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A B S T R A C T

The hypothesis that an interhemispheric thermal gradient, or a temperature contrast between the hemispheres
(TCBH), drives shifts in the latitudinal position of the Intertropical Convergence Zone (ITCZ) and the Southern
Westerly Winds (SWW) is considered one of the most important climate change mechanisms proposed in the last
few decades. However, the controversy over the shifting magnitude and direction of the ITCZ and the SWW
brings uncertainty to the hypothesis. Here, we further examine the shifting characteristics of the ITCZ and its
relationship with the intensity variation of the Indian summer monsoon (ISM) based on synthesis and summary
of previously published literature data. In particular, we evaluate regional distribution patterns of the dry and
wet climatic changes in southern South America during the last glacial–interglacial transitional period, including
the Heinrich event 1, the Antarctic Cold Reversal, and the Younger Dryas. The results show that in response to
the Northern Hemisphere-wide cooling and the Southern Hemisphere-wide warming (the Northern Hemisphere-
wide warming and the Southern Hemisphere-wide cooling) during the period, the ITCZ over the Asian and
northern South American continents and the SWW shift poleward (equatorward), while the intensity of the ISM
decreases (increases). However, the shifting characteristics of the ITCZ over the vast Pacific Ocean remain un-
clear, which implies that the relationship between the TCBH and the El Niño-Southern Oscillation in the tropical
Pacific Ocean needs to be studied. In addition, there may be a relatively stable core region in the SWW. This core
region is located in Central Patagonia at approximately 47°S, where the local climate is wetter during the all
transition period, showing the continuous influence of the SWW on this region. The position shift of the SWW in
response to the TCBH phase changes seems to behave as a swing process with an axis of approximately 47°S. The
poleward swing of the SWW may trigger the self-repairing process of the global climate system after the cata-
strophic impacts of the meltwater, including the pulling effect of the enhanced upwelling on the Atlantic
meridional overturning circulation, the influence of CO2 released from the deep sea, and the impact of the
gradual strengthening of the ISM. These results support and reinforce the hypothesis that the TCBH drives global
climate change, highlight the global teleconnection characteristics of the key physical processes in the Earth's
climate system and the important role of the SWW in this teleconnection, and provide a basis for further si-
mulating the climate connections in the two hemispheres, especially the impact of the SWW on the global
climate change.

1. Introduction

The Indian summer monsoon (ISM), originating from the middle

latitudes of the Southern Hemisphere (SH), transports water vapour to
the Northern Hemisphere (NH) when it crosses the equator, which
exerts a great influence on the food and livelihood of almost one-half of
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the world's population through monsoon rainfall. The Southern
Westerly Winds (SWW) drive upwelling near Antarctica, which has
been considered an important force that releases CO2 from the deep
ocean interior into the atmosphere (Toggweiler et al., 2006; Anderson
et al., 2009; Denton et al., 2010). Advances in research on the response
of the ISM to millennial-scale climate variations in high northern lati-
tudes during the last deglaciation (Yuan et al., 2004) and the Holocene
(Fleitmann et al., 2003; Gupta et al., 2003; Hong et al., 2003; Wang
et al., 2005; Dykoski et al., 2005) have provided valuable information
on monsoon mechanisms. However, correlations between the ISM and
high southern latitude climates, particularly between the ISM and the
SWW, during the last deglaciation and the Holocene are not well un-
derstood. Along with the deepening of global climate teleconnection
research, the relationship between the ISM and SWW has attracted
more and more attention. Over the past 20 years, observations and
models have led to the emergence of the hypothesis that millennial-
scale shifts in the Atlantic meridional overturning circulation (AMOC)
have redistributed heat among the earth's systems and promoted sys-
tematic changes in the global climate during the most recent glacial and
interglacial periods. An abrupt reduction in the strength of the AMOC in
the high-latitude North Atlantic promoted an immediate decrease in the
northward heat transport. This change resulted in the surface air tem-
perature decreasing over the North Atlantic and increasing over the
South Atlantic, which led to the formation of an interhemispheric
thermal gradient, or a temperature contrast between the hemispheres
(TCBH). These changes were also accompanied by a southward or
poleward shift of both the intertropical convergence zone (ITCZ) and
the SWW, the decline of the ISM, and an intensification of the Antarctic
circumpolar current (Broecker et al., 1985; Broecker, 1994; Alley et al.,
1999; Knutti et al., 2004; Barker et al., 2009; Chiang and Friedman,
2012; Landais et al., 2015). Thus, the TCBH refers to the surface tem-
perature contrast between the two hemispheres characterized by the
δ18O values of the ice cores at the two poles of the Earth, although the
TCBH appears to be relatively flat (Toggweiler, 2009). In this study, we
use the term ‘positive TCBH’ to denote this type of TCBH, that is, the
NH-wide cooling and the SH-wide warming. Conversely, the term
“negative TCBH” is used to denote the NH-wide warming and the SH-
wide cooling. According to this hypothesis, there seems to be some kind
of connection between the ITCZ, ISM, and SWW, but this possible
connection remains obscure as the details of the ITCZ and SWW shifts
are still controversial. Stager et al. (2011) questioned that to explain the
broad geographic range of the severe drought in Africa and Asia during
the period from approximately 16,000 to 17,000 cal yr BP, the latitu-
dinal displacement of the ITCZ must generally be unrealistically large,
on the order of 20 degrees of latitude or more (Stager et al., 2011).
McGee et al. (2014) also suggest that past shifts in the zonal-mean ITCZ
position are likely to be small. The mean shifts in the ITCZ are ap-
proximately less than 1 degrees of latitude during the Last Glacial
Maximum (LGM), Heinrich Stadial 1, and mid-Holocene. McGee et al.
(2014) further suggest that “Large (≧5°) meridional displacements of
the ITCZ inferred from regional compilations of proxy records must be
limited in their zonal extent, and ITCZ shifts at other longitudes must be
near zero, for the global mean shift to remain ≦1° as suggested by our
results.” A recent study shows that the globally zonal-mean position of
ITCZ has remained approximately constant over the past decades, al-
though observations and reanalysis data show a narrowing and
strengthening of precipitation in the ITCZ (Byrne et al., 2018). In ad-
dition, the understanding of the direction and magnitude of the shift of
the SWW in geological history is also controversial (Moreno et al.,
2012; Kohfeld et al., 2013). Therefore, further clarifying the relation-
ship among the ITCZ, ISM and SWW in response to changes in the TCBH
has become an important step in testing and strengthening the above
hypothesis.

