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a b s t r a c t

The last glacial maximum (LGM, ca. 21,000 years ago) has been extensively investigated for better un-
derstanding of past glacial climates. Global-scale monsoon changes, however, have not yet been deter-
mined. In this study, we examine global monsoon area (GMA) and precipitation (GMP) as well as GMP
intensity (GMPI) at the LGM using the experiments of 17 climate models chosen from the Paleoclimate
Modelling Intercomparison Project (PMIP) according to their ability to reproduce the present global
monsoon climate. Compared to the reference period (referring to the present day, ca. 1985, for three
atmospheric plus two atmeslab ocean models and the pre-industrial period, ca. 1750, for 12 fully coupled
atmosphereeocean or atmosphereeoceanevegetation models), the LGM monsoon area increased over
land and decreased over the oceans. The boreal land monsoon areas generally shifted southward, while
the northern boundary of land monsoon areas retreated southward over southern Africa and South
America. Both the LGM GMP and GMPI decreased in most of the models. The GMP decrease mainly
resulted from the reduced monsoon precipitation over the oceans, while the GMPI decrease was derived
from the weakened intensity of monsoon precipitation over land and the boreal ocean. Quantitatively,
the LGM GMP deficit was due to, first, the GMA reduction and, second, the GMPI weakening. In response
to the LGM large ice sheets and lower greenhouse gas concentrations in the atmosphere, the global
surface and tropospheric temperatures cooled, the boreal summer meridional temperature gradient
increased, and the summer landesea thermal contrast at 40�S e 70�N decreased. These are the under-
lying dynamic mechanisms for the LGM monsoon changes. Qualitatively, simulations agree with re-
constructions in all land monsoon areas except in the western part of northern Australia where
disagreements occur and in South America and the southern part of southern Africa where there is
uncertainty in reconstructions. Simulations do not support an inter-hemispheric anti-phasing of
monsoon intensity change as suggested by proxy data.

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

The concept of “Global Monsoon” has developed over the last
few decades to describe how the ensemble of regional monsoon
systems, taken together, constitutes a core component of the global
energy and water cycle (Webster et al., 1998; Trenberth et al., 2000;
Physics, Chinese Academy of
Wang and Ding, 2008;Wang, 2009). Monsoons can be viewed from
a global perspective because they are a forced response to the
annual cycle of the solar heating and are thus a global phenomenon
in essence (Trenberth et al., 2000; Wang, 2009; Cheng et al., 2012;
Wang et al., 2012). This concept has first been developed for
describing the present-day mean annual cycle and then applied to
study recent monsoon changes (e.g., Webster et al., 1998; Wang
et al., 2012).

Due to their being a major feature of the tropical hydrological
cycle and atmospheric circulation, individual monsoons have been
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extensively studied from paleo-records and have been shown to
vary widely (e.g., Schulz et al., 1998; Baker et al., 2001; Weldeab
et al., 2007; Wang et al., 2008; An et al., 2011). Regional monsoon
changes have been proposed to be linked on orbital timescales, for
example, between the Asian and South American monsoons (Wang
et al., 2004; Cheng et al., 2012) and between the northern and
southern African monsoons (Partridge et al., 1997). Can the “Global
Monsoon” concept then be applied to characterize and analyse
monsoon changes on longer timescales than those for which the
concept has been developed? Following our recent simulation
analysis of the interglacial global monsoon during the mid-
Holocene (Jiang et al., 2015), in the present study we examine if
this concept holds for a glacial climate very different from today:
the climate of the last glacial maximum (LGM, ca. 21,000 years ago).
The LGM refers to the interval during the last glacial period when
the global volume of ice sheets was at its greatest, and it provides a
good opportunity for an insight into the glacial climate system.

Based on geological records at individual sites, orbital-scale
monsoon evolution has been discussed at the local or regional
scale. For the LGM, the boreal summer monsoon is generally
inferred to have weakened in northern Africa (e.g., Weldeab et al.,
2007; Tjallingii et al., 2008; Ziegler et al., 2010), the northern
Arabian Sea (e.g., Schulz et al., 1998), India (e.g., An et al., 2011;
Saraswat et al., 2014), and East Asia (e.g., Liu and Ding, 1998; Jian
et al., 2001; Wang et al., 2008), while the opposite generally
holds true for the austral summer monsoon in tropical South
America (e.g., Baker et al., 2001; Wang et al., 2004; Cheng et al.,
2012). As will be reviewed later in this work, the LGM monsoon
and/or climatological annual precipitation are generally estimated,
from the available proxy data, to weaken or decrease in all land
monsoon areas worldwide, except in South America and the
southern part of southern Africa where there is uncertainty in re-
constructions (please refer to Section 4.6). These changes at indi-
vidual sites have typically been attributed to orbital forcing,
atmospheric greenhouse gas concentrations, and high-latitude ice
volume through the intercomparison of sparse proxy data and their
match with orbital forcing on varying timescales, although the
underlying dynamic processes remain less explored. The concept of
global monsoon could help better explore the links between the
different regional monsoon changes from LGM to the pre-industrial
periods. This is the central topic of this study.

