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Using the results of 25 climate models under the framework of the Paleoclimate Modelling Intercomparison
Project (PMIP) and available proxy data, this study examines the regional climate of China during the Last Glacial
Maximum (LGM: 21,000 years ago). Compared to the baseline climate, results show that annual surface
temperature decreased by 2.00°–7.00 °C in China during that period,with an average of 4.46 °C, for the ensemble
mean of all models. Annual precipitation and evaporation during the LGM were 5–40% less than the baseline
values, with an average reduction of 20% (0.60 mm/day) and a reduction of 21% (0.41 mm/day) at the national
scale, based on results from 15 out of the 25 models. These models were selected for their ability to simulate the
modern precipitation climatology and for the availability of suitable evaporation data. Both the geographical
distribution and magnitude of changes in surface temperature, precipitation, and evaporation during the LGM
varied with the seasons and with the models, particularly at the sub-regional scale. Model-data comparisons
revealed that the 25models successfully reproduced the surface cooling trend during the LGM, but they failed to
reproduce its magnitude in all four regions of comparison, particularly in the Hexi Corridor and in North and
Northeast China. The simulationswith computed sea surface temperatures (SSTs)were in better agreementwith
proxy estimates of surface temperature than those with prescribed SSTs. On the other hand, large-scale LGM-
minus-baseline anomalies in annual precipitation minus evaporation agreed well, in a qualitative manner, with
lake status-based reconstructions of changes in annual water budgets in East China and the region of 35°–42°N,
74°–97°E. On the eastern Qinghai–Tibetan Plateau, drier climates from the 15 models agreed with pollen-based
reconstructions. For most parts of West China excluding the Qinghai–Tibetan Plateau, the simulations with
computed (prescribed) SSTs are consistent (inconsistent) with reconstructed moister conditions.
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1. Introduction

The Last Glacial Maximum (LGM) is well known as a cold period
around 21,000 years before present. During that time, climate condi-
tions were greatly different from those of today, with global surface
temperature being reconstructed to be 4°–7 °C lower than the current
level (Jansen et al., 2007). This provides a good opportunity for
examining how the climate system responds to large changes in
continental ice sheets and concentrations of atmospheric greenhouse
gasses anddust content duringglacial periods. Inparticular, the LGMhas
been a target period of the Paleoclimate Modelling Intercomparison
Project (PMIP; Joussaume and Taylor, 1995; Braconnot et al., 2007).

Using atmospheric general circulation models (AGCMs) and
regional climate models (RCM) nested within AGCMs, a few climate
simulations have been conducted to address the East Asian and
Chinese climates of the LGM (Wang and Zeng, 1993; Liu et al., 1995;
Chen et al., 2001; Yu et al., 2001; Liu et al., 2002; Jiang et al., 2003;
Zhao et al., 2003; Zheng et al., 2004; Ju et al., 2007). They revealed
that, with reference to the present day, annual surface temperatures
decreased significantly over China, while annual precipitation
decreased at the national scale during the LGM. On the other hand,
model-model comparisons indicate a large spread in themagnitude of
the LGM surface temperature changes and in the magnitude and sign
of the LGM precipitation changes between the models. In most parts
of western China, for example, wetter climates from an AGCM (Chen
et al., 2001; Yu et al., 2001; Liu et al., 2002) starkly contrasted with
drier climates from the rest of the models. These results were
apparently model-dependent, implying a large degree of uncertainty
in the LGM climate over China. Furthermore, this uncertainty became
larger when the details of regional-scale and seasonal climate changes
were taken into account. In this connection, it is of particular interest
to integrate outputs from multiple climate models for analysis of the
similarities and differences between the model results.

Ocean is an intrinsically interactive component of the climate
system, and its effect has been regarded as an important mechanism
contributing to the LGM climate (Jansen et al., 2007). However, the
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earlier AGCM- and RCM-type simulations of the LGM climate over
China were generally in line with the framework of the first phase of
PMIP, and, therefore, had neglected ocean dynamics. Because these
simulations underestimated the reconstructed changes in surface
temperature over China as a whole (e.g., Jiang et al., 2003; Ju et al.,
2007), what the LGM climate conditions over China were derived
from coupled atmosphere–ocean general circulation models
(AOGCMs), and then their degree of improved accuracy against
proxy data over AGCMs remain to be resolved.

With the same or similar boundary conditions and experimental
designs, a number of simulations of the LGM climate were performed
using a hierarchy of climatemodels, ranging from AGCMs (either with
prescribed SSTs or coupled with slab ocean models) to AOGCMs and
coupled atmosphere–ocean–vegetation general circulation models
(AOVGCMs), in the framework of PMIP (Joussaume and Taylor, 1995;
Braconnot et al., 2007). These model results provide an excellent
opportunity for investigating the common and different responses of
climate models to the LGM forcings, model-dependent uncertainties,
and the role of ocean on the regional climate over China.

On the other hand, using the PMIP simulations of the LGM climate,
model-data comparisons have been carried out in the tropics (Pinot
et al., 1999; Braconnot et al., 2007; Otto-Bliesner et al., 2009), the North
Atlantic, Europe, and western Siberia (Kageyama et al., 2001, 2006;
Ramstein et al., 2007), western Europe (Hoar et al., 2004), and
Greenland and Antarctica (Masson-Delmotte et al., 2006). They have
greatly advanced the understanding of climate change in those regions.
In this area, however, we still have no knowledge about China. Based on
a great deal of the reconstructionwork, regional climate has been found
to undergo dramatic changes in China during the LGM, particularly
significantly lower surface temperatures than at present. These proxy
data form a solid foundation upon which model-data comparisons can
bemade in a qualitative or quantitative manner. This begs the question
as to the extent to which reconstructions and state-of-the-art
simulations in China are compatible. Notably, unlike previous model-
data comparisons based on individual AGCM results (e.g., Chen et al.,
2001; Liu et al., 2002; Jiang et al., 2003;Yuet al., 2003; Ju et al., 2007), the
comparisons between multiple climate models and a wealth of proxy
data are more helpful for diagnosing the ability of current climate
models to reproduce the East Asian monsoon climate during the LGM.
Table 1
Basic information about the general circulation models used in the present study.