For this purpose, we further examine the shifting characteristics of
the latitudinal position of the ITCZ and the relationship between the
latitudinal position of ITCZ and the ISM intensity variation during the

last deglaciation period based on the synthesis and summary of pre-
viously published data. Considering the important effects of the El
Niño-Southern Oscillation (ENSO) activity in the tropical Pacific Ocean
on the ITCZ and ISM, we also discuss the possible relationship between
the ENSO activity and TCBH. In particular, we reveal the evolution
pattern of the core position shift of the SWW in response to the changes
in the TCBH during the last glacial–interglacial transitional period
(approximately 17,000–11,000 cal yrs. BP). Through a comprehensive
comparison of the above aspects, the teleconnections between the ITCZ,
ISM, SWW, and TCBH were revealed, and the self-repairing process of
the Earth's climate system triggered by the SWW is proposed. These
results will contribute to a better understanding of the correlation and
interaction mechanisms of key physical processes in the Earth's climate
system.

2. Material and methods

The ITCZ is a large-scale's atmospheric circulation system in the low
latitude atmosphere on the Earth, and is defined as a convergence zone
in the low pressure trough (the equatorial trough) between the south-
east and the northeast trade winds. The ITCZ shows as a narrow and
approximately continuous convective cloud band near the Earth's
equator on satellite images, therefore, is also the band area with the
maximum in time-mean precipitation on the Earth (Fig. 1). The zonal-
mean position of the ITCZ is consistent with the rising branch of the
global Hadley cell.

Over the Indian Ocean and adjacent land surfaces, precipitation
occurs almost entirely within an ITCZ (Mohtadi et al., 2016). Therefore,
a seasonal migration of the ITCZ resulted from the cross-equatorial
pressure gradients prompts the seasonal rainfall variations of the ISM,
which also serves as the basis for trying to understand the history of the
ITCZ migration based on the variation of the ISM in geological history.
The SWW associated with the Southern Annular Mode (Fletcher and
Moreno, 2011) is an integral part of the atmospheric circulation system
in the SH. Because the SWW is banded and distributed over the mid-
latitudes of the SH, it is also known as the SWW belt. When the SWW
runs westward across the South American continent between approxi-
mately 37° and 56°S, which is the region known as Patagonia, the SWW
transports water vapour from the South Pacific to the windward side of
the Andean Cordillera, forming abundant precipitation. On the eastern
side of the Andes, the amount of precipitation decreases rapidly with
distance from the Pacific coast (Garreaud, 2007; Moreno et al., 2012),
which shows that the precipitation in the mountainous areas of the
Andean Cordillera, including its eastern and western slopes, is affected
mainly by the SWW. Precipitation in the extra-Andes region and the
Atlantic seaboard may be affected by the water vapour from the
Atlantic and the influence of water vapour from the South Pacific
(Moreno et al., 2012), although the exact relative contribution of the
two kinds of water vapour sources and the corresponding spatial
changes are not clear.

To further understand the response of the ITCZ, ISM and SWW to
the TCBH during the last glacial-interglacial transition, we synthesized
and evaluated the previously published paleoclimatic records on the
basis of field investigations. We considered that the relevant paleocli-
matic records used for this study should meet the following conditions:
they were published in peer-reviewed professional journals and they
had a credible dating technique and presented the calibrated (calendar)
age. These paleoclimate records should provide the climate information
associated with the ISM and SWW during the periods of the Heinrich
event 1 (H1, ~16.7–15.0 cal kyr BP), the Antarctic Cold Reversal (ACR,
~14.5–13.0 cal kyr BP), and the Younger Dryas (YD, ~12.8–11.6 cal
kyr BP) events or during the periods roughly equivalent to the main
time intervals of the events mentioned above. In order to accurately
understand the evolution history of the SWW, only the research sites on
the western side of the Andes and on the eastern slope of the mountains
were used in this study, because the water vapour of rainfall in these
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areas mainly came from the SWW. According to the above require-
ments, several paleoclimatic records were selected. The relevant re-
search sites involved in this study were shown in Fig. 1, which include
14 research sites in southern South America (Table 1). Most of the 14
records used the pollen assemblages from lake or bog sediments as a
proxy indicator for the regional rainfall/effective humidity, except for
two records that used the mineral composition of the sediments. This

requirement allowed us to obtain the necessary compiled data and
helped with the comparison. The information obtained on the dry or
wet conditions based on the conclusions noted by the original authors
of the paleoclimate records or based on the results indicated by the
records themselves was marked on a topographic map based on the
geographical coordinates of each research site, so that the regional
distribution patterns of the climatic dry and wet conditions may be

Fig. 1. Map showing the relative research sites for this study and sketches of the Indian summer monsoon, the Southern Hemisphere westerly winds, and the
Intertropical Convergence Zone. 1–Yuexi peat bog (Hong et al., 2018). 2–Hulu cave (Wang et al., 2001). 3–Northeastern Arabian Sea core (Deplazes et al., 2013).
4–136 KL core (Schulz et al., 1998). 5–TN057-13-4PC core (Anderson et al., 2009). 6–The study area in the southern South America (this study, Table 1). 7–The
Cariaco Basin (Deplazes et al., 2013). 8–The Greenland Ice Sheet Project Two (GISP2) ice core (Stuiver and Grootes, 2000). 9–Byrd ice core in Antarctica (Blunier and
Brook, 2001). Dashed lines show the modern position of the Intertropical Convergence Zone in July (modified from reference Cheng et al., 2012).

Table 1
Palaeoclimatic records from 14 sites in the southern South America (abbreviations see below).

Number Research site Location Archive Proxy indicator Dating Reference

Meth. No.

