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a b s t r a c t

Marine Isotope Stage (MIS) 13 (~500 ka ago) was a relatively weak interglacial according to the benthic
d18O and Antarctic ice core records. However, proxy records from the Northern Hemisphere indicate that
MIS-13 was at least as warm as or even warmer than more recent interglacials, with an extremely strong
summer monsoon and possible melting of the Greenland ice sheet. In this study, assuming an asym-
metric hemispheric climate, we investigate the response of the East Asian summer monsoon to various
Greenland and Antarctic ice sheet sizes using a set of sensitivity experiments with the HadCM3 model
through factor separation analysis. Results show that with no Greenland ice sheet and a large Antarctic
ice sheet there is an enhancement of summer monsoon precipitation in the East Asian monsoon region of
up to ~7%, in agreement with the direction of change from proxy reconstructions for China. This
enhancement is associated with a stronger landesea thermal contrast, more water vapor transport to
East Asia and a northward shift of the Intertropical Convergence Zone. The response to the Greenland ice
sheet removal is related to thermodynamic and topographical effects that influence the East Asian
monsoon through an orographically induced wave train. The response to the larger Antarctic ice sheet
involves stronger upwelling of circumpolar deep water in the Southern Ocean melts the sea ice, leading
to a warmer SST. This warming propagates to the North, affecting the East Asian summer monsoon.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Marine Isotope Stage (MIS) 13, an interglacial that occurred
~500 ka ago, was a relatively weak interglacial according to the
benthic d18O records (e.g., Lisiecki and Raymo, 2005) compared
with more recent interglacials, suggesting higher global ice volume
and/or cooler deep-sea temperatures (Fig. 1). It was also the coolest
interglacial over Antarctica during the last 800 ka (Jouzel et al.,
2007) with almost the lowest greenhouse gas concentration of all
interglacial periods (e.g., Loulergue et al., 2008; Lüthi et al., 2008),
as shown in Fig. 1. However, the Chinese loess records indicate that
ic Geology and Environment,
y of Sciences, Beijing 100029,
the annual rainfall was 200e300 mm greater during MIS-13 than it
is today (Guo et al., 1998, 2009), and that MIS-13 was characterized
by the strongest developed paleosol of at least the last million
years, which suggests an exceptionally strong East Asian summer
monsoon (EASM; Fig. 1; e.g., Guo et al., 1998; Yin and Guo, 2006;
Yin and Guo, 2008).

To investigate this seeming paradox, numerical simulations
using various climate models have been performed to test the
response of the EASM to various forcings and boundary conditions
(Karami et al., 2015; Muri et al., 2012; Sundaram et al., 2012; Yin
et al., 2009, 2014; Yin and Guo, 2008). These studies have shown
that insolation is the dominant factor controlling EASM intensity,
but insolation alone cannot explain the exceptionally strong EASM
during MIS-13 suggested by the proxy records, because summer
insolation during MIS-13 was not unlike that of other interglacials.
Other potential causes have also been investigated, such as the
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Fig. 1. Comparison of the climate during MIS-13 with other interglacial periods during
the past 800 ka. (a) Fed/FeT ratio from the Chinese loess records (Guo et al., 2009), (b)
global Benthic d18O stack (Ahn et al., 2017), (c) atmospheric CO2 concentration
reconstruction (Bereiter et al., 2015), (d) Antarctic temperature (Jouzel et al., 2007),
and (e) insolation variations at 65�N on June 21 (Berger et al., 1992).
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Warm-Pool surface temperature (Yin et al., 2014) and the Eurasian
and Northern American ice sheets (Yin et al., 2008, 2009; Muri
et al., 2013). However, because of uncertainties in paleoclimate
reconstructions of MIS-13, it is not known whether the prescribed
boundary conditions used in previous studies were accurate.

