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Abstract: In this study, the climate changes over Arid Central Asia (ACA) during the mid-Holocene (approximately 6,000
calendar years ago, MH) and the Last Glacial Maximum (approximately 21,000 calendar years ago, LGM) were
investigated using multimodel simulations derived from the Paleoclimate Modelling Intercomparison Project Phase 3
(PMIP3). During the MH, the multimodel median (MMM) shows that in the core region of ACA, the regionally averaged
annual surface air temperature (SAT) decreases by 0.13°C and annual precipitation decreases by 3.45%, compared with the
preindustrial (PI) climate. The MMM of the SAT increases by 1.67/0.13°C in summer/autumn, whereas it decreases by
1.23/1.11°C in spring/winter. The amplitude of the seasonal cycles of the SAT increases over ACA due to different MH
orbital parameters. For precipitation, the regionally averaged MMM decreases by 5.77%/5.69%/0.39%/5.24% in spring/
summer/autumn/winter, respectively. Based on the analysis of the aridity index (A7), compared with the PI, a drier climate
appears in southern Central Asia and western Xinjiang due to decreasing precipitation. During the LGM, the MMM shows
that the regionally averaged SAT decreases by 5.04/4.36/4.70/5.12/5.88°C and precipitation decreases by 27.78%/
28.16%/31.56%/27.74%/23.29% annually and in the spring, summer, autumn, and winter, respectively. Robust drying
occurs throughout almost the whole core area. Decreasing precipitation plays a dominant role in shaping the drier
conditions, whereas strong cooling plays a secondary but opposite role. In response to the LGM external forcings, over
Central Asia and Xinjiang, the seasonal cycle of precipitation has a smaller amplitude compared with that under the PI
climate. In the model-data comparison, the simulated MH moisture changes over ACA are to some extent consistent with
the reconstructions, further confirming that drier conditions occurred during that period than during the PI.
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1 Introduction

The mid-latitude Asian climate can be roughly divided
into two main patterns based on whether it is mainly
dominated by westerlies or by monsoon circulation at a
large scale (Chen et al., 2009a). The westerlies-dominated
Asia is also referred to as Arid Central Asia (ACA), and
geographically, its core zone is approximately equivalent
to Central Asia and Xinjiang area in China (Huang et al.,
2015; Chen et al., 2019). Located over the central Eurasia
continent, with the blocking of the Tibet-Pamir Plateau
and Tianshan Mountain, ACA mainly gains water vapor
through the westerlies from the remote area of the North
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Atlantic and the Mediterranean Sea (Chen et al., 2013). In
addition, the Xinjiang area is also affected by monsoons
(Chen et al., 2015). Thus, the unique geographical location
and topography shapes the temperate-warm temperate
continental climate and heavy droughts of this area (Chen
et al., 2013).

Over ACA, the fragile ecosystem could be relatively
sensitive to climate variabilities, especially precipitation
(Huang et al., 2013). Based on previous studies (e.g.,
Yang et al., 2018; Guan et al., 2019), precipitation over
Central Asia reaches its maximum in spring and winter,
whereas precipitation over the Xinjiang area peaks in
summer. The annual precipitation over most regions of
ACA is less than 300 mm, even less than 50 mm over the
desert regions (Yang et al, 2018). The annual and
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seasonal precipitation over Central Asia both showed an
increasing trend in the period of 1930-2009 (Chen et al.,
2011), and similar precipitation trend can be found over
Xinjiang area since 1961 (Wang et al., 2017). At the same
time, a strong warming trend (0.18 °C/decade) has been
observed over ACA, which was almost twice that over the
Northern Hemisphere (NH) (Chen et al., 2009b).
Additionally, because of global warming, the Xinjiang
climate has changed from warm-dry to warm-wet since the
mid-1980s (Shi et al., 2007; Jiang et al., 2009). However,
some related processes and mechanisms are still unclear.
The mid-Holocene (approximately 6,000 calendar years
ago, MH) is a well-known warm climate interval that
occurred in the last ten thousand years. Due to the MH-
altered orbital parameters, the NH received more
insolation in summer, whereas less insolation in winter
than at present (Berger, 1978). As a result, the seasonal
cycle of the NH climate is strengthened. The reconstructed
data suggest that the global annual temperature increased
by ~0.7°C and that the extratropical NH temperature
increased by ~1°C at approximately 8—6 ka with respect to
that of the preindustrial (PI) level (Marcott et al., 2013).
Over China, an increase of 1-4°C in annual surface
temperature and an increase of 40%—100% in precipitation
have been proposed by proxy data summarized in Wang et
al (2010). For ACA and adjacent areas, some limited
reconstruction suggests a wetter climate (Overeem et al.,
2003; An et al., 2006; Chen et al., 2008; Yang and Zhu,
2018; Zhang et al., 2018a). Focusing on the MH, a large
number of modeling studies have been carried out (e.g.,
Braconnot et al., 2007a, 2007b; Zhou and Zhao, 2009;
Jiang et al, 2015a). The Paleoclimate Modelling
Intercomparison Project (PMIP) considers the MH as one
of the periods of concern (Joussaume and Taylor, 1995;
Braconnot et al., 2003). However, more attention has been
paid to climate change over monsoon areas (e.g., Zhao et
al.,, 2007; Ohgaito and Abe-Ouchi, 2009; Jiang et al.,
2012, 2013a; Tian and Jiang, 2018) and large-scale
circulations (e.g., Zhou and Zhao, 2010, 2013). Ocean and
vegetation feedbacks of this period on monsoon
precipitation are also concerned (Tian and Jiang, 2013,
2015; Wang and Wang, 2013). How the MH ACA’s
climate changes in the PMIP multimodels is still unclear.
The Last Glacial Maximum (approximately 21,000
calendar years ago, LGM) was the last glacial interval
during the Quaternary period, which is another focus
period in the PMIP (Braconnot et al., 2003). During the
LGM, large ice sheets covered northern Europe and North
America, and the greenhouse gas concentration was much
lower than the current concentration. Many proxy data-
based studies suggest strong cooling and drier conditions
occurred in this period relative to that under the PI climate
(Bartlein et al., 2011). The mean surface temperature had
an estimated cooling of 3—8°C over the land (Holden et
al., 2010; Annan and Hargreaves, 2013) and 0.7-2.7°C
over the ocean (MARGO Project Members, 2009; Wang
et al.,, 2013a). Regionally, natural archives show drier
climate over East and Central Asia (Yu et al., 2000;
Herzschuh, 2006; Huang, 2011; Yang et al., 2012; Li and
Morrill, 2013; Li and Song, 2014; Zhang et al., 2018b),
and Southeast Asia (DiNezio and Tierney, 2013). The

current models can reproduce the strong cooling and
decreased precipitation over the East Asian monsoon area
well (Jiang et al., 2011; Tian and Jiang, 2016), as well as
the weakened summer monsoon circulation (Jiang and
Lang, 2010). Recently, Liu et al. (2018) investigated
global moisture conditions and further indicated various
combinations in causing regional moisture changes during
the LGM. The northern westerlies, which have important
influences on the ACA climate, are also investigated by
using PMIP output (Wang et al., 2018). It is suggested that
the LGM high tropospheric jet shifts poleward.
Nevertheless, the issues of how the PMIP multimodel
simulates the LGM ACA’s temperature and precipitation
and which factors play a more important role in
determining the moisture conditions need further
investigation.