1 GeoB 3302–1 core (Water depth 1498m) 33°13′S；72°06′W Marine sediment M 14C (AMS) 7 Lamy et al., 1999
2 Lago Pichilafquén (218m a.s.l.) 40°44′S；72°28′W Lake sediment P, OM, CC, C 14C (AMS) 13 Jara and Moreno, 2014
3 Lago Pichilaguna (110m a.s.l.) 41°15′S；73°03′W Lake sediment P, C, CM, OM, MS 14C (AMS) 29 Moreno et al., 2018
4 Lago Lepué, (124m a.s.l.) 42°48′S；73°42′W Lake sediment P, OM, CC, C 14C (AMS) 27 Pesce and Moreno, 2014
5 Lago Los Niños (1015m a.s.l.) 44°0.1′S；71°17′W Lake sediment P, MS, CC, C 14C (AMS) 16 Iglesias et al., 2016
6 Mallín Pollux, (640m a.s.l.) 45°41′ S, 71°50′ W Fen sediment P, C, MS 14C (AMS) 20 Markgraf et al., 2007
7 Lago Augusta (440m a.s.l.), 47°05′S；72°23′W Lake sediment P, C, OM, CC 14C (AMS) 8 Villa-Martínez et al., 2012
8 Lago Edita (570m a.s.l.), 47°08′S；72°25′W Lake sediment P, C, OM, CC 14C (AMS) 5 Henríquez et al., 2017
9 Pantano Dumestre (77m a.s.l.), 51°48´S；72°26′W Bog sediment P, C, OM, CC, SD 14C (AMS) 8 Moreno et al., 2012
10 Laguna Potrok Aike (113m a.s.l.), 51°58′S；70°23´W Lake sediment P, C, D, GA 14C (AMS) 16 Wille et al., 2007
11 Rio Rubens 52°04′S；71°31′W Bog sediment P, C 14C 19 Markgraf and Uber, 2010
12 Punta Yartou core (51m a.s.l.) 53°51′S; 70°08′W Mire sediment P, C 14C (AMS) 15 Mansilla et al., 2016
13 La Correntina mire (206m a.s.l.) 54°33′S; 66°59′W Mire sediment P 14C (AMS) 7 Musotto et al., 2017
14 Harberton (20m a.s.l.) 54°54′S, 67°10′W Peat P, C 14C 29 Markgraf and Uber, 2010

Proxy indicator: C–charcoal; CC–carbonate content; CM–chemical elements; D–diatoms; GA–green algae; M–minerals; MS–magnetic susceptibility; OD–organic
density; OM–organic matter content; P–Pollen.
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clearly displayed visually for the time intervals of the H1, the ACR, and
the YD events.

3. Results and discussion

3.1. The response of the ITCZ and ISM to the TCBH

Based on the global meteorological data and satellite observations,
scientists can now more accurately understand the seasonal and inter-
annual variations of the modern ITCZ. However, the understanding of
the shifts of ITCZ in some specific periods of the geological history is
still in the process of continuous improvement, because there is usually
a lack of a dense network of continuous paleoclimate records with high-
resolution (Fleitmann et al., 2007). Since the ITCZ crosses over the
Cariaco Basin (Site 7 in Fig. 1) in northern South America, the pre-
cipitation record of Cariaco Basin has been used to reflect the historical
evolution of the ITCZ position over the region (Deplazes et al., 2013).
Figs. 2A and B show the responses of the ITCZ to the TCBH over the
Cariaco Basin during the geological history. Corresponding to the
cooling events in the high northern latitude region inferred from the
light (18O-depleted) δ18O values in the Greenland GISP2 ice core, in-
cluding the Heinrich events 3–1 (H3−H1) and the YD event (Fig. 2A),
or to the positive TCBH, the local precipitation inferred from sediment
total reflectance (L*) of the Cariaco Basin decreases without exception
(Fig. 2B), which is interpreted as reflecting the southward movement of
the ITCZ over the Cariaco Basin. In contrast, corresponding to the
warming events, including the Bølling-Allerød (B/A) event and the
Dansgaard-Oeschger (D/O) oscillations 2–5, or to the negative TCBH,
the local rainfall increased, reflecting the northward movement of the
ITCZ over the Cariaco Basin. At the same time, Deplazes et al. (2013)
also measured the total reflectance (L*) of sediments in the Arabian Sea
(Site 3 in Fig. 1) and confirmed Schulz et al.'s previous discovery (Site 4
in Fig. 1) that the intensity of the ISM weakens in response to the
cooling events in the high northern latitude region (Figs. 2A,D,E). These
findings suggest that the shift of ITCZ over the Arabian Sea is syn-
chronized with that over the Cariaco Basin (Deplazes et al., 2013).

However, whether the shift of ITCZ's position over the Arabian Sea
and the Cariaco Basin represents a consistent regional shift pattern of
the ITCZ in whole Asia and even in the global still needs to be further
proven, because that there is little available research data in the Asian
continent and the Pacific region, and in particular, the direction and
magnitude of the shifts of the ITCZ over different regions in the Earth
may be considerably different, as mentioned in the previous section of
this study (McGee et al., 2014). This uncertainty further highlights the
need for denser paleoclimate record networks (Fleitmann et al., 2007)
so that the response relationship between the shifts of the past ITCZ and
the TCBH can be understood more accurately and comprehensively. In
the South Asian and the southern continent of East Asia, which is af-
fected by the ISM, the ITCZ crosses over a region with an average la-
titude of 20°N in the boreal summer (Schneider et al., 2014) (Fig. 1).
Thus, this region is a favourable area that can be studied to understand
the relationship between the ITCZ over the Asian continent, the ISM
rainfall, and the TCBH. The Yuexi peatland developed in this area. This
is a valley peat bog at an altitude of 1950m above sea level, and is
located in the Hengduan Mountains at the southeastern edge of the
Tibetan Plateau (Site 1 in Fig. 1). The compression of the Indian Plate

