millen-
nial-scale changes of the ISM intensity in the glacial period and their
teleconnection with variations of the high northern latitude climate
(Schulz et al., 1998). Later, several monsoon records from the Bay of
Bengal and the West Arabian Sea reproduced the abrupt weakening of
the ISM in response to the suddenly cooling climate at the high northern
latitudes (Kudrass et al., 2001; Ivanochko et al., 2005; Deplazes et al.,
2014). However, there has been no ISM record within the continental
area that has reproduced the above phenomenon revealed by Schulz
et al., although the splicing of 8'0 records from five stalagmites in
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Hulu Cave has clearly shown abrupt changes of the East Asian summer
monsoon (EASM) and their teleconnection with the high northern la-
titude climate variations during the Pleistocene (Wang et al., 2001). In
particular, there has also been no long ISM record to date that has si-
multaneously shown all of the identified millennial-scale changes of the
ISM during the period from the Glacial to the Holocene. These defi-
ciencies prevent further revelation of the possible similarities and dif-
ferences of the ISM abrupt changes in the cold Glacial and the warm
Holocene and encourage paleoclimatologists to develop more sensitive
and longer proxy records to better understand the abrupt change
characteristics and mechanisms of the monsoon. Here, we present a
33,300-year time series of the ISM intensity reconstructed from the
stable carbon isotopic composition (8'3C) of cellulose in peat deposits
collected near the Tibetan Plateau, which provides us with an oppor-
tunity to examine further the characteristics of the ISM abrupt millen-
nial changes and their dynamic mechanisms during the interval from
the late Last Glacial to the Holocene.

2. Study region and methods

The sampling site for this study is a valley peat bog at an altitude of
1950 m above sea level. It is located in Baoan Village, Yuexi County of
Sichuan Province, southwestern China, which is in the Hengduan
Mountains at the southeastern edge of the Tibetan Plateau (Fig. 1). The
Hengduan Mountains comprise a series of approximately parallel
southwest-northeast mountain ranges originating from the compression
of the Indian Plate into the Eurasian Plate. The height of the northern
mountains is between 4500 and 5000 m above sea level, and this height
gradually decreases toward the south, dropping to less than 3000 m in
the Yunnan region. In general, the difference in altitude between the
ridges and valleys is approximately 2000 m. With high ridges and deep
valleys, the mountains block east-west travel, hence their name
‘Hengduan’, which means ‘cut across’ in Chinese. However, because of
their southwest-northeast orientation, the mountains have become a
delivery channel for the transmission of water vapor from the ISM. An
investigation of the moisture sources of June-July-August precipitation
in the Heqing district (Site 4 in Fig. 1) southwest of Baoan shows that
more than 90% of the moisture for summer precipitation originates
from the ISM (An et al., 2011; Kalnay et al., 1996), which supports the
previous conclusion that approximately 90% of the moisture flux into
southern Asia and its adjacent areas is caused by the cross-equatorial
ISM (Clemens et al., 1996). The geographical characteristics of the
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Baoan distract located in lower latitudes and higher altitudes created a
northern subtropical monsoon climate. The climate in the summer and
autumn are moist and cool, and the winter and spring are dry and cold.
The annual average temperature in the Baoan district is approximately
13°C, and the annual mean rainfall is approximately 1000 mm. Annual
effective accumulated temperature greater than or equal to 10°C is
approximately 4000 °C. Yunnan pine (Pinus yunnanensis) and evergreen
sclerophyllous oaks (Quercus senescens, Quercus rehderiana, and Quercus
gilliana) dominate the vegetation around the Baoan peatland. The
humid and cool climate of this mountain region has promoted the de-
velopment of a thick peat sediment layer. Therefore, the peatland in the
Hengduan Mountains in southwestern China is ideally positioned to
capture ISM signals (Fig. 1).

In the past more than a century the peat-based paleoclimate re-
search has developed a wide range of proxy-climate indicators (Table 1
of Chambers et al., 2012). Many expositions about the principle of the
8'3C value of C3 vascular plants in peat as a proxy indicator for mon-
soon rainfall have been also held during the last two decades (Hong
et al., 2001, 2003, 2010, 2014a, 2014b; Ménot and Burns, 2001;
Amesbury et al., 2015). They all stress that, based on studies of the
photosynthesis process of C3 vascular plants, plant physiologists have
proposed a formula to describe how plant leaf stomatal conductance
exerts a controlling effect on the §'°C value of the plant (Francey and
Farquhar, 1982; Farquhar et al., 1989; Schleser, 1995). Environmental
factors such as temperature, light, and CO, concentration, etc. have
little influence on the §'3C value of C3 vascular plants. The environ-
mental relative humidity, however, is the most important factor. When
the relative humidity is low, a large leaf to air vapor pressure deficit
occurs between the saturated sub-stomatal cavity and the relatively dry
atmosphere. The plant leaf stomata shrink to reduce the rate of passive
water loss under such dry conditions. However, this physiological
process of plants also reduces the rate of inward CO, diffusion and
creates a pool of CO, inside the leaf that experiences reduced interac-
tion with atmospheric CO,. As plants continue to assimilate carbon and
prioritize the use of 12C, the 13C content in the pool becomes gradually
enriched, which eventually leads to the emergence of higher §'3C va-
lues. Conversely, increases in the environmental relative humidity
cause stomatal opening, which is conducive to the diffusion of CO into
the plant and ultimately leads to lower 8'3C values (Hong et al., 2001;
Ménot and Burns, 2001; Amesbury et al., 2015). It is worth emphasizing
that the water availability should have a smaller effect on vascular
plants than on non-vascular plants because of the ability of C3 vascular
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Fig. 1. Map showing the sampling site for this study, the relative research sites, and sketches of the Indian summer monsoon. Site 1-Baoan (this study). Site 2-Hulu (Wang et al., 2001).
Site 3-Hongyuan (Hong et al., 2003). Site 4-Heqing (An et al., 2011). Site 5-Mawmluh (Berkelhammer et al., 2012). Site 6-KL 126 core (Kudrass et al., 2001). Site 7-GC-5 core (Thamban
et al., 2001). Site 8-136 KL core (Schulz et al., 1998). Site 9-M5-422 core (Cullen et al., 2000). Site 10-74KL core (Sirocko et al., 1993). Site 11-4018G core (Tiwari et al., 2010). Site
12-Core 905 (Ivanochko et al., 2005). Site 13-GeoB 5836-2 core (Arz et al., 2006). The base map of Fig. 1 was obtained from GoogleMaps using screenshot software and then additions to