Therefore, in this study, we mainly investigated the
simulated climate changes over ACA during the MH and
LGM by using the multimodel results from the third phase
of the PMIP (PMIP3). We focus on the following issues:
can PMIP3 models reproduce modern climatology over
Central Asia and Xinjiang? What are the simulated climate
changes over ACA during the MH and LGM within the
PMIP3? Which factors are more important in determining
the moisture conditions of ACA during the typical warm
and cold periods? Are the simulations consistent with the
reconstructions? The remainder of this paper is organized
as follows: Section 2 describes the data and methods
employed in this study; Section 3 evaluates the models’
performances in simulating the modern climate over ACA;
In Section 4, the simulated climate changes over ACA
during the MH and LGM are analyzed, focusing on
surface air temperature (SAT), precipitation, and moisture
conditions, and a model-data comparison is further carried
out in this section. Finally, the discussions and
conclusions are presented in Section 5 and Section 6,
respectively.

2 Data and Methods

2.1 Model outputs, observations and reconstructions

In this study, we mainly focus on the climate changes
over the core zone of Arid Central Asia (ACA), including
Central Asia (35°-50°N, 50°-75°E, the large rectangle in
Fig. 1) and Xinjiang area in China (40°—50°N, 75°-95°E,
the small rectangle in Fig. 1). Central Asia includes five
countries: Kazakhstan, Kyrgyzstan, Tajikistan,
Turkmenistan, and Uzbekistan. The multimodel results
from the PI, MH, and LGM experiments within the
framework of PMIP3 are analyzed in the present study.
The detailed information on related boundary conditions
of these experiments is listed in Table 1. Eight models,
including three coupled atmosphere-ocean-vegetation
(AOV) models and five coupled atmosphere-ocean (AO)
models, were used to carry out these three experiments
within the PMIP3. Model information can be found in
Table 2 (more detail 1is available at http://
pmip3.Isce.ipsl.fr/). The last 100-year simulations for each
model are analyzed in this study.

Together with the observed precipitation and SAT
(1901-2000) from the Climatic Research Unit (CRU)
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Table 1 PMIP3 boundary conditions for the PI, MH and LGM experiments (http://pmip3.Isce.ipsl.fr/)

Boundary conditions Pl

MH LGM

Orbital parameters [ecc=0.016724 ]
[ obl =23.446° ]

[ peri — 180° = 102.04° ]
1365 W/m’
March 21 at noon
[ CO, =280 ppm ]

[ CH4 =760 ppb ]

[ N20 =270 ppb ]

Solar constant
Date of vernal equinox
Greenhouse gases

Vegetation Fixed at present state in AO or
interactive AOV models
Ice sheets Modern
Topography and coastlines Modern

Prescribed or interactive as in PI

[ecc=0.018682 ] [ecc=10.018994 ]
[ obl =24.105°] [ obl =22.949° ]

[ peri — 180°=0.87° ] [ peri — 180° = 114.42° ]
Same as in the PI Same as in the PI
Same as in the PT Same as in the PI

[ CO, =280 ppm ] [ CO, =185 ppm ]

[ CH4 =650 ppb ] [ CHs =350 ppb ]

[ N2O =270 ppb ] [ N2O =200 ppb ]
Same as in the PI
Same as in the PI Ice sheet extent and sea level changes as

described on PMIP3 website

Land-sea mask and elevation changes as

described on PMIP3 website

Same as in the PT

Table 2 Eight models within the PMIP3

Length of data

Model Country Atmosphere resolution Pl MIT oM Reference
Ml CCSM4 USA 1.25° x ~0.9° L26 501 301 101 Gent et al., 2011
M2* CNRM-CM5 France ~1.4° x 1.4° L31 850 200 200 Voldoire et al., 2013
Mm3¥ FGOALS-g2 China ~2.8° x 3-6° L.26 700 735 100 Lietal, 2013
M4* GISS-E2-R USA 2.5° x 2° L40 1200 100 100 Shindell et al., 2013
M5*Y IPSL-CM5A France 3.75° x ~1.9° L39 1000 500 200 Dufresne et al., 2013
-LR

Mé6*" MIROC-ESM Japan ~2.8°x2.8°L80 630 100 100 Watanabe et al., 2011
M7 MPI-ESM-P Germany 1.875° x ~1.9° L47 1156 100 100 Giorgetta et al., 2013
M8* MRI-CGCM3 Japan 1.125° x ~1.1° L48 500 100 100 Yukimoto et al., 2012

v denotes coupled atmosphere—ocean—vegetation (AOV) model.
* denotes the model that can calculate Penman—Monteith PET.
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Fig. 1. Map showing the core zone of Arid Central Asia, in-
cluding Central Asia (35°-50°N, 50°-75°E, the left rectangle)
and Xinjiang area in China (40°-50°N, 75°-95°E, the right
rectangle).

dataset (Mitchell and Jones, 2005), the multimodel results
from the PI experiment are used to assess the models’
performances in simulating the modern ACA climate. In
addition, these data are also used as the baseline climate.
Multimodel median (MMM) is adopted in the following
analysis to avoid the possible influence of outliers on the
multimodel ensemble mean (Gleckler et al., 2008). In this
study, the MMM of the differences between the MH/LGM
climate and the baseline climate are used to investigate the
simulated climate changes over ACA during the MH and
LGM periods. Simulated and observed data are
interpolated to a resolution of 1.5°%1.5° using bilinear
approach (from low resolution to high resolution) or local
area averaging (from high resolution to low resolution).

To further verify the simulated climate changes during
the MH, we refer to the abundance of recent proxy records
for ACA. Among them, the records that clearly indicate

changes in precipitation or moisture during the MH are
used to compare with the simulations (see Table 3, which
is summarized from Chen et al. (2020)). In addition, the
limited proxy records summarized by Jiang et al. (2015b)
and Li and Morrill (2013) are also used to carry out model
-data comparisons of the LGM ACA climate.

2.2 Estimation of terrestrial moisture conditions

The aridity index (4]) is defined as the ratio of annual
precipitation (P) to annual potential evapotranspiration
(PET) (Middleton and Thomas, 1997):

P
Al=—— . 1
PET )
Actual  evapotranspiration (AET) includes the

transpiration of plants and evaporation of the soil surface.
Quantitatively, PET is equal to the amount of AET from
the vegetated soil surface with adequate water. PET can
reflect the water demand of the atmosphere, and P can
represent the water supply to the vegetated soil surface.
Thus, their ratio can quantify the amount of water that
remains in the vegetated soil surface, that is, terrestrial
moisture conditions (Middleton and Thomas, 1997).
According to Middleton and Thomas (1997), drylands are
defined as areas with an A7/ < 0.65. The four subtypes of
drylands are hyperarid (47 < 0.05), arid (0.05 < 47 < 0.20),
semiarid (0.20 < 47 < 0.50), and dry subhumid (0.50 < 47
<0.65).

