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Abstract: Knowledge of moisture sources is of great significance for understanding climatic
change and landscape evolution in desert environments. In this paper, we aim to clarify
moisture origins for the Alashan (Alxa) Sand Seas (ALSS) in western Inner Mongolia and
their transport pathways during the Last Glacial Maximum (LGM) and the mid-Holocene
using modern analogues and paleoclimatic simulations. Precipitation data for the period
1959-2015 from meteorological stations in the study area and wind and specific humidity
data from the European Center for Medium-Range Weather Forecasts (ECMWF) daily re-
analysis were adopted to determine the moisture sources of summer precipitation in the
ALSS. In addition paleoclimate simulations under PMIP3/CMIP5 protocols were used to
detect the atmospheric circulation and precipitation at 21 ka BP and 6 ka BP over the ALSS.
We also reviewed paleoclimate records from the ALSS to acquire a semi-quantitative re-
construction of the moisture history during the late Pleistocene and Holocene. Our results
suggest that the summer monsoon transported water vapor from the Indian Ocean and the
South China Sea to the ALSS during July and August, causing increased precipitation. The
dominant moisture source was from the southwest monsoon, while the East Asian summer
monsoon also partly contributed to precipitation in the ALSS. The increased humidity during
the period 8.2—4.2 ka BP in the ALSS, as derived from both climate simulation outputs and
sedimentary records, was caused by monsoons according to the outputs of simulations. At
21 ka BP, the moisture sources of the ALSS were greatly associated with the prevailing
westerlies.
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1 Introduction

Large-scale atmospheric circulation plays a vital role in the climate of a region, affecting
characteristics such as rainfall by transporting moisture from outside areas, particularly ad-
jacent oceans (Ziv et al., 2006; Hastenrath, 2007; Lennard and Hegerl, 2014). Hence, under-
standing the circulation regime is of central importance for exploring the mechanisms of past
climate changes. For understanding climatic change and landscape evolution in desert envi-
ronments, clarifying moisture sources and their transport pathways is particularly significant.

The Alashan Sand Seas (ALSS) is located in the arid areas of Inner Mongolia, China.
Previous studies have shown evidence for the occurrence of long-lasting and extensive pale-
olakes in the ALSS, a region currently covered primarily by sand dunes (Zhang et al., 2001;
Yang et al., 2003; Chen et al., 2014a). Some researchers have reported that the humid peri-
ods represented by paleolakes were probably related to Asian summer monsoon intrusions
(Yang et al., 2003; Yang and Williams, 2003; Zhao et al., 2012; Chen et al., 2014b), while
other studies have excluded the ALSS from monsoon-influenced regions (Wu et al., 2012;
Wang and Feng, 2013). Modern climate analysis has indicated that the ALSS region is nei-
ther a typical monsoon region (Chen et al., 2018a) nor in a core westerlies-dominated re-
gime (Huang et al., 2015). The ALSS is likely in a transition zone between the monsoon and
westerlies-dominated regions (Wang et al., 2017).

To clarify the mechanisms triggering climate variations in the ALSS, it is necessary to
first determine which circulation pattern enables high precipitation in this region. Here, we
examined precipitation data for the period from 1959 to 2015 from meteorological stations
and wind and specific humidity data from the European Center for Medium-Range Weather
Forecasts (ECMWF) daily reanalysis to determine the moisture sources of rainfall in the
ALSS. In addition, we used PMIP3 paleoclimate simulations at 21 ka BP and 6 ka BP to
detect the atmospheric circulation pattern and water vapor level over the ALSS at the LGM
and mid-Holocene, respectively. We reviewed the climate records from the ALSS region to
acquire a semi-quantitative reconstruction of the moisture history during the late Pleistocene
and Holocene. Based on these results, we further analyzed the mechanism for humid/arid
conditions in the ALSS.

2 Geological and physiographical settings

The Alashan (Alxa) Plateau is located in western Inner Mongolia, China (39°N—42°N,
100°E— 107°E), and has an area of ca. 300,000 km?* (Figure 1). Tectonically, this region is in
accordance with the Alashan Terrane (Yuan and Yang, 2015). In this plateau, there are small
mountain ranges higher than 2000 m and some tectonic depressions between these ranges
(L1 et al., 1982). The Alashan Plateau is characterized by a continental climate, with ex-
tremely hot summers and cold winters. The mean annual temperature is 7-8°C, and the daily
maximum can reach 37—41°C in summer and -37—30°C in winter. Rainfall occurs primarily
in July and August, with an average annual precipitation ranging from 45 mm to 215 mm,
decreasing from east to west. The main landscapes are the gravel plains of the Alashan Gobi
and sandy areas known as the Badain Jaran, Tengger, and Ulan Buh Sand Seas. The Badain
Jaran Sand Sea is the second largest sand sea in China and covers an area of 49,000 km”.
The mean annual evaporation has recently been reported as approximately 1040 mm from
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the lake surface and approximately 100 mm from the land surfaces in the southeastern part
of the sand sea (Yang et al., 2010). There are more than 100 permanent lakes between dunes
with different sizes, and most of these lakes have a high salinity (Yang and Williams, 2003).
The Tengger Sand Sea, situated in the southeastern part of the Alashan Plateau, covers an
area of 47,350 km”. Field investigations and laboratory analyses have shown that during the
late Pleistocene, paleolakes covered an area of more than 20,000 km?, which is more than
half the area of the Tengger Sand Sea (Zhang et al., 2004). The Ulan Buh Sand Sea is located in
the northeast of the Alashan Plateau and covers an area of approximately 11,000 km?. The
surface morphology consists of active, semi-fixed and fixed dunes (Zhu et al., 1980).
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Figure 1 Overview of the Alashan Sand Sea (Badain Jaran Sand Sea, Tengger Sand Sea, Ulan Buh Sand Sea)
with the locations of the meteorological stations and main lake record sites referenced in this paper.