Model ID Project Atmo
(long

01 BMRC2 PMIP1 (SST-f) 96×8
02 CCC2.0 PMIP1 (SST-f) 96×4
03 CCSR1 PMIP1 (SST-f) 64×3
04 ECHAM3 PMIP1 (SST-f) 128×
05 GEN2 PMIP1 (SST-f) 96×4
06 IAP PMIP1 (SST-f) 72×4
07 LMD4 PMIP1 (SST-f) 48×3
08 LMD5 PMIP1 (SST-f) 64×5
09 MRI2 PMIP1 (SST-f) 72×4
10 UGAMP PMIP1 (SST-f) 128×
11 CCC2.0-slab PMIP1 (SST-c) 96×4
12 CCM1 PMIP1 (SST-c) 48×4
13 GEN1 PMIP1 (SST-c) 48×4
14 GEN2-slab PMIP1 (SST-c) 96×4
15 GFDL PMIP1 (SST-c) 96×8
16 MRI2-slab PMIP1 (SST-c) 72×4
17 UGAMP-slab PMIP1 (SST-c) 128×
18 UKMO PMIP1 (SST-c) 96×7
19 CCSM PMIP2 (AOGCM) 128×
20 CNRM PMIP2 (AOGCM) 128×
21 FGOALS PMIP2 (AOGCM) 128×
22 HadCM3M2 PMIP2 (AOGCM) 96×7
23 IPSL PMIP2 (AOGCM) 96×7
24 MIROC3.2 PMIP2 (AOGCM) 128×
25 HadCM3M2-veg PMIP2 (AOVGCM) 96×7
Importantly, insights gained from this regional scale study will
contribute to a global perspective concerning model-data comparisons
during the LGM.

Accordingly, an analysis wasmade of all the outputs available from
the PMIP database to investigate the similarities and differences
between the model results, the role of ocean on the regional climate,
and the extent to which simulations are compatible with reconstruc-
tions over China during the LGM. The dynamical mechanisms behind
the most common changes have also been discussed.

2. Data

2.1. Model, reanalysis, and proxy data

The present study examined all of the available simulations for the
LGM climate under the framework of PMIP, including experiments
using nine AGCMs with prescribed sea surface temperatures (SSTs)
established by CLIMAP project members (1981) (SST-f) and eight
AGCMs with SSTs computed by slab ocean models (SST-c) from the
first phase of PMIP (PMIP1), plus six AOGCMs and one AOVGCM from
the secondphase of PMIP (PMIP2). The data of these 24 climatemodels
were provided by the international modeling groups participating in
PMIP and archived in the PMIP database from which we downloaded
the data of interest.More information about themodel data is available
online at http://pmip.lsce.ipsl.fr/. In addition, a set of prescribed SST
experiments performed using an AGCM developed at the Institute of
Atmospheric Physics under the Chinese Academy of Sciences (Jiang
et al., 2003; hereafter referred to as IAP) were also analyzed. Basic
information about these 25 models is listed in Table 1.

Reanalysis data used to evaluate the ability of the models to
reproduce the modern climatology over China included the National
Centers for Environmental Prediction–National Center for Atmospheric
Research (NCEP–NCAR) reanalysis of surface temperature (Kalnay et al.,
1996) and the Climate Prediction Center (CPC) merged analysis of
precipitation (Xie and Arkin, 1997) for the period 1979–2000. Given
that there were differences of horizontal resolution among the models,
all model and observation data of concern were aggregated to a
relatively mid-range resolution of 96×48 (longitude×latitude) using a
linear interpolation or extrapolation approach.
spheric resolution
itude×latitude, level)

Length of run
analyzed (year)

Baseline period

0, L17 15 Modern
8, L10 10 Modern
2, L20 10 Modern
64, L19 10 Modern
8, L18 10 Modern
6, L9 10 Modern
6, L11 15 Modern
0, L11 15 Modern
6, L15 10 Modern
64, L19 20 Modern
8, L10 10 Pre-industrial
0, L12 10 Pre-industrial
0, L12 14 Pre-industrial
8, L18 10 Pre-industrial
0, L20 25 Pre-industrial
6, L15 14 Pre-industrial
64, L19 20 Pre-industrial
3, L19 20 Pre-industrial
64, L18 100 Pre-industrial
64, L31 100 Pre-industrial
60, L9 100 Pre-industrial
3, L19 100 Pre-industrial
2, L19 100 Pre-industrial
64, L20 100 Pre-industrial
3, L19 100 Pre-industrial

Administrator
高亮

Administrator
高亮

Administrator
高亮

Administrator
高亮

Administrator
高亮

Administrator
高亮
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Table 2
Spatial correlation coefficients (SCC) and root-mean-square errors excluding system-
atic model error (RMSE) of annual surface temperature and precipitation between each
baseline (or control) simulation and observations on the basis of 77 grid points within
mainland China.

Model ID Annual surface
temperature

Annual precipitation

SCC RMSE (°C) SCC RMSE
(mm/day)

Analyzed
or not

01 BMRC2 0.95 2.64 0.75 0.92 Yes
02 CCC2.0 0.88 3.95 0.52 1.51 Yes
03 CCSR1 0.77 5.43 0.79 0.81 Yes
04 ECHAM3 0.96 2.25 0.83 0.81 Yes
05 GEN2 0.95 2.52 0.82 1.06 Yes
06 IAP 0.89 3.60 0.69 1.16 No
07 LMD4 0.95 2.69 0.41 3.47 No
08 LMD5 0.97 2.52 0.66 2.24 No
09 MRI2 0.82 4.71 0.55 1.81 Yes
10 UGAMP 0.97 2.80 0.64 2.13 No
11 CCC2.0-slab 0.88 3.82 0.52 1.46 Yes
12 CCM1 0.78 5.22 0.79 1.09 Yes
13 GEN1 0.84 4.67 −0.12 1.41 No
14 GEN2-slab 0.95 2.56 0.84 1.17 Yes
15 GFDL 0.94 2.76 0.83 1.32 Yes
16 MRI2-slab 0.86 4.32 0.61 1.51 Yes
17 UGAMP-slab 0.97 2.67 0.64 2.17 No
18 UKMO 0.99 1.37 0.86 0.71 Yes
19 CCSM 0.94 2.80 0.69 0.96 No
20 CNRM 0.98 1.73 0.74 1.64 Yes
21 FGOALS 0.98 1.62 0.27 1.97 No
22 HadCM3M2 0.99 1.19 0.93 0.66 Yes
23 IPSL 0.96 2.51 0.60 1.08 No
24 MIROC3.2 0.95 2.75 0.79 0.86 No
25 HadCM3M2-veg 0.99 1.36 0.92 0.67 Yes

Observational climatology is derived from the NCEP–NCAR reanalysis of surface
temperature (Kalnay et al., 1996) and the CPCmerged analysis of precipitation (Xie and
Arkin, 1997) for the period 1979–2000. For annual precipitation, SCCs with confidence
levels b99% are in bold; RMSEs N2 mm/day are in bold; and models for which
evaporation data is not available are listed in bold.
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To compare model results to proxy data, the reconstructions of the
LGM surface temperature and moisture conditions were collected
across China. The former was expressed in a quantitative manner,
including records of pollen, ice core, sand wedge, stalagmite, organic
fossil, phytolith, and halite from 130 sites. The latter was expressed in
a qualitative manner, including lake records of 32 lakes and pollen
data from nine sites. All of the proxy data and their corresponding
references are represented in the model-data comparison section.