The Penman-Monteith (PM) equation (Penman and
Keen, 1948; Monteith, 1965), combining energetic drivers
(e.g., radiation and near-surface air temperature) with
atmospheric drivers (e.g., vapor pressure deficit and
surface wind speed), is widely used to estimate PET
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Table 3 Proxy records in the ACA for the MH, summarized from Chen et al. (2020)

Site name L?S;Iu)de L012§11:t)11 de Mmsn:f&‘;?dmon Proxies used References
Lake Issyk-kul 42.50 77.10 Wetter 680, CaCO;, pollen Rasmussen et al., 2001; Ricketts et al., 2001;
Ferronskii et al., 2003
Lake Bosten 41.94 86.76 Drier Pollen Wiinnemann et al., 2006; Huang et al., 2009
Lake Akkol 50.38 89.42 Wetter Pollen Blyakharchuk et al., 2007
Lake Wulungu 47.20 87.29 Drier Grain size, pollen Liu et al., 2008
Aral Sea 45.00 60.00 Drier Terrace, historical documents Krivonogov et al., 2010
Lake Balikun 43.62 92.77 Drier Pollen Tao et al., 2010; An et al., 2012
Lake Sayram 41.5 81.03 Drier Pollen Jiang et al., 2013c¢
Lake Achit Nur 49.42 90.52 Wetter Pollen Sun et al., 2013
Lake Aibi 45.01 82.86 Drier Pollen Wang et al., 2013b
Chaiwobu Peatland 43.49 87.93 Drier Cellulose 6°C value Hong et al., 2014
Caspian Sea 41.93 50.67 Drier Pollen Leroy et al., 2014
Lake Bayan Nur 49.98 93.95 No change Pollen Tian et al., 2014
Kansu section 43.43 83.92 Drier Magnetic proxies Chen et al., 2016
Lujiaowan section 43.97 85.34 Drier Magnetic proxies Chen et al., 2016
Zeketai section 43.53 83.3 Drier Magnetic proxies Chen et al., 2016
Zhongliang section 43.5 87.33 Drier Magnetic proxies Chen et al., 2016
Kesang Cave 42.87 81.75 Drier 6'80, trace element Cheng et al., 2016; Cai et al., 2017
Ton Cave 38.40 67.34 Drier 6]80, trace element Cheng et al., 2016
Lake Lup Nur 40.00 91.00 Wetter Grain-size, pollen, ostracod, soluble s: Liuet al., 2016
TLSH Peatland 48.81 86.92 Drier Pollen, n-alkane Zhang et al., 2016, 2018¢
NRX peatland 48.8 89.9 Drier Pollen Feng et al., 2017
Bayanbulak Basin 42.95 84.00 Drier Grain-size, magnetic susceptibility, lo Long et al., 2017
on ignition
Lake Kanas 48.70 87.01 Drier Pollen Huang et al., 2018
Baluke Cave 42.43 84.73 Drier 5'%0, trace element Liu et al., 2019, 2020
YE section 37.6 55.43 Drier o C Wang et al., 2020
Kelashazi peat 48.11 88.36 Drier Pollen Wang and Zhang, 2019
(Fisher et al, 2011). Specifically, the Food and where latent heat of vaporization A = 2.45 MJ/kg and

Agriculture Organization (FAO) of the United Nations
recommends it as a standard method and provides
guidelines for calculating crop water requirements (Allen
et al., 1998). Monthly mean near-surface air temperature,
daily-maximum/minimum air temperatures, wind speed,
specific humidity, air pressure, and radiation flux are used
to estimate PM PET. However, only five PMIP3 models
contain all the variables in the PM PET equation. FAO
PM PET can be derived as follows (Allen et al., 1998):
900

0408A(R, = G)+y— U e —e)

= , 2
e A+v(1+0.34U) @

where U is the wind speed at 2 m (m/s); the (R,—G) term
represents the available energy (4E), determined by the
surface net radiation (R MJ/mz/d) and soil heat flux
density (G; MJ/m%d); Tmean is the mean daily air
temperature at 2 m (°C), derived from the average of daily
-maximum and daily-minimum air temperatures; the
(es—e,) term is the saturation vapor pressure deficit,
derived from the difference between saturation vapor
pressure (es; kPa) and actual vapor pressure (e,; kPa,
calculated from e; and relative humidity (RH)); Ais the
slope vapor pressure curve (kPa/°C), calculated from
Tmean; Y 18 the psychrometric constant (kPa/°C), calculated
from surface pressure. Radiation in MJ/m?%/d is converted
to equivalent evaporation in mm/d. The basis of
conversion is as follows:

Radiation[MJ/m?/d]

i, NG
~0.408 x Radiation[MJ/m*/d]

Equivalent evaporation [mm/d] ~

density of water p,, = 1000 kg/m”.

To avoid the uncertainty of PM PET derived from only
five models, the Hargreaves (HG) PET (Hargreaves and
Samani, 1985) is also calculated in this study. This
equation is also recommended by FAO when data are
insufficient to calculate the PM PET (Allen et al., 1998;
Liu et al., 2018). Monthly mean 2 m daily maximum and
minimum air temperatures are used to calculate the HG
PET. Thus, the HG PET is calculated for all eight models.
The equation can be written as follows:

PET =0.0023x (Trpean +17.8) % (T = Toin )™ Ra , @)
where R, is the extraterrestrial radiation (mm/d) with
conversion of equation (3); Ty and Ty, are daily
maximum and daily minimum air temperatures (°C),
respectively; and Tiyean 1S the average of T, and Ty, The
area of agreement between PM and HG functions is
emphasized in the following analysis.

3 Model Evaluation

First, we assessed the multimodel performance in
simulating the modern climate over ACA. As shown in
Fig. 2, the PMIP3 MMM of the annual and seasonal SAT
is consistent with observations at the large scale, such as
relatively high SAT over the core zone of ACA and low
SAT over the plateaus and mountains (i.e., Tianshan
Mountain and Altai Mountain). However, model biases
exist. Positive SAT anomalies are evident over high-
latitude Central Asia, whereas negative anomalies are
evident over low-latitude Central Asia, most regions of
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Fig. 2. Observed SAT (unit: °C) for (a) annual mean, (b) spring, (c) summer, (d) autumn, and (¢) winter based on CRU data in
the period of 1901-2000; The MMM of simulated SAT (unit: °C) for (f) annual mean, (g) spring, (h) summer, (i) autumn, and
(j) winter based on the PMIP3 PI simulations; And (k—o) the corresponding differences in SAT between the MMM and obser-

vation. Dots in (k—0) denote that at least 5 out of 8 models agree on the sign of MMM’s biases.