In addition to the loess in China, there are other terrestrial re-
cords in the Northern Hemisphere (NH) that indicate regional
warming during MIS-13. For example, loess records from Poland
(Rzechowski, 1996) and Serbia (Markovi�c et al., 2008, 2011, 2012;
Song et al., 2018) also indicate a warm Europe during MIS-13, and
the lacustrine sediment records from the Valles Caldera, New
Mexico (Fawcett et al., 2011) indicate a warm North America as
well. Pollen records from northeastern Greece show that the
magnitudes of interglacial tree population expansion during MIS-
13 and MIS-15 were the same as during more recent interglacials
(Tzedakis et al., 2006). Prokopenko et al. (2002) note that the region
around Lake Bail (Siberia) remained forested from MIS-11 to MIS-
15, which suggests that the climate in this area was neither arid
nor particularly cold. More surprisingly, pollen records frommarine
sediment of southwest Greenland show the presence of forest
vegetation over at least southern Greenland during MIS-13, sug-
gesting a substantially reduced Greenland ice volume (de Vernal
and Hillaire-Marcel, 2008). During the same interglacial, unusu-
ally strong African and Indian monsoons were recorded in the
sediment of the equatorial Indian Ocean (Bassinot et al., 1994) and
the Mediterranean Sea (Rossignol-Strick et al., 1998), and a
strengthened Walker circulation may have enhanced moisture
advection from the equatorial Atlantic warm pool to northern
South America (Horikawa et al., 2010). Finally, a large marine d13C
positive excursion in ocean sediments occurred during MIS-13,
which has been associated with stronger meridional overturning
circulation in the Atlantic Ocean (Guo et al., 1998; Ziegler et al.,
2010), greater terrestrial productivity (Jaccard et al., 2013), and
enhanced weathering and runoff caused by a strengthened sum-
mermonsoon that supplies a high silica flux to the oceans, which in
turn leads to high organic/inorganic ratios and thus to high d13C
values (Wang et al., 2004). These records show that the NH during
MIS-13 was not cool and may have even been warm, at least over
Greenland and Eurasia, with extremely strong summer monsoons.

Based on numerous proxy records from around the world, Guo
et al. (2009) proposed that the asymmetry of hemispheric
climates is a prominent factor controlling Asian, Indian and African
monsoon circulation and that it can be used to explain the seeming
paradox of a strong EASM during a cool interglacial. They suggested
a cooler Southern Hemisphere (SH) and an unusually warm NH
with reduced continental ice volume during MIS-13. In this sce-
nario, the ice excess of MIS-13 relative to that of today estimated
from benthic d18O would have existed in the SH. This means that
there would have been a smaller Greenland ice sheet but a larger
Antarctic ice sheet during MIS-13 than today. Although this re-
mains to be verified by more direct evidence of ice sheet activity
and ice sheet simulations, it is instructive to investigate Earth’s
climate using climate models under conditions where there is
globally more ice than today, but this ice exists primarily in the SH.
This kind of study can improve our understanding the climate of
past periods under such similar scenario.

In this work, we apply the hypothesis of Guo et al. (2009) to
investigate the climate response to non-existent Greenland ice
sheet and a large Antarctic ice sheet during MIS-13 using a set of
sensitivity experiments with the atmosphereeocean general cir-
culation model (GCM) Hadley Center Coupled Model version 3
(HadCM3). We focus particularly on the impact of hemispheric
asymmetry of the polar ice sheets on tropical and subtropical hy-
drologic patterns, especially the EASM. To simulate the largest
possible climate response, we use an extreme scenario: no
Greenland ice sheet and the Antarctic ice sheet of the Last Glacial
Maximum (LGM). A factor separation method is used to evaluate
the individual effects of the removal of the Greenland ice sheet and
the introduction of a large Antarctic ice sheet, as well as their
synergistic effects. Note that this is only a sensitivity study as the ice
sheet coverage during MIS-13 remains uncertain. The model,
experiment and methods are described in section 2. Sections 3 and
4 discuss the response of the EASM to removal of the Greenland ice
sheet and introduction of a large Antarctic ice sheet, along with
relatedmechanisms. Finally, conclusions are presented in section 5.

2. Model and experiments

2.1. HadCM3 model

The HadCM3 is a GCM developed at the U.K. Met Office Hadley
Center for Climate Prediction and Research. Its atmospheric
component has 19 levels with a 2.5� � 3.75� horizontal resolution
(Pope et al., 2000) and its oceanic component has 20 levels with a
1.25� � 1.25� horizontal resolution (Gordon et al., 2000). HadCM3 is
one of the coupled oceaneatmosphere GCMs that can reliably
reproduce the spatial variations of summer sea level pressure in the
East AsiaePacific domain (Jiang and Wang, 2005). Of the twelve
models participating in the CoupledModel Intercomparison Project
phase 3 (CMIP3), HadCM3 provides the best simulation of summer
precipitation variability along the East Asian rain belt, compared
with the global precipitation climatology project (GPCP) monthly
precipitation analysis dataset observational data (Lu and Fu, 2010).
HadCM3 has been used to study the response of the East Asian
monsoon to modified forcings (Turner et al., 2007) and internal
variability (Lu et al., 2006). It produces a reasonable surface climate
and simulates the strength of the meridional overturning circula-
tion (MOC) well compared with observations, without the need for
flux adjustments (Gordon et al., 2000; Jackson and Vellinga, 2013;
Vellinga and Wu, 2004). It has also been used in previous simula-
tions of the MIS-13 climate response to insolation and CO2 (Muri
et al., 2013).