2.2. Boundary conditions for the LGM

The boundary conditions for modeling the LGM climate consisted of
changes in the Earth's orbital parameters (Berger, 1978), ice-sheet
extent, and the concentrations of atmospheric greenhouse gasses. SSTs
were prescribed as in CLIMAP project members (1981) for the PMIP1
SST-f experiments, but they were computed by slab oceanmodels in the
PMIP1 SST-c experiments and by oceanic general circulation models in
thePMIP2 experiments. The ICE-4Gand ICE-5G ice-sheet reconstructions
were respectively used in the PMIP1 and PMIP2 experiments (Peltier,
1994, 2004). Atmospheric CO2 concentration varied from 345 ppm for
the control run to 200 ppm for the LGM simulation in the PMIP1
experiments (Raynaud et al., 1993), while concentrations of atmospheric
CO2, CH4, and N2O varied from the pre-industrial values of 280 ppm,
760 ppb, and 270 ppb to 185 ppm, 350 ppb, and 200 ppbduring the LGM
in thePMIP2experiments, respectively (Fluckiger et al., 1999;Dallenbach
et al., 2000; Monnin et al., 2001). In addition, there were also differences
in thebaseline (or reference) period for the LGMclimate simulations. The
modern period ca. 1950was used in the PMIP1 SST-f experiments, while
thepre-industrial period ca. 1750wasused in thePMIP1SST-c andPMIP2
experiments. More details about the boundary conditions and experi-
mental designs of the LGM climate simulations can be found in
Joussaume and Taylor (1995), Braconnot et al. (2007), and at the Web
site http://pmip.lsce.ipsl.fr/.

2.3. Evaluation of the models

The extent to which climate models can reproduce the modern
geographical distribution andmagnitude of annual surface temperature
and precipitation over China bears directly on whether their results are
appropriate for addressing the LGM climate in this region. Therefore,
spatial correlation coefficients (SCCs) and root-mean-square errors
excluding systematic model error (RMSEs) of annual surface temper-
ature and precipitation between each control simulation and observa-
tions were calculated on the basis of 77 grid points across the Chinese
mainland. The former variable was used to quantify the similarity
between simulated and observed spatial patterns, while the latter was
used to assess internal model errors. With reference to the NCEP–NCAR
reanalysis of surface temperature for the period 1979–2000 (Kalnay et
al., 1996), Table 2 shows that SCCs ranged from 0.77 (CCSR1) to 0.99
(UKMO, HadCM3M2, and HadCM3M2-veg) and that RMSEs ranged
from 1.19 °C (HadCM3M2) to 5.43 °C (CCSR1), indicating that the
models were dependable in their ability to simulate the modern
geographical distribution of annual surface temperature over China.
Where the ensemble mean of the 25 models' results for annual surface
temperature was concerned (equal weighting across models), the
overall SCC and RMSE were 0.97 and 2.06 °C, respectively.

There was a large spread in the ability of the models to reproduce
the modern annual precipitation over China, with reference to the
CPC merged analysis of precipitation for the period 1979–2000 (Xie
and Arkin, 1997). As listed in Table 2, SCCs ranged from −0.12
(GEN1) to 0.93 (HadCM3M2), and RMSEs ranged from 0.66 mm/day
(HadCM3M2) to 3.47 mm/day (LMD4). To identify “reliable”models in
termsof annual precipitation results, three criteriawere arbitrarily set in
this study. First, the SCC had to be positive and statistically significant at
the 99% confidence level; second, the RMSE had to be b2 mm/day; and
third, evaporation data had to be available, as precipitation minus
evaporation was used to evaluate net precipitation (or moisture)
conditions during the LGM. In this manner, 15 models were finally
chosen for analysis based on the results presented in Table 2. For the
ensemble mean with equal weighting, the results of 15 models for
annual precipitation in the baseline period gave a SCC of 0.87 and a
RMSEof 0.74 mm/day. Taken together, themulti-model ensemblemean
had a higher reliability with reference to most, but not all, of the
individual models, which justifies our emphasis on the ensemble mean
of the results of 25 models for annual surface temperature and the
results of 15 models for precipitation in the following analyses.

3. LGM climate in China: results of PMIP simulations

3.1. Surface temperature

The LGM surface temperature differed greatly from that in the
baseline period. In response to the LGM forcings, statistically
significant annual surface temperature decreases of 2°–7 °C were
obtained from the ensemble mean of the 25 models' experiments
(hereafter referred to as MME-25) on the mainland of China (Fig. 1a).
On the whole, surface temperature reductions intensified toward the
high latitudes and were characterized by large changes in magnitude
over most parts of the Qinghai–Tibetan Plateau and over Northeast
China, where annual surface cooling exceeded 5 °C. For China as a
whole, theMME-25 annual surface temperature decreased on average
by 4.46 °C during the LGM with reference to the baseline climate. As
seen in Table 3, although the LGM regionally averaged annual surface
temperature in China was reduced consistently in the simulations of
25 models, the magnitude of the surface cooling was different among
the models, ranging from 1.49 °C (BMRC2) to 9.32 °C (CCC2.0-slab),
with a standard deviation of 1.68 °C across the models.

http://pmip.lsce.ipsl.fr/


(a) LGM-baseline in PMIP (-4.46)

(d) LGM-baseline in PMIP2 (-4.59)

(b) LGM-baseline in PMIP1 SST-f (-3.44)

(c) LGM-baseline in PMIP1 SST-c (-5.63)

Fig. 1. LGM–baseline changes in annual surface temperature (units: °C) for (a) the ensemble mean of the 25 PMIP simulations, (b) the ensemble mean of the 10 PMIP1 SST-f
simulations, (c) the ensemble mean of the eight PMIP1 SST-c simulations, and (d) the ensemble mean of the seven PMIP2 simulations. Areas with confidence levelsb95% are shaded.
Here, statistical significance is assessed by the use of a Student's t-test applied to the differences between the LGM and baseline simulations. Regionally averaged changes within the
Chinese mainland are given in parentheses.
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When viewed in terms of model classes, the geographical distribu-
tion of changes in the LGM annual surface temperature was similar
across model types, but with different magnitudes (Fig. 1b–d). Annual
surface cooling was the strongest in the ensemble mean of the eight
PMIP1 SST-c experiments (−5.63 °C in China), whereas it was the
weakest in the ensemble mean of the 10 PMIP1 SST-f experiments
(−3.44 °C in China). Regionally averaged annual surface temperature in
Chinawas reduced by 4.59 °C in the ensemblemean of the seven PMIP2
experiments. Less surface cooling in the PMIP1 SST-f experiments with
prescribed SSTs (CLIMAP projectmembers, 1981) can be, at least partly,
attributed to the small reductions in the reconstructed SSTs in the
oceans adjacent to the East Asian continent. According to the availability
of the SST data, the simulated changes in the LGM SSTs as derived from
the six PMIP2 AOGCM simulations were compared to CLIMAP project
members (1981). In the western North Pacific (0°–40°N, 105°–180°E)
for example, the regionally averaged annual SST during the LGM was
2.34 °C (1.93 °C in FGOALS, 1.96 °C inCCSM,2.03 °C inMIROC3.2, 2.49 °C
in CNRM, 2.72 °C in IPSL, and 2.92 °C in HadCM3M2) colder than the
baseline climate in the AOGCM experiments and was significantly
stronger than the 1.24 °C SST decrease from CLIMAP project members
(1981). Accordingly, the LGMannual surface cooling in Chinawas larger
in the AOGCM experiments, because the corresponding colder SSTs in
the western North Pacific can give rise to larger losses of surface heat in
the East Asian region during boreal warm seasons and smaller gains of
surface heat during boreal cold seasons.