the map were made using CorelDRAW Graphics Suite 12.
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plants to regulate water uptake and loss via stomatal conductance and
to develop deep and/or extensive root systems. Alternatively, the ef-
fects of environmental relative humidity on stomatal conductance and
stomatal control of CO, assimilation and the effects of these processes
on photosynthesis and water use efficiency are the main controlling
factors of carbon isotope fractionation in vascular plants. Therefore, the
813C signal in C3 vascular plants is influenced by differences in the
prevailing climate to a greater extent compared with the site-specific
differences in surface moisture (Amesbury et al., 2015), which explains
why measurements at different spatial scales consistently indicate that
there is a negative correlation between the §'3C values of C3 vascular
plants or organic matter and the levels of rainfall or humidity (Lee
et al., 2005; Wang et al., 2008; Diefendorf et al., 2010; Ren and Yu,
2011). In summary, the §'3C values of C3 vascular plants, which are
preserved in plant organic matter, may provide a sensitive record of
changes in rainfall, especially during the period of plant growth. Plant
cellulose is one of the most stable components in plant organic matter.
Both cellulose and its isotopes are highly stable over periods of ap-
proximately 10°years (Briggs et al., 2000). Therefore, the §'3C of C3
vascular plant cellulose has been used as a sensitive bioindicator for the
monsoon rainfall variation. Lower 8'3C values in the peat cellulose
indicate larger amounts of summer rainfall or a stronger ISM intensity,
and higher §'3C values indicate smaller amounts of summer rainfall or a
weaker ISM (Hong et al., 2001, 2003).

An approximately 10.1-m-long peat core (28°47’'N, 102°57’E) was
extracted from the Baoan peatland using a Russian peat corer. Based on
identification of the morphology of the macrofossils in peat by micro-
scopic analysis, it is estimated that approximately 80% of the plant
residues in the Baoan peat core sample belong to vascular sedge family
of C3 plants, including Carex and Kobresia. Sphagnum occurs in small
amounts. The peat core sample was cut contiguously into 1 cm sub-
samples corresponding to a mean time resolution of approximately
33 years. We used a sodium chlorite oxidation method to extract alpha
cellulose from the peat vegetation residues (Green, 1963; Hong et al.,
2001, 2003). Approximately 20 mg of cellulose sample could be ex-
tracted from every 1.5g of dry peat sample. These cellulose samples
were used for measurements of the §'C and '*C values. To determine
the 8'3C of the peat cellulose, approximately 2mg of the cellulose
samples was loaded into a borosilicate tube together with preheated
copper (II) oxide. After drying under vacuum conditions, the tube was
sealed with an oxy-gas torch and heated in a muffle furnace at 550 °C
(Hong et al., 2001, 2003; Sofer, 1980). The resulting CO, gas was
measured for stable isotopes using a MAT-252 mass spectrometer. The
stable carbon isotopic composition of cellulose is expressed as

1 (3¢ 2 C)sample
813C = — 1] 1000%0 (Coplen, 2011). All results are re-

(3¢ /2 O)standard
ported in parts per mil (%o) relative to VPDB, and the precision is better
than = 0.1%o0 (10) based on the replicate analyses of laboratory stan-
dards with the 8'3Cjppa-c3 value of —24.91%o. To build the '*C age
timescale, we first described the properties of the peat column samples
collected on the field sampling spot and subdivided the column samples
into several small fractions according to the color and texture changes
of the fresh peat samples. The color and texture of each small fraction
were the same; thus, correspondingly, the sedimentary environment
and rate of accumulation of each small fraction were considered to be
consistent. Radiocarbon samples were used to bracket the changes in
the core sediment, and additional ages were then used to further secure
the chronology. Finally, 29 **C age control points were selected (Fig. 2
and Table 1). The peat cellulose samples from the control points were
prepared for graphite targets, and their **C intensities were determined
at the AMS Laboratory of the National Institute for Environmental
Studies in Tsukuba, Japan, to determine the '“C ages of the samples
(Uchida et al., 2008). The chronological age was obtained after per-
forming a correction using the CALIB 6.1 program (Reimer et al., 2009).
We then obtained a calibrated '*C age sequence for the Baoan peat
profile via linear interpolation and a 8§'3C time series spanning
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33,300 years, of which a 8'3C time series corresponding approximately
to the upper 6-m portion of the core sample (representing dates from
17.5 to approximately O cal kyr BP) has previously been published to
document the phase relationship between the ISM and the EASM during
the last deglaciation (Hong et al., 2014b). For the natural output, the
mean sedimentation rate of the entire Baoan peat profile was ap-
proximately 30.3 cm per 1000 years, which was sufficient to resolve
millennial-scale variability.