3 Methods
3.1 Modern climate analogues

To examine the modern precipitation in the ALSS, precipitation data covering the period
19592015 from four meteorological stations, Minqin (38.63°N, 103.08°E), Bayannuoer-
gong (40.17°N, 104.8°E), Jilantai (39.78°N, 105.75°E), and Ejina (41.95°N, 101.07°E),
were adopted (Figure 1). The precipitation grades were determined according to the precipi-
tation intensity level standard (Table 1). The ECMWF daily reanalysis data (https://www.
ecmwf.int) spanning the period 1958-2016 were adopted to analyze the circulation patterns
related to precipitation in the ALSS. Specifically, the ERA-40 dataset for the period
1958-1978 and the ERA-Interim dataset for the period 1979-2016 were used in this study.
These are global atmospheric reanalysis products with 4-dimensional variations. ERA-40
has 60 levels in the vertical and approximately uniform 125 km spacing in the horizontal,
and the spatial resolution of the ERA-Interim product is approximately 80 km, with 60 ver-
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tical levels from the surface up to 0.1 hPa. The variables used for this analysis included the
zonal wind, meridional wind, specific humidity, and geopotential height. The water vapor
flux was calculated as follows (Trenberth, 1991):

0,=-1qu (1)
g

0,=—Lqr @)
g

where U, V and g represent the zonal wind (m/s), meridional wind (m/s) and specific humid-
ity (kg/kg) of a specific pressure level, respectively, g (m/s°) is the gravitational acceleration,
and O, and Q, are the water vapor fluxes in the zonal and meridional directions, respectively
(kg/(m*s)).

In addition, the water vapor sources of precipitation in the ALSS were analyzed using the
HYSPLIT-4 model, i.e., Hybrid Single-Particle Lagrangian Integrated Trajectory model
(HYSPLIT) of the American National Oceanic and Atmospheric Administration (NOAA)
Air Resources Laboratory (ARL). This study used the HYSPLIT back-trajectory analysis,
which is a common application of the HYSPLIT model to determine the origins of air
masses and establish source-receptor relationships (Fleming et al., 2012).

Table 1 Standard precipitation intensity levels (part of inland regions)*

Light rain Moderate rain Heavy rain Rainstorm

24 h Precipitation 0.1-9.9 mm 10.0-24.9 mm 25.0-49.9 mm 50.0-99.9 mm

*Issued by the China Meteorological Administration (http://www.gov.cn/ztzl/2008tffy/content_1113935.htm).
3.2 Climate simulation

To analyze the precipitation and atmospheric circulation during the LGM and mid-Holocene,
transient simulations of five climate models under the latest PMIP3/CMIPS5 protocol were
used (Table 2). The PMIP3 is the latest Paleoclimate Modelling Intercomparison Project,
which is intended to provide an efficient mechanism for coordinating paleoclimate modeling
activities, and its protocol includes generally higher horizontal resolutions than the former
PMIP1/2 models. The boundary conditions for the LGM and mid-Holocene experiments
included changes in the Earth’s orbital parameters (Berger, 1978), aerosol concentrations,
vegetation, ice sheet extent, topography, and land-sea mask. The Earth’s orbital parameters
and trace gas concentrations are listed in Table 3. The vegetation was fixed at the
pre-industrial state in the AOGCMs and was simulated with dynamic vegetation models in
the AOVGCM models. The ice sheet was a blended product obtained by averaging three
different ice sheet reconstructions: ICE-6G v2.0, MOCA and ANU. More details about the
models and experiments are provided in Taylor et al. (2012) and are available online at
http://pmip3.1sce.ipsl.fr/. Variables used in this paper included u-wind (m/s), v-wind (m/s),
specific humidity (kg/kg), precipitation (mm), and geopotential height (gpm). In addition,
the circulation and precipitation outputs for the pre-industrial (PI) control experiment of the
five climate models were used for comparing models and different periods.