2.2. Experimental setup

The astronomical parameters and greenhouse gas
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concentrations used in our experiments are the same used in pre-
vious studies (Table 1; Muri et al., 2012; Yin et al., 2009; Yin and
Guo, 2008). Their difference from present-day values has been
described in these studies. Boreal summers that occur at the peri-
helion have much more insolation and are followed by boreal
winters with much less insolation almost everywhere on the Earth.
The CO2 used in the experiments is ~40 ppmv lower than pre-
industrial values.

To separate the individual effects of the lack of a Greenland ice
sheet and the introduction of a large Antarctic ice sheet, the
SteineAlpert factor separation method (Stein and Alpert, 1993) is
applied. This method is used to quantify the relative importance of
specific processes or forcings and their interactions. It has been
used in several previous studies (e.g., Yin et al., 2014). In our study,
the SteineAlpert factor separation methodology is applied to two
factors: the removal of the Greenland ice sheet and an enlarging of
the Antarctic ice sheet. This requires four experiments: f00, f01, f10
and f11 (Table 1). In f11, both factors are applied, and in f00, neither
are applied. In the other two experiments, f10 and f01, only one factor
is applied. Following Stein and Alpert (1993), we analyze the four
experiments according to the following scenarios:

Individual impact of removing theGreenland ice sheet: cf10¼ f10
� f00

Individual impact of enlarging the Antarctic ice sheet: cf01 ¼ f01
� f00

Their combined effects: cf11 ¼ f11 � f00

Their synergism: df ’11 ¼ cf11 � cf10 � cf01

Where the ‘synergism’ is a non-linear deviation from the linear
summed effects of two factors.

The same astronomical parameters and greenhouse gas con-
centrations are used in all four experiments with the only differ-
ence between them being the ice sheet configuration (Table 1). In
the reference experiment (f00), the present-day NH and SH ice
sheets are used. In experiment f10, the Greenland ice sheet is
completely removed, and the present-day Antarctic ice sheet is
used. In experiment f01, the present-day Greenland ice sheet and
the LGM Antarctic ice sheet are used. In f11, the Greenland ice sheet
is completely removed and the LGM Antarctic ice sheet is used.

The first experiment (f00) is the control run, and corresponds to
the MIS-13 experiment in Muri et al. (2012), with a 1000-year spin-
up time. There are non-significant trends during the last 100 spin-
up years for upper (�301 m) ocean temperatures at the 99% con-
fidence level and there is a slight linear trend in the deeper
(�447 m) ocean over the 1000-year spin-up. This trend was
calculated using the ManneKendall non-parametric test, and its
value (�0.00065 K century�1.] at 3347 m) is small considering the
size of the forcing changes in the model from the applied boundary
Table 1
Astronomical parameters 506 ka BP (Berger, 1978), greenhouse gas concentrations, and

Experiments Greenland ice sheet Antarctic ice sheet

f00 Present-day Present-day
f10 None Present-day
F01 Present-day LGM
f11 None LGM
conditions (Muri et al., 2013). Therefore, we assume that the model
experiments have reached equilibrium for the surface climate after
a spin-up of 1000 years. The last 100 spin-up years of the model
runs are used for the subsequent analysis.

In the other three experiments (f10, f01 and f11), the initial con-
ditions are the equilibrium state of the f00 experiment. They can be
considered as continuous runs following f00 but with modified
boundary conditions, and are all run for another 240 years. We use
the last hundred years of these three experiments for the subse-
quent analyses.

In these experiments, the changes to the ice sheets are achieved
by altering the topography, vegetation and soil surface type. The
land surface is that of the Met Office Surface Exchange Scheme I
(MOSES I; Cox et al., 1999) of HadCM3 4.5.1, and the surface albedo
is a function of the vegetation properties (e.g., snow-free albedo,
cold deep-snow albedo, and surface roughness length; Muri et al.,
2013).

Fig. 2 shows the topography used in the control run (f00) and the
changes applied in the three scenarios at the resolution of HadCM3.
In experiments with an enlarged Antarctic ice sheet (f01 and f11), the
ice sheet reconstruction of Peltier ICE-5G version 1.1 (Peltier, 2004)
during the LGM (21 ka BP) is applied to the whole SH (Roche et al.,
2007). The maximum altitude of the enlarged ice sheet in experi-
ments f01 and f11 is 4458 m, compared with the present-day ice
sheet in the SH of 3945 m. In experiments with no Greenland ice
sheet (f10 and f11), the topography in the NH is consistent with Lunt
et al. (2004). An isostatic equilibrium bedrock is used to capture the
rebound bedrock topography after removal of the Greenland ice
sheet (Lunt et al., 2004; Stone and Lunt, 2013). Over Greenland, the
maximum altitude changes from about 3047 m before ice removal
to 1020 m after bedrock rebound. According to the recent re-
constructions ICE-6G (Argus et al., 2014) and ANU (Lambeck et al.,
2010), the LGM Antarctic ice sheet excess relative to the present
contributes to a global sea level decrease of 15.6 and 29 m to sea
levels of 113 and 130 m, respectively. A complete melting of the
Greenland ice sheet would cause a sea level rise of 7.36m (Vaughan
et al., 2013). Therefore, global mean sea level differences in our
three scenarios could reach�29m in f01, 7.36m in f10 and 21.64m in
f11, relative to the present. A sensitivity experiment shows that the
impact of a 25-m change in sea level is minor for precipitation in
polar regions and insignificant for temperature except in areas that
change from ocean to land (Contoux et al., 2012). Thus, the climate
impact of sea level change is not considered in our simulations.