Xinjiang, and the Qinghai-Tibet Plateau. In winter, the
model biases are relative larger (Fig. 20). On average, the
model biases for the Central Asian area are 0.09°C, —0.24°
C, 0.35°C, —0.31°C, and 0.91°C for the annual mean,
spring, summer, autumn, and winter, respectively;
correspondingly, those for the Xinjiang area are 0.20°C,
—0.86°C, 0.03°C, —0.82°C, and 2.14°C. Different external
forcings (e.g., solar radiation and GHGs) between the PI
simulations and modern conditions can partly explain
those model biases over ACA (Folland et al., 2001). In
addition, the deficit of the models is one of the most
important factors to causing these model biases.

The simulated large-scale precipitation patterns are
generally consistent with the observations, such as less
precipitation in Central Asia and Xinjiang area of China,
and more precipitation over the Tianshan Mountain and
Tibet-Pamir Plateau (Fig. 3). However, the simulations
overestimate precipitation over the mountains and around

the plateaus (i.e., western Tianshan Mountain, Pamir
Plateau and northern Tibetan Plateau). For ACA, the
model biases are also larger in the winter than in the other
seasons (Fig. 30). Positive anomalies are evident over
most parts of ACA. Quantitatively, the biases averaged
over Central Asia are 0.26 mm/d, 0.27 mm/d, 0.15 mm/d,
0.29 mm/d, and 0.35 mm/d for the annual mean, spring,
summer, autumn, and winter, respectively.
Correspondingly over Xinjiang area, they are 0.28 mm/d,
0.30 mm/d, 0.17 mm/d, 0.25 mm/d, and 0.35 mm/d.

In addition, the MMM’s performance in reproducing the
seasonal cycles of regionally averaged SAT over Central
Asia and Xinjiang are shown in Fig. 4a-b, respectively. In
the observations, the higher SAT occurs in June-August
(highest in July), while the lower SAT occurs in
December-February (lowest in January) in both regions.
The MMM of the PI simulations captures these observed
characteristics of the SAT over ACA well.
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Fig. 3. Observed precipitation (unit: mm/d) for (a) annual mean, (b) spring, (c) summer, (d) autumn, and (e) winter based on
CRU data in the period of 1901-2000; The MMM of simulated precipitation (unit: mm/d) for (f) annual mean, (g) spring, (h)
summer, (i) autumn, and (j) winter based on the PMIP3 PI simulations; And (k—o) the corresponding differences in precipitation
between the MMM and observation. Dots in (k—0) denote that at least 5 out of 8 models agree on the sign of the MMM’s biases.

For regionally averaged precipitation, in the
observations, the seasonal cycle shows different
characteristics between Central Asia and Xinjiang (Fig. 4¢
—d). Greater (less) precipitation can be observed in
December-May (June-September) over Central Asia.
Thus, the rainy seasons in Central Asia are spring and
winter. In contrast, the rain seasons in the Xinjiang area
occur in late spring (i.e., May) and summer (June-August),
which is similar to those in the Asian monsoon area. The
MMM of the PI simulations reproduces similar seasonal
cycles of precipitation as those in the observation, but it
overestimates the monthly mean precipitation over both
Central Asia and the Xinjiang area.

Overall, the MMM can reproduce the spatial pattern and
seasonal cycle of the current ACA’s SAT and precipitation
reasonably well. It is a good starting point to address
issues related to changes in ACA climate during the MH
and LGM.

4 Results

4.1 Simulated changes in SAT and precipitation during
the MH and LGM
4.1.1 SAT

During the MH, the simulated SAT shows significant
differences from that during the PI (Fig. 5f, j). The annual
mean SAT decreases over most parts of the ACA region.
The regionally averaged MMM decreases by 0.13°C
compared to the PI, and 5 out of 8 models reproduce the
lower SAT during the MH (Fig. 5f; Table 4). Additionally,
a stronger decrease in SAT is evident in the MH spring
and winter than in the MH autumn and summer,
particularly over Kazakhstan and China’s Xinjiang area.
The regionally averaged SAT over the core zone of ACA
decreases by 1.23°C and 1.11°C in the spring and winter,
respectively. For the Xinjiang area, the SAT decreases by
1.44°C in the spring and 1.21°C in the winter, which are



Acta Geologica Sinica (English Edition), 2020, 94(3): 725-742

731

SAT

Central Asia

o —
w -
~ -
-
o —
<
0 —
©° —
S
S

Xinjiang

T T T T T T T T T 1
1 2 3 4 5 6 7 8 9 10 11 12
Month

Precipitation

T T T T T T T T 1
2 3 4 5 6 7 8 9 1011 12

Month

Fig. 4. The observed and MMM of simulated annual cycle of SAT (unit: °C) over the (a) Central Asia (35-50°N, 50—
75°E) and (b) Xinjiang (40-50°N, 75-95°E) based on the CRU data and PMIP3 PI simulations. (c-d) Same as (a—b) but
for the precipitation (unit: mm/d).
PI MH minus PI

60°N

50°N

Annual

40°N

30°N
60°N

50°N

Spring

40°N

30°N
60°N

50°N

Summer

40°N

30°N
60°N

50°N

Autumn

40°N

30°N
60°N

50°N

40°N

Winter

5}

@

40°F 60°F 80°E  100°E 40°F 60°E
e nmmmmE

-30 -20 -10 0 10 20 30 -1.8 -12 -06

0

80°E

0.6

52

LGM minus PI

100°E 40°E 60°E 80°E 100°E
hp, SEEEEEEEEDN g

1.8

F B BAT R 01 S 4 8 BT

Fig. 5. (a—e) The MMM of simulated annual and seasonal mean SAT (unit: °C) based on the PMIP3 PI simulations. The MMM
of simulated changes in annual and seasonal mean SAT (unit: °C) for the (f-j) MH and (k—0) LGM simulations with relative to
the PI simulation. Dots in (f-0) denote that at least 5 out of 8 models agree on the sign of the MMM.
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Table 4 The regionally averaged SAT (unit: °C) over the Central Asia, the Xinjiang area of China, and the core zone of ACA
(i.e., Central Asia and Xinjiang) in the PI; And the regionally averaged changes in SAT (unit: °C) over above-mentioned