On the modelling side, the LGM has been one of the key periods
within the Paleoclimate Modelling Intercomparison Project (PMIP).
While the first PMIP phase (PMIP1) was based on the use of
atmosphere-only or atmeslab ocean model experiments, phases 2
(PMIP2) and 3 (PMIP3) were based on coupled climate models.
PMIP3 simulations have been integrated in the Coupled Model
Intercomparison Project phase 5 (CMIP5) exercise (Taylor et al.,
2012), and they have thus been performed with the same model
versions as those used for climate projections. It has been found
that climate models are able to reproduce generally colder and
drier conditions and large-scale changes in atmospheric circulation
for that period, indicating their adequate representation of the
major processes, although the simulated magnitude of regional
changes still differs in certain respects from reconstructions (e.g.,
Braconnot et al., 2012; Masson-Delmotte et al., 2013). More spe-
cifically for monsoon, an atmospheric model-simulated low-level
winds and precipitation decrease in southern Asia, while precipi-
tation increases in equatorial northern Africa (Prell and Kutzbach,
1987). Seven atmospheric models within PMIP1 reproduce weak-
ened monsoon circulation and decreased precipitation in West
Africa over 20�We30�E (Braconnot et al., 2000). Reduced precipi-
tation and weakened low-level meridional winds are characteristic
responses over East Asia in both atmospheric and coupled models
within PMIP1/2 (Yanase and Abe-Ouchi, 2007; Zhou and Zhao,
2009; Jiang and Lang, 2010).
Previous analyses of the simulations of the LGMmonsoons have

primarily focused on Africa and Asia. Monsoon precipitation has
been calculated based on fixed land areas defined based onmodern
climatology. This could be inappropriate given the fact that glacial
monsoon areas differ from those of the present day, althoughwe do
not currently knowwhat the difference is like. Moreover, little or no
attention has been paid to the land monsoon areas of North
America, southern Africa, northern Australia, and South America,
and no attention to ocean monsoon areas. In the present work, we
aim at presenting a review of the state-of-the-art climate model
performance in simulating regional monsoon changes, including
for those areas which have been less studied than the African or
Asian monsoon, and at presenting these monsoon changes in the
comprehensive framework of the global monsoon. We also
consider the results from the previous phases of the PMIP project to
build a more complete review and examine whether, from one
generation to the other, model results change significantly when
compared in a single framework.

Based on the above, here we present an analysis of the LGM
monsoon using experiments of multiple climate models, including
those participating in the latest CMIP5. The questions to address
are: (1) How do global monsoon diagnostics (land and ocean
monsoon areas, monsoon precipitation, and monsoon precipitation
intensity) respond to the LGM forcing at regional, hemispheric, and
global scales? (2) What are the dynamic mechanisms involved in
the most common changes among the simulations? (3) To what
extent are simulations consistent with reconstructions over large-
scale land monsoon areas?

2. Data and methods

2.1. Model and observation data

This study uses the available experiments of the LGM climate
within PMIP, which are performed by eight atmospheric models
and nine atmeslab oceanmodels within PMIP1, seven fully coupled
atmosphereeocean or atmosphereeoceanevegetation models
(hereafter referred to as coupled models) within PMIP2, and nine
coupled models within PMIP3. The boundary conditions include
changes in the Earth's orbital parameters, ice-sheet extent, topog-
raphy, landesea mask, and atmospheric concentrations of green-
house gases with respect to the reference period, which refers to
the present day, ca. 1985, for PMIP1 and the pre-industrial period,
ca. 1750, for PMIP2/3. Basic information about the climate models
and data is provided in Table 1. More details about the models and
experiments are available online at http://pmip3.lsce.ipsl.fr/.

The long-term mean precipitation of the Version-2.2 Global
Precipitation Climatology Project monthly precipitation analysis for
the period 1979e2000 (Huffman et al., 2009; hereafter referred to
as observation) is used to assess the ability of the models. To
measure the monsoon areas and their changes at fine horizontal
resolution, all simulated and observational data are interpolated to
a horizontal grid resolution of 0.5� latitude by 0.5� longitude using
bilinear interpolation.

2.2. Definition of global monsoon area, precipitation, and intensity

Following Liu et al. (2009) and Wang et al. (2012), the global
monsoon area (GMA) is defined as the region where the local
summer-minus-winter precipitation exceeds 2 mm day�1 and the
local summer rainfall exceeds 55% of annual total precipitation. The
summer spans May through September (MayeSeptember) for the
northern hemisphere and November through March (Novem-
bereMarch) for the southern hemisphere. The global monsoon

http://pmip3.lsce.ipsl.fr/


Table 1
Basic information about the climate models and experiments used in this study.

Model ID Model type Atmospheric resolution Length of run analysed (year)