3.3 Proxy records

To obtain the moisture evolution history in the ALSS region, we reviewed the climate records
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Table 2 Basic information of the five climate models within PMIP3 used for the LGM and mid-Holocene ex-
periments in this study

Model Model type Atmospheric resolution Length of run analyzed (year)

CCSM4 AOGCM 1.25°7~0.9°, L26 301
FGOALS-g2 AOVGCM ~2.8° 7 3-6°,L26 100
CNRM-CMS5 AOGCM ~1.4°"1.4° L31 200
MPI-ESM-P AOGCM 1.875° " ~1.9°,L47 100
MRI-CGCM3 AOGCM 1.125° " ~1.1°, L48 100

Note: AOGCM represents coupled atmosphere-ocean general circulation model; AOVGCM represents atmos-
phere-ocean-vegetation general circulation model.

Table 3 Boundary conditions of orbital parameters and trace gas concentrations in the climate simulations for
the LGM and mid-Holocene

Precession

Eccentricity Obliquity (°) (@-180°) CO; (ppm) CH,4 (ppb) N,O (ppb)
LGM 0.018994 22.949 114.42 185 350 200
Mid-Holocene 0.018682 24.105 0.87 280 650 270

in this area to acquire a semi-quantitative reconstruction during the late Pleistocene and
Holocene. Climate records from the central sand sea are rare due to the discontinuity of
sediments and difficulty of sampling (Tables 4 and 5). To ensure sufficient data quality, all
climate records included in our analyses should meet the following criteria:

(1) The roxies should indicate moisture changes, excluding the possibility of changes in
local hydrology.

(2) The sequences should be established through a reliable chronology, and the recorded
Holocene period should have at least four dating control points.

(3) The sequences should have sufficient resolution (<200 years for the Holocene period).

This paper synthesized 15 records in the ALSS, including lacustrine deposits, former
shorelines, and cemented plant roots. For the Holocene period, we transformed the moisture
signals from separate studies to a moisture index on a five-point scale (-2, -1, 0, +1, +2).
The lowest value (-2) indicated the most arid intervals for each site, while the maximum
value (+2) indicated the most humid periods. (0) indicated climate conditions of intermedi-
ate stage.

Table 4 List of proxy record sites from the ALSS in the late Pleistocene

Site Site name Lat. Lon. Proxy type Dating Number References
No. (°N) (°E) method of dates
1 Jilantai 39.74 105.70 Pollen, grain size OSL 4 Fan et al.
(2017)
2 Tengger 39.15 104.16 Lacustrine terraces c 14 Zhang et al.
(2004)
3 Southeastern 37.34 105.23 Grain size, OSL 4 Qiang et al.
margin of Teng- Carbonate content. (2010)
ger Elemental composi-
tion
4 Southeast of - - Aeolian deposits OSL 26 Fan et al.

Badain Jaran (2016)
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Table 5 List of proxy record sites from the ALSS in the Holocene

Site Lat. Lon. Dating Number

No. Site name N) °E) Proxy type method of dates References
1 Badain - - Lacustrine deposits, “C,TL 5 Yang and Williams
Jaran Aeolian deposits (2003)
2 Badain - - Shorelines c 9 Yang et al. (2010)
Jaran
3 Badain - - Lacustrine deposits, “C,TL 7 Yang et al. (2003)
Jaran Aeolian deposits,
Calcareous cemen-
tation layers, ce-
mented plant roots
4 Huahai 40.43 98.07  Grain size, C/N, e 17 Wang et al. (2013)
Carbonate, TOC
5 Tengger 39.15 104.16  Lacustrine terraces c 14 Zhang et al. (2004)
6  Zhuyeze 37.05  104.67  Grain size, pollen, e 13 Li et al. (2008)
TOC, T/N
7 Baijian Hu - - Shorelines OSL 25 Long et al. (2012)
8 Qingtu 39.05  103.67  Grain size, carbon- C,08L 16 Long et al. (2010)
Hu ate, TOC, C/N, §"°C
9  QingtuHu 39.07  103.61 Pollen e 5 Zhao et al. (2008)
10 Ulan Buh 39.77 105.76  GPR reflecting, OSL 6 Fan et al. (2010)
Grain size
39.86 106.39
11 Ulan Buh - - Grain size, OSL 14 Chen et al. (2014)
Loss on ignition,
Pollen analysis
12 Ulan Buh - - Grain size, eleva- OSL 19 Zhao et al. (2012)
tion
13 Alashan - - Calcareous root e 34 (Lietal.,2015a, Li et
Sand Sea tubes al.,2015b)
4 Results

4.1 Modern moisture sources

The remote moisture source of each moderate rain, heavy rain, and rainstorm (precipitation
= 10 mm during 24 hours) event passing over more than two meteorological stations from
1959 to 2015 in the ALSS was back-tracked. The requirement of covering more than two of
the four meteorological stations in the ALSS region aims to exclude non-regional precipita-
tion events. In addition, maximum precipitation = 10 mm during 24 hours was selected to
exclude weak precipitation events that would not significantly improve the effective humid-
ity in the ALSS region. In total, 47 rainfall events met the above conditions and were thus
studied (Table 6). The geopotential height and water vapor flux of two typical rainfall events
are shown in Figure 2. The results suggest that the dominant precipitation mass source of the
ALSS was from the broad high-latitude region from Europe to Siberia (71%) and was car-
ried by mid-level westerly winds. The second source was from the southwestern area over
the Indian Ocean via the South China Sea (17.3%) and was transported by southwesterly
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Table 6 Details of 47 precipitation events during the period 1959-2015 that affected more than two meteorological
stations in the ALSS region with maximum daily precipitation exceeding 10 mm.