3. Results and discussion
3.1. Variation of the ISM intensity on Milankovitch timescales

Fig. 3G shows that the ISM intensity inferred from Baoan peat cel-
lulose 8'3C was generally weaker during the period from approximately
33 to 17 calkyr BP. After experiencing oscillation during the last de-
glaciation, the ISM entered a stronger stage in the Holocene Epoch. This
variation pattern shown by the Baoan peat record from the Tibetan
plateau region is generally consistent with previously reported phe-
nomena; that is, on the glacial-interglacial timescale, the ISM has been
in general weaker during the cold Glacial and stronger during the warm
Holocene, which has been documented by various types of proxy cli-
mate records from the Arabian Sea and Bay of Bengal (Fig. 3A-F)
(Sirocko et al., 1993; Schulz et al., 1998; Kudrass et al., 2001; Thamban
et al., 2001; Ivanochko et al., 2005; Tiwari et al., 2010).

The driving mechanism for the ISM on Milankovitch timescales has
always attracted great attention from paleoclimatologists. In the early
1980s, Kutzbach proposed that the ISM intensity variations are pri-
marily driven by northern summer insolation at the precession period
(Kutzbach, 1981). The timing of the ISM strength has a small phase lag
relative to maxima of the northern precession-driven radiation
(Rossignol-Strick, 1983; Kutzbach and Street-Perrott, 1985; Ruddiman,
2006). These results have contributed to the development of climate
model studies. Over time, however, a different hypothesis related to
multiple forcing mechanisms has emerged. Clemens and Prell (1990,
2003) demonstrate that there is a significant lag between northern
summer insolation maxima and the monsoon response. They suggest
that the ISM system has been externally forced by cyclical changes in
solar radiation and internally phase-locked to the transport of latent
heat from the southern subtropical Indian Ocean to the Tibetan Plateau.
In contrast to the results of the general circulation model, the climate
change associated with variability in global ice volume is not a primary
factor in determining the strength and timing of the monsoon (Clemens
et al., 1991; Clemens and Prell, 2007). An et al. (2011) further reveal
the importance of both Northern and Southern Hemisphere processes in
driving monsoon variability. They suggest that at the glacial-inter-
glacial timescales, interglacial ISM reaches a maximum, and the glacial
ISM reaches a minimum, which reflect the impacts of the Indian low
variation associated with global ice volume change. In particular, the
proxy record of the ISM inferred from Heqing in Yunnan Province,
southwestern China (Site 4 in Fig. 1) shows that the glacial ISM actually
begins to increase before global ice volume reaches a maximum (Fig. 3
of An et al., 2011). This early strengthening has been attributed to an
increased cross-equatorial pressure gradient derived from Southern
Hemisphere high-latitude cooling (An et al., 2011). The results noted
above show that, at Milankovitch timescales, the influence of internal
feedback mechanisms in the Earth system on the ISM is much greater
than previously thought, which is an issue worthy of in-depth study.

3.2. Characteristics of millennial-scale variation of ISM intensity

The Baoan peat cellulose §'>C record shows a series of millennial-
scale variations superimposed on the long-term trend of the ISM in-
tensity variation (Fig. 4). These abrupt variations show different char-
acteristics for the cold and warm stages during the past 33,300 years.
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Fig. 2. Chronology and lithology of the fresh peat core from the Baoan peat bog. Black error bars show the cellulose **C dates with a 10 error for the Baoan peat profile.

3.2.1. Millennial-scale variability of ISM intensity during the late Last
Glacial and the last deglaciation

Fig. 4 shows that, corresponding to the several cooling events in the
high northern latitude region inferred from the light (*®0-depleted)
8'80 values in the Greenland GISP2 ice core, including the Younger
Dryas (YD) and the Heinrich events 1-3 (H1 —H3) (Fig. 4A), the con-
tents of total organic carbon (TOC) in sediment cores taken from

Table 1
Radiocarbon dates of Baoan peat profile, Yuexi County.

oxygen-minimum zone (OMZ) water depths along the continental
margin off Pakistan in the northeastern Arabian Sea clearly decrease
(Fig. 4B). In contrast, corresponding to the warming events inferred
from the heavy 8'80 values in the GISP2 ice core, including the Bglling-
Allergd (B/A) event and the Dansgaard-Oeschger (D/O) events or os-
cillations 2-5, the TOC contents from the OMZ increase (Schulz et al.,
1998). The variations of the TOC content from the OMZ have been