Eight atmospheric models plus nine atmeslab ocean models suffixed with -slab within PMIP1
01 CCC2.0 Atmosphere only 3.75� � ~3.7� , L10 10
02 CCC2.0-slab Atmosphereeslab ocean 3.75� � ~3.7� , L10 10
03 CCM1-slab Atmosphereeslab ocean 7.5� � ~4.4� , L12 10
04 CCSR1 Atmosphere only ~5.6� � 5.5� , L20 10
05 ECHAM3 Atmosphere only ~2.8� � 2.8� , L19 10
06 GEN1-slab Atmosphereeslab ocean 7.5� � ~4.4� , L12 14
07 GEN2 Atmosphere only 3.75� � ~3.7� , L18 10
08 GEN2-slab Atmosphereeslab ocean 3.75� � ~3.7� , L18 10
09 GFDL-slab Atmosphereeslab ocean 3.75� � ~2.2� , L20 25
10 LMCELMD4 Atmosphere only 7.5� � ~3e10� , L11 15
11 LMCELMD4-slab Atmosphereeslab ocean 7.5� � ~3e10� , L11 15
12 LMCELMD5 Atmosphere only ~5.6� � 2.3e8.5� , L11 15
13 MRI2 Atmosphere only 5� � 4� , L15 10
14 MRI2-slab Atmosphereeslab ocean 5� � 4� , L15 14
15 UGAMP Atmosphere only ~2.8� � 2.8� , L19 20
16 UGAMP-slab Atmosphereeslab ocean ~2.8� � 2.8� , L19 20
17 UKMO-slab Atmosphereeslab ocean 3.75� � 2.5� , L19 20
Seven coupled models within PMIP2
18 CCSM3.0 Atmosphereefull ocean ~2.8� � 2.8� , L18 50
19 CNRM-CM3.3 Atmosphereefull ocean ~2.8� � 2.8� , L31 100
20 FGOALS-1.0 g Atmosphereefull ocean ~2.8� � 3e6� , L9 100
21 HadCM3M2 Atmosphereefull ocean 3.75� � 2.5� , L19 100
22 HadCM3M2-gvm Atmosphereeoceanevegetation 3.75� � 2.5� , L19 100
23 IPSL-CM4-V1-MR Atmosphereefull ocean 3.75� � 2.5� , L19 100
24 MIROC3.2 Atmosphereefull ocean ~2.8� � 2.8� , L20 100
Nine coupled models within PMIP3 (here we use only the first run of each model to treat all models equally)
25 CCSM4 Atmosphereefull ocean 1.25� � ~0.9� , L26 301
26 CNRM-CM5 Atmosphereefull ocean ~1.4� � 1.4� , L31 200
27 COSMOS-ASO Atmosphereeoceanevegetation 3.75� � ~3.7� , L19 600
28 FGOALS-g2 Atmosphereeoceanevegetation ~2.8� � 3e6� , L26 100
29 GISS-E2-R Atmosphereefull ocean 2.5� � 2� , L40 100
30 IPSL-CM5A-LR Atmosphereeoceanevegetation 3.75� � ~1.9� , L39 500
31 MIROC-ESM Atmosphereeoceanevegetation ~2.8� � 2.8� , L80 100
32 MPI-ESM-P Atmosphereefull ocean 1.875� � ~1.9� , L47 100
33 MRI-CGCM3 Atmosphereefull ocean 1.125� � ~1.1� , L48 100
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precipitation (GMP) is expressed as the sum of total summer
rainfall in the GMA, namely the MayeSeptember rainfall in the
boreal monsoon area plus the NovembereMarch rainfall in the
austral monsoon area (Hsu et al., 2012). The global monsoon pre-
cipitation intensity (GMPI) is measured by area-averaged summer
rainfall in the GMA (Hsu et al., 2012; Wang et al., 2012).
3. Evaluation of climate models for the present monsoon-
related precipitation

Since the extent to which climate models reproduce the
geographical distribution, magnitude, and spatial variability of the
reference period annual, summer, and winter precipitation clima-
tology at the low- and mid-latitudes determines the confidence of
their results for the past monsoon climate, the reliability of climate
models is first evaluated against observation. This evaluation is
based on 158,400 grid points between 40�S and 70�N where these
boundaries are chosen according to the modern GMA obtained
from both simulations and observation. Fig. 1 illustrates the range
of spatial correlation coefficients (0.18e0.87), normalised standard
deviations (0.22e1.58), and normalised centred root-mean-square
differences (0.56e1.15). Considering that several models fail to
reasonably capture the spatial pattern and variability of the
observed precipitation, two criteria are set to identify relatively
reliable models. First, the normalised standard deviation must be
greater than 0.5 and less than 1.5; and second, the normalised
centred root-mean-square difference must be less than 1.0.
Accordingly, six models (GEN1-slab, LMCELMD4, LMCELMD4-slab,
LMCELMD5, UGAMP, and UGAMP-slab) are excluded. Besides,
because the local summer, winter, and annual precipitation
amounts are involved to distinguish the monsoon area, whether
they can be reliably simulated by the remaining 27 models is
further examined in the boreal, austral, and global monsoon areas
identified by observation. Fig. 2 illustrates that the area-averaged
precipitation varies with model. As such, the requirement of be-
ing within ±75% deviations of the observed values is set to screen
models. Ten models (CCC2.0-slab, CCM1-slab, GEN2, MRI2, MRI2-
slab, UKMO-slab, CNRM-CM3.3, HadCM3M2, HadCM3M2-gvm,
and COSMOS-ASO) are thus filtered out.

Based on the above steps, five of 17 PMIP1, four of seven PMIP2,
and eight of nine PMIP3 models are retained for analysis (Fig. 2),
indicating a general improvement of climate models for global
monsoon climate from PMIP1 via PMIP2 to PMIP3. The arithmetic
mean of 17 chosen models performs well in reproducing the
observed spatial pattern and spatial variability of the summer,
winter, and annual precipitation at the low- and mid-latitudes and
in the GMA. As seen in Fig. 1, the 17-model arithmetic mean has a
higher reliability than all individual models and is therefore
emphasised in the subsequent analysis.
4. LGM changes in global monsoon

4.1. LGM global monsoon area

The LGM GMA was slightly changed against the reference
period, as it decreased by 4.8% averaged for all 17 models and
roughly half of the models reproduced an increase or decrease
(Fig. 3a). Monsoon areas generally increased over land and



Fig. 1. Taylor diagram (Taylor, 2001) displaying normalised pattern statistics of climatological (a) Annual, (b) MayeSeptember, and (c) NovembereMarch precipitation at
40�S e 70�N between each of 33 models for the reference period and observation for 1979e2000. Each number represents a Model ID (see Table 1); brown, blue, and green
represent PMIP1, PMIP2, and PMIP3 models, respectively; the red asterisk represents the arithmetic mean of the 17 models finally chosen for analysis; and observation is regarded
as the reference (REF). The standard deviation and centred root-mean-square difference are normalised by the observed standard deviation. The radial distance from the origin is
the normalised standard deviation of a model; the spatial correlation coefficient between a model and the reference is expressed by the azimuthal position of the model; and the
normalised centred root-mean-square difference between a model and the reference is their distance apart. (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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decreased over the oceans (Fig. 3bec) on the basis of the LGM
landesea distribution reconstructed by Peltier (2004). This is
mainly because some coastal ocean monsoon areas at the reference
period changed to landmonsoon areas at the LGM due to a sea level
fall of approximately 125 m (Peltier, 2004). In fact, if we only
consider the present land area, global land monsoon areas
decreased in most models and by an average of 5.8%.