into the Eurasian Plate resulted in the formation of the Hengduan
Mountains, which run in a southwest-northeast direction, and caused
the Hengduan Mountains to become a delivery channel for water va-
pour from the ISM. An investigation of the moisture sources of the
June–August precipitation in the Yuexi District and its adjacent region
shows that more than 90% of the moisture for summer precipitation
originated from the ISM, which supports the previous conclusion that
approximately 90% of the moisture flux into southern Asia and its ad-
jacent areas is caused by the cross–equatorial ISM (Hong et al., 2018).
The average annual temperature in the Yuexi District is approximately
13 °C, and the mean annual rainfall is approximately 1000mm. 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 (Hong et al., 2014, 2018) (Site 1 in Fig. 1). The peat
cellulose isotopic (δ13C) record from the Yuexi peatland sensitively
reflects the changes in the ISM rainfall (Hong et al., 2001, 2018;
Amesbury et al., 2015). Fig. 2 shows that corresponding to the cooling
events in the high northern latitude region, including the YD and the
H1−H3 (Fig. 2A), the Yuexi peat record shows an abrupt decrease in
the ISM precipitation (Fig. 2F). These results are consistent with the
response of the ISM intensity recorded in the sediment of the northern
Arabian Sea to the climate changes in the high northern latitude region
(Schulz et al., 1998； Deplazes et al., 2013), which are interpreted as
reflecting a southward shift of the ITCZ in response to the positive
TCBH (Figs. 2A, D, E, F). Therefore, the shift direction of the ITCZ over
the South Asian and the southern continent of East Asia is consistent
with the shift direction of the ITCZ over the northern South American
continent, i.e., they all shift southward or poleward during this period.
In contrast, corresponding to the warming events, including the B/A
event and the D/O oscillations 2–5, or to the negative TCBH, the re-
cords from both the Yuexi peat and the Arabian Sea sediment show an
abrupt increase in the ISM, indicating the northward shift of the ITCZ
over the South Asian and the southern continent of East Asia, which is
the same as the migration direction of the ITCZ over the Cariaco Basin.
The Hulu Cave record is generally considered to be commonly affected
by the ISM and the East Asian summer monsoon (Gao et al., 1962;
Pausata et al., 2011; Wang and Chen, 2012; Hong et al., 2014), and also
shows similar millennial-scale changes in precipitation. These results
show that the zonal-mean position shifts of the ITCZ over the continents
on the two sides of the Pacific Ocean are synchronous; furthermore, the
directions of their shifts are the same. In response to the positive (ne-
gative) TCBH, southward (northward) shifts of the ITCZ over these
continents occur.

Due to the lack of available precipitation proxy records, however,
the shift of ITCZ over the vast Pacific Ocean was little known during the
last deglaciation. The hydrological variations in the tropical West
Pacific during the last deglaciation show large regional variability,
which leads to various interpretations of the driving mechanism of the
regional climate changes (Muller et al., 2008; Griffiths et al., 2009;
Shiau et al., 2011; Ayliffe et al., 2013; Denniston et al., 2013; Carolin
et al., 2013; Fraser et al., 2014). A recent study suggests that pre-
cipitation variations in the tropical West Pacific between 6° and 22° N
cannot be explained by a simple meridional shift of the ITCZ during the
last glaciation, but, rather, they were related to changes in the regional
climate system, including the El Niño-Southern Oscillation (ENSO)

Fig. 2. The responses of the Intertropical Convergence Zone, the Indian summer monsoon, and the Southern Hemisphere westerly winds to the high northern latitude
climate. A–Temperature record reconstructed from the δ18O of the GISP2 ice core in Greenland (Stuiver and Grootes, 2000). B–Rainfall record reconstructed from
sediment total reflectance (L*) from the Cariaco Basin (Deplazes et al., 2013). C–Rainfall record reconstructed from the δ18O of stalagmites in Hulu Cave (Wang et al.,
2001). D–Rainfall record reconstructed from sediment total reflectance (L*) in the northern Arabian Sea (Site 3 in Fig. 1) (Deplazes et al., 2013). E–Rainfall record
reconstructed from the content of total organic carbon in sediment core 136 KL in the northern Arabian Sea (Site 4 in Fig. 1) (Schulz et al., 1998). F–Rainfall record
reconstructed from the δ13C of peat cellulose from Yuexi (Hong et al., 2018). The climatic intervals are abbreviated as follows: YD–Younger Dryas; H1–3–Heinrich
events 1–3. Numbers indicate Greenland Interstadials and correlated events at the Cariaco Basin, Hulu, northern Arabian Sea, and Yuexi. The grey bars indicate the
YD and Heinrich events.
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activities related to the AMOC (Xiong et al., 2018). Now we know that
the modern ENSO is an abrupt inter-annual shift in the tropical Pacific
ocean-atmosphere system that has a significant impact on the abrupt
variability of the ISM. Observational and model-based studies have
generally suggested that an El Niño (La Niña) warm (cool) configura-
tion over the tropical Pacific Ocean could lead to drought (wet) con-
ditions over the ISM region, thus indicating a weakening (strength-
ening) of the ISM (Shukla and Paolina, 1983; Webster et al., 1998;
Kumar et al., 2006; Meehl and Hu, 2006; Buckley et al., 2010). In ad-
dition, the long-term behaviour of the ENSO has been studied over the
past decade. Studies of the cold tongue of the eastern equatorial Pacific
Ocean have shown that during the YD and the LGM, the sea surface
temperature (SST) gradient in the equatorial Pacific Ocean abruptly
decreased and the equatorial Pacific Ocean presented a similar pattern
to that caused by the modern El Niño (Koutavas et al., 2002). In-
vestigations of the SST and salinity variability in the western tropical
Pacific warm pool also led to these results. Millennial-scale El Niño

conditions are correlated with stadials at high northern latitudes, and
La Niña conditions are correlated with interstadials over the past 70 kyr
(Stott et al., 2002) (Fig. 3). These results suggest that the abrupt mil-
lennial-scale shifts in the tropical Pacific ocean-atmosphere system
during deglaciation may have been analogous to the modern ENSO, and
they have been referred to as an ENSO-like pattern (Koutavas et al.,
2002; Stott et al., 2002).