The geographical distribution of LGM–baseline anomalies in sea-
sonal surface temperature variedwith season andwas generally similar
to the annual mean pattern described above for East Asia, excluding
ocean and near-ocean areas off the east coast of the Asian continent
within the region of 30°–40°N, 118°–128°E. In this area, surface
temperature changed by −10.0 °C to −14.0 °C in winter (December,
January, and February) and−3.0 °C to 1.0 °C in summer (June, July, and
August), which was directly associated with the reconstructed land
environment there rather than themodern ocean conditions, owing to a
sea-level drop of ~120 m during the LGM relative to the present day
(Peltier, 1994, 2004). For the whole of China, the LGM surface cooling
differed in magnitude between the seasons, ranging from −3.85 °C in
spring (March, April, and May) to −4.21 °C in summer to −4.60 °C in
winter to−5.19 °C in autumn (September, October, and November) in
terms of the MME-25 (Table 3). Moreover, the LGM change in surface
temperature, with respect to the baseline climate, was largely different
among the models in each season. It varied from 0.07 °C (BMRC2) to
−9.37 °C (CCC2.0-slab) in spring, from −0.90 °C (IAP) to −10.26 °C
(CCC2.0-slab) in summer, from −1.91 °C (BMRC2) to −10.71 °C
(CCM1) in autumn, and from −1.55 °C (FGOALS) to −8.18 °C
(CCC2.0-slab) in winter. Across the models, the smallest standard
deviation was 1.64 °C in winter and the largest one was 1.99 °C in
summer. In addition, as with the annual mean, in each season the
magnitude of the surface temperature cooling was the strongest in the
ensemble mean of the eight PMIP1 SST-c experiments, with values of
−5.08 °C in spring, −5.29 °C in summer, −6.77 °C in autumn, and
−5.39 °C in winter, whereas it was the weakest in the ensemble mean
of the 10 PMIP1 SST-f experiments, with values of −2.78 °C in spring,
−3.03 °C in summer, −3.92 °C in autumn, and −4.03 °C in winter.
Surface temperature was reduced by 3.98 °C in spring, by 4.67 °C in
summer, by 5.21 °C in autumn, andby4.49 °C inwinter for the ensemble
mean of the seven PMIP2 experiments, respectively.

3.2. Precipitation

Annual precipitation was reduced by 5–40% in China during the
LGM, with respect to the baseline climate, based on the ensemble



(a) PMIP (-20%)

(

(

(c) PMIP1 SST-c (-15%)

Fig. 2. Percentage changes in annual precipitation (units: %) during the LGM, with referen
ensemble mean of the six PMIP1 SST-f models, (c) the ensemble mean of the six PMIP1 SST-c
levelsN95% are shaded. Regionally averaged percentage changes within the Chinese mainla

Table 3
LGM–baseline anomalies in regionally averaged annual surface temperature (units: °C)
in China.

Model ID Annual mean Winter Spring Summer Autumn

01 BMRC2 −1.49 −1.62 0.07 −2.49 −1.91
02 CCC2.0 −5.51 −3.69 −6.27 −6.65 −5.43
03 CCSR1 −3.26 −3.56 −3.03 −3.77 −2.69
04 ECHAM3 −2.77 −2.32 −1.24 −3.75 −3.78
05 GEN2 −3.96 −5.96 −2.56 −2.18 −5.13
06 IAP −2.39 −3.94 −1.40 −0.90 −3.33
07 LMD4 −4.01 −5.92 −2.30 −2.37 −5.45
08 LMD5 −4.48 −5.95 −4.12 −3.06 −4.79
09 MRI2 −3.08 −3.47 −3.60 −1.86 −3.38
10 UGAMP −3.47 −3.85 −3.38 −3.30 −3.35
11 CCC2.0-slab −9.32 −8.18 −9.37 −10.26 −9.47
12 CCM1 −8.02 −7.70 −6.87 −6.78 −10.71
13 GEN1 −5.86 −5.74 −5.60 −5.15 −6.96
14 GEN2-slab −3.48 −4.84 −2.41 −2.08 −4.59
15 GFDL −4.25 −3.65 −3.45 −4.38 −5.50
16 MRI2-slab −6.04 −5.01 −5.83 −6.06 −7.27
17 UGAMP-slab −3.74 −3.51 −3.21 −3.78 −4.46
18 UKMO −4.35 −4.54 −3.87 −3.82 −5.18
19 CCSM −3.77 −3.97 −3.51 −3.55 −4.06
20 CNRM −4.07 −5.19 −3.02 −3.40 −4.65
21 FGOALS −3.65 −1.55 −3.61 −4.50 −4.93
22 HadCM3M2 −4.61 −4.90 −3.94 −4.55 −5.04
23 IPSL −5.33 −4.66 −4.55 −5.93 −6.19
24 MIROC3.2 −4.07 −3.96 −3.38 −4.03 −4.92
25 HadCM3M2-veg −6.61 −7.20 −5.82 −6.74 −6.67
MME-all −4.46 −4.60 −3.85 −4.21 −5.19
MME-PMIP1-SST-f −3.44 −4.03 −2.78 −3.03 −3.92
MME-PMIP1-SST-c −5.63 −5.39 −5.08 −5.29 −6.77
MME-PMIP2 −4.59 −4.49 −3.98 −4.67 −5.21

MME-all denotes the ensemble mean of the 25 models; MME-PMIP1-SST-f denotes the
ensemble mean of the 10 PMIP1 SST-f models; MME-PMIP1-SST-c denotes the
ensemble mean of the eight PMIP1 SST-c models; and MME-PMIP2 denotes the
ensemble mean of the seven PMIP2 models.
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mean of the 15 models' experiments (hereafter referred to as MME-
15) (Fig. 2a). Statistically significant changes in annual precipitation
were registered in northern Northeast China, northernmost Xinjiang,
the central part of the Qinghai–Tibetan Plateau, and Southeast China,
where annual precipitation reductions were 20–40% of the baseline
values. The spatial pattern and magnitude of the LGM changes in
annual precipitation were similar overall between each of the three
types of experiments, although there were differences, mostly in
magnitude, at the sub-regional scale (Fig. 2b–d). Significantly, annual
precipitation increased slightly in the PMIP1 SST-c experiments but
decreased in the other two types of experiments in Southwest China.
As listed in Table 4, at the national scale, regionally averaged annual
precipitation was reduced by 20% (0.60 mm/day) in the MME-15 and
was uniformly negative across themodels, with a range of values from
−6% (GFDL) to −38% (ECHAM3). On the whole, the LGM annual
precipitation reduction was stronger in the ensemble mean of the six
PMIP1 SST-f experiments (−27%) than that of the six PMIP1 SST-c
experiments (−15%) or the three PMIP2 experiments (−17%).