Lab code Sample ID Depth (cm) 8'3C (%o, VPDB) 4G age (yr BP) Calibrated age range (yr BP) Calibrated age (yr BP)
TERRA-120310a25 YXI01 1 —24.53 416 = 26 477-509 491
TERRA-120310al6 YXI02 14 —24.95 446 = 27 497-518 508
TERRA-121610al2 YXIO3 24 —24.38 843 + 33 700-787 751
TERRA-120310a23 YXI104 33 —25.24 906 = 26 782-904 840
TERRA-113010b14 YXIOS5 40 —26.40 1269 + 40 1176-1267 1213
TERRA-120310al4 YXI06 59 —26.18 1596 + 30 1417-1528 1471
TERRA-120310a26 YXI07 84 —26.09 2238 + 32 2162-2329 2231
TERRA-120310a29 YXIO8 140 —26.28 3088 + 32 3265-3361 3312
TERRA-113010b15 YXI09 193 —26.47 3487 + 43 3703-3828 3763
TERRA-113010b16 YXI10 201 —25.74 3613 + 47 3860-3980 3925
TERRA-120310al17 YXI11 240 —26.07 3884 + 29 4259-4407 4329
TERRA-113010b17 YXI12 283 —26.01 6435 + 48 7323-7419 7360
TERRA-113010b18 YXI13 335 —24.70 7268 + 50 8021-8160 8090
TERRA-120310a27 YXI14 383 —25.07 7762 *+ 35 8481-8591 8544
TERRA-113010b19 YXI15 411 —25.03 9114 + 47 10,220-10,370 10,265
TERRA-113010b20 YXI16 442 —25.58 9668 + 57 10,874-11,194 11,074
TERRA-113010b21 YXI17 485 —24.58 10,470 = 46 12,226-12,543 12,425
TERRA-113010b22 YXI18 518 —24.88 10,808 = 40 12,614-12,729 12,681
TERRA-120310al5 YXI19 539 —25.25 12,473 + 49 14,243-14,887 14,598
TERRA-120310a20 YXI20 608 —24.59 14,390 + 51 17,247-17,660 17,506
TERRA-113010b23 YXI21 636 —24.68 15,412 = 64 18,576-18,708 18,650
TERRA-120310a22 YXI122 757 —24.82 17,594 + 69 20,903-21,258 20,974
TERRA-120310a21 YXI23 768 —24.48 18,838 = 65 22,294-22,511 22,421
TERRA-121610a13 YXI124 796 —24.16 20,030 = 110 23,757-24,163 23,937
TERRA-113010b26 YXI25 805 —24.44 21,015 = 92 24,884-25,254 25,063
TERRA-120310al1l YXI26 819 —24.60 22,093 + 83 26,269-26,694 26,503
TERRA-113010b27 YXI27 835 —24.42 22,697 = 95 27,016-27,774 27,398
TERRA-113010b29 YXI28 912 —24.53 24,844 = 119 29,461-29,868 29,698
TERRA-120310al18 YXI29 1010 —24.25 28,814 + 126 33,046-33,504 33,303
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Fig. 3. Secular change trends of the India summer monsoon intensity inferred from multiple proxies in the period from the late Last Glacial to the Holocene. (A) The barium content in
sediment core 74 KL in the western Arabian Sea (Site 10 in Fig. 1; Sirocko et al., 1993). (B) The content of total organic carbon in sediment core 136 KL in the northern Arabian Sea (Site 8
in Fig. 1; Schulz et al., 1998). (C) The 8180 record of Globigerinoides sacculifer in sediment core GC-5 in the eastern Arabian Sea (Site 7 in Fig. 1; Thamban et al., 2001). (D) The 880 record
of Globigerina ruber in sediment core KL 126 in the northern Bay of Bengal (Site 6 in Fig. 1; Kudrass et al., 2001). (E) The 8'°N record of sediment core 905 in the western Arabian Sea (Site
12 in Fig. 1; Ivanochko et al., 2005). (F) The 8'3C record of Globigerina ruber in sediment core 4018G in the western Arabian Sea (Site 11 in Fig. 1; Tiwari et al., 2010). (G) The 8'3C record
of Baoan peat cellulose at the southeastern edge of the Tibetan Plateau (Site 1 in Fig. 1; this study). The red triangles at the bottom indicate the calibrated '*C age-control points used to
construct the age model of the Baoan peat core. The shadow shows the monsoon changes during the Holocene.
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Fig. 4. The responses of the India summer monsoon (ISM) to the northern high latitude climate. (A) Temperature record reconstructed from the 8'®0 of the GISP2 ice core (Stuiver and
Grootes, 2000). (B) The ISM wind intensity record reconstructed from the total organic carbon content in sediment core 136 KL in the northern Arabian Sea (Site 8 in Fig. 1; Schulz et al.,
1998). (C) The ISM precipitation record reconstructed from the §'°C of Baoan peat cellulose (Site 1 in Fig. 1; this study). The climatic intervals are abbreviated as follows: YD-Younger
Dryas; H1-3-Heinrich events 1-3. The gray bars indicate the YD and Heinrich events and the responses of the ISM. The gray numbers (1-5) indicate Greenland Interstadials and
correlated events in the ISM. The blue numbers (0-5, 8) and bars indicate the ice rafted debris (IRD) events in the North Atlantic Ocean during the Holocene (Bond et al., 1997) and the
responses of the ISM. The red triangles at the bottom indicate the calibrated *C age-control points used to construct the age model of the Baoan peat core. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