For the vegetation and soil properties over Greenland after the
ice sheet over Greenland is removed, we use the configuration of
Stone and Lunt (2013), except that ‘shrub’ and ‘C3 grass’ in MOSES
2.1 of Stone and Lunt (2013) are changed to ‘tundra’ and ‘long grass,’
respectively, in MOSES1. This change was made because ‘tundra’ in
MOSES1 is the closest category to ‘shrub’ in MOSES 2.1 in terms of
leaf area index and snow-free albedo, and ‘long grass’ is the most
similar to ‘C3 grass.’ Ten vegetation properties have been updated:
root depth, snow-free albedo, cold deep-snow albedo, surface
resistance, roughness length, canopy water capacity, surface infil-
tration enhancement factor, leaf area index, canopy height, and
vegetation fraction. The first nine parameters for ‘tundra’ and ‘long
grass’ are from the Wilson and HendersoneSellers land cover
ice sheet configurations used in the four experiments.

Astronomical parameters Greenhouse gas concentration

eccentricity ¼ 0.034046
obliquity ¼ 23.377�

longitude of perihelion ¼ 274.05�

CO2 ¼ 240 ppmv
CH4 ¼ 510 ppbv N2O ¼ 280 ppbv



Fig. 2. Orographic height (unit: m) at the resolution of the HadCM3 model for (a) the control experiment f00, and (bed) changes applied in the three scenarios.
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classes. Their values are the same as in Table 1 of Cox et al. (1999).
The vegetation fraction is estimated based on the zonal average
vegetation fraction.

A ‘medium’ soil textural class is used for Greenland, similar to
Siberia and Alaska (Stone and Lunt, 2013). Nine soil properties are
updated for Greenland: sand fraction, silt fraction, clay fraction, the
ClappeHornberger exponent, saturated hydraulic conductivity,
saturated soil water suction, volumetric soil moisture concentra-
tions at critical, saturation and wilting points, dry soil volumetric
heat capacity, and dry soil thermal conductivity. Values used for
these properties are shown in table 2 of Cox et al. (1999).

3. Response of the EASM to removal of the Greenland ice
sheet and enlarging the Antarctic ice sheet

The EASM is usually divided into three sub-systems during the
instrumental period, as a weak Meiyu rainfall in the Yangtze River
usually means more rainfall in Northern and Southeastern China
when there is a strong EASM (Wang et al., 2008). However, a
monopole mode of EASM variation may have been dominant in the
pastde.g., there is a monopole mode of extended summer pre-
cipitation in China over the past 531 years (Shi et al., 2017, 2018).
Thus, we consider precipitation in eastern China (28�e43�N,
105�e122�E) as a whole to indicate EASM intensity.

Fig. 3 shows the individual impacts of removal of the Greenland
ice sheet and enlarging the Antarctic ice sheet on summer (June-
eAugust) precipitation as well as their synergistic effects.When the
Greenland ice sheet is completely removed and Antarctica is as in
the present-day (Fig. 3a), the precipitation in North China signifi-
cantly increases. It also increases in the Yangtze River basin and in
most of South China, although this increase does not exceed the
90% confidence level. The summer precipitation increases by 3.1%,
0.7% and 0.6% in North China, the Yangtze River basin, and South
China, respectively, compared with the control experiment (f00).
With an enlarged Antarctic ice sheet and the present-day
Greenland ice sheet (Fig. 3b), eastern China receives significantly
more precipitation, with the largest change existing over South
China. The precipitation increases by 3.0%, 0.6% and 2.4% respec-
tively, compared with the control experiment (f00). When both the
Greenland ice sheet is removed and the larger LGM Antarctic ice
sheet is used (the combined effect; Fig. 3c), precipitation increases
in South China by 6.8%. This change is larger in magnitude than the
individual ice sheet effects indicating synergism. Precipitation in
North China and the Yangtze River basin increases 1.6% and 0.4%
relative to the reference (f00) in the combined effects, but these
increases are less than the sum of their individual contributions
(3.1%þ 3.0% and 0.7%þ 0.6%), respectively, because their synergism
is responsible for a precipitation decrease of �4.6% and �0.9% in
these two sub regions (Fig. 3d). The large magnitude of the syner-
gism, which is as large as or larger than the individual forcings, is
quite surprising. It is likely related to a non-linear response of the
EASM to the external forcings, as EASM variation is tightly coupled
with the internal variability including land and oceanic thermal
conditions (Zhang, 2015), as well as relevant atmospheric tele-
connections (Wang et al., 2017).