In the northern hemisphere, the northern boundary of land
monsoon areas generally retreated southward, while their south-
ern boundary expanded southward (Fig. 4), consistent with a
southward shift of boreal wetlands (Weber et al., 2010). Monsoon
areas shrank over the tropical western North Pacific and expanded
over the tropical central North Pacific. In the southern hemisphere,
the northern boundary of land monsoon areas generally retreated
southward over southern Africa and South America but expanded
northward over Indonesia and Papua New Guinea, while their
southern boundary varied very little. Monsoon areas obviously
expanded northward over the Southeast Asian seas, but shrank
over the southwestern tropical Indian Ocean where model agree-
ment is low. For all models together, the LGM monsoon area varied
by 4.4% and 12.1% (�2.5% and �53.3%) for the boreal and austral
land (ocean), respectively. Thus, the LGM monsoon area changes
shared the same sign between the boreal and austral land or ocean
but the opposite signs between the land and ocean in the same
hemisphere. The reduction of the GMA was a result of the
decreased ocean monsoon areas in both hemispheres. Regionally,
the land monsoon areas generally decreased in northern Africa,
southern Africa, and South America, while most models repro-
duced an expansion in Asia, North America, and northern Australia.

To understand the reason underlying the LGM GMA reduction,
we examined area-averaged changes in summer-minus-winter,
summer, and annual precipitation over regions where the LGM
monsoon area differed from the reference period. Globally, the
former variable varied little. Of importance is that the reduction of



Fig. 2. Area-averaged precipitation (units: mm day�1) obtained from each reference experiment of 27 models and from observation for MayeSeptember (blue) and Novem-
bereMarch (green) in the boreal monsoon area, for NovembereMarch (red) and MayeSeptember (orange) in the austral monsoon area, and for the annual mean in the GMA (black).
Open circles denote the simulated values being beyond the range of ±75% deviations from the corresponding observed values as expressed by vertical bars. The black asterisk above
the abscissa indicates each of the 17 models finally chosen for analysis. (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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Fig. 3. Changes of monsoon area (units: 106 km2) in the LGM relative to the reference
period: (a) the globe (red plus) and global land (orange bar) and ocean (light blue bar)
area; (b) the global (red plus) and northern (orange bar) and southern (brown bar)
hemispheric land; and (c) the global (red plus) and northern (light blue bar) and
southern (dark blue bar) hemispheric ocean. (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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summer precipitation was larger than or comparable to that of
annual precipitation, hence the ratio of summer to annual precip-
itation decreased and in turn led to a decrease in GMA. Over the
LGM-changed global land monsoon area that included a small part
of ocean monsoon areas at the reference period due to the sea level
fall, both the summer precipitation deficit and the summer to
annual precipitation ratio reduction contributed to the land
monsoon area changes. Over the LGM-changed global ocean
monsoon area, summer-minus-winter precipitation was little var-
ied, and the summer to annual precipitation ratio generally
decreased. Altogether, the reduction of the GMA and global ocean
monsoon area resulted from the decreased summer to annual
precipitation ratio, and both the reduction in the summer-minus-
winter precipitation and the summer to annual precipitation ratio
were responsible for global landmonsoon area changes at the LGM.
4.2. LGM global monsoon precipitation

Compared to the reference period, the GMP decreased on
average by 8.9%. More land and less ocean monsoon precipitation
occurred globally (Fig. 5a), which was mainly because when more
continental shelves were exposed due to the LGM sea level fall, a
considerable amount of coastal ocean monsoon precipitation at the
reference period changed to the land type. Geographically, the LGM
monsoon precipitation changes were spatially consistent among
the three groups of PMIP1, PMIP2, and PMIP3 models, as well as
their arithmetic mean (Fig. 6aed). Monsoon precipitation generally
decreased over the boreal land, the northern part of southern Af-
rica, and much of South America, increased over the southern part
of southern Africa, and varied slightly over northern Australia.
Ocean monsoon precipitation generally increased over part of the
tropical western North Pacific, the Indian Ocean around
Madagascar, and part of the tropical central South Pacific, but
decreased over the Bay of Bengal, the South China Sea, and tropical
northern Atlantic Ocean. Comparatively, both the sign and magni-
tude of the changes in ocean monsoon precipitation were similar
between PMIP2 and PMIP3 models, except over the Bay of Bengal



Fig. 4. Global monsoon area for the arithmetic means of (a) five PMIP1, (b) four PMIP2, (c) eight PMIP3, and (d) all 17 models. Grey indicates the common area between the LGM and
the reference period; blue (yellow) indicates expanded (reduced) monsoon area; and red dots indicate increased land area due to the LGM sea level fall relative to the reference
period. The hatched areas represent regions where at least 60% of the models agree on the signal. (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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Fig. 5. Changes of monsoon precipitation (units: 109 m3 day�1) in the LGM relative to
the reference period: (a) the globe (red plus) and global land (orange bar) and ocean
(light blue bar); (b) the global (red plus) and northern (orange bar) and southern
(brown bar) hemispheric land; and (c) the global (red plus) and northern (light blue
bar) and southern (dark blue bar) hemispheric ocean. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article.)
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where more monsoon precipitation appeared in PMIP2 models but
less in PMIP3 models. Also of note is that ocean monsoon precipi-
tation varied less in coupled models overall than in atmospheric
models, indicative of a suppressing effect of the dynamic ocean.

At the hemispheric scale, the decreased GMP was derived from
the deficit over the oceans and the boreal land, while the increased
land monsoon precipitation came from the southern hemisphere
(Fig. 5bec). Monsoon precipitation changes were qualitatively
consistent among individual models for regional land monsoon
areas (Fig. 6aed). Less monsoon precipitation appeared for north-
ern Africa, Asia, North America, northern part of southern Africa,
and South America, but more for southern part of southern Africa
and northern Australia. The aforementioned increase in the austral
land monsoon precipitation mainly stemmed from northern
Australia.