We further compared the ENSO-like pattern with the TCBH and
explored their impact on the ISM and ITCZ. Fig. 3 shows that the ENSO-
like pattern is correlated with the climate in the high northern latitudes,
as well as in the high southern latitudes (Figs. 3A, B). The thermal
conditions in the equatorial Pacific Ocean may be correlated with the
TCBH on a millennial timescale (Stott et al., 2002). During the YD,
H1−H3, the El Niño-like pattern in the equatorial Pacific Ocean cor-
responded to a positive TCBH, and during the B/A event and D/O
warming events, a La Niña-like pattern in the equatorial Pacific Ocean
corresponded to a negative TCBH (Figs. 2A, B). Because the TCBH

Fig. 3. The relationship among a temperature contrast between the hemispheres (TCBH), the El Niño-Southern Oscillation (ENSO) and the Indian summer monsoon
(ISM) during the last deglaciation. A–Temperature record reconstructed from the δ18O of the GISP2 ice core in Greenland (Stuiver and Grootes, 2000). B–Tem-
perature record reconstructed from the δ18O of the Byrd ice core in Antarctica (Blunier and Brook, 2001). The comparison of temperature records A and B reflects the
condition of TCBH. C–The ENSO activity reconstructed from the salinity variability inferred from the Δδ18O of the planktonic foraminifera (Globigerinoides ruber) in
the western tropical Pacific warm pool (Stott et al., 2002). D–The ISM record reconstructed from the δ13C of peat cellulose, Yuexi (Hong et al., 2018). The climatic
intervals are abbreviated as follows: YD–Younger Dryas; H1–Heinrich event 1; H2–Heinrich event 2; H3–Heinrich event 3. The grey band indicates the linkages
between the positive TCBH, the El Niño-like pattern, and the weakened ISM.
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originated in the AMOC, these correlations may also highlight the
AMOC's modulation of the thermal conditions of the equatorial Pacific
Ocean. This hypothesis is supported by a simulation that shows a
strengthening of ENSO variability when the AMOC is shut down
(Timmermann et al., 2007). By combining these results with the results
of previous studies (Koutavas et al., 2002; Stott et al., 2002), we suggest
that the ENSO-like pattern and the TCBH most likely coupled to form a
physical pair of processes associated with the AMOC in the Earth's
climate system. Fig. 3 also shows that during a given millennial event,
the effect of these two coupled processes on the ISM is not only syn-
chronous on a millennial timescale but also parallel in the driving di-
rection. For instance, the El Niño-like pattern and the positive TCBH
simultaneously appeared during the YD, H1−H3 cold events and
played the same role in suppressing the ISM. Similarly, the La Niña-like
pattern and the negative TCBH appeared simultaneously during the B/A
event, D/O warming events 3–4, and warming event 5 and played the
same role in activating the ISM. These results indicate that the TCBH
and ENSO seem to have a consistent impact on the ISM and ITCZ in the
ISM region, including the Arabian Sea and the Bay of Bengal. But their
impact on the ITCZ over the Pacific Ocean is not yet clear. The intensity
change of the East Asian summer monsoon related to water vapour
from the Pacific Ocean has been reported to be contrary to the intensity
change of the ISM (Hong et al., 2005, 2009, 2010, 2014; Maher and Hu,
2006). This inverse correlation was thought to be related to the El Niño-
like phenomenon in the tropical Pacific Ocean, resulting in the weak-
ening of the ISM intensity and the strengthening of the East Asian
monsoon (Hong et al., 2005, 2009, 2010, 2014). Whether this inverse
phase correlation between the two monsoons implies the opposite shift
of the ITCZ over the Pacific and Indian Oceans deserved further con-
firmation, because this opposite change may balance the ITCZ shift over
the two oceans and lead to a reduction in the ITCZ global mean shift, as
suggested by McGee et al. in 2014. Further elucidation of the ITCZ
position shift over the vast Pacific Ocean may be of great significance
for revealing the global average position change of the ITCZ and the
possible relationship between the ENSO and TCBH during the last de-
glaciation.

3.2. The response of the position shift of the SWW to the TCBH

Atmospheric precipitation usually shows larger regional variability
because there are many factors that affect the precipitation process.
Specifically, the influence of terrain factors caused by the Andes
Mountains should also be considered in Patagonia (Garreaud, 2007;
Moreno et al., 2012). As previous studies have shown, the distribution
of the amount of precipitation in western Chile caused by the modern
SWW along latitude has quasi-normal distribution characteristics
(Lawford, 1996; Quade and Kaplan, 2017). In terms of the mean annual
average, the modern maximum precipitation is distributed in the area
of approximately 43°–53°S (Moreno et al., 2012; Quade and Kaplan,
2017) (panel A in Fig. 4), which is usually referred to as the core area or
the main belt of the SWW and represents the position of the strongest
westerly wind. Once the SWW deviates from the core, the amount of
precipitation and the intensity of the SWW will rapidly decrease (panel
A in Fig. 4). These geographical characteristics of the modern SWW
precipitation provide a basis for the reconstruction and interpretation
of the historical evolution of the SWW. Based on this, we speculate that
in the history of geology, in the areas of Patagonia influenced by the
strongest SWW, or in the core area of the SWW, a regional increase in
precipitation or a wetter climate pattern should be shown in general,
although the occurrence of abnormalities in a few local places would
still be expected. The variations in the climatic dry and wet distribution
pattern should reflect the shifts of the core position of the SWW during
different periods. From the data of 14 research sites distributed in Pa-
tagonia and its adjacent areas (Table 1), we try to extract the regional
distribution trends of the climatic dry and wet changes during the last
glacial–interglacial transition (Fig. 4), which may show the details of

the position shifts of the SWW.
A previous study suggested that during the late LGM, the northern