No Start date Duration Numb.er of Precip%tation Precipitation Moisture
(days) station (min) (max) source
1 1958-08-01 1 2 11.4 25.7 Westerlies
2 1958-08-07 1 2 332 413 Westerlies
3 1960-07-19 3 2 14.5 17 Westerlies
4 1961-07-31 2 2 12 40.4 Westerlies
5 1961-08-06 2 2 26.6 36.5 Westerlies
6 1963-07-20 2 2 14.6 29.9 Westerlies
7 1969-06-15 2 2 11 14 Westerlies
8 1969-08-09 1 2 13.5 14.2 Westerlies
9 1970-08-01 1 2 14 18 Westerlies
10 1970-08-17 2 2 242 33.1 Monsoon
11 1973-08-10 4 3 11.9 32.9 Monsoon
12 1973-08-15 2 2 10.2 36.6 Westerlies
13 1974-07-28 3 4 10.6 42.1 Monsoon
14 1977-07-28 1 3 11.6 44 Westerlies
15 1977-08-19 2 3 10.2 34.2 Westerlies
16 1978-07-27 3 4 10.9 20.3 Westerlies
17 1979-07-01 2 2 10.9 15 Westerlies
18 1979-07-18 4 3 13 324 Monsoon
19 1979-08-06 2 2 26.5 27.9 Monsoon
20 1980-08-01 2 2 10.3 13.5 Monsoon
21 1981-07-02 1 3 14.6 23.8 Westerlies
22 1983-08-13 1 2 20.1 20.9 Monsoon
23 1984-06-13 1 2 13.8 19.3 Westerlies
24 1993-07-20 2 2 28.4 31.2 Westerlies
25 1993-08-10 1 2 13.4 17.7 Westerlies
26 1993-08-29 1 2 14.2 21 Westerlies
27 1994-07-07 1 2 20.2 28.7 Westerlies
28 1994-08-12 1 3 14 18 Westerlies
29 1995-08-10 1 2 10.4 14.8 Westerlies
30 1995-08-15 2 2 18 24.1 Westerlies
31 1996-07-27 3 3 13.1 24 Westerlies
32 1997-07-30 1 2 12.4 17.6 Monsoon
33 1998-06-11 1 3 10.3 44 Monsoon
34 1999-07-06 1 2 11.1 20.5 Westerlies
35 2000-08-07 1 2 11.9 19.1 Westerlies
36 2002-06-07 2 3 18.9 31.2 Monsoon
37 2002-06-21 1 2 21.3 23 Westerlies
38 2003-06-25 1 3 14.1 24.8 Westerlies
39 2003-08-29 1 2 11.4 14.3 Westerlies

(To be continued on the next page)
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(Continued)
No Start date Duration Numb.er of Precip%tation Precipitation Moisture
(days) station (min) (max) source
40 2006-08-17 2 2 13.5 26 Monsoon
41 2008-07-28 2 3 12.1 33.2 Monsoon
42 2009-08-18 1 3 13.3 26.5 Westerlies
43 2012-06-27 1 2 16.5 34.6 Westerlies
44 2012-07-29 2 2 14.5 33.1 Monsoon
45 2016-06-02 1 2 12.2 18.3 Westerlies
46 2016-07-10 1 2 13 16.3 Westerlies
47 2016-08-13 1 2 14.5 22.6 Monsoon

Note: Start date refers to the first day of a precipitation event. Precipitation (min) is the minimum daily precipitation
(mm) of all meteorological stations observing precipitation. Precipitation (max) is the maximum daily precipitation (mm)
of all meteorological stations observing precipitation. Number of stations is the number of meteorological stations that
recorded a rainfall event. The statistics include four meteorological stations: Minqin (38.63°N, 103.08°E), Bayannuoer-
gong (40.17°N, 104.8°E), Jilantai (39.78°N, 105.75°E) and Ejina (41.95°N, 101.07°E). The bold font indicates “regional
severe precipitation events”.

monsoon winds. The third source was a southeastern source from the western North Pacific
(11.7%), transported by the trade winds of the southern flank flow of the western North Pa-
cific Subtropical High.

sl N
120°E 150°E  60°E

Figure 2 Backward water vapor trajectories before rainfall in the ALSS (al, a2) and the atmospheric circulation
(500 hPa geopotential height (gpm) and water vapor flux (g/(m*s)) at 700 hPa) (b1, b2) of two typical rainfall
events. al, bl: Rainfall event on June 15, 1969, where the westerlies transported the moisture for precipitation in
ALSS. a2, b2: Rainfall event on July 30, 1974, where the summer monsoon transported the moisture. The blank
rectangle refers to the ALSS region, the yellow dashed line is the westerly trough, and the green dashed line cir-
cles the trough region between the Arabian Peninsula High and the West Pacific Subtropical High.
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Furthermore, we defined rainfall events