4.3. LGM global monsoon precipitation intensity

Taking into account the above changes in both GMA and GMP,
the LGM GMPI weakened by 4.3% against the reference period.
Similar magnitudes of weakening occurred for the global land and
ocean monsoon areas. At the hemispheric scale, the intensity of
monsoon precipitation decreased for the boreal land and ocean as
well as the austral land. For the austral ocean, monsoon precipi-
tation strengthened in four of five PMIP1 models and weakened in
eight of 12 PMIP2/3 models. This resulted mainly from the
increased (decreased) intensity over the southwestern tropical In-
dian Ocean (Fig. 6aec) due to lower-tropospheric convergence
(divergence) associated with large-scale changes in sea surface
temperatures in the former (latter), indicative of an effect of the
dynamic ocean. The LGM changes in the land monsoon precipita-
tion intensity are generally consistent in direction among individ-
ual models, since most of them simulated a weakening in northern
Africa, Asia, North America, southern Africa, and South America but
a strengthening in northern Australia (Fig. 6aed). Quantitatively,
those changes differed in magnitude between regions, with larger
values in North America and northern Australia and smaller ones in
southern Africa.

4.4. Relationship among the LGM changes in GMA, GMP, and GMPI

Based on the individual models and their arithmetic mean, Fig. 7
illustrates that there are positive correlations between the LGM
changes in GMA (DGMA), GMP (DGMP), and GMPI (DGMPI). The
correlation coefficient reaches 0.89 between DGMP and DGMA and
0.81 between DGMP and DGMPI, both of which were statistically
significant at the 99.9% confidence level. As deduced from the
following formulae, DGMP can be expressed as the sum of three
terms: monsoon precipitation change over the LGM-increased
monsoon area (GMAlgm-com � GMPIlgm); DGMPI-induced
monsoon precipitation change over the common monsoon area
between the LGM and the reference period (GMAcom � DGMPI);
and monsoon precipitation change over the LGM-decreased
monsoon area (�GMAref-com � GMPIref). In this context, DGMP
was correlated positively with DGMA indirectly through GMAlgm-

com and with DGMPI directly. More specifically, the first term was
58.5e203.7 � 109 m3 day�1; the second term ranged
from �3.5 � 109 m3 day�1 to �67.4 � 109 m3 day�1 for 14 models,
and was slightly positive for the remaining three models; and the
third term ranged from �60.8 � 109 m3 day�1

to �209.9 � 109 m3 day�1. Therefore, the LGM GMP deficit was due
to, first, the GMA reduction and, second, the GMPI weakening. In
addition, DGMAwas related to DGMPI indirectly, with a correlation
coefficient of 0.49 (statistically significant at the 95.6% confidence
level). In general, the smaller DGMA was, the smaller DGMPI was,
and vice versa.

DGMP ¼ GMPlgm � GMPref
¼ GMAlgm � GMPIlgm � GMAref � GMPIref

¼
�
GMAlgm�com þ GMAcom

�
� GMPIlgm �

�
GMAref�com

þ GMAcom

�
� GMPIref

¼ GMAlgm�com � GMPIlgm þ GMAcom �
�
GMPIlgm

� GMPIref
�
� GMAref�com � GMPIref

¼ GMAlgm�com � GMPIlgm þ GMAcom � DGMPI

� GMAref�com � GMPIref

where D denotes the LGMminus reference, and subscripts lgm, ref,
and com denote the LGM, the reference period, and the common
monsoon area between the LGM and the reference period,
respectively.

4.5. Dynamic mechanism for the LGM monsoon area and
precipitation changes

It has been well documented that the LGM cooling was resulted
from relatively well-defined radiative perturbations, linked to large
ice sheets and lower atmospheric concentrations of greenhouse
gases, and was modified by internal feedbacks of the climate
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Fig. 7. Relative to the reference period, the LGM changes of GMP (DGMP, units:
109 m3 day�1), GMA (DGMA, blue, units: 106 km2), and GMPI (DGMPI, red, units:
mm day�1). Each number represents a Model ID (see Table 1), and plus, cross, triangle,
and asterisk represent the arithmetic means of (a) five PMIP1, (b) four PMIP2, (c) eight
PMIP3, and (d) all 17 models, respectively. (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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system from such as snow, sea-ice, and water vapour (e.g.,
Braconnot et al., 2007; Masson-Delmotte et al., 2013). Fig. 8aeb
shows that summer 2-m air temperature reduced significantly
relative to the reference period. In the northern hemisphere, sur-
face cooling generally amplified northward due to, in particular, the
albedo and high altitude of the ice sheets and sea ice at the high-
latitudes. The summer meridional temperature gradient conse-
quently increased for latitudes ranging from 0� to 70�N (Figs. 8 and
9a), leading to anomalous northerly winds that brought relatively
dry and cold air from the high-latitudes in the lower troposphere.
As a result, southerly winds and moisture transport from the tro-
pics were suppressed at the low- andmid-latitudes, as already seen
in the simulated weakening of low-tropospheric winds in West
Africa (Braconnot et al., 2000), the Arabian Sea (Shin et al., 2003),
southern Asia (Prell and Kutzbach, 1987), and East Asia (Yanase and
Abe-Ouchi, 2007; Zhou and Zhao, 2009; Jiang and Lang, 2010). At
the same time, surface cooling was stronger over land than over the
oceans, leading to a decreased landesea thermal contrast, partic-
ularly at the mid- and high-latitudes (Fig. 8a and Fig. 9c). At
0��70�N, summer temperature reduced by 7.3 �C over land and
3.3 �C over the oceans for all models. Consequently, winds and
moisture transport from the oceans towards the land were largely
suppressed in the lower troposphere. The anomalous water vapour
flux generally diverged in the land monsoon areas, while the
anomalous convergence explained the increased monsoon precip-
itation over the tropical western North Pacific (Fig. 6c and Fig. 10a).