edge of the SWW was located in the region north of 40°S (Moreno et al.,
1999). At that time, northwest Patagonia was in a cold and hyperhumid
climate, reflecting the maximum influence of the SWW (Moreno et al.,
2018). Along with the starting of the Last Glacial Termination at
17,800 cal yr BP (Moreno et al., 2018) and the subsequent emergence of
H1 event in the NH, the climate in northern Patagonia changed dras-
tically. A marine sediment core (GeoB 3302–1 core, Site 1 in panel H1
in Fig. 4) from the continental slope off mid-latitude Chile (33°S) shows
an obvious peak value of coarsening grain size during the period from
approximately 17,500 to 15,000 cal yr BP, which is interpreted as a
tendency towards a more arid climate condition in the source area of
the sediments and a southward shift of the SWW (Lamy et al., 1999).
Investigations for several lakes south of the GeoB core in northern Pa-
tagonia have also reported climate drying during approximately the
same period. For example, palynological study on sediment from Lago
Pichilafquén (Site 3 in Fig. 4) shows an abrupt change from hyperhumid
to drying climate during the period (Moreno et al., 2018) (Fig. 10 in
Moreno et al., 2018). The diagnostic indicator of hydroclimate varia-
tions (ECPI) in Lago Lepué region (Site 4 in Fig. 4) shows slightly ne-
gative or zero anomalies between 16,100 and 14,600 cal yr BP (Pesce
and Moreno, 2014) (Fig. 9 in Pesce and Moreno, 2014), indicating a
drier climate in the region. The landscape of the Lago Los Niños region
(Site 5 in Fig. 4) is also drier and dominated by heath and steppe taxa
characteristic of open ground during approximately the same period,
similar to the present-day heath-steppe found today in the wind-blown
areas of southern Patagonia (Iglesias et al., 2016). Lago Pollux (Site 6 in
Fig. 4) southwest of Lago Los Niños was once a shallow productive pond
surrounded by a sparse scrub–steppe during the period from approxi-
mately 18,000 to 14,000 cal yr BP, indicating that the local climate in
this period was markedly drier (Markgraf et al., 2007). Since the time
intervals discussed in the abovementioned studies cover or are roughly
equivalent to the interval of the H1 event (from approximately 16,700
to 15,000 cal yr BP), these studies have proved that the climate in
northern Patagonia was drier during the H1 event, and the influence of
the SWW on precipitation in the area was significantly weakened
compared with the influence of the SWW on precipitation in the area in
the LGM period. These results are usually interpreted as the southward
shift of the mean latitudinal position of the SWW, although the details
of the shift, including the magnitude of change and the location of the
stop, remain unclear. However, the panel H1 in Fig. 4 shows that the
northern edge of the SWW may move to approximately 47°S during the
period, because the wetter climate was not recorded until Lago Augusta
(Site 7 in Fig. 4) at approximately 47°S in central Patagonia, where
hygrophilous rainforest taxa quickly expanded to the Valle Chacabuco
Valley in the region (Villa-Martínez et al., 2012). The palynological
records from Lago Edita (Site 8 in Fig. 4), which is near Lago Augusta,
also suggested that the climate in this region was wetter during the
same period (Henríquez et al., 2017). In addition, according to the high
water level recorded by Laguna Potrok Aike (Wille et al., 2007) (Site 10
in Fig. 4), and the drier climate in the southernmost part of Patagonia
south of Laguna Potrok Aike (Markgraf and Uber, 2010; Mansilla et al.,
2016; Musotto et al., 2017) (Sites 11–14 in Fig. 4), the southern margin
of SWW may extend southward to approximately 51°S, which may re-
present the limit of the SWW expansion during the H1 period. The core
position of the SWW at that period was almost the same as the core
position of the modern SWW (panels H1 and A in Fig. 4). These results
provide new evidence for the poleward shift of the SWW that corre-
sponds to the positive TCBH during the H1 event.

After the impact of the H1 event ended, the temperature in
Antarctica became cold (an event known as the ACR), the TCBH turned
to the negative phase, and the climate in Patagonia dramatically
changed again. The proxy climate records from the pollen assemblages
and mineral compositions indicate that northern Patagonia became
wetter (Lamy et al., 1999; Jara and Moreno, 2014; Moreno et al., 2018;
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Pesce and Moreno, 2014; Iglesias et al., 2016; Markgraf et al., 2007;
Villa-Martínez et al., 2012; Henríquez et al., 2017) (Sites 1–8 in Fig. 4)
while South Patagonia became drier (Moreno et al., 2012; Wille et al.,
2007; Markgraf and Uber, 2010; Mansilla et al., 2016; Musotto et al.,
2017) (Sites 9–14 in Fig. 4) during the period of the ACR event or the
time interval roughly equivalent to the ACR event (panel ACR in Fig. 4).
We interpret this regional differentiation in climate as a consequence of
the equatorward shift of the SWW. The boundary between the dry and
the humid areas may be located at approximately 47°S. During this
period, the northern edge of the SWW may have expanded to ap-
proximately 33°S, which is more north than the corresponding location
in the late LGM, while the southern margin of the SWW may be located
at approximately 47°S. The northern region of Patagonia influenced by
the SWW is wider, covering approximately 14 degrees of latitude. The
mean latitudinal position of the core of the SWWmay have been located
at approximately 40°S, which obviously deviated northward from the
core position of the modern SWW (panels ACR and A in Fig. 4), leading
to drier conditions in southern Patagonia.

Accompanied by another large amount of meltwater discharge into
the North Atlantic Ocean, the YD cooling event occurred in the NH
(Broecker, 1994; Alley et al., 1999). The panel YD in Fig. 4 shows that
during the YD or the time interval roughly equivalent to the YD event,
northern Patagonia (Lamy et al., 1999; Jara and Moreno, 2014; Moreno
et al., 2018; Pesce and Moreno, 2014; Iglesias et al., 2016; Markgraf
et al., 2007) (Sites 1–6 in Fig. 4) and the southernmost part of Patagonia
(Musotto et al., 2017; Markgraf and Uber, 2010) (Sites 13,14 in Fig. 4)
became drier again, and the region of south central Patagonia (Villa-
Martínez et al., 2012; Henríquez et al., 2017; Moreno et al., 2012;
Markgraf and Uber, 2010; Mansilla et al., 2016) (Sites 7–9,11,12 in
Fig. 4) between approximately 47° and 54°S became wetter in general,
although there are exceptions in individual areas (Wille et al., 2007)

(Site 10 in Fig. 4). The regional distribution pattern of climate may
again reflect the southward shift of the SWW, which is similar to phe-
nomenon that occurred in the H1 event, but its southern border in the
YD period was closer to the Antarctic continent than during the periods
of the modern and H1 events.