. . o Westerlies precipitaion
occurring at more than three meteorologi- £, || e Monsoon precipitation
cal stations in the ALSS region with %
maximum precipitation = 25 mm in 24 *
hours and lasting for more than two days .'oo
as “regional severe precipitation events”. 2 "..0..'
The results suggested that, in most re- : % o
gional sever precipitation events, the | Moderate rain
moisture was transported by the summer 10 20
monsoon (Figure 3). Figure 3 Moisture source statistics for the following

rain types: moderate rain, and heavy rain refer to rainfall

o C h h b for 2 or fewer days, and rainfall for more than 2 days,
precipitation events, the troug ctween respectively. Only rainfall events covering more than two

the Arabian Peninsula High and the West of the four meteorological stations were analyzed.
Pacific Subtropical High (green dashed

line in Figure 2) was deepened, favoring the northward transport of the southwest air current
between the two high pressures. Furthermore, the westerly trough in the region of Mongolia
(100°E-110°E) (yellow dashed line in Figure 2), which would restrain the northward flow of
southern air in southwestern China, became weaker or even nearly disappeared.

During the majority of regional severe

4.2 Simulated paleomoisture sources

For the LGM period, all of the climate models suggest that the water vapor source of the
ALSS was the high-latitude region from Europe to Siberia, and the moisture was transported
by the westerly wind (Figures 6—10). The westerly winds in the LGM experiments were
stronger and more southward in the 100-110°E region than those in the PI experiments
(Figure 4). In addition, the westerly trough in Mongolia was deepened and stretched to a
more southern latitude, favoring the southward propagation of the westerlies.

In the mid-Holocene, CCSM4, FGOALS-g2, CNRM-CMS5, and MPI-ESM-P suggest that
the dominant precipitation masses of the ALSS originated from the southwestern source over
the Indian Ocean via the South China Sea and were carried by southwesterly monsoons.
Differently, the MRI-CGCM3 model indicates that westerlies in the 100-110°E region
turned southward to 33°N and controlled the ALSS region. However, the PI control experi-
ment suggests that the westerlies in the MRI-CGCM3 climate model were further south
(30°N) in the 100°-110°E region (Figure 4), which is not in accordance with the other four
models. Thus, the MRI-CGCM3 result that the summer monsoon failed to control the ALSS
region in the mid-Holocene may due to this model’s inaccuracy in predicting the water vapor
flux. All of the models suggest that the westerly trough over the region of Mongolia had a
more northern location than in the PI control experiments, which also favored the northward
movement of the southern current.

To determine the difference in moisture transport between the mid-Holocene and LGM
period, we calculated the difference in the water vapor flux between the mid-Holocene and
LGM (Figure 11). The results suggest that except for the MRI-CGCM3 model, all models
indicate a southerly wind over the ALSS region in the difference calculation. In other words,
in the summer of the mid-Holocene, the southerly wind, i.e., summer monsoon, was stronger
than during the LGM period.
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Figure 4 The simulation outputs for the water vapor flux at 700 hPa (g/(m*s)) and 500 hPa geopotential height

(gpm) for the PI control experiment. (a): FGOALS-g2; (b): CCSM4; (c): CNRM-CMS5; (d): MPI-ESM-P; and (e):
MRI-CGCM3. The blank rectangle refers to the ALSS region.

The average annual precipitation amounts in the LGM, mid-Holocene and PI period of the
five climate models were calculated (Figure 5). The FGOALS-g2 model indicates that the
average annual precipitation of the ALSS region in the mid-Holocene experiment was
200-300 mm, while in the LGM experiment it was 50-200 mm. The CCSM4 model indi-
cates similar annual precipitation amounts, i.e., 100-300 mm in the mid-Holocene and
50-200 mm in the LGM. CNRM-CMS indicates a mid-Holocene average annual precipita-
tion of 100-200 mm, with 50-200 mm during the LGM. For the MPI-ESM-P model, the
average annual precipitation in the mid-Holocene period was 100-300 mm, while that in the
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LGM period was 50-200 mm. The mean annual precipitation in the MRI-CGCM3 model
was 50-200 mm in the mid-Holocene and 50—100 mm in the LGM.

Overall, in the mid-Holocene, the ALSS exhibited higher precipitation than in the PI and
LGM periods. Four of the five studied climate models indicate that the summer monsoon
arrived in the ALSS in the mid-Holocene, while the westerlies of this period had a more
northward location than during the PI and LGM periods. From the water vapor flux map
(Figures 6—10), we found that the mid-Holocene period was characterized by a strong mois-
ture transport belt that started in the Arabian Sea and the Bay of Bengal and passed through
southwestern China, eastern China, and northeastern China. In the LGM period, this mois-
ture transport belt remained only in the southern region.