In the southern hemisphere, summer temperature reduced
between 0� and 40�S and at similar magnitude across the lat-
itudinal range, and in turn meridional temperature gradient was
little varied (Figs. 8 and 9b). However, the zonal mean of the large-
scale landesea thermal contrast decreased (Fig. 9c). Particularly,
surface cooling was stronger over southern Africa, Australia, and
South America than over the surrounding oceans (Fig. 8b). At
0��40�S, area-averaged summer temperature decreased by 2.8 �C
Fig. 6. Relative to the reference period, the LGM changes of MayeSeptember (NovembereM
over the GMA as shown in Fig. 4 for the arithmetic means of (a) five PMIP1, (b) four PMIP2
regions where the absolute value of the multi-model mean change is larger than one standa
of the models agree on the sign of the change. (e) Proxy estimates of humidity changes at 2
represent drier, normal, and wetter conditions, respectively (see Supplementary Table S1 for
this figure legend, the reader is referred to the web version of this article.)
over land and 1.8 �C over the oceans for all models. Accordingly,
winds and moisture transport towards the land were weakened.
The anomalous water vapour divergence and convergence gener-
ally occurred in regions where monsoon precipitation decreased
and increased, respectively (Fig. 6c and Fig. 10a).

In addition, it should be recalled that the LGM sea surface
temperatures are prescribed to the values from CLIMAP Project
Members (1981) in PMIP1 atmospheric models and are simulated
by the PMIP1 slab ocean models or the PMIP2/3 oceanic general
circulation models in coupled models. Compared to the reference
period, the reconstructed sea surface temperatures by CLIMAP
Project Members (1981) are lower over most of the global ocean
except over parts of the tropical and mid-latitude oceans, while the
simulated values are consistently lower over the global ocean
during the LGM summer (Fig. 8ced). Both the reconstructions
(excluding warmer ocean areas) and simulations are qualitatively
comparable to the recent MARGO estimate at the large scale
(MARGO Project Members, 2009; Otto-Bliesner et al., 2009). These
lower sea surface temperatures suppressed surface evaporation
over the oceans, while lower terrestrial surface temperature
(Fig. 8aeb) suppressed surface evapotranspiration over land.
Averaged across 14 models with data available, the summer surface
evaporation reduced on average by 7.7% for the globe and by 7.6%
for the GMA. Therefore, the water vapour flux from the Earth's
surface into the atmosphere was reduced. Besides, the LGM global
cooling was not limited to the surface but extended into the upper
troposphere. The simulated global summer temperature by eight
PMIP3 models decreased on average by 4.3e5.5 �C at eight levels
between 1000 hPa and 300 hPa. Such a tropospheric cooling
decreased the amount of atmospheric water vapour through its
inhibition on the water holding capacity of the atmosphere ac-
cording to the ClausiuseClapeyron relation. During the LGM sum-
mer, the vertically integratedwater vapour content from the Earth's
surface to 300 hPa was notably lower than the reference period
(Fig. 10b) and reduced by 39.1% for the globe and by 35.0% for the
GMA based on eight PMIP3 models. Therefore, the surface and
tropospheric cooling was unfavourable for global-scale monsoon
area and precipitation.
4.6. Qualitative modeledata comparison for the LGM over land
monsoon areas

The proxy data used for comparisonwith simulations are mainly
composed of the records of dune, fluvial activity, lake level, pollen,
sediment, and speleothem at 258 sites over and nearby the global
land monsoon areas (Fig. 6e). Note that those reconstructions
generally provide site-scale qualitative information about clima-
tological annual precipitation and/or humidity, while simulations
of land monsoon areas and precipitation mainly give large-scale
quantitative information regarding summer precipitation. Since
summer precipitation accounts for at least 55% of annual total
precipitation (see Section 2.2) in monsoon areas, it is feasible to
perform a qualitative comparison to assess consistency between
simulations and reconstructions over land monsoon areas under
the framework of the present landesea mask.

For northern Africa, both the monsoon area and precipitation
decrease, and most models simulate a southward retreat
arch) precipitation in the northern (southern) hemisphere (shading, units: mm day�1)
, (c) eight PMIP3, and (d) all 17 models. In panels (a) to (d), the dotted areas represent
rd deviation of the models, and the hatched areas represent regions where at least 60%
58 sites during the LGM relative to the reference period, in which red, black, and blue
details and references of the records). (For interpretation of the references to colour in



Fig. 8. Relative to the reference period, the LGM changes of MayeSeptember and NovembereMarch 2-m air temperatures (units: �C) from all 17 models and of sea surface
temperatures (units: �C) from nine PMIP2/3 coupled models with data available. The dotted areas represent regions where the absolute value of the multi-model mean change is
larger than one standard deviation of the models, and the hatched areas represent regions where at least 60% of the models agree on the sign of the change. (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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(advance) of the northern (southern) boundary of the monsoon
area (Figs. 4 and 6d), averaging 1.3� (0.8�) between 20�Wand 41�E
(8�E and 40�E). Based on pollen data, both annual and July pre-
cipitation decrease in part of northern Africa (Wu et al., 2007),
which is consistent with simulations. Drier climate is also recor-
ded in pollen and plant macrofossil data in equatorial eastern
northern Africa (Farrera et al., 1999; Bartlein et al., 2011) and in
paleohydrological data of lake level, ground water, and speleo-
them in much of northern Africa (Gasse, 2000), and is inferred
from a lowering of montane vegetation belts and a reduction of
tropical moist forests in northern Africa (Jolly et al., 1998; Prentice
et al., 2000). For Asia, the monsoon area and precipitation re-
ductions, as well as a southeastward shift of the monsoon area
(Figs. 4 and 6d), agree with generally lower lake levels across
monsoonal Asia (Qin and Yu, 1998; Li and Morrill, 2013), strong
shifts of temperate xerophytic shrubland, temperate grassland,
and desert to the south and east in northern China (Yu et al., 2000;
Ni et al., 2010), and an activation of aeolian dunes in the sandy
lands in the eastern Chinese desert belt (Yang and Scuderi, 2010).
Moreover, the simulations of the northern African and Asian
monsoons support less precipitation in most of the Afro-Asian
arid/semi-arid transitional zone and a southward shift of several
hundred kilometres in the arid or semi-arid zones between 21,000
and 15,000 years ago as obtained from a large number of
geological records (Yan and Petit-Maire, 1994). The North Amer-
ican monsoon area increases due to its southward advance
(Fig. 4d) by an average of 1.6� between 55�Wand 77�W, while the
monsoon precipitation decreases (Fig. 6d). The latter is in accord
with a dry environment, as derived from pollen and plant
macrofossil data (Farrera et al., 1999; Marchant et al., 2009).
In the southern hemisphere, most models simulate a southward