regions for the MH and LGM with relative to the PI

Model Central Asia Xinjiang Core zone of ACA
ode PI MH-PI LGM-PI PI MH-PI LGM-PI PI MH-PI LGM-PI
Ml 10.83 -0.38 —5.24 3.55 -0.55 -5.23 8.53 -0.43 —5.24
M2 8.64 0.26 —2.48 1.13 0.15 -2.15 6.27 0.23 -2.38
M3 7.99 -0.74 —5.48 0.90 -0.78 —4.42 5.74 -0.75 -5.15
M4 9.91 0.12 —8.09 4.73 -0.17 -7.91 8.27 0.03 —8.04
Annual M5 8.48 0.18 —5.82 1.47 0.20 -5.39 6.26 0.19 —5.69
Mo6 14.05 —0.63 =722 6.18 —0.68 —8.07 11.56 —0.65 —7.49
M7 11.17 -0.03 —4.64 4.54 -0.02 -3.91 9.07 -0.03 —4.41
M8 9.58 —0.02 -3.90 3.25 —0.18 —3.41 7.58 -0.07 -3.74
MMM 9.96 —0.11 —5.13 3.30 —0.18 —4.83 7.85 —0.13 —5.04
Ml 10.02 -1.38 -4.39 3.96 -1.90 —4.45 8.10 -1.55 —4.41
M2 8.22 -0.93 -2.92 1.90 -1.38 —2.83 6.22 -1.07 -2.89
M3 6.94 —-2.10 —4.09 —0.60 —-1.86 —2.90 4.55 —2.02 -3.72
M4 9.39 -0.61 -8.97 4.04 -1.16 —7.18 7.69 -0.78 —8.40
Spring M5 7.58 —0.88 —5.40 1.04 -1.18 —4.74 5.51 —-0.98 —-5.19
M6 13.47 —2.00 -7.99 5.00 -3.26 —9.87 10.79 -2.39 —8.59
M7 11.68 —0.88 —4.53 6.11 —-1.31 -3.09 9.91 -1.01 —4.08
M8 10.03 -1.06 -3.99 4.04 -1.38 —3.24 8.14 -1.16 -3.75
MMM 9.63 —1.13 —4.51 3.53 —1.44 —4.03 7.70 —1.23 —4.36
M1 25.08 1.35 —4.76 19.95 1.80 —5.89 23.45 1.49 =512
M2 23.22 1.84 —0.89 18.04 2.38 -1.32 21.58 2.01 —-1.02
M3 23.32 1.01 -5.02 17.66 1.25 —4.66 21.53 1.08 —4.91
M4 19.32 0.68 —6.15 16.68 0.95 —8.89 18.48 0.77 —7.02
Summer M5 21.96 1.57 -5.39 16.26 2.18 —5.36 20.16 1.76 —5.38
M6 27.32 1.23 —6.08 22.54 2.58 -8.71 25.81 1.66 -6.91
M7 23.87 1.61 -3.85 18.25 2.17 —4.51 22.09 1.78 —4.06
M8 24.88 1.70 —2.87 19.38 1.95 —-3.53 23.14 1.78 -3.08
MMM 23.78 1.51 -4.49 18.41 2.03 —5.16 22.08 1.67 —4.70
M1 10.89 -0.02 —4.89 3.64 -0.25 =521 8.60 -0.09 —4.99
M2 9.24 0.58 —2.46 0.65 0.56 —2.28 6.52 0.57 —2.40
M3 7.89 -0.09 =578 1.18 -0.44 —5.64 5.76 -0.20 -5.74
M4 10.49 0.37 —6.72 5.02 0.05 —7.93 8.76 0.27 =7.10
Autumn M5 8.65 0.56 —5.83 1.02 0.47 —6.02 6.23 0.53 -5.89
M6 13.37 —0.15 —6.39 6.07 —0.09 —7.23 11.06 -0.13 —6.66
M7 11.56 0.13 —4.35 4.37 0.21 -4.18 9.28 0.16 —4.30
M8 8.70 0.25 —-3.80 2.26 —0.07 —3.40 6.66 0.15 -3.67
MMM 9.98 0.17 —5.05 3.04 0.04 —5.27 7.78 0.13 —5.12
M1 -2.64 —1.48 —6.95 -13.36 —1.88 —5.41 —6.04 -1.61 —6.46
M2 —6.12 —0.43 —-3.65 -16.07 —0.93 -2.17 -9.27 -0.59 -3.18
M3 —-6.18 -1.77 —7.04 —-14.63 -2.10 —4.50 —8.86 -1.88 —-6.23
M4 0.42 0.03 —-10.51 —6.84 -0.51 —7.65 —-1.88 -0.14 —-9.61
Winter M5 —4.27 —0.54 —6.68 —-12.41 —0.66 —5.46 —6.85 -0.58 -6.29
M6 2.00 -1.59 —8.38 —8.91 -1.95 —6.44 —-1.45 -1.70 =171
M7 —2.45 -1.00 —5.85 -10.59 -1.14 -3.87 —-5.03 -1.04 -522
M8 -5.29 -0.97 —4.96 —-12.67 -1.23 —-3.45 —7.62 -1.05 —4.48
MMM —3.39 —1.06 —6.34 —12.10 —1.21 —4.88 —6.15 —1.11 —5.88

greater decreases than those in Central Asia. In contrast, in
the MH summer, the SAT increases significantly almost
throughout the entire area, with a 2.03°C increase over
Xinjiang and a 1.51°C increase over Central Asia.
Therefore, the seasonal cycle of the SAT over ACA is
intensified during the MH. This scenario is mainly caused
by the intensified seasonal cycle of insolation in the NH
due to changes in orbital parameters (Berger, 1978). In the
MH autumn, simulated changes of SAT are relatively
smaller than those in the other seasons. Negative
anomalies are evident over some northern parts of ACA,
which are surrounded by the positive anomalies (~0.5°C).
During the LGM, the SAT decreases significantly over
ACA throughout the year (Fig. 5k—o0). The cooling is
amplified with the increase in latitude in all seasons except
summer. This simulated large-scale cooling is mainly

caused by extensive LGM ice sheets and low GHG
concentrations, which are also noted in previous studies
(e.g., Braconnot et al, 2007b). Quantitatively, the
regionally averaged MMM of SAT over the core zone of
ACA decreases by 5.04°C, 4.36°C, 4.70°C, 5.12°C, and
5.88°C for the annual mean, spring, summer, autumn and
winter, respectively (Table 4). All the models could
reproduce the strong cooling throughout the year during
the LGM, and the SAT decrease is in the range of 2.38—
8.04°C, 2.89-8.59°C, 1.02-7.02°C, 2.40-7.10°C, and 3.18
—9.61°C for the annual mean and four seasons (Table 4).
The simulated surface cooling is stronger in the winter
than in the other seasons.

4.1.2 Precipitation
During the MH period, the annual mean precipitation
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Fig. 6. (a—e) The MMM of simulated annual and seasonal mean precipitation (unit: mm/d) based on the PMIP3 PI simulations.
The MMM of simulated changes in annual and seasonal mean precipitation (unit: mm/d) for the (f—j) MH and (k—0) LGM simu-
lations with relative to the PI simulation. Dots in (f-0) denote that at least 5 out of 8 models agree on the sign of the MMM.

decreases significantly over most ACA regions, whereas it
increases over the Tibetan Plateau south of 35°N (Fig. 6f).
In the spring and summer, the precipitation anomalies
show similar patterns with those of the annual mean (Fig.
6g and 6h). In winter, the precipitation increases
(decreases) over the northern (southern) ACA region,
which is very different from the annual mean pattern (Fig.
6j). In autumn, the precipitation anomaly pattern over the
northern Central Asia is similar to that in winter (Fig. 61).
However, the precipitation increases over eastern Xinjiang
and south of ACA. These increases are stronger in
summer. This summer and autumn increased precipitation
over the Tibetan Plateau and south of ACA suggests
enhanced monsoon precipitation during the MH, as noted
by Wang et al. (2010). But in summer, the precipitation
decreases over the Central Asia and northern Xinjiang
area, which is similar to that in spring and annual mean.
Quantitatively, the MMM of precipitation averaged over
the core area of ACA decreases by 3.45%, 5.77%, 5.69%,
0.39%, and 5.24% compared to that of the PI for the

annual mean, spring, summer, autumn and winter,
respectively (Table 5). Except for the autumn, at least 7
out of 8 models simulate decreased precipitation with the
same sign of MMM. Separately, Central Asia and
Xinjiang area exhibit consistent anomalous precipitation
signals with those over the core area of ACA.