(a) PI_FGOALS-g2 (b) PICCSM4
60°N-— | e L 60°N |

40°N- B = P 40°N-

20N 2 v 20°N|

0°N
60°E 60°E 90°E

(c) PI_CNRM-CM5 (d) PI_MPI-ESM-P

5 < > —bmae =L 60°N L

(e) PI_MRI-CGCM3
60°N ‘

Figure 5 The simulation outputs for annual precipitation (mm) in the PI control experiment. (a): FGOALS-g2;
(b): CCSM4; (c): CNRM-CMS; (d): MPI-ESM-P; and (e): MRI-CGCM3. The blank rectangle refers to the ALSS region.
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Figure 6 The FGOALS-g2 simulation outputs for the LGM and mid-Holocene. (a—b): atmospheric circulation

(water vapor flux at 700 hPa (g/(m*s)) and 500 hPa geopotential height (gpm)); (c—d): annual precipitation (mm).
The blank rectangle refers to the ALSS region.

(a) LGM CCSM4 (b) Mid-Holocene CCSM4
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Figure 7 The CCSM4 simulation outputs for the LGM and mid-Holocene. (a—b): atmospheric circulation (water

vapor flux at 700 hPa g/(m*s)) and 500 hPa geopotential height (gpm)); (c—d): annual precipitation (mm). The
blank rectangle refers to the ALSS region.
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blank rectangle refers to the ALSS region.

(a) LGM MPI-ESM-P (b) Mid-Holocene
L . | L

MPI-ESM-P
60°N -60°N ‘

OON >~ S B G — P «4
60°E 90°E 1i0°E 150°E 60°E 90°E 12b°E 150°E
(c) Pr_ LGM MPI-ESM-P (d) Pr_Mid-Holocene MPI-ESM-P
60°N-| - ! ! 60°N T S E
| o TP
, o , / 2 Lokl
40°N 5 0°N-. :
20°N- 20°N A
0°N 0°N+
60°E 90°E 120°E 150°E 60°E 90°E 120°E 150°E

Figure 9 The MPI-ESM-P simulation outputs for the LGM and mid-Holocene. (a—b): atmospheric circulation

(water vapor flux at 700 hPa (g/(m*s)) and 500 hPa geopotential height (gpm)); (c—d): annual precipitation (mm).
The blank rectangle refers to the ALSS region.
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Figure 10 The MRI-CGCM3 simulation outputs for the LGM and mid-Holocene. (a—b): atmospheric circulation
(water vapor flux at 700 hPa (g/(m*s)) and 500 hPa geopotential height (gpm)); (c—d): annual precipitation (mm).
The blank rectangle refers to the ALSS region.
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Figure 11 The difference in the atmospheric circulation between the mid-Holocene and LGM (water vapor flux
at 700 hPa (g/(m*s)) and 500 hPa geopotential height (gpm)). (a): CCSM4; (b): CNRM-CMS; (c): MPI-ESM-P;
and (d): MRI-CGCM3. The blank rectangle refers to the ALSS region.
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4.3 Moisture history of the ALSS interpreted from a synthesis of published records

4.3.1 The late Pleistocene

Field investigations and the optically stimulated luminescence (OSL) dating of 14 profiles sug-
gest that the Badain Jararn’s expansion was initiated at 20 ka (Fan ef al., 2016). A high lake level
existed in the Tengger Sand Sea during the period 39-22 ka BP (Zhang et al., 2004), and a sharp
increase in wind speeds and dry conditions occurred in the subsequent period (19.1-11.4 ka BP)
(Qiang et al., 2010). Two drill cores obtained from the Jilantai sub-depression and the neighbor-
ing Dengkou sub-uplift show that the Jilantai sub-depression had been continuously covered by
lakes since 85 ka BP, while the Dengkou sub-uplift was covered by lakes during the periods
8074 ka, 5044 ka, 32.5-27.5 ka, and <13 ka and was covered by acolian deposits during the
periods 44-32.5 ka and 27.5-13 ka (Fan et al., 2017). Overall, the ALSS was relatively humid
during the period 40-30 ka, after which the climate tended to be dry until 11.4 ka BP (Jin et al.,
2015).

4.3.2 The Holocene

Only a few climate records are available from the central Badain Jaran Sand Sea because of
the discontinuity of the sediments and difficulty of sampling. During the early Holocene,
records from the inner sand sea reveal wet conditions (Yang and Williams, 2003). Lake
sediments from Huahai also indicate increased moisture in the region during the early Holo-
cene (Wang et al., 2012). The moisture maximum of the entire record occurred in the
mid-Holocene; during this period, all records uniformly suggest wet conditions (Yang and
Williams, 2003; Yang et al., 2003; Yang et al., 2010; Wang et al., 2013). After that, the cli-
mate tended to become drier, as recorded by lacustrine and aeolian deposits (Yang and Wil-
liams, 2003; Wang et al., 2013). Overall, the records from the inner sand sea and the south-
eastern margin suggest that there were wet conditions in the early to mid-Holocene.