4. Mechanisms for ice-sheet induced changes in the EASM

Monsoon precipitation may be linked to the landesea thermal
contrast, water vapor transport, and the displacement of the
Intertropical Convergence Zone (ITCZ). Thus, we investigate in this
section the mechanisms involved in changes in EASM intensity
caused by the removal of the Greenland ice sheet and an enlarging
of the Antarctic ice sheet.

4.1. Landesea thermal contrast

When the Greenland ice sheet is completely removed, the



Fig. 3. Summer (JJA) precipitation anomalies (unit: mm$day�1) for (a) the individual impact cf10 of removal of the Greenland ice sheet, (b) the individual impact cf01 of enlarging the
Antarctic ice sheet, (c) the combined effect cf11 , and (d) the synergism cf11 . Areas exceeding the 90% significance level are indicated with black dots.
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temperature change in summer is quite localized (Fig. 4a), similar
to Fig. 4b of Lunt et al. (2004) who performed a similar ice-sheet-
free Greenland experiment with the IPSLCM4 model; note that
the astronomical configuration used here differs from that of Lunt
et al. (2004). As expected, the largest warming (up to 8.5 �C at
75�N, 41.25�W) occurs over Greenland because of the lower
topography and the changes in surface type, specifically albedo,
consistent with findings of Lunt et al. (2004). A minimum is located
over Europe and adjacent bodies of water. There is a slight warming
over northern Asia, but a cooling of up to �0.6 �C (at 40�N,
138.75�E) in the northwestern Pacific. This leads to a stronger
landesea thermal contrast, which favors a stronger EASM. Alter-
nating warming and cooling regions propagating southeastwards
from Greenland may be related to an atmospheric wave train (see
section 4.4).

In response to the introduction of the LGM Antarctic ice sheet,
every region on Earth gets warmer except for those covered by the
ice sheets. The warming is particularly large over the Southern
Ocean and at middle and high latitudes of the NH (Fig. 4b), which
can be explained by changes in ocean circulation (see section 4.4).
Asia warms more than the surrounding oceans, which also results
in a stronger landesea thermal contrast. These two features are also
present in the combined scenario (Fig. 4c). This leads to a slight
increase in the landesea thermal contrast in East Asia, in agree-
ment with the precipitation increase in this region (Fig. 3c). One
difference noticeable in the combined scenario is that the warming
induced by enlarging the Antarctic ice sheet partially enhances the
warming over Asia and partially offsets the two cooling regions in
Europe and in the Northwest Pacific produced in the ice-sheet-free
Greenland scenario. The synergistic effect (Fig. 4d), includes a
cooling at mid-latitudes of NH land and oceans, which may be
related to a weakening of the NH thermohaline circulation (see
section 4.4). This leads to a weaker landesea thermal contrast,
which favors weakening of the EASM.

4.2. Water vapor transport

There are two major water vapor sources for the EASM: the
Indian Ocean and the northwestern Pacific (Tao and Chen, 1987;
Ding et al., 2018). In the ice-sheet-free Greenland scenario, water
vapor transport originating from the northwestern Pacific is
enhanced (Fig. 5a), which brings more moisture to South China, the
Yangtze River Basin, and, particularly, North China. This increase in
water vapor transport is in principle caused by the intensification of
easterly and southwesterly winds, which are associated with an
anomalous anticyclone in the northern Northwest Pacific and an
anomalous low-pressure system just to its south (Fig. 5a). These
low- and high-pressure anomalies are related to a wave train
propagating from Greenland to East Asia (see section 4.4). In the SH
LGM ice sheet scenario, the southwesterly wind anomalies with a



Fig. 4. Summer (JJA) surface air temperature anomalies (unit: �C) for (a) the individual impact cf10 of removal of the Greenland ice sheet, (b) the individual impact cf01 of enlarging
the Antarctic ice sheet, (c) the combined effect cf11 , and (d) the synergism cf11 . Only areas exceeding the 90% significance level are shown.