Although the abovementioned regional changes in the dry and wet
conditions are usually interpreted as the result of the north–south mi-
gration of the mean latitudinal position of the SWW, we have further
observed new important phenomena. As shown in panels H1, ACR, and
YD in Fig. 4, during the last glacial-interglacial transition, the moun-
tainous regions of the Andes at approximately 47°S (represented by
Sites 7 and 8 Fig. 4) have been wetter at all times (Villa-Martínez et al.,
2012; Henríquez et al., 2017), showing the stable region in the shifting
SWW that is consistent with the core position of the modern westerly
wind. In response to the positive TCBH, the SWW extends poleward
from the 47°S region, with a relatively smaller amplitude. However, in
response to the negative TCBH, the SWW expands equatorward from
the 47°S region and has a larger amplitude. Therefore, the position
change of the SWW seems to behave as a swing process in the direction
and amplitude with an axis of approximately 47°S (Fig. 5D). This mode
of change is different from the north–south migration of the whole
SWW, which deserves further comparative study.

3.3. Concurrent changes of the ISM and the SWW and their feedback to the
TCBH

Fig. 5 shows, for the first time, responses of the ISM and the SWW to
the TCBH and the concurrent changes of the ISM and the SWW during
the last glacial–interglacial transition. When the meltwater flood events
occurred in the high northern latitudes during the time intervals from
approximately 16,700 to 15,000 cal kyr BP (i.e., the H1 event) and from

Fig. 4. The regional distribution patterns of the dry and wet climate in the southern South America during the last glacial–interglacial transition. Panel H1–The dry
and wet distribution pattern during the Heinrich event 1 (H1). Panel ACR–The dry and wet distribution pattern during the Antarctic Cold Reversal (ACR). Panel
YD–The dry and wet distribution pattern during the Younger Dryas (YD). Panel A–The latitudinal distribution of modern annual rainfall in Western Chile, in which a
dashed line is the normal best fit to the annual rainfall amounts (modified from Quade and Kaplan, 2017). Green dot represents a wetter climate. Red dot represents a
drier climate. The relevant data on the research sites 1–14, including the position coordinates, proxy climate indicators, dating, climate condition, and the author and
the source of the original literature, are listed in Table 1. Site 1–Geob 3302–1 core (Lamy et al., 1999). Site 2–Lago Pichilafquén (Jara and Moreno, 2014). Site 3–Lago
Pichilaguna (Moreno et al., 2018). Site 4–Lago Lepué (Pesce and Moreno, 2014). Site 5–Lago Los Niños (Iglesias et al., 2016). Site 6–Mallín Pollux (Markgraf et al.,
2007). Site 7–Lago Augusta (Villa-Martínez et al., 2012). Site 8–Lago Edita (Henríquez et al., 2017). Site 9–Pantano Dumestre (Moreno et al., 2012). Site 10–Laguna
Potrok Aike (Wille et al., 2007). Site 11–Rio Rubens (Markgraf and Uber, 2010). Site 12–Punta Yartou core (Mansilla et al., 2016). Site 13–La Correntina mire
(Musotto et al., 2017). Site 14–Harberton (Markgraf and Uber, 2010). Sites 2 and 9 are not shown in panel H1, because the original records in Jara and Moreno, 2014
and Moreno et al., 2012 did not provide the climate data during the H1 event. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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12,800 to 11,600 cal kyr BP (i.e., the YD event), respectively, the AMOC
inferred from the 231Pa/230Th in sediment measured from Bermuda was
nearly or completely eliminated (McManus et al., 2004) (Fig. 5C).
Moreover, the positive TCBH was established (Figs. 5A and B), which
may further lead to the southward or poleward shifts of the ITCZ over

the South American and Asian continents (Fig. 5F). The SWW swung
poleward from the 47°S region (Fig. 5D); and the ISM intensity wea-
kened (Figs. 5G and H). The above results provide clear and coherent
evidence for the simultaneous occurrence of these physical processes,
supporting the hypothesis that the positive TCBH drives global climate

Fig. 5. Responses of the Indian summer
monsoon (ISM), the Southern Westerly Winds
(SWW), and the Intertropical Convergence
Zone (ITCZ) to a temperature contrast be-
tween the hemispheres (TCBH) during the
last deglaciation. A–Temperature record re-
constructed from the δ18O of the GISP2 ice
core in Greenland (Stuiver and Grootes,
2000). B–Temperature record reconstructed
from the δ18O of the Byrd ice core in Ant-
arctica (Blunier and Brook, 2001). The com-
parison of temperature records A and B re-
flects the condition of TCBH. C–The
231Pa/230Th record in sediment from Ber-
muda rise in the subtropical North Atlantic
Ocean (McManus et al., 2004). D–The core
positions of the SWW inferred from the pa-
nels H1, ACR, and YD in Fig. 4, respectively
(this study). E–Biogenic opal flux record from
TN057–13-4PC core in the Southern Indian
Ocean (Anderson et al., 2009) (Site 5 in
Fig. 1). F–The position of the ITCZ over the
Cariaco Basin (Deplazes et al., 2013). G–The
δ18O record from stalagmites in Hulu Cave
(Wang et al., 2001). H–The δ13C record from
cellulose of Yuexi peat (Hong et al., 2018).
The climatic intervals are abbreviated as fol-
lows: YD–Younger Dryas; B/A–Bølling/
Allerød; ACR–Antarctic Cold Reversal;
AMOC–the Atlantic meridional overturning
circulation. The grey bars indicate the H1, the
ACR/the B/A, and the YD events.
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changes such as the NH forcing of the SH climate (Anderson et al.,
2009; Denton et al., 2010; Broecker, 1994; Chiang and Friedman, 2012;
He et al., 2013).