The percentage change of seasonal precipitation during the LGM,
relative to the baseline climate, was similar, both in sign and spatial
pattern, between the seasons, and it agreed in general with the annual
mean case over much of China. By contrast, there were also differences,
both in sign and magnitude, in some parts of China. In the MME-15, for
example, the LGM precipitation increased by 0–10% over most parts of
Southwest China in winter and by 0–30% over the seas off the east coast
of theEastAsian continentaround35°Nand125°E in summer.However,
it decreased by N40% in the latter region in bothwinter and autumn. On
the other hand, regionally averaged precipitation in China uniformly
decreased across the seasons in the MME-15, with values of −16% in
spring, −21% in summer, −26% in autumn, and −14% in winter.
Changes in the LGM seasonal precipitation were the same in sign but
different inmagnitude among the three types of experiments (Table 4).
d) PMIP2 (-17%)

b) PMIP1 SST-f (-27%)

ce to the baseline climate, for (a) the ensemble mean of the 15 PMIP models, (b) the
models, and (d) the ensemble mean of the three PMIP2 models. Areas with confidence
nd are given in parentheses.



Table 4
Percentage anomaly (units: %) and difference (units: mm/day, expressed in parentheses) of regionally averaged annual and seasonal precipitation and evaporation in China during
the LGM with respect to the baseline climate.

Model ID Precipitation/evaporation

Annual Winter Spring Summer Autumn

01 BMRC2 −25 (−0.67)/−29 (−0.51) −49 (−0.45)/−56 (−0.37) −25 (−0.72)/−25 (−0.50) −10 (−0.47)/−18 (−0.49) −47 (−1.03)/−43 (−0.67)
02 CCC2.0 −21 (−0.62)/−26 (−0.51) 8 (0.11)/−32 (−0.21) −9 (−0.28)/−32 (−0.58) −31 (−1.52)/−22 (−0.79) −34 (−0.80)/−24 (−0.45)
03 CCSR1 −22 (−0.66)/−19 (−0.41) 1 (0.01)/−27 (−0.28) −18 (−0.55)/−16 (−0.37) −20 (−1.11)/−13 (−0.47) −40 (−0.98)/−26 (−0.53)
04 ECHAM3 −38 (−0.77)/−34 (−0.49) −43 (−0.27)/−53 (−0.37) −34 (−0.65)/−34 (−0.48) −24 (−0.90)/−18 (−0.41) −71 (−1.25)/−50 (−0.71)
05 GEN2 −36 (−0.96)/−25 (−0.42) −36 (−0.41)/−48 (−0.47) −28 (−0.78)/−14 (−0.24) −33 (−1.47)/−15 (−0.39) −51 (−1.17)/−37 (−0.59)
09 MRI2 −24 (−1.05)/−18 (−0.53) −26 (−0.48)/−19 (−0.25) −18 (−0.92)/−16 (−0.50) −29 (−1.99)/−18 (−0.83) −22 (−0.81)/−21 (−0.54)
11 CCC2.0-slab −17 (−0.48)/−32 (−0.64) −3 (−0.05)/−48 (−0.34) −22 (−0.67)/−46 (−0.87) −20 (−1.00)/−26 (−0.92) −9 (−0.20)/−22 (−0.42)
12 CCM1 −22 (−0.91)/−24 (−0.56) −20 (−0.39)/−50 (−0.41) −16 (−0.54)/−23 (−0.48) −27 (−2.06)/−16 (−0.70) −17 (−0.63)/−33 (−0.64)
14 GEN2-slab −20 (−0.54)/−18 (−0.30) −22 (−0.26)/−46 (−0.44) −12 (−0.33)/−9 (−0.14) −20 (−0.87)/−8 (−0.18) −28 (−0.70)/−27 (−0.44)
15 GFDL −6 (−0.20)/−9 (−0.16) 2 (0.03)/−22 (−0.16) −3 (−0.13)/−8 (−0.19) −6 (−0.32)/−3 (−0.10) −16 (−0.39)/−14 (−0.21)
16 MRI2-slab −13 (−0.49)/−16 (−0.41) −8 (−0.13)/−25 (−0.32) −13 (−0.55)/−17 (−0.45) −17 (−0.98)/−11 (−0.42) −8 (−0.29)/−19 (−0.46)
18 UKMO −11 (−0.26)/−11 (−0.20) −15 (−0.18)/−21 (−0.20) −15 (−0.43)/−11 (−0.23) −9 (−0.35)/−5 (−0.12) −5 (−0.10)/−14 (−0.23)
20 CNRM −13 (−0.41)/−17 (−0.25) −7 (−0.07)/−34 (−0.24) −7 (−0.20)/−12 (−0.18) −15 (−0.88)/−9 (−0.22) −21 (−0.51)/−25 (−0.38)
22 HadCM3M2 −16 (−0.41)/−19 (−0.33) 10 (0.09)/−37 (−0.31) −12 (−0.35)/−14 (−0.26) −21 (−1.02)/−13 (−0.35) −18 (−0.35)/−26 (−0.41)
25 HadCM3M2-veg −24 (−0.60)/−28 (−0.46) −9 (−0.07)/−48 (−0.39) −22 (−0.59)/−25 (−0.42) −27 (−1.26)/−19 (−0.49) −25 (−0.46)/−35 (−0.52)
MME-all −20 (−0.60)/−21 (−0.41) −14 (−0.17)/−36 (−0.32) −16 (−0.51)/−20 (−0.39) −21 (−1.08)/−15 (−0.46) −26 (−0.65)/−27 (−0.48)
MME-PMIP1-SST-f −27 (−0.79)/−24 (−0.48) −21 (−0.25)/−37 (−0.32) −21 (−0.65)/−21 (−0.44) −25 (−1.24)/−18 (−0.56) −41 (−1.01)/−31 (−0.58)
MME-PMIP1-SST-c −15 (−0.48)/−19 (−0.38) −11 (−0.16)/−35 (−0.31) −13 (−0.44)/−19 (−0.39) −17 (−0.93)/−12 (−0.41) −14 (−0.39)/−22 (−0.40)
MME-PMIP2 −17 (−0.47)/−21 (−0.35) −2 (−0.02)/−40 (−0.31) −13 (−0.38)/−17 (−0.29) −21 (−1.05)/−14 (−0.35) −21 (−0.44)/−29 (−0.44)