interpreted as reflecting fluctuations in the intensity of ISM-induced
biological productivity. The high TOC content reflects increased bio-
logical productivity induced by strong winds of the ISM and vice versa
(Schulz et al., 1998). Therefore, the close correlation shown by curves A
and B in Fig. 4 reflects the correlation between the wind intensity of the
ISM and the high northern latitude climate. Strong ISM winds correlate
with interstadial climate events in the northern North Atlantic region.
In contrast, periods of low ISM wind intensity are associated with in-
tervals of atmospheric cooling events in the northern high latitudes
(Schulz et al.,, 1998). Since summer monsoon wind intensity and
summer monsoon rainfall are meteorologically seen as the two basic
attributes of monsoon activity and are usually used individually or to-
gether to indicate the intensity of the summer monsoon (Huang and
Huang, 1999), it can be inferred that if the strong correlation between
the ISM and the high northern latitude climate revealed by the ISM
wind intensity record is an objective natural phenomenon, then it
should also be reflected in the ISM rainfall record, as long as the record
has sufficient precision of '*C age constraints as well as sufficient sen-
sitivity. However, such a summer monsoon rainfall proxy record has not
yet emerged within the continental area.

Fig. 4 shows the comparison between two proxy records of the ISM
rainfall and winds. Corresponding to the abrupt cooling and warming
events in the high northern latitudes during the late Glacial and the last
deglaciation, respectively, the monsoon rainfall inferred from the peat
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cellulose 8'3C (Fig. 4C) and the wind inferred from the TOC content
(Fig. 4B) show synchronous changes. In the B/A warm period from
approximately 14.7 to 13.3 cal kyr BP, there seems to be a slight mis-
match between the two peak times of monsoon rainfall and winds. The
former corresponds to the Allergd warm period, and the latter corre-
sponds to the Bglling warm period, which has led to some discussion
(Hong et al., 2014b; Nag and Phartiyal, 2015). However, the monsoon
rainfall and wind intensity both show an enhancement during the B/A
warm period in general.

The correlation noted above suggests the existence of two simulta-
neous physical-biological processes associated with the millennial-scale
ISM activity. When strong ISM winds led to high biological productivity
in the OMZ along the continental margin off Pakistan in the north-
eastern Arabian Sea, heavy ISM rainfall was synchronously leading to
opening of C3 plant leaf stomata in the Hengduan Mountains at the
southeastern edge of the Tibetan Plateau, which resulted in the occur-
rence of lower §'3C values in the local C3 plants. The above two pro-
cesses are consistent in time with the abrupt warming events in the high
northern latitudes. In contrast, corresponding to the abrupt cooling
events of the high northern latitudes, the weakened ISM winds led to
the low TOC content in sediments from the OMZ, while slight ISM
rainfall synchronously caused closing of C3 plant leaf stomata in the
Baoan peatland, which resulted in the occurrence of higher §'3C values
in the local C3 plants. Thus, our Baoan peat record for the first time
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provides additional evidence for the correlation between the ISM and
the high northern latitude climate, which shows that both ISM rainfall
and winds can indicate this teleconnection. In addition, the close cor-
relations between the above-noted three climate parameters, including
ISM rainfall inferred from the Baoan peat cellulose §'3C value, ISM
winds intensity inferred from the TOC content in sediment in the OMZ
from off Pakistan, and atmospheric temperature inferred from the §'80
values in the GISP2 ice core, show a one-to-one teleconnection between
them. This one-to-one correlation may imply the existence of a common
dominant factor for the climate changes in the late Last Glacial and last
deglaciation.

3.2.2. Millennial-scale variability of ISM intensity during the Holocene

Unlike the TOC record in the OMZ from off Pakistan that reflects
only the abrupt variation of the ISM during the Last Glacial and last
deglaciation, the Baoan peat cellulose §'°C time series also provides the
millennial-scale variability of the ISM intensity during the Holocene.
Fig. 4C shows an abrupt change spectrum of the ISM from the late Last
Glacial to the Holocene, which provides new opportunities for better
understanding of the characteristics of the ISM abrupt variation during
the cold Last Glacial and warm Holocene.

Previous studies have revealed nine abrupt cooling events recorded
in ice-rafted debris (IRD) sediment in the North Atlantic Ocean during
the Holocene (Bond et al., 1997). A temperature oscillation denoted by
these cooling events is usually known as a “Bond event” or a “Bond
cycle” (Wanner et al., 2011). This discovery by Bond et al. (1997, 2001)
stimulated the study of abrupt climate changes in the Holocene and
gave rise to a large number of publications. In 2003 alone, three proxy
records for the ISM from the Eastern Arabian Sea (Gupta et al., 2003),
Southern Oman (Fleitmann et al., 2003), and the southeastern Tibetan
Plateau (Hong et al., 2003) reported abrupt weakening phenomena of
the ISM corresponding to the IRD events. However, it has also been
noted that the correlation has nonlinear characteristics. The Bond
events corresponding to weakened monsoons, for instance, are 1, 3, 4,
6, and 7 in the Eastern Arabian Sea (Gupta et al., 2003); 2, 3, 4, 5, and 6
in Southern Oman (Fleitmann et al., 2003); and 1, 3, 5, 7, and 8 in the
southeastern Tibetan Plateau (Hong et al., 2003) (also see Table 1 of
Wanner et al., 2011). In the case of the Baoan peat record, the events
corresponding to the weakened monsoon are 0, 1, 2, 3, 4, 5, and 8
(Fig. 4C). Based on 30 papers published since 1995, Wanner et al.
(2011) suggested that “According to the review in Table 1, the cycles 2
(peak at ~3 kyr BP) and 5 (showing a peak 5a at ~7.5 and a peak 5b at
~8.5kyr BP) are referred to most commonly” (page 3111 in Wanner
et al.,, 2011). To date, there has been no ISM proxy record that fully
shows the one-to-one correspondence between the weakened monsoon
and the Bond event during the Holocene. These dissimilar responses
shown by the various proxy indicators from different regions highlight
the complexity of the relationship between the low latitude monsoon
and the high northern latitude climate during the Holocene.