(northward) retreat of the northern (southern) boundary of the
southern African monsoon area (Fig. 4d), averaging 1.0� (0.2�) be-
tween 13�E and 36�E (12�E and 40�E), while monsoon precipitation
decreases (increases) in the northern (southern) part of southern
Africa (Fig. 6d). Comparatively, both annual and July precipitation, as
well as the actual to potential evapotranspiration ratio, decreases in
much of the eastern part of low-latitude southern Africa, and annual
precipitation is estimated to be approximately 200 to 1000 mm
lower in the equatorial region based on pollen data using inverse
vegetationmodelling (Wu et al., 2007) and at least 200mm lower in
the eastern part of low-latitude southern Africa based on pollen and
plant macrofossil data (Bartlein et al., 2011). Evidence of a drier
climate here also comes from records of lake level, groundwater, and
speleothem (Jolly et al., 1998; Farrera et al., 1999; Gasse, 2000) and
from a lowering of montane vegetation belts and a reduction of
tropical moist forests (Jolly et al., 1998; Prentice et al., 2000), while
the monsoon is inferred to be weakened in subtropical southern
Africa through the sedimentary record of the Pretoria Saltpan
(Partridge et al., 1997). In the southern part of southern Africa,
however, drier, wetter, normal conditions are registered at nine,
seven, andone site (Fig. 6e), respectively, based on the records of lake
level, pollen, sediment, and speleothem (Partridge et al., 1997;
Farrera et al.,1999; Gasse, 2000;Wuet al., 2007; Bartlein et al., 2011).

There is uncertainty among the models regarding the northern
Australian monsoon precipitation change, with a general increase
(decrease) in the western (eastern) part (Fig. 6d). The wetter
climate in the west is only supported by the stratigraphic data of



Fig. 9. Zonal mean of 2-m air temperature (units: �C) for (a) MayeSeptember and (b) NovembereMarch, as well as (c) zonally averaged difference in 2-m air temperature between
land and ocean during MayeSeptember in the northern hemisphere and NovembereMarch in the southern hemisphere. Solid lines represent the reference period climatology
(upper scales); the dotted lines represent LGM minus reference (lower scales); and blue, red, and black lines represent the arithmetic means of five PMIP1 models, 12 PMIP2/3
coupled models, and all 17 models, respectively. (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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plunge pool deposits at the Kakadu National Park that is speculated
to have resulted from a strengthening of the northwest monsoon
(Nott and Price, 1994). In contrast, widespread aridity in Australia is
evidenced by:

� Lake and river records, more sparse vegetation, and more active
sand dunes (Hesse et al., 2004)
Fig. 10. Relative to the reference period, the LGM changes of summer (MayeSeptember in t
integrated (a) water vapour flux (arrows; units: kg m�1 s�1) and its divergence (shading, uni
models. The vertical integration is performed from the surface to 300 hPa. (For interpretat
version of this article.)
� Extensive desert dune activity and dust transport, lake level fall,
and reduced but episodic fluvial activity (Fitzsimmons et al.,
2013)

� A synthesis of pollen and terrestrial sedimentary data in most
lowland regions of tropical Australasia (Reeves et al., 2013)

� The expansion of xerophytic vegetation in the south and tropical
deciduous broadleaf forest and woodland in the north and the
he northern hemisphere and NovembereMarch in the southern hemisphere) vertically
ts: mm day�1) as well as (b) water vapour content (units: %) obtained from eight PMIP3
ion of the references to colour in this figure legend, the reader is referred to the web
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encroachment of tropical deciduous broadleaf forest and
woodland into lowland evergreen broadleaf forest (Pickett et al.,
2004).

The monsoon is considered to be inactive or greatly weakened at
that time (Hesse et al., 2004; Reeves et al., 2013).

Most models simulate a southward (northward) retreat of the
northern (southern) boundary of the South American monsoon
area (Fig. 4d), averaging 0.9� (0.2�) between 36�Wand 81�W(38�W
and 78�W), while monsoon precipitation decreases (Fig. 6d). On the
one hand, there is evidence that the Amazonwas somewhat drier in
glacial times, a concept given substance by pollen data for the
movement of ecotones in Rondonia, by stream histories in the
Bolivian Andes, by evidence for lowered lake levels at Carajas and
Lake Pata, and by a sedimentary hiatus at Carajas (Colinvaux et al.,
2000; Sifeddine et al., 2001). Speleothem records indicate pre-
dominantly dry conditions at the Rio Grande do Norte of north-
eastern Brazil (Cruz et al., 2009). Plant available moisture decreases
in much of South America based on pollen and plant macrofossil
data (Farrera et al., 1999). On the other hand, long sediment cores
from the deep portions of Lake Titicaca reveal a deep, fresh, and
continuously overflowing lake between 25,000 and 15,000 years
ago, signifying that the Altiplano of Bolivia and Peru and much of
the Amazon basin were wetter than today (Baker et al., 2001).
Speleothem records and travertine deposits in northern Bahia State
of northeastern Brazil indicate that wet periods were synchronous
with cold periods in Greenland over the past 210,000 years (Wang
et al., 2004).