MME-all denotes the ensemble mean of the 15 models; MME-PMIP1-SST-f denotes the ensemble mean of the six PMIP1 SST-f models; MME-PMIP1-SST-c denotes the ensemble
mean of the six PMIP1 SST-c models; and MME-PMIP2 denotes the ensemble mean of the three PMIP2 models.
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The percentage anomalies of regionally averaged seasonal precipitation
were obviously stronger in the six PMIP1 SST-f simulations than in the
ninePMIP1 SST-c andPMIP2 simulations. In addition, in each season, the
LGM changes in regionally averaged seasonal precipitationwere greatly
different between the models, with a wide range of values from −3%
(GFDL) to −34% (ECHAM3) in spring, from −6% (GFDL) to −33%
(GEN2) in summer, from−5% (UKMO) to−71% (ECHAM3) in autumn,
and from 10% (HadCM3M2) to−49% (BMRC2) in winter.
(a) PMIP (-21%)

(

(

(c) PMIP1 SST-c (-19%)

Fig. 3. Same as Fig. 2, but for percentage ch
3.3. Evaporation

During the LGM, annual evaporation in China was reduced by
5–40% in the MME-15, which was related directly to the LGM surface
cooling. Statistically significant reductions in annual evaporation
occurred mainly in East China and for the central and western
Qinghai–Tibetan Plateau, with negative anomalies of 15% to 40%
(Fig. 3a). The magnitude of change in annual evaporation during the
d) PMIP2 (-21%)

b) PMIP1 SST-f (-24%)

anges in annual evaporation (units: %).
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Table 5
Proxy data providing estimates of changes (LGM–present) in annual surface temperature (ΔTann; units: °C) over the Chinese mainland.

Site Proxy data Region ΔTann Reference

12 sites in South China Pollen 20°–32°N, 105°–120°E −7±3.5 Farrera et al. (1999)
and references therein

Tianyang Lake borehole Pollen 20.31°N, 110.18°E −5 to −8 Zheng and Guiot (1999)
Seven sites in the Qinghai-Tibetan Plateau Ice core, pollen,

and sand wedge
28°–36°N, 80°–100°E −6 to −9, with

an average of −7
Shi et al. (1997), Shi (2002),
and references therein

Seven sites in the eastern Qinghai-Tibetan Plateau Pollen 30°–37°N, 92°–102°E −6 Tang et al. (1998)
Hulu Cave Stalagmite 32.30°N, 119.10°E Around −8 Wang et al. (2002)
80 sites in North and Northeast China Pollen 34°–50°N, 105°–135°E At least −8 to −10 Liu (1988)
Weinan loess-paleosol sequence Organic fossil 34.24°N, 109.30°E −7 to −9 Wu et al. (1994)
Weinan loess-paleosol sequence Phytolith 34.24°N, 109.30°E −6.2 to −6.6 Lu et al. (2007)
Guliya ice cap Ice core 35.17°N, 81.29°E colder than −9 Yao et al. (2000)
Two boreholes in the Chaerhan Salt Lake Halite 36.37°–37.12°N, 94.15°–96.14°E −6 to −7 Zhang et al. (1995)
Luanhaizi Lake Pollen 37.59°N, 101.35°E −4 to −7 Herzschuh et al. (2006)
11 sand deposit sites in northwestern Shanxi Province Pollen 38°–41°N, 111°–113°E −9.6 to −15.5 Su and Ma (1997)
Six sites in the Hexi Corridor Sand wedge 39°–41°N, 94°–100°E −13 to −15 Wang et al. (2001)
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LGM was similar, but its spatial pattern was somewhat different
between each of the three types of experiments (Fig. 3b–d). For
example, large reductions of N30% obtained for annual evaporation in
the PMIP1 SST-f and SST-c experiments were not observed in the
three PMIP2 experiments in Southeast China. The spatial variability of
the LGM annual evaporation change was larger in the PMIP2
experiments than in the remaining experiments, particularly in
West China and North China, which was probably connected to the
smaller number of climate models in the PMIP2 experiments. Table 4
indicates that the LGM regionally averaged annual evaporation in
China decreased in all the PMIP experiments, ranging from −9%
(GFDL) to −34% (ECHAM3), and it was reduced by an average of 21%
(0.41 mm/day) in the MME-15. Moreover, the magnitude of the LGM
change in regionally averaged annual evaporation was comparable
between each of the three types of experiments, with values of−24%
in the PMIP1 SST-f simulations,−19% in the PMIP1 SST-c simulations,
and −21% in the PMIP2 simulations.

Seasonal evaporation during the LGMwas reduced overall in China,
with a magnitude similar to the annual mean results on a large scale. At
the sub-regional scale, however, the percentage change in the LGM
seasonal evaporation differed by season, particularly over and around
the region of 30°–40°N, 118°–128°E. In this area, the LGM evaporation
was reduced by N40% in winter and autumn but was increased by N40%
in summer, which was related directly to the LGM surface temperature
anomalies described previously and can be attributed to the assigned
changes in surface boundary condition from the modern ocean
conditions to the reconstructed land conditions during the LGM(Peltier,
1994, 2004). As shown in Table 4, the LGM regionally averaged seasonal
evaporation in Chinawas reduced by 20% in spring, 15% in summer, 27%
in autumn, and 36% in winter on the basis of the MME-15. This change
Table 6
Model-data comparison of ΔTann (units: °C) in four regions of China.

Reconstructions
and experiments

ΔTann in each region

South China Qinghai-Tibetan Pl

Reconstructions −7.0±3.5 −6 to −9
MME-all −3.39 (1.77) −5.05 (2.46)
MME-PMIP1-SST-f −2.23 (1.30) −4.07 (1.39)
MME-PMIP1-SST-c −4.77 (1.89) −5.81 (3.47)
MME-PMIP2 −3.48 (0.89) −5.56 (1.68)
HadCM3M2 −3.46 −5.94
HadCM3M2-veg −4.71 −8.99

MME-all denotes the ensemble mean of the 25 models; MME-PMIP1-SST-f denotes the ens
mean of the eight PMIP1 SST-c models; and MME-PMIP2 denotes the ensemble mean of the
120°E), Qinghai–Tibetan Plateau (28°–37°N, 80°–102°E), Hexi Corridor (39°–41°N, 94°–100
regions not belonging to China are excluded when regionally averaged values are calculate
parentheses.
was uniformly negative across the 15 models, with a wide range of
values from −8% (GFDL) to −46% (CCC2.0-slab) in spring, from −3%
(GFDL) to −26% (CCC2.0-slab) in summer, from −14% (GFDL and
UKMO) to −50% (ECHAM3) in autumn, and from −19% (MRI2) to
−56% (BMRC2) in winter. Moreover, in each season, the percentage
change in the LGM evaporationwas comparable in magnitude between
eachof the three types of experiments andwasnear theaverage value as
derived from the MME-15.