In addition, corresponding to the cooling events in the high
northern latitudes, the Baoan peat shows a total of 11 abrupt weakening
events for the ISM, of which four occurred in the cold stages (the late
Last Glacial and last deglaciation) and the other seven occurred in the
warm stage (the Holocene) (Fig. 4C). It is worth noting that the decline
amplitudes inferred from the Baoan peat cellulose §'3C values are
markedly different. The amplitudes of the abrupt decreases in the cold
stages are smaller and in the warm stage are larger in general. In cli-
mate science, the following three criteria are often used to classify
events as extreme, that they occur with relatively low frequency/
rate,have large magnitude deviations from the norm, and often result in
large socio-economic losses (Beniston et al., 2007). According these
criteria, extreme events in the history of the ISM intensity change can
be identified for further investigation. The three abrupt weakening
events corresponding to the Bond events 5 (peak value at ~8 cal kyr
BP), 3 (peak value at ~4 cal kyr BP), and 0 (peak value at ~0.5 cal kyr
BP) are probably the extremely weakened events in the ISM during the
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past 33,300 years (Fig. 4C). Their 8'3C values abruptly increase by
approximately 2.0%o, 2.3%o, and 2.1%o, respectively, which are clearly
greater than the average increase value (approximately 1.1%o) of other
weakening events, including the YD event (1.5%o), H1 (0.88%0), H2
(1.0%0), and H3 (1.1%o). These results may suggest that the extremely
weakened events in the ISM often occurred during warm stages in
geological history. On the other hand, the climate condition during the
last deglaciation, located in the transition from the cold stage to the
warm stage, also shows great fluctuations (Fig. 4C). The abrupt
strengthening of the ISM occurred in the B/A warming period (Wang
et al., 2001; Dykoski et al., 2005; Hong et al., 2014b), which implies
that the extremely strengthened events of the ISM cannot be ruled out
in the present warming period.

The Baoan peat §'3C record highlights a phenomenon that ISM
anomalies, including the extreme weakening and strengthening, tend to
occur in the warm stages during the past 33,300 years, although that
compared to the contemporary warming, the impact of human activity
was small at that time. This result may provide a historical scenario for
understanding the modern climate variation and possible impacts. For
instance, corresponding to the Bond event 3, the ISM intensity inferred
from the Baoan peat cellulose §'3C value abruptly decreased during the
period from approximately 4.3 to 3.8 calkyr BP with the maximum
813C peak value centered at 4.0 calkyr BP, which is consistent with
previous results from other proxy records for the ISM (Cullen et al.,
2000; Thompson et al., 2002; Hong et al., 2003; Arz et al., 2006;
Berkelhammer et al., 2012) (Fig. 5). This extreme weakening event has
been termed the “4-ka event” (Weiss et al., 1993; Perry and Hsu, 2000),
or “4.2-ka event” (Staubwasser et al., 2003; Booth et al., 2005), or
“Holocene Event 3” (Bond et al., 1997; deMenocal, 2001). The severe
drought caused by this extreme climate event covered widespread areas
from East Africa through the subcontinent of India and the Tibetan
Plateau (Berkelhammer et al., 2012) and eastward toward southeastern
China (Wu and Liu, 2004). At approximately the same time, once-
prosperous ancient civilizations in Egypt, Indus, and Mesopotamia un-
expectedly declined. Although the reasons leading to the decline of
ancient civilizations are likely to be complex, the destructive impacts of
this extreme climate on the civilizations have still been acknowledged
by many paleoclimatologists (Weiss et al., 1993; Weiss and Raymond,
2001; Perry and Hsu, 2000; deMenocal, 2001; Staubwasser et al., 2003;
Wu and Liu, 2004; Berkelhammer et al., 2012). Some recent studies
show that fluctuations in climate have highly significant influence on
modern agriculture of India (Turner and Annamalai, 2012; Bollasina,
2014; Singh et al., 2014). Abnormally high temperatures and drought
increase suicide rates of Indian farmers during India's agricultural
growing season, when heat also lowers crop yields, but suicide rates
decrease as the ISM precipitation increases (Carleton, 2017). Irrespec-
tive of contemporary climate warming, whether there will be natural
extreme monsoon changes, including extreme weakening and
strengthening, is still worthy of investigation. How to recognize the
relative contributions of anthropogenic activities and natural effects on
monsoon variability remains a major challenge.