F. Shi et al. / Quaternary Science Reviews 230 (2020) 1061646
stronger western North Pacific subtropical high enhance the water
vapor transport from the South China Sea and the northern
Northwest Pacific (Fig. 5b). These southwesterly wind anomalies
also lead to an increase in water vapor transport from the Indian
Ocean to the EASM regions in the combined scenario (Fig. 5c), but a
local cyclonic anomaly over the East China Sea derived from their
non-linear effects (Fig. 5d) weakens the climatological state of the
southerly wind and water vapor transport in North China, and
enhances water vapor transport in South China from the Indian
Ocean.

4.3. Position of the ITCZ

As the ITCZ can be indicated by the ascending branch of the
Hadley circulation (Wang, 2017), the maximum rising center of
climatological summer vertical velocity (indicated by negative
omega values) is defined as the position of the ITCZ, consistent with
previous studies using instrumental datasets (e.g., Guo and Tan,
2018; Wang, 1994). Fig. 6 shows the simulated summer vertical
velocity anomalies (indicated by negative omega values) in pres-
sure coordinates over East Asia. Negative omega values indicate
upward vertical velocity. For the control simulation (f00) under the
MIS-13 insolation and greenhouse gas conditions, the maximum
rising center of climatological vertical velocity is ~21�N, which is
the position of the ITCZ (contour lines in Fig. 6). Compared with the
control simulation (f00), there is an upward anomaly of vertical
velocity to the south of themaximum rising center of climatological
vertical velocity and a downward anomaly to the north which leads
to a northward shift of the maximum rising position of climatic
vertical velocity. Moreover, updraft anomalies are the dominant
pattern in the first three scenarios in the region 10�e44�N.
(Fig. 6aec, color shading). These cause more precipitation in the
EASM region. However, there are three weak and narrow down-
draft anomalies at ~26�N in the ice-sheet-free Greenland scenario
(Fig. 6a), ~29�N in the large SH ice sheet scenario (Fig. 6b), and
~35�N in the combined scenario (Fig. 6c) that lead to some dry areas
in the monsoon region. There is more precipitation in South China
in the combined scenario, and the amplitude of increasing pre-
cipitation in North China and the Yangtze River basin for the
combined scenario is less than the summed individual effects. This
is because there is a noticeable upward anomaly of vertical velocity
over the region 22�e32�N and a downward anomaly over the re-
gion 33�e43�N in their synergism (Fig. 6d).

4.4. Teleconnections between the East Asian climate and the polar
ice sheets

Fig. 7a shows that, in response to removal of the Greenland ice
sheet, there is an obvious wave train pattern extending from
Greenland to East Asia at a geopotential height at 200mb. There is a
positive anomaly over Greenland and adjacent bodies of water, a
negative anomaly over Europe, a positive anomaly over northern
Central Asia, and a negative anomaly over southern China and the
northwestern Pacific. Thus, the removal of the Greenland ice sheet



Fig. 5. Summer vertically integrated moisture transport anomalies (unit: Kg$m�1$s�1) in the troposphere for (a) the individual impact cf10 of removal of the Greenland ice sheet, (b)
the individual impact cf01 of enlarging the Antarctic ice sheet, (c) the combined effect cf11 , and (d) the synergism cf11 .
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affects EASM precipitation through an atmospheric wave train. A
wave train can be generated in barotropic or baroclinic atmo-
spheres with topographic forcing under prevailing zonal westerly
winds (Grose and Hoskins, 1979; Hoskins and Karoly, 1981; Wu,
1984; Yin et al., 2008, 2009). This topographically induced wave
train is clearly observed in the summer geopotential height (Fig. 7a)
and summer surface air temperature (Fig. 4a). It induces a warming
over the Asian continent and a cooling over the northwestern Pa-
cific, which increases the landeocean thermal contrast leading to
an intensification of EASM precipitation. This mechanism is also
evident in Pliocene Model Intercomparison Project phase one
(PlioMIP1) simulations with a reduced Greenland ice sheet that
enhances EASM precipitation (Zhang et al., 2013).

The most noticeable feature in the large LGM SH ice sheet sce-
nario is a positive geopotential height anomaly over the globe,
expect over Antarctica where there is a negative anomaly (Fig. 7b).
The positive anomaly is greater at mid-high latitudes than at low
latitudes. These patterns of geopotential change are consistent with
the temperature change patterns (Fig. 4b). The pattern of the large
LGM SH ice sheet scenario dominates the pattern of the combined
scenario (Fig. 7c), and there are negative values at middle and high
latitudes of the NH for their synergism (Fig. 7d).