In this process, however, whether the SH also affects the NH is still
open for discussion. Based on the satellite data of the SST in global
night-time, Sirocko (2003) discussed the potentially important role of
climate processes in the SH, especially the SWW, for the global climate
changes. Denton et al. (2010) suggested that the southward shift of the
SWW was one of the essential elements causing the sudden warming of
a long-time cooling climate during the deglaciation (Fig. 3 in Denton
et al., 2010), although there were no data for the SWW shift in Fig. 4 of
Danton et al. at the time. In addition, the SWW-driven upwelling brings
Circumpolar Deep Water to the surface, leading not only to the influ-
ence of deep-water circulation in the Southern Ocean, but also to the
release of CO2 from the deep sea into the atmosphere (Anderson et al.,
2009). Previous studies have also suggested that the upwelling in the
Southern Ocean is the upwelling branch of the AMOC (Marshall and
Speer, 2012). The combined action of the Southern Ocean upwelling
and the North Atlantic downwelling completes the closure of the AMOC
(Marshall and Speer, 2012). Therefore, we consider that the enhanced
upwelling caused by the SWW swing southward (Toggweiler et al.,
2006) should also reflect the enhanced pulling effect of the SWW on the
AMOC. In the case of the H1 event, under the combined action of the
pulling force of the SWW, which lasted for approximately 1700 years
(i.e., from approximately 16,700 to 15,000 cal kyr BP), and the increase
in the accompanying atmospheric CO2 concentration, the global climate
system would eventually cross a certain threshold state and start to
restore the active operation of the AMOC. As shown in Fig. 5, for ap-
proximately 600 years, i.e., from 15,100 to 14,500 cal kyr BP after the
completion of the H1 event, accompanied by a rapid increase and a
maximum value of the southern upwelling (Fig. 5E), the gradual
strengthening of the AMOC (as indicated by the 231Pa/230Th ratio
(McManus et al., 2004) (Fig. 5C)), the gradual increase of CO2 con-
centration in the atmosphere (Monnin et al., 2001), and the gradual
strengthening of the ISM leading to transport of more heat to the NH
(Fig. 5H), the TCBH was converted from the positive phase to the ne-
gative phase (Figs. 5A and B). Finally, the Earth's climate entered the
NH -wide warming and the SH-wide cooling period that is the period of
the B/A or the ACR. During that period, the ITCZ over the South
American and Asian continents shifted northward or equatorward
(Fig. 5F), the SWW swung equatorward from the 47°S region (Fig. 5D),
and the ISM strengthened (Figs. 5G and H). This climate pattern was
obviously different from the climate pattern during the H1 event until
the next large meltwater outburst occurred; this next event was the YD
event. We consider that the phase changes of the TCBH and the sub-
sequent responses of the ISM and the SWW may reflect the stress-re-
lated changes and the self-repair processes of the Earth's climate system
to the catastrophic impact of meltwater floods, which suggests that
there is a process of interaction between the NH and SH. In addition to
the NH driving the SH, the SH could also drive the NH, which con-
stitutes the two aspects of the response process of the climate system to
the catastrophic impact of meltwater. Our results mentioned above
highlight the importance of the SWW in the climate teleconnection
between the NH and SH. The concurrent changes of the ISM and the
SWW on the millennium timescales may make it possible to assess the
variation trends of the SWW and its associated climatic processes based
on the ISM information.

4. Conclusions

The responses of the ITCZ position shift to the TCBH phase changes
during the last deglaciation are further discussed in this paper. We
suggest that the zonal-mean position shifts of the ITCZ over the Asian
and the northern South American continents on the two sides of the
Pacific Ocean are synchronous. Furthermore, the directions of their
shifts are the same. In response to the positive (negative) TCBH,

southward (northward) shifts of the ITCZ over these continents occur,
while the intensity of the ISM decreases (increases). However, little is
been known about the magnitude and direction of the ITCZ shift over
the vast Pacific Ocean during the last deglaciation. The change in the
intensity of the East Asian summer monsoon related to water vapour
from the Pacific Ocean has been reported to be contrary to the change
in the intensity of the ISM. Whether this inverse phase correlation be-
tween the two monsoons implies the opposite shift of the ITCZ over the
Pacific and Indian Oceans deserves further confirmation because this
opposite change may affect the assessment of the magnitude and di-
rection of global mean displacement of the ITCZ. In addition, con-
sidering that this inverse correlation may be related to the El Niño-like
activities in the tropical Pacific, it is necessary to clarify the relationship
between the ENSO-like phenomenon and TCBH.

This study shows that in the process of the SWW shift during the last
glacial–interglacial transition, there may be a relatively stable core
region of the SWW. This core region is located in Central Patagonia at
approximately 47°S, where the local climate is wetter during the all
transition period, which shows the continuous influence of the SWW on
this region. In particular, this core region of the SWW during the last
glacial–interglacial transition is almost consistent with the core position
of the modern SWW. In response to the positive TCBH (or in the H1
event), the SWW extends poleward from the 47°S region, with a rela-
tively smaller amplitude. However, in response to the negative TCBH
(or in the ACR event), the SWW expands equatorward from the 47°S
region and has a larger amplitude. When the positive TCBH (or in the
YD event) appears again, the SWW extends poleward from the 47°S
region again. Therefore, the position shift of the SWW in response to the
TCBH changes seems to behave as a swing in the direction and ampli-
tude with an axis of approximately 47°S. This mode of shift differs from
the north–south displacement of the whole SWW.

In response to the impacts of the catastrophic meltwater discharge,
or to the positive TCBH, the southward shifts of both the ITCZ and the
SWW occurred. It is likely that the poleward expansion of the SWWmay
trigger the self-repairing process of the climate system on the cata-
strophic impacts of the meltwater because the SWW near the Antarctic
continent will enhance the upwelling in the Southern Ocean, which will
not only help to release more CO2 in the deep sea of the Southern Ocean
into the atmosphere but also enhance the pulling effect on the AMOC,
eventually leading to the transformation of the TCBH from the positive
phase to the negative phase and the northward shifts of the ITCZ and
the SWW. This scenario highlights that the SWWmay play an important
role in global climate change, especially in the impact of the SH on the
NH. The Earth's climate system shows the ability to self-repair the im-
pacts of some catastrophic events in the history of geology. However,
whether the climate system can cope with the impacts of modern
human activities remains a challenging research topic.
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