3.2.3. Possible reasons for respective characteristics of the ISM in the
Holocene and the late Last Glacial

An abrupt change of the ISM, as discussed in this study, usually
refers to a sudden monsoonal shift corresponding to a rapid climate
change event in the high northern latitude region (Overpeck and Webb,
2000; Gupta et al., 2003; Fleitmann et al., 2003; Hong et al., 2003;
Wanner et al., 2011). Therefore, the dynamics of an abrupt ISM shift
should be closely related to the dynamics of the sudden climate change
event in the high northern latitude region. It has been known that the
reasons for abrupt climate changes in the high northern latitudes during
the Last Glacial versus the Holocene vary greatly (Bond et al., 1997).
For more than 20 years, observations and modeling have demonstrated
that the existence of the Northern Hemisphere large ice sheet and its
instability are the dominant reasons for abrupt climate changes in the
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Fig. 5. The abrupt changes of the India summer monsoon at about
4 cal kyr BP inferred from multiple proxies. (A) The 8'>C values of
Baoan peat cellulose (this study). (B) The §'®0 values of stalagmites
from Mawmluh Cave (Berkelhammer et al., 2012). (C) The dolomite
content in sediment core M5-422 in Gulf of Oman (Cullen et al.,
2000). (D) The dust content in the Kilimanjaro's ice core (Thompson
et al., 2002). (E) The §'®0 values of Globigerinoides rubber in sediment
core GeoB 5836-2 in the northern Red Sea (Arz et al., 2006).
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Last Glacial. The ocean conveyor theory of Broecker et al. (1985) has
asserted that when cross-equatorial ocean water flows toward the North
Atlantic Ocean and reaches high latitudes, the increasing salinity of
seawater results in its descending into the deep ocean and forming the
deep-layer water that flows back south, thereby completing the im-
portant Atlantic meridional overturning circulation (AMOC). When
much fresh meltwater enters the North Atlantic Ocean, the seawater at
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high latitudes is freshened abruptly, and the AMOC slows down or even
stops, resulting in a large decrease of northward heat transfer and the
precipitous cooling of the North Atlantic region (Broecker, 1994a,
1994b, 1997; Knutti et al., 2004; EPICA Community Members, 2006;
Barker et al., 2009; Chiang and Friedman, 2012; Landais et al., 2015).
This hypothesis not only illustrates the mechanism of the abrupt cooling
events that occurred in the high northern latitude in the Last Glacial
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and deglaciation periods but has also been used to explain the abrupt
cooling event that occurred in the early Holocene (Teller et al., 2002;
Clarke et al., 2004; Alley and Agustsdottir, 2005). The mechanism
linking these changes and the ISM is a widely accepted hypothesis that
these changes were also accompanied by south-north shifts in the mean
latitude position of the Intertropical Convergence Zone (ITCZ) and the
weakening-strengthening variations of the ISM intensity (Broccoli et al.,
2006; Broecker, 2006; Clement and Peterson, 2008; Chiang and
Friedman, 2012).

The factors that affect the high northern latitude climate and the
ISM abrupt changes are more diverse during the Holocene. Bond et al.
(1997) noted that the large ice sheet in the Northern Hemisphere has
clearly retreated in the Holocene and that sudden millennial-scale cli-
mate changes in the Holocene should operate differently from those in
glacial periods. Abrupt temperature changes appear to have been in-
fluenced by variations in solar output through the entire Holocene (van
Geel et al., 1998; Chambers et al., 1999; Beer et al., 2000; Hong et al.,
2000; Bond et al., 2001; Wanner et al., 2008; Gray et al., 2010). This
hypothesis has also affected the study of the ISM. When the tele-
connection between the ISM and the high northern latitude climate
during the Holocene was discovered, changes in solar activity were
proposed as the main driving factors (Fleitmann et al., 2003; Dykoski
et al., 2005; Wang et al., 2005). In addition, the impacts of the sea
surface temperature (SST) gradient variation between the high and low
latitudes resulting from the ocean thermohaline circulation shift and
the El Nino-Southern Oscillation (ENSO) variations on the ISM have
also been discussed (Hong et al., 2003). The discussions noted above
are summarized in a conceptual model by Hong et al. (Fig. 6 of Hong
et al., 2009). The model suggests it is important that the sudden tem-
perature decreases are always accompanied by abrupt declines in the
ISM, whether because of weakened solar activity or reduced meltwater
discharge. The influences of weakened solar activity and reduced
meltwater discharge on the climate could be compounded. Reduced
solar activity and meltwater outburst both appear to act as triggers for
occurrence of the ENSO phenomenon in the equatorial Pacific Ocean,
which may result in broad teleconnections between the temperature
anomaly in the high northern latitudes and abrupt variation of the ISM
(Hong et al., 2009). Based on a comprehensive analysis of large
amounts of temperature and humidity/precipitation data from official
data repositories and scientific journals, Wanner et al. (2011) suggested
that, most likely, decreasing solar insolation combined with a possible
slowdown of the thermohaline circulation and, in some cases, also with
a series of tropical volcanic eruptions, may lead to Northern Hemi-
sphere cooling, a southern shift of the ITCZ and a weakening of the ISM
in the Holocene. The studies noted above show that the factors affecting
abrupt climate change during the Holocene are more complex than
those during the late Last Glacial and last deglaciation. It is not yet
known how to quantitatively identify the relative contributions of these
factors (solar activity, thermohaline circulation, ENSO, volcano activ-
ities, etc.) to the abrupt variations of temperature, monsoon rainfall,
and the ITCZ in the Holocene and the temporal and spatial changes of
these contributions. These uncertainties possibly result in a nonlinear
correlation between the ISM and the abrupt climate changes in high
northern latitudes during the Holocene.