During the LGM, the precipitation decreases over most
regions of ACA throughout the year (Fig. 6k—o). Stronger
negative precipitation anomalies exist over high-latitude
regions in most seasons and in the annual mean.
Quantitatively, the MMM of mean annual precipitation
over the core area of ACA decreases by 27.78% relative to
that of the PI, with a range of 3.01%—40.84%. In summer,
the decrease is largest among the four seasons. The
corresponding MMM is —31.38%, and the maximum
decrease is larger than 40% among the models (Table 5).
Less precipitation during the LGM could relate to the
significant cooling, which could suppress the atmospheric
moisture-holding ability and enhance regional subsidence
and then weaken the hydrological cycle (Held and Soden,
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Table 5 The regionally averaged precipitation (unit: mm/d) over the Central Asia, the Xinjiang area of China, and the core
zone of ACA (i.e., Central Asia and Xinjiang) in the PI; And the regionally averaged changes in precipitation (unit: %) over
above—mentioned regions for the MH and LGM with relative to the PI.

Central Asia Xinjiang Core area of ACA
Model PI MH (%) LGM (%) Pl MH (%) LGM (%) PI MH (%) LGM (%)
Changes Changes Changes Changes Changes Changes
Ml 0.93 —-1.11 -32.35 0.97 2.37 —28.09 0.94 -0.01 =31.00
M2 0.79 -3.26 -21.93 0.76 0.41 -7.97 0.78 -2.10 -17.51
M3 1.15 -3.83 —40.28 1.03 —-10.41 —42.05 1.11 =591 —40.84
M4 1.48 -4.72 —23.78 1.17 5.18 —25.07 1.38 -1.59 —24.19
Annual M5 0.78 -2.99 6.53 0.89 =5.21 —23.59 0.81 -3.70 -3.01
M6 1.17 —0.42 —34.84 1.41 —-13.02 —41.65 1.24 —4.41 —=37.00
M7 0.67 —6.48 -17.55 0.69 —9.04 —26.53 0.67 -7.29 -20.39
M8 0.82 —5.14 —33.29 0.75 0.37 —28.75 0.80 -3.40 —31.85
MMM 0.91 -3.19 —27.78 0.90 —4.01 —27.77 0.91 —3.45 —27.78
Ml 1.23 —243 -31.05 1.09 -5.59 —23.93 1.18 —3.43 —28.80
M2 1.16 -4.72 —29.29 0.81 -10.19 -21.05 1.05 —6.45 —26.68
M3 1.59 -3.29 —41.03 1.20 —12.44 —41.05 1.47 —6.19 —41.04
M4 1.71 —7.89 —20.03 1.17 —6.03 —-18.92 1.54 -7.30 -19.68
Spring M5 0.94 5.32 0.57 0.95 —4.91 —-15.55 0.95 2.08 —4.53
M6 1.64 —4.01 —28.84 1.47 -15.99 —40.18 1.59 —-7.81 —32.43
M7 0.91 —-11.16 —23.52 0.70 -19.15 —39.89 0.84 —-13.69 —28.71
M8 1.17 —0.19 —34.42 0.82 —0.45 —33.51 1.06 —0.27 —34.14
MMM 1.21 —4.14 —27.79 0.96 —9.26 —28.97 1.13 —5.77 —28.16
M1 0.46 —0.98 -39.73 1.29 0.95 —32.74 0.73 —0.37 —37.52
M2 0.47 -2.15 -11.33 1.20 5.81 4.53 0.70 0.37 —6.31
M3 0.62 —-1.51 —46.13 0.99 —11.45 —49.28 0.73 —4.66 —47.13
M4 0.90 -12.12 -16.33 1.25 10.92 —37.64 1.01 —4.82 —23.08
Summer M5 0.41 —8.01 31.41 1.02 —8.40 —29.54 0.61 —-8.14 12.11
M6 0.76 6.10 —28.92 2.04 —-16.64 —45.37 1.17 -1.10 —34.13
M7 0.34 —20.57 —26.88 0.89 -7.22 —-12.87 0.52 —-16.34 —22.44
M8 0.50 -12.13 —37.61 1.01 0.73 —26.22 0.66 —-8.06 —34.00
MMM 0.50 —5.96 —32.40 1.13 —5.12 —29.74 0.70 —5.69 —31.56
M1 0.87 9.74 -31.68 0.79 11.50 -33.91 0.85 10.30 -32.39
M2 0.67 5.20 —24.28 0.66 9.95 —14.54 0.67 6.70 -21.20
M3 0.99 0.46 —38.86 0.93 -2.58 -36.78 0.97 —-0.50 —38.20
M4 1.36 -3.05 -14.76 1.18 14.24 -18.20 1.30 2.43 —-15.85
Autumn M5 0.56 -8.32 40.71 0.82 -3.70 -13.22 0.64 —6.86 23.63
M6 0.98 0.63 —51.42 1.13 -5.52 —47.75 1.03 -1.32 —50.26
M7 0.52 1.33 —6.34 0.67 —6.32 -30.56 0.57 -1.09 —14.01
M8 0.79 —-10.02 -39.35 0.68 -2.53 —42.00 0.76 —=7.65 —40.19
MMM 0.77 —0.19 —26.39 0.79 —0.82 —30.64 0.78 —0.39 —27.74
Ml 1.16 —5.88 —29.07 0.70 5.23 -17.42 1.01 -2.36 —25.38
M2 0.85 -9.26 -19.31 0.38 -9.26 0.64 0.70 -9.26 -12.99
M3 1.39 -9.14 —35.44 0.98 —13.80 —40.94 1.26 -10.62 —37.18
M4 1.97 4.78 -27.39 1.08 -2.35 -21.59 1.69 2.52 —25.55
Winter M5 1.21 -5.27 0.47 0.76 -4.36 —35.08 1.07 —4.98 -10.79
M6 1.29 —-1.85 —24.99 1.01 —10.66 -28.01 1.20 —4.64 -25.95
M7 0.90 —5.48 -15.70 0.51 -3.02 -27.02 0.77 -4.70 -19.28
M8 0.83 —5.28 —24.73 0.49 5.64 -13.19 0.72 -1.83 —21.08
MMM 1.13 —5.64 —23.24 0.68 —4.35 —23.41 0.99 —5.24 —23.29

2006; Quade and Broecker, 2009).