4. Model-data comparison

4.1. Surface temperature

Quantitative reconstructions of the LGM surface temperature
changes as derived from a variety of proxy records at 130 sites, together
with the related information, have been summarized in Table 5. Because
the density of geographical distribution of the reconstructions was very
uneven, four regions covering most parts of China were selected in
terms of the spatial coverage of the proxy data for performing model-
data comparisons in a regional context. In each region, reconstructed
surface temperatures were first obtained through a collection of all
results of theproxy data on sites inside, and then theywere compared to
regionally averaged annual surface temperature changes of all values of
the grid points inside from themodels. According to the results listed in
Table 6, proxy estimates of annual surface temperatures during the LGM
were uniformly negative compared to the present-day values, with
differences of −7.0°±3.5 °C in South China, −6 °C to −9 °C over the
Qinghai–Tibetan Plateau,−13 °C to−15 °C in the Hexi Corridor, and at
least −8 °C to −10 °C in North and Northeast China. In the MME-25,
regionally averaged annual surface temperature during the LGM was
ateau Hexi Corridor North and Northeast China

−13 to −15 At least −8 to −10
−4.68 (1.47) −4.86 (1.92)
−3.89 (1.16) −3.67 (1.50)
−5.68 (1.57) −6.40 (1.84)
−4.65 (0.99) −4.82 (1.14)
−4.66 −4.58
−5.77 −7.10

emble mean of the 10 PMIP1 SST-f models; MME-PMIP1-SST-c denotes the ensemble
seven PMIP2 models. The regions are defined as follows: South China (20°–33°N, 105°–
°E), and North and Northeast China (34°–50°N, 105°–135°E). Oceanic regions and land
d in each region. The standard deviation (units: °C) of model results is in italics inside
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reduced by 3.39 °C in South China, by 5.05 °C over the Qinghai–Tibetan
Plateau, by 4.68 °C in the Hexi Corridor, and by 4.86 °C in North and
Northeast China, respectively. All of these results were smaller than the
reconstructed levels. In other words, the PMIP models successfully
reproduced the surface cooling trend during the LGM but failed to
reproduce its magnitude in these areas, particularly in the latter two
regions.When inter-model variability of simulated surface temperature
changes, represented by the standard deviation of model results about
their mean, was taken into account, theMME-25 lay in the low range of
proxy estimates for South China and the Qinghai–Tibetan Plateau
regions. However, themodel-data discrepancieswere still substantial in
magnitude and still could not be reconciled in the remaining two
regions.

As with the case of the whole of China, the magnitude of annual
surface temperature changes during the LGM differed between the
model classes, with the largest being for the 10 PMIP1 SST-c
experiments and the smallest being for the eight PMIP1 SST-f
experiments in all the four regions (Table 6). The results of the seven
PMIP2 experiments lay in the range between the PMIP1 SST-c and SST-f
experiments. Meanwhile, the model spread was also the largest in the
PMIP1 SST-c experiments in the four regions where the standard
deviation of themodel results varies from 1.57 °C to 3.47 °C (depending
on the region). In general, the PMIP1 SST-c experimentswere in thebest
agreement and the SST-f experiments were in the poorest agreement
with proxy estimates of surface temperature among the PMIP
experiments, and the PMIP experiments with computed SSTs were in
better agreementwith proxy estimates than thosewith prescribed SSTs.
This means that an interactive ocean played an important role in
forming climate conditions of China during the LGM.

4.2. Precipitation minus evaporation

Unlike most previous studies comparing simulated precipitation
changes directly to the dry/wet conditions estimated by proxy data
(e.g., Pinot et al., 1999; Kageyama et al., 2001; Jiang et al., 2003; Hoar
et al., 2004; Braconnot et al., 2007), simulated LGM–baseline (or LGM-
Fig. 4. LGM–baseline changes in annual P–E (shading, units: mm/day) for (a) the ensemble
(c) the ensemble mean of the six PMIP1 SST-c models, and (d) the ensemble mean of the thre
balance during the LGM (Yu et al., 2003), in which open squares represent drier conditions
minus-baseline) anomalies in precipitation minus evaporation (P–E,
an appropriate variable to represent moisture conditions) were first
analyzed and then compared to reconstructions in this subsection. In
terms of the MME-15, annual P–E decreased by 0.00–0.60 mm/day in
China excluding parts of western China (around 35°–42°N, 74°–97°E)
and southeastern Sichuan Province (near 28°N, 105°E) where annual
P–E increased by b0.10 mm/day (Fig. 4a). At the national scale,
regionally averaged annual P–E during the LGMwas decreased by 18%
(0.19 mm/day) in China relative to a baseline annual P–E value of
1.07 mm/day. LGM–baseline anomalies in annual P–E differed among
themodels, particularly with a positive value (0.16 mm/day) obtained
by CCC2.0-slab, and between each of the three types of experiments,
with values of −33% (−0.31 mm/day) from the six PMIP1 SST-f
models,−9% (−0.10 mm/day) from the six PMIP1 SST-c models, and
−12% (−0.13 mm/day) from the three PMIP2 models. In addition,
seasonal mean P–E during the LGM increased by 39% (0.15 mm/day)
in winter but decreased by 10% (0.12 mm/day) in spring, by 30%
(0.62 mm/day) in summer, and by 24% (0.16 mm/day) in autumn. As
such, annual P–E reductions during the LGM mainly resulted from
larger reductions in the seasonal mean P–E in summer, which was due
to a larger decrease in precipitation (1.08 mm/day) than evaporation
(0.46 mm/day). Notably, in response to changes in zonal and
meridional surface temperature gradients across the Asian-Pacific
areas, all 14 PMIP models for analysis reproduced a weaker than
baseline summermonsoon over East Asia, with an average decrease of
25%, during the LGM (Jiang and Lang, 2010). Such a systematic
weakening of the monsoon circulation was most responsible for the
aforementioned precipitation decrease over China during the LGM
summer, as summer precipitation in this region is dominated by
monsoon (Tao and Chen, 1987).

According to records of lake level, water depth, lake area, and
water salinity of 32 lakes, Yu et al. (2003) compiled a set of lake status
data on qualitative changes of the annual water budget during the
LGM. Combined with other lines of evidence, they revealed that the
LGM climate was drier in eastern China but somewhat wetter in
western China than at present. On a large scale, LGM–baseline
mean of the 15 PMIP models, (b) the ensemble mean of the six PMIP1 SST-f models,
e PMIP2 models. Also shown is the lake status-based reconstruction of changes in water
, open circles represent wetter conditions, and open stars represent normal conditions.
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anomalies in annual P–E from the MME-15 agreed well with these
lake status-based reconstructions of moisture conditions over most
parts of China (Fig. 4a). Among these anomalies were drier conditions
in East China east of ~100°E and wetter conditions in the region
defined roughly by 35°–42°N, 74°–97°E. By contrast, model-data
disagreements occurred over the Qinghai–Tibetan Plateau and most
parts of northern Xinjiang, where simulated drier conditions were
opposite the wetter conditions estimated by reconstructed higher
lake levels and fresher water than the modern period during the LGM
(Yu et al., 2003). However, it is worth noting that, contrary to the
wetter conditions derived from lake status records, the pollen data
from nine sampling sites covering the eastern Qinghai–Tibetan
Plateau (29°–37°N, 92°–102°E) suggested a much drier climate
during the LGM (Tang et al., 1998, 2004; Wan et al., 2008). Because
lake status on the Qinghai–Tibetan Plateau was significantly affected
by melt water of mountain glaciers, with probably more water supply
during the glacial times, pollen-based reconstructions were certainly
better than the lake status data, although the effects of melt water also
persisted, but in a minor degree. In this connection, drier climate of
the MME-15 qualitatively agreed with proxy data on the eastern
Qinghai–Tibetan Plateau. Moreover, the LGM annual precipitation
was reduced by 15–40% on the Qinghai–Tibetan Plateau in terms of
the MME-15 (Fig. 2a), which was also compatible with the 30–70%
reduction in annual precipitation deduced by Shi et al. (1997).