On the other hand, the effects of these factors may be superimposed.
We consider that once these factors or some of the factors simulta-
neously appear in a certain time and place, they may eventually con-
stitute a stronger combined effect than any single factor, although the
relative importance of each is unclear. Diversification of influencing
factors may be the reason why extreme climate events occur more
frequently in the Holocene epoch than in the glacial stage. Fig. 4C
shows, for instance, that there is one significant temperature anomaly
at approximately 8 cal kyr BP in the §'80 record of the GISP2 ice core,
which has been termed the “8-ka event” or “8.2-ka event” (Alley and
Agustsdottir, 2005). It is estimated that by then the temperature had
cooled by approximately 6 °C in the broad Northern Hemisphere region
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(Alley and Agustsdottir, 2005). This cooling extent is roughly the same
as that of the Heinrich event (approximately 5 °C, Bard et al., 2000) but
slightly smaller than the cooling range of the YD event (approximately
8°C, Dansgaard et al., 1989). The occurrences of these cooling events
have often been attributed to meltwater outflows into the North
Atlantic Ocean and slowdowns of the AMOC (Alley and Agustsdottir,
2005). As noted before, our Baoan peat cellulose 813C record clearly
shows that the amplitude of the decline in the ISM for the 8-ka event
was significantly greater than those for the Heinrich and the YD events
(Fig. 4C). This phenomenon clearly cannot be explained by a single
meltwater flood mechanism; instead, it provides support for the hy-
pothesis of superposition of multiple factors during the Holocene. In
particular, the 4-ka event shown in the Baoan peat cellulose §'>C record
is likely to be another example of a combination of several internal and
external factors, since the Northern Hemisphere large ice sheet has
clearly retreated, and the effect of meltwater floods has been small at
that time. As to the potential factors affecting the 4-ka event, several
physical processes have been advocated by scientists or recorded by
relevant time series, for instance, reduced solar activity (Bond et al.,
2001; Miiller et al., 2006; Vonmoos et al., 2006), changes in the ther-
mohaline circulation (Bianchi and McCave, 1999; deMenocal et al.,
2000; Hong et al., 2003), Neoglacial glacier advances (Winkler and
Matthews, 2010; Wanner et al., 2011), volcanic eruptions (deMenocal
et al.,, 2001; Wanner et al., 2008), El Nino activity (Moy et al., 2002;
Koutavas et al., 2006; Hong et al., 2009), etc. The superposition of the
effects of these potential processes likely resulted in the dramatic de-
crease of the ISM intensity at approximately 4 cal kyr BP (Figs. 4C and
5).

4. Conclusions

(1) We present a 33,300-year stable carbon isotopic (83C) time series
of Baoan peat cellulose. It records the continuous change history of
the ISM intensity from the late Last Glacial to the Holocene. It is
also rare in showing the respective characteristics of the ISM
variability during the cold late Last Glacial and the warm Holocene
stages.

(2) On the glacial-interglacial timescale, the ISM is generally weaker in
the cold stage and stronger in the warm stage. In addition, corre-
sponding to the abrupt millennial-scale climate changes in the high
northern latitudes, the ISM shows a series of sudden millennial-
scale variations. The abrupt variations appear in both the cold stage
and the warm stage. These results provide new evidence for the
response relationship of the ISM to climate changes in the high
northern latitudes.

(3) This response relationship may behave differently in the cold stage
and warm stage. The response in the cold stage seems to be one-to-
one. When the YD event and the Heinrich events occurred in the
high northern latitudes, the ISM abruptly decreased. In contrast,
when the abrupt warming events, including the B/A event and D/O
events or oscillations 2, 3, 4, and 5, occurred in the high northern
latitudes, the ISM abruptly strengthened. However, the response
relationship in the warm Holocene stage is mainly manifested in the
abrupt weakening of the ISM, and the latter often shows partial
responses to the abrupt cooling events in the high northern latitude
region.

(4) The Baoan peat record indicates that the amplitude of the abrupt
variation of the ISM intensity is generally larger in the warm stage
than in the cold stage. Extreme change events in the ISM intensity
occurred much more during the warm stage, although the impact of
human activities was still small at that time. These results provide
historical background for evaluating concerns over contemporary
and future climate change.

(5) We consider that the dissimilar characteristics of the ISM abrupt
changes in the warm stage and cold stage may result from different
combinations of climatic forcing factors, respectively. Compared
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with the mechanism dominated by the meltwater outflow and
thermohaline circulation change in the cold stage, the factors af-
fecting ITCZ migration are more diverse in the warmer stages. The
superposition of the effects of various driving factors and its
changes in time and space may be the basic cause of the random
occurrence of the ISM extreme change events in the warm stage.
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