The global warming induced by a larger Antarctic ice sheet may
be linked to intensified upwelling in the Southern Ocean. In the
large Antarctic ice sheet scenario, there is a dipole pattern in the
pressure anomaly in the SH with higher pressure over the South
Pole and lower pressure over the mid-latitudes, leading to a larger
pressure gradient between the South Pole and the mid-latitudes.
This is due to the change in Antarctic topography, which in-
creases the strength of SH westerly winds, which in turn enhances
deep ocean ventilation in the Southern Ocean because of an
enhanced northward wind-induced Ekman drift. Stronger Ekman
transport is normally expected to bring colder surface water from
the southern polar regions to the north and decrease the surface
temperature in the middle and low latitudes of the SH through a
fast response (e.g., Purich et al., 2016). However, the strong up-
welling induced by stronger westerlies brings warmer water from
below the mixed layer to the very cold surface, melting the sea ice
and warming the Southern Ocean surface, especially when positive
slow sea-iceetemperature feedbacks are considered (Ferreira et al.,
2015; Holland et al., 2017; Kostov et al., 2017). This mechanism is
consistent with our results, which show that the large LGM SH ice
sheet induces relatively strong upwelling anomalies of circumpolar
deep water in the SH and the center of the upwelling shifts
southwards (compare the meridional overturning anomalies in the
SH in Fig. 8b with the climatological state of the control simulation
(f00) in Fig. 8a). In addition, the reduced sea ice depth (Fig. 8c) and
sea ice fraction in the SH (Fig. 8d) both indicate awarming response



Fig. 6. Summer (JJA) vertical velocity (indicated by Omega in pressure coordinates) anomalies (shading; unit: Pa$s�1) over East Asia (along 105�e120�E) for (a) the individual impact
cf10 of removal of the Greenland ice sheet, (b) the individual impact cf01 of enlarging the Antarctic ice sheet, (c) the combined effect cf11 , and (d) the synergism cf11 . The climatology is
indicated by the contour lines.
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to the strong upwelling.
The warming induced by upwelling in the Southern Ocean

propagates further to the north, partly explaining the large area of
warming induced by the larger Antarctic ice sheet (Fig. 4b). In
addition, the Atlantic meridional overturning circulation in the
middle and low latitudes above 1000 m (Fig. 8b) is more intense
with the larger Antarctic ice sheet, which may also enhance heat
transport from the tropics to the middle latitudes of the Northern
Atlantic. Numerical experiments have shown that stronger west-
erlies in the SH can enhance meridional overturning in the
Northern Atlantic through the Drake Passage effect (Toggweiler and
Samuels, 1995), global buoyancy fluxes (Hirabara et al., 2007), and
North Atlantic Deep Water production (Talley, 2013). However,
other studies suggest that the strength of the Atlantic meridional
overturning circulation (AMOC) is insensitive to SH westerlies
(Jochum and Eden, 2015). Although some uncertainty remains, the
stronger meridional overturning circulation found here may be
induced by stronger westerlies, as this is the major change induced
by enlarging the Antarctic ice sheet in our experiment that could
influence the meridional overturning circulation. Therefore, the
warming induced by both upwelling in the Southern Ocean and by
the intensification of the AMOC could explain a Eurasia that is
warmer than its surrounding seas because of differences in the heat
capacity of land and ocean surfaces. This leads to a stronger
landesea thermal contrast over East Asia, a stronger EASM, more
moisture transport, and more summer precipitation over the EASM
region.

In response to the combined effects of removing the Greenland
ice sheet and enlarging the Antarctic ice sheet, summer precipita-
tion over the EASM region increases significantly. The combination
of the two mechanisms described above related to the two ice
sheets leads to a strong landesea thermal contrast, a northward
shift of the ITCZ and more water vapor transport (Fig. 9). Moreover,
their combined effect is to enhance precipitation in South China
and decrease precipitation in North China and the Yangtze River
basin. This synergism is related to the nonlinearity of the climate
system (Yin et al., 2014). Our results indicate that nonlinearity
caused by the combined disappearance of the Greenland ice sheet
and enlarging of the Antarctic ice sheet leads to a significant low-
pressure center over Eurasia (Fig. 7d), a cooling of Eurasia
(Fig. 4d) and less precipitation in North China (Fig. 3d).
5. Simulated MIS-13 climate relative to the pre-industrial
period

In addition to the ice sheet scenarios discussed above, if the



Fig. 7. Summer (JJA) geopotential height at 200 mb (units: m) for (a) the individual impact cf10 of removal of the Greenland ice sheet, (b) the individual impact cf01 of enlarging the
Antarctic ice sheet, (c) the combined effect cf11 , and (d) the synergism cf11 .
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impact of insolation and greenhouse gases concentration are also
considered, the summer precipitation greatly increases over the
EASM regions relative to the pre-industrial (PI) period. Compared
with a pre-industrial simulation, the summer precipitation in North
China increases by 58.6% in the ice-sheet-free Greenland scenario,
by 58.4% in the SH LGM ice sheet scenario and by 56.3% in the
combined scenario. It increases by more than 17.0% in the Yangtze
River basin and in South China in all three scenarios compared with
the pre-industrial period. These large increases in precipitation are
mainly due to the dominant role of insolation in the EASM (Yin
et al., 2008). Note that during the PI simulation period, boreal
summer occurred at the aphelion whereas it occurred at the peri-
helion 506 ka BP. This, together with a much larger eccentricity
during MIS-13, led to much higher summer insolation in the NH
during MIS-13. Although greenhouse gas concentrations were
larger during the PI period than during MIS-13 (by 40 ppmv for
CO2), their impact on the EASM is less than that of insolation.