The period in the early Holocene (11.7-8.2 ka BP) is marked by a low moisture avail-
ability in the Tengger Sand Sea (Li et al., 2008; Zhao et al., 2008; Long et al., 2010). The
Tengger Sand Sea experienced wet conditions in the mid-Holocene (Li ef al., 2008; Zhao et
al., 2008; Long et al., 2010; Li et al., 2015a; 2015b), for which a high lake level was re-
corded (Zhang et al., 2004; Long et al., 2012). The period after 5.0 ka BP experienced a re-
turn to a lower moisture availability (Li et al., 2008; Zhao et al., 2008; Long et al., 2010; Long
et al., 2012), although a high lake level was recorded for 3.5 ka BP (Zhang et al., 2004).

In the period 8—7 ka BP, the environment was wet and characterized by the formation of nu-
merous interdune ponds throughout the Ulan Buh Sand Sea (Chen et al., 2014b), although sand
dunes persisted in the southern Ulan Buh Sand Sea (Zhao et al., 2012; Chen et al., 2014b). After
6.5 ka BP, the paleolake shrank and broke apart (Zhao et al., 2012), and the modern Ulan Buh
landscape formed. During the last 2000 years, the northern Ulan Buh Sand Sea has been invaded
by aeolian sands from the Badain Jaran Sand Sea, and the eastern Ulan Buh area was formed by
farming and overgrazing (Fan et al., 2010; Zhao et al., 2012). Overall, the calculated moisture
index suggests a humid period during the period 8.2—4.2 ka in the ALSS region (Figure 12).

5 Discussion
5.1 The mechanism of moisture evolution in the ALSS

Some geological records suggest that the summer monsoon probably intruded into the core
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Figure 12 Holocene moisture evolution of the ALSS region in previous studies and our calculated moisture
index. -2, -1, 0, +1, and +2 represent the calculated moisture index. —2 indicates the most arid intervals for each
site; —1 indicates an arid environment; 0 indicates a climate condition of intermediate stage; 1 indicates a humid
environment; and 2 indicates the most humid environment. The locations of sediment sites marked by the num-
bers 1-13 in this figure are given in Table 5.

area of the ALSS at approximately 8—4 ka BP, bringing abundant moisture (Yang and Wil-
liams, 2003), while others exclude the ALSS from the monsoon-influenced region, suggest-
ing this region had an arid environment in the mid-Holocene (Wang and Feng, 2013; Wu et
al., 2012). However, our study on the modern moisture sources of the ALSS region suggests
that during the period 1959-2015, most regional severe precipitation events were related to
water vapor transported by the summer monsoon. Because the summer monsoon in the early
to mid-Holocene was stronger than the current summer monsoon (Leuschner and Sirocko,
2003; Caley et al., 2011), it is possible that the summer monsoon brought moisture to the
ALSS at a higher frequency in the mid-Holocene than at present. This hypothesis is sup-
ported by the climate simulation results of various models, in which the summer monsoon
delivered moisture from the Indian Ocean and South China Sea to the ALSS at 6 ka BP. Ac-
cordingly, the annual precipitation in the mid-Holocene was 50-200 mm higher than during
the LGM. Although some studies have found that the wet (dry) conditions are sometimes not
directly (inversely) proportional to stronger (weaker) water vapor fluxes (Zhang and Jin,
2016), the ALSS region suggests a positive correlation between the water vapor flux and
precipitation.

According to the modern climate analogue, westerly winds can also bring effective mois-
ture to the region. However, the amount of precipitation delivered via this mechanism is less
than the amount of precipitation during events related to the summer monsoon. Hence, we
hypothesize that the dry period of the ALSS was related to a westerly-dominated circulation.
The climate simulations also suggest that the westerly circulation dominated in the study
area during the LGM.

Previous studies have reported the existence of a period of high lake levels in the ALSS
region. Chen et al. (2014b) proposed that a possible driving force for mega-lake formation is
increased summer monsoon rainfall. Yang et al. (2003) proposed that the humid period in
the Badain Jaran Sand Sea may imply a periodic change in the intensity of the westerlies and
the Asian monsoon. Our simulations demonstrate that summer monsoons can bring moisture
into the ALSS and has caused heavy rainfall in the recent geologic history.
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5.2 Comparison with paleoclimate proxy records