Fig. 4b–d shows that, although there are differences both in the
spatial pattern and magnitude of changes in annual P–E during the
LGM between each of the three types of PMIP experiments, drier-
than-baseline conditions occurred overall in East China east of ~100°E
and over the Qinghai–Tibetan Plateau across these experiments.
Apparent disagreements between themodel classes appeared inWest
China excluding the Qinghai–Tibetan Plateau: regionally drier
conditions were obtained by the six PMIP1 SST-f models and opposite
results were derived from the six PMIP1 SST-c models and three
PMIP2 models. In this regard, the PMIP simulations with computed
(prescribed) SSTs were consistent (inconsistent) with proxy data in
these regions during the LGM. Additionally, for the Qinghai–Tibetan
Plateau, annual P–E remained constant or increased by ~0.50 mm/day
in an AGCM experiment, which was then used to explain wetter
conditions during the LGM (Chen et al., 2001; Yu et al., 2001). Based
on the present study, this cause-and-effect relationship is obviously
model-dependent, as the annual P–E during the LGM was reduced
uniformly in the ensemble mean of the PMIP simulations with either
prescribed or computed SSTs (Fig. 4).

5. Conclusion

In this study, the LGM climate over China was investigated using
the PMIP simulations from 10 AGCMs with prescribed SSTs, eight
AGCMs coupled with slab ocean models, six AOGCMs, and one
AOVGCM. The primary conclusions are as follows:

(1) All 25models reproduced a colder-than-baseline climate in China
during the LGM, and the regionally averaged annual surface
temperature was reduced by 4.46 °C, ranging from 1.49 °C to
9.32 °C depending on the model. Surface cooling was greater in
the simulations with computed SSTs than those with prescribed
SSTs, and the smaller magnitude in the latter can be, at least
partly, attributed to a systematic weakness of reconstructed
changes in SSTs (CLIMAP project members, 1981) in the oceans
adjacent to East Asia.

(2) During that period, both annual precipitation and evaporation
in China were reduced across the simulations from all the 15
models chosen for analysis. Larger reductions in precipitation
rather than evaporation gave rise to a drier-than-baseline
climate over much of China during the LGM. At the national
scale, the LGM annual P–E was reduced by 18% (0.19 mm/day)
compared to the baseline climate.

(3) The 25 models, in general, underestimated the magnitude of
surface coolingduring the LGM, as suggested byproxy data, for all
the four regions of China where model-data comparison was
performed. The simulations with computed SSTs were in better
agreement with proxy estimates of surface temperature than
those with prescribed SSTs. On the other hand, the 15-model
simulated large-scale LGM–baseline anomalies in annual P–E
qualitatively agreed with lake status-based reconstructions of
changes in annual water budgets over China excluding the
Qinghai–Tibetan Plateau and northern Xinjiang. On the eastern
Qinghai–Tibetan Plateau, drier climates from the 15 models
agreed (disagreed) with pollen (lake status) data.

Taken together, the first lesson learned from the present study is that
the oceanwas an important component of the climate system in the East
Asian monsoon area during the LGM: the simulations with interactive
oceans were in better agreement with proxy estimates than the PMIP1
SST-f simulations in China. In this connection, the response of the ocean
to the LGM forcings needs to be accounted for using the PMIP2
simulations to understand the role of ocean feedback on the East Asian
climate during the LGM. In addition, simulated annual surface temper-
ature during the LGMwas lower in the PMIP1 SST-c simulations than in
the PMIP2 simulations for all the regions ofmodel-data comparison,with
an additional cooling of 1.29 °C in South China, 0.25 °C for the Qinghai–
Tibetan Plateau, 1.03 °C in the Hexi Corridor, and 1.58 °C in North and
Northeast China (Table 6). This raises the question: Why do AGCMs
coupled with simple slab ocean models tend to do a better job with
reference to comparisons toproxyevidence? It is a pity that SSTs fromthe
PMIP1SST-c simulationswerenot available in thePMIPdatabase,making
it impossible to perform further investigation in this respect.

Vegetation feedback has been proposed as an important process
contributing to the LGM climate (e.g., Crowley and Baum, 1997; Levis
et al., 1999; Crucifix and Hewitt, 2005; Jansen et al., 2007; Jiang, 2008).
Using AGCMswith reconstructed vegetations, earlier simulations of the
LGM climate showed that changes in vegetation induced additional
climate change, which in general reducedmodel-data disagreements in
surface temperature over China (Chen et al., 2001; Yu et al., 2001; Jiang
et al., 2003). The PMIP2 simulations usingHadCM3M2andHadCM3M2-
veg provide an opportunity to evaluate the effect of vegetation on the
East Asian climate in a fully coupled climate model context during the
LGM, as the dynamical vegetationmodel is themain difference between
the two models (Michel Crucifix, personal communication, 2009).
Averaged across the whole country, annual surface temperature during
the LGM was 2.00 °C colder in HadCM3M2-veg (−6.61 °C) than in its
AOGCM counterpart (−4.61 °C), and seasonal surface temperaturewas
alsomuch colder in the former than it was in the latter (Table 3). At the
regional scale, it was further reduced by 1.25 °C in South China, by
3.05 °C over the Qinghai–Tibetan Plateau, by 1.11 °C in the Hexi
Corridor, and by 2.52 °C in North and Northeast China in HadCM3M2-
veg compared to HadCM3M2 (Table 6). Accordingly, the results of
surface temperature obtained in HadCM3M2-vegweremore consistent
with proxy estimates in China, particularly in South China and for the
Qinghai–Tibetan Plateau where this simulation agreed well with proxy
records (Table 6). In this analysis, the vegetation appeared to be another
important component in determining the East Asian climate during the
LGM, although the underlyingmechanism needs to be further explored.

In addition to the models themselves, another possible source that
may be at least partly responsible for the model-data mismatch is the
uncertainty in the proxy data. This is especially true for the eastern
Qinghai–Tibetan Plateau, where wetter conditions derived from lake
status records (Yu et al., 2003) were opposite of the drier conditions
derived from pollen records during the LGM (Tang et al., 1998, 2004;
Wan et al., 2008). Given that the spatial coverage of the proxy data
used for the present model-data comparison was rather sparse, more
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reconstruction work using a variety of proxy data and methods is
urgently needed to test model results and, hence, to improve our
knowledge of the LGM climate in the East Asian monsoon area.
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