Compared with the PI period, the simulated summer precipi-
tation during MIS-13 is generally greater, not only in East Asia but
also in othermajormonsoon regions in the NH, especially over Asia,
Northern Africa and North America (Fig. 10a). This strong precipi-
tation increase is associated with strong landesea thermal con-
trasts, a ‘La Ni~na-like’ SST pattern (Fig. 10b), more water vapor
transport from ocean to land (Fig. 10c), and an anomalous anti-
cyclone in the western North Pacific (Fig. 10d). These simulated
climate differences during MIS-13 agree with proxy records
(Bassinot et al., 1994; Fawcett et al., 2011; Guo et al., 1998, 2009;
Markovi�c et al., 2008, 2011, 2012; Prokopenko et al., 2002;
Rossignol-Strick et al., 1998; Rzechowski, 1996; Song et al., 2018), as
discussed in section 1. Insolation may be the major driver for some
changes, as demonstrated in previous studies of MIS-13 (Muri et al.,
2013; Yin et al., 2009), but ice sheets could modulate the impact of
insolation, especially at regional scales. This study demonstrates
that either a melting of the Greenland ice sheet or an enlarging of
the Antarctic ice sheet would have reinforced the effect of insola-
tion on EASM precipitation during MIS-13.
6. Conclusion

The Chinese loess record for the MIS-13 interglacial period
suggests an extremely strong Asian monsoon, but the mechanisms
underlying such conditions remain unclear. Herewe investigate the
response of the global climate and the EASM to extremely asym-
metric polar ice sheets. The individual and combined effects as well
as the synergism of the total removal of the Greenland ice sheet and
the enlarging of the Antarctic ice sheet are investigated using a
factor separation method.

Under conditions of an ice-sheet-free Greenland or a larger
Antarctic ice sheet, summer precipitation increases over the entire
East Asia monsoon region by up to ~7%, consistent with the direc-
tion of change from the paleosol record for China. The removal of
the Greenland ice sheet intensifies the EASM through an oro-
graphically induced wave train, which propagates from Greenland
to the northwestern Pacific, strengthens the landesea thermal
contrast, and enhances water vapor transport from the north-
western Pacific to China. A larger Antarctic ice sheet affects the
EASM through oceanic and atmospheric teleconnections. A stron-
ger latitudinal pressure gradient caused by the larger Antarctic ice
sheet leads to stronger westly winds, which strengthen the up-
welling of circumpolar deep water. This upwelling reduces sea ice
in the SH, which in turn induces warming in the SH that propagates
further to the north, resulting in a warmer Eurasia, a larger
landesea thermal contrast, and more water vapor transport from
the South China Sea and the northern Northwest Pacific to conti-
nental China.

Note that our study is only a sensitivity test of the climate
response to an extreme asymmetry in the polar ice sheets. If the
hypothesis of Guo et al. (2009) of an asymmetrical hemispheric



Fig. 8. Impact of enlarging the Antarctic ice sheet on ocean circulation and sea ice in the Southern Ocean and the Atlantic. The separation of the two oceans is located at 32�S. The
meridional overturning circulation (unit: SV) for (a) the climatological state f00, (b) the anomalies cf01 , and the sea ice (c) depth (unit: m) and (d) fraction (unit: percent) for the
anomalies cf01 .

F. Shi et al. / Quaternary Science Reviews 230 (2020) 10616410



Fig. 9. Schematic illustration of the major processes involved in the effects of two extremely asymmetric polar ice sheets on the EASM.

Fig. 10. Climate anomalies for the f11 � fpi scenario, where f11 is the two polar ice sheet configuration and fpi is the pre-industrial experiment, for: (a) summer precipitation (unit:
mm$day�1), (b) summer temperature (unit: �C), (c) 850-hPa summer wind velocity (unit: m$s�1), and (d) summer moisture transport (unit: Kg$m�1$s�1).
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climate is strictly followed, other boundary conditions like sea
surface temperature and sea ice would also need to be modified in
the model. These experiments would require an atmosphere-only
model, without coupling to an ocean model, and will be consid-
ered in the future. In addition, investigations of the ice sheet
configuration during MIS-13 should be performed using either
observations or ice sheet modelling to determine the ice sheet
distribution during this interglacial.
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