Altogether, modelereconstruction comparison demonstrates
qualitative agreement in northern Africa, Asia, North America, the
northern part of southern Africa, and the eastern part of northern
Australia, but disagreement in the western part of northern
Australia. It is impossible to assess the consistency between sim-
ulations and reconstructions in South America and the southern
part of southern Africa, as both wetter and drier climates are sug-
gested by multi-proxy records. When viewed from different stages
of the models from PMIP1 to PMIP3, monsoon precipitation
changes are broadly similar in large-scale spatial patterns, but are
generally greater in atmospheric and atmeslab ocean models than
in fully coupled models (Fig. 6aec), indicative of a suppressing ef-
fect of ocean feedback upon the response of monsoon precipitation
to the glacial boundary conditions. Compared to reconstructions,
coupled models perform qualitatively better over much of central-
eastern China and northern Australia than the earlier PMIP1
models, while PMIP2 and PMIP3 simulations are highly consistent
(Fig. 6). The former signifies an improvement from PMIP1 to PMIP2,
when models started to include ocean dynamics and thus in-
teractions between oceanic and atmospheric processes. In addition,
the LGM simulations do not support an orbital-scale inter-hemi-
spheric anti-phasing of monsoon intensity change as suggested by
proxy data (Masson-Delmotte et al., 2013), particularly either be-
tween the Asian and South American monsoons as seen through
speleothem records (Wang et al., 2004; Cheng et al., 2012) or be-
tween the northern and southern African monsoons due to the
Earth orbital precession as proposed based mainly on sedimentary
records (Partridge et al., 1997). This may be explained by the
opinion of Guo et al. (2012) that orbital-scale global monsoon can
be regarded as a system consisting of two integrated components.
One is related to the low-latitude summer insolation changes,
roughly anti-phased between the two hemispheres; and the other
is modulated by the glacialeinterglacial cycles, mostly synchronous
at the global scale. The latter component most likely dominates at
the LGM because at that time orbital parameters differedminimally
from the pre-industrial period (Berger, 1978) and a global-scale
cooling occurred in response to large ice sheets and lower
greenhouse gas concentrations.

5. Conclusion

In this study, the concept of global monsoon was applied to the
glacial climate during the LGM based on the experiments of 17
climate models within PMIP1/2/3. The primary conclusions are as
follows.

(1) In comparison to the reference period, the LGM monsoon
area increased over land and decreased over the oceans,
owingmainly to coastal oceanmonsoon areas becoming land
ones due to the sea level fall from the pre-industrial to LGM.
The boreal land monsoon areas shifted southward, while the
austral land monsoon areas contracted meridionally in
southern Africa and South America but varied slightly in
northern Australia. The reduction in GMA and global ocean
monsoon area were related to the decreased summer to
annual precipitation ratio, and both the decreased summer-
minus-winter precipitation and summer to annual precipi-
tation ratio affected global land monsoon area.

(2) At the LGM, an 8.9% decrease of the GMP was derived from
the oceans and the boreal land, and a 4.3% weakening of the
GMPI from the land and the boreal ocean. There are positive
correlations between the changes in GMA, GMP, and GMPI,
and the GMP deficit is attributed to both the GMA reduction
and the GMPI weakening, particularly the former.

(3) In response to the LGM boundary conditions, the increased
summer meridional temperature gradient in the northern
hemisphere, the decreased summer landesea thermal
contrast at 40�S e 70�N, and the global cooling at the surface
and in the troposphere are responsible for the large-scale
decrease in monsoon areas and precipitation.

(4) Qualitatively, simulations agree with reconstructions in most
of global land monsoon areas except in the western part of
northern Australia where disagreements occur and in South
America and the southern part of southern Africa where
proxy data uncertainty exists. Coupled models perform
qualitatively better over much of central-eastern China and
northern Australia than the earlier PMIP1 models. The pre-
viously proposed inter-hemispheric anti-phasing either be-
tween the Asian and South American monsoons or between
the northern and southern African monsoons on the orbital
scale is not supported by the present analysis.

Finally, wewould like to stress that the simulated LGMmonsoon
area and precipitation vary from model to model. This model-
dependent uncertainty may arise from the difference in the
experimental design of the simulations through the three phases of
PMIP, from the difference in the model resolution and structure
that determine their internal natural variability and their sensi-
tivity to external perturbations, and from insufficient integration
time to reach an equilibrium state for boundary conditions
(Masson-Delmotte et al., 2013). Moreover, ocean and vegetation are
two core components of the climate system. The present experi-
ments of three atmospheric models, two atmeslab ocean models,
and 12 fully coupled atmosphereeocean or atmospher-
eeoceanevegetationmodels make it impossible to detect the effect
of ocean feedback on the LGM global monsoon directly through
comparisons between atmospheric and coupled models, as is the
dynamical vegetation that is only partly taken into account in three
of 17 models, namely FGOALS-g2, IPSL-CM5A-LR, and MIROC-ESM.
Both effects need to be further investigated by performing special
experiments using a hierarchy of models from the same family in a
transparent manner (e.g., Braconnot et al., 1999; Jahn et al., 2005).
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Furthermore, still missing is dust feedback, an important process
for the LGM climate (Masson-Delmotte et al., 2013). Other experi-
ments are required to disentangle the contribution of the different
LGM forcings (ice-sheets, greenhouse gases, and astronomical pa-
rameters) to the changes in monsoon described here. Therefore
both climate models and the numerical experiment design need to
be improved in future studies. On the other hand, it should be kept
in mind that the spatial coverage of the proxy data used for the
present modeledata comparison is still sparse. More re-
constructions using multiple proxies and methods are desired to
constrain the simulations, particularly in South America and the
southern part of southern Africa where large uncertainty exists.
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