4.1.3 Simulated changes in seasonal cycle

During the MH and LGM, the simulated seasonal cycles
of SAT over Central Asia and Xinjiang are similar to
those of the PI (not shown). In the MH, however,
regionally averaged SATs over Central Asia and Xinjiang
are higher in June-September than those of the PI, whereas
lower in other months (Fig. 7a—b). This result means that
the seasonal cycles of SAT over the core area of ACA are
strengthened. During the LGM, regionally averaged SATs
over Central Asia and Xinjiang are 4-6°C lower than
those of the PI throughout the year. The larger decreases
in SAT are evident in the winter and August. Specifically,
over Xinjiang, the largest LGM decrease in SAT occurs in
August. Therefore, the seasonal cycles of SAT change

little during the LGM. Over the Xinjiang area, the
seasonal SAT cycle is slightly weakened.

Regionally averaged precipitation is reduced over
Central Asia and Xinjiang during the whole year in the
MH (Fig. 7c—d). However, the reduction is small, at no
greater than 0.1 mm/d. Thus, the reduction has little
influence on the seasonal cycle of precipitation over ACA
during the MH. During the LGM, the reduction in
regionally averaged precipitation is stronger than that
during the MH. For annual evolution, a larger decrease in
precipitation occurs in the boreal winter and spring over
Central Asia, whereas it occurs in May, June, and July
over the Xinjiang area. The evolution of precipitation
reductions differ from the PI climatology for these two
areas. This result suggests that seasonal cycles of LGM
precipitation over Central Asia and Xinjiang are both
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weakened.

4.2 Simulated changes in terrestrial moisture during
the MH and LGM

Terrestrial moisture conditions can be classified by 4/
climatology; according to Middleton and Thomas (1997),
drylands are regions with 47 < 0.65, and smaller A7 values
suggest drier conditions over land. In the PI, most parts of
the core region of ACA are drylands (Fig. 8a—b). The 4/
patterns calculated by the PM and HG methods are
similar, both of which well represent the modern moisture
condition over ACA.

4.2.1 Terrestrial moisture changes

During the MH, negative 4/ anomalies are evident over
the southern part of Central Asia and western Xinjiang,
suggesting a drier condition (Fig. 8c—d). For the northern

found over the whole core zone of ACA and its
surrounding regions (Fig. 8e—f). This suggests much drier
conditions over ACA during this period than during the
PI, even compared to that during the MH.

To quantify the impact of precipitation and PET on
changes in Al, a detailed estimation is calculated
according to Feng and Fu (2013):

L ap- L ppri L
PET PET?

A(Al) = (APET) (5)

PET?
where AP and APET are the changes in precipitation and
PET, respectively. The term on the left side of equation (5)
is the change in 4I. On the right side of equation (5), the
first term and the remaining terms represent contributions
of precipitation and PET to changes in Al, respectively.
For convenience, we define the following:
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Fig. 7. The MMM of simulated changes in annual cycle of SAT (unit: °C) over the (a) Central Asia (35-50°N, 50-75°E)
and (b) Xinjiang (40-50°N, 75-95°E) for the MH (orange line) and LGM (blue line) relative to that in the PI (gray line). (c—
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Fig. 8. (a—b) The MMM of simulated A7 in the PI. The MMM of simulated changes of A7 (%) for the (c—d) MH and (e—f) LGM
relative to A7 in the PI. Black dots denote that at least 3 out of 5 (5 out of 8) models agree on the sign of the MMM using the PM
(HG) method. (a), (c), and (e) are calculated by the PM method. (b), (d), and (f) are calculated by the HG method.
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As shown in Fig. 9a-b, reduced precipitation can cause
a decrease of approximately 9% in Al over southern
Central Asia and most parts of Xinjiang during the MH.
Over Tajikistan and Uzbekistan, enhanced PET also
contributes to the decrease in A/ during this period (Fig. 9¢c
—d). In contrast, the PET is reduced over the Xinjiang area.
Its contribution is positive to the A/ (~3%), which is
smaller than that from precipitation. PET can only partly
offset the effects of decreased precipitation on the A/
changes over most parts of Xinjiang. Overall, reduced
precipitation plays a dominant role in causing changes in
Al over southern Central Asia and the Xinjiang area
during the MH.

During the LGM, reduced precipitation leads to a
decrease (~30%) of Al over ACA (Fig. 9e—f). At the
higher latitudes in ACA, the precipitation induced changes
can be as high as 40% of PI 4/ or more. In contrast,
reduced PET can lead to an increase in A/ over the whole
ACA. Reduced PET can lead to an increase of more than
10% of the PI A/ over ACA. As shown in Fig. 9¢ and h,
changes in precipitation and PET both contribute more to
AI during the LGM than during the MH. However, their
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contributions are opposite, and precipitation is dominant.
Liu et al. (2018) analyzed moisture conditions over the
western Central Asia and noted similar results. Thus, the
Al decreases by approximately 30% over almost all
regions of ACA during the LGM (Fig. 8e—f).

4.2.2 Effects of changes in Ty,c.n, RH, U, and AE

As mentioned above, changes in precipitation dominate
the Al over most regions of ACA. However, influence
from PET is also essential, particularly during the LGM.
Therefore, it is necessary to find out the key factors
influencing the PET and A/ in these two periods. In
equation (2), PM PET is a function of U, AE, RH, and
Tmean. Thus, the contributions of some basic
meteorological elements (i.e., U AE, RH and Tyyean) to PET
changes can be obtained following equations in Fu and
Feng (2014):

7;3 :f(UOa Tmcanla RHO’AEO)_f(UOa TmcanO, R-HOaAEO) . (8)
Uc =f(U1, TmcanO;RHO;AEO)_f(UO; ﬂncanOsRHO:rAEO) s (9)
RH. =f(U1, Tneant RHl,AEl)—f(Ul, Tneant, RHO,AEl) 5 (10)

LGM
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Fig. 9. The AI changes (%, relative to PI) caused by changes in (a—b) precipitation and (¢c—d) PET using the PM and HG meth-
ods for the MH period. (e-h) Same as (a—d), but for the LGM. Black dots denote that at least 3 out of 5 (5 out of 8) models

agree on the sign of the MMM using the PM (HG) method.
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AEc = £ (U, Toeants Ry, AE ) = £ (Us, Ty, RHy, AEy )

, (11
APET ~ To+U +RH AAE,. | (12)

where Tc, Uc, RHc and AE are the contributions of Tean,
RH, U, and AE to changes in PET, respectively. Subscript
“0” represents the PI climatology, and subscript “1”
represents the MH/LGM climatology. Substituting
equation (12) into equation (7), the contributions of Tiean,
RH, U, and AE to the Al changes will be obtained.
Increasing T, U, and AE can contribute to enhancing
PET and thereby decreasing AJ (drier). In contrast, an
increase in RH can lead to a reduction in PET and thereby
an increase in A7 (wetter).

During the MH (Fig. 10), increased U is an important
factor in enhancing the PET and thereby to decreasing the
Al over ACA. In contrast, AE can contribute to a decrease
in AI over the western core area of ACA, whereas an
increases in 4/ over the Xinjiang area in China (Fig. 10c).
It means that the AE contributes oppositely to the A7
changes over the western and eastern core zone of ACA.
Compared with the influences from U and AE, the
influences from Ty, and RH are smaller and show large
discrepancies among the models over the core zone of
ACA (Fig. 10a-b).

During the LGM, remarkable cooling contributes to a
significant increase in A/ in Central Asia and Xinjiang
area (Fig. 10e). Similarly, changes in AE also contribute to
the increase in the A4/ during this period (Fig. 10f). In
contrast, changes in RH and U contribute to the decrease
in Al in the core zone of ACA, partly offsetting the
influences from 7., and AE (Fig. 10g-h). Among these
four factors, the effect from the Tea, is largest. Similar
results could be found over western part of the Central
Asia in Liu et al. (2018). Compared with that in the MH,
in the LGM, the contributions of Ty, RH, AE, and U to
the A7 are much larger, even one order higher.

4.3 Model-data comparison

For the MH, as noted by our previous study (Wang et
al., 2010), a significant increase in monsoon precipitation
can be found over East Asia in the simulation and
reconstruction. In this study, our collected proxy records
are mainly located in southern Central Asia and the
western Xinjiang area (Table 3, Fig. 11a). Most of the
records suggest a drier condition over these regions, which
is very different from that over the monsoon area. This
result is consistent with the above-simulated MH ACA
moisture condition. For the northern Central Asia and
eastern Xinjiang areas, the simulated moisture condition is
difficult to verify due to the absence of reconstructions or
two model-data mismatches over these regions.

For the LGM, we only find four proxy records in the
core area of ACA (Fig. 11b). One record is from northern
Xinjiang, and the other records are from the east edge of
ACA. The proxy record in northern Xinjiang indicates a
relatively drier condition, which is consistent with the
simulation. However, the other three records suggest
wetter or no change in their conditions over their local
regions, showing opposite trends to those of the model
results. In fact, the minimal records for ACA, particularly

in Central Asia, limit the model-data comparison for the
LGM climate over ACA, also noted by the Liu et al
(2018).

5 Discussions

In the paleoclimate modelling study, reconstruction is
key to verifying the model results. However, there are
very large uncertainties in the proxy records. As
mentioned above, proxy data derived from Overeem et al
(2003), An et al (2006) and Chen et al (2008) suggest a
wetter ACA during the MH. Actually, the number of these
proxy records is limited. In addition, some of them are
located in the eastern Xinjiang area in China, where the
climate is also affected by the monsoon. The wetter
conditions are exactly a reflection of a stronger East Asian
summer monsoon during this period, which is consistent
with our model results (Fig. 8c—d) and previous PMIP2
studies (e.g., Wang et al., 2010). For the western Xinjiang
area and few regions of Central Asia, our collected
information (Table 3) suggests likely drier conditions,
further confirming the present model results. However, the
recently collected information does not match
reconstructed record from Overeem et al (2003). In
addition, there are no reconstructed records in most parts
of the Central Asia, particularly at the LGM. This makes it
difficult to accurately understand related climate change.
Therefore, to better study and understand the paleoclimate,
we need multiple and large amounts of reconstructed data
to confirm each other. Comparisons between the multi
model and large reconstruction data are particularly
important and necessary.

From the first phase of the PMIP to the ongoing PMIP4,
the MH and LGM are always most concerned periods for
paleoclimate modelling. The MH and LGM experiments
are used to examine the climate response to a change in
the seasonal and latitudinal distribution of incoming solar
radiation as well as the presence of large ice sheets and
lowered greenhouse gas concentrations, respectively
(Braconnot et al., 2007a). That means these changes in
external forcing are the root causes to induce climate
changes over ACA during the MH and LGM. However,
the related dynamical processes are still unclear. The
present study only notes the final changes (i.e., changes in
SAT, precipitation, and related moisture conditions) due to
the forcings. The associated mechanisms will be studied in
the next step.

6 Conclusions

(1) In this study, the climate changes during the MH
and LGM over ACA are investigated using output from
the PMIP3. MMM is adopted to avoid the possible
influence of outliers on the multimodel ensemble mean.
Based on the comparison between the MMM and
observations, the PMIP3 model results can realistically
simulate the current ACA climate.

(2) During the MH, the simulated annual SAT averaged
over the core area of ACA decreases by 0.13°C. At a
seasonal scale, the SAT increases by 1.67/0.13°C in
summer/autumn, whereas it decreases by 1.23/1.11°C in
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spring/winter. The seasonal cycle is intensified, similar to
the condition in the East Asian monsoon region (e.g.,
Wang et al., 2010). This is mainly caused by the enhanced
seasonal cycle of insolation in the NH due to the altered
orbital parameters during the MH. For precipitation, the
simulated regionally averaged MMM over the core area of
ACA decreases by 3.45%, 5.77%, 5.69%, 0.39%, and
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(3) In the LGM, strong cooling is evident over the
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averaged over the core zone decreases by 5.04°C, 4.36°C,
4.70°C, 5.12°C, and 5.88°C for the annual mean and in the
spring, summer, autumn, and winter, respectively. This
cooling condition weakens the regional, even the global
hydrological cycle. Thus, the simulated regionally
averaged precipitation over the core region decreases by
27.78%, 28.16%, 31.56%, 27.74%, and 23.29% for the
annual mean and in the spring, summer, autumn, and
winter, respectively. In addition, the seasonal cycles of
precipitation over Central Asia and the Xinjiang area both
weaken during the LGM.

(4) In the model, southern Central Asia and western
Xinjiang have drier conditions during the MH than during
the PI, which is further confirmed by our collected proxy
records. Reduced precipitation plays a dominant role in
causing the drier conditions. In Tajikistan and Uzbekistan,
enhanced PET also contributes to the decrease in A/. In
contrast, in the western Xinjiang area, reduced PET
contributes negatively to the decrease in AI. Detailed
analysis suggests that changes in T, and U lead to
enhanced PET in Tajikistan and Uzbekistan, further
intensifying the drying. In contrast, changes in RH and AE
result in reduced PET, thereby reducing drying in
Xinjiang.

(5) In the LGM, simulated drier conditions can be found
almost over the whole core area of ACA compared to that
of the PI, and these conditions were much drier than those
in the MH. Significantly decreased precipitation is the
main cause of the drier conditions over ACA, even over
large surrounding areas. In contrast, the weakened PET,
which is mainly caused by decreased Tpca, and AE,
reduced the drying intensity over the whole ACA region.
A change in precipitation is still the dominant factor in
determining ACA’s moisture condition. For this period,
the lack of proxy records limits a model-data comparison
over ACA.
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