The results suggest that most moisture from regional severe precipitation events is trans-
ported by the southwest monsoon. Thus, we compared the moisture evolution history in the
ALSS with that in a typical southwest monsoon region. Because the southwest monsoon is
the northeastern branch of the Indian summer monsoon, the evolution of the southwest
monsoon should have a close relationship with the Indian summer monsoon. The Indian
summer monsoon is formed by the seasonal movement of the planetary wind system, in
which southeasterly trade winds cross the equator in summer and turn eastward (Caley et al.,
2011). Thus, the Indian summer monsoon is highly sensitive to insolation differences, and
the monsoon intensity during the Holocene reached its maximum at 11.7-8.2 ka BP (Agni-
hotri et al., 2002; Leuschner and Sirocko, 2003; Herzschuh, 2006). After that period, the
monsoon intensity decreased in response to declining summer insolation (Overpeck et al.,
1996; Fleitmann et al., 2007). The evolution of the southwest monsoon in the Holocene was
recorded by lake sediments in southwestern China, which is the domain region of the
southwest monsoon. The early Holocene was characterized by an effective moisture maxi-
mum (Xinghu Lake and Qilu Lake: 12—8 ka BP (Hodell et al., 1999); Erhai: 12.9-6.3 ka BP
(Ji et al., 2005b); and Lugu Lake: 10.3-7.5 ka BP (Zheng et al., 2014)), and the effective
moisture then decreased gradually. The Tibetan Plateau is also considered to be influenced
by the southwest monsoon in summer (Liu ez al., 2007; Tian et al., 2007). High lake levels
and favorable vegetation conditions recorded the humid period in the early to mid-Holocene
on the Tibetan Plateau (e.g., Qinghai Lake: 11.7-4.2 "*C ka BP (Ji et al., 2005a); Ahung Co:
9.0-7.5 ka BP (Morrill et al., 2006); Seling Co: 10.0-4.2 ka BP (Gu et al., 1993); and Hong-
yuan peat: 11.2-5.5 ka BP (Hong et al., 2003)), and dry climate conditions have occurred
since approximately 4.0 ka BP (Sun et al., 1993; Hong et al., 2003; Ji et al., 2005a; Morrill
et al., 20006).

The East Asian summer monsoon is formed by thermal differences between the land and
sea. Lake sediments indicate the lake status in the East Asian summer monsoon region has
been stable and consistent with high precipitation levels since approximately 11 ka BP, and
the Holocene moisture maxima occurred at ~8—5 ka (Ganhai: 8.0-5.8 'C ka BP (Zhang et
al., 2018); Gonghai: 7.8-5.3 "*C ka BP (Chen ef al., 2018b); Daihai: and 7.9-4.45 cal a BP
(Xiao et al., 2004)). The current dry climate began at approximately 4 ka BP in the EASM
region (Ganhai: 4.3 ka BP (Zhang et al., 2018); Gonghai: 3.2 ka BP (Chen et al., 2018b);
4.45 ka BP (Xiao et al., 2004)). Peat records indicate that the summer monsoon strengthened
in the early and mid-Holocene (Dahu swamp: ca. 10—6 ka BP (Zhong et al., 2010); Dajiuhu
peat: 6.7-4.2 "*C ka BP (Ma et al., 2008)) and tended to dry thereafter. Overall, multi-proxy
records for the East Asian summer monsoon region yield a generally consistent timing of the
Holocene optimum during the mid-Holocene period.

5.3 Relationship between monsoon intensity and ALSS moisture history

The summer monsoon in East Asia consists of three branches. The southwest branch is the
extension of the Indian summer monsoon to the East Asian monsoon zone, the middle
branch is the cross-equatorial flow between 110°E and 130°E in the Southeast Asia area, and
the eastern branch is the southwesterly flow on the western side of the West Pacific Sub-
tropical High (Zhu et al., 1986; Liu et al., 2004). Based on previous studies, it remains un-



2118 Journal of Geographical Sciences

clear which branch transports major part of moisture to the ALSS. Our results indicate that
the southwest monsoon is the main source of the summer moisture in the ALSS. The Ara-
bian Sea, the Bay of Bengal, and the South China Sea are the dominant moisture sources for
the ALSS. This finding is consistent with studies by Ding et a/. (2004) and Qian et al. (2007),
who reported strong moisture transport from the Indian Ocean to the west of 110°E in China.
However, the moisture evolution in the ALSS during the Holocene was not completely con-
sistent with that in a typical southwest monsoon region. In fact, in the modern climate ana-
logue, the precipitation in the ALSS is not significantly sensitive to the intensity of the
southwest monsoon. Southwestern China is more sensitive than the ALSS, which could ex-
plain why the precipitation evolution of southwestern China during the Holocene was con-
sistent with the intensity of the southwestern/Indian monsoon (Li and Zeng, 2002). When
the West Pacific Subtropical High extends westward, more precipitation tends to occur in
East Asia (Chen and Wu, 1998; Lu, 2001). When the East Asian westerly jet is south (north)
of its normal position, the above-normal (below-normal) precipitation tends to occur in East
Asia (Liang and Wang, 1998; Lau ef al., 2000; Lu, 2004). Our study suggests that the fa-
vorable circulation conditions for the northward movement of the monsoon to the ALSS oc-
cur when the trough between the Arabian Peninsula High and the West Pacific Subtropical
High is deep and the Westerly Trough in the Mongolian region is weak. The climate simula-
tions suggest that at 6 ka BP, the circulation met this favorable pattern, which explains why
the ALSS received abundant moisture at that time.

In the modern climate analogue, apart from the southeast monsoon source of moisture, the
southeastern source of moisture from the western North Pacific via the trade winds on the
southern flank flow of the western North Pacific Subtropical High is also responsible for the
severe precipitation events in the ALSS. The only period in which both the Southwest and
East Asian monsoons were strong was the mid-Holocene. Because the climate simulations of
moisture transport patterns reflect an average climate state, it is quite likely that the East
Asian monsoon also transported moisture to the ALSS during regional severe precipitation
events.

6 Conclusions

Modern moisture transport analogues and paleoclimate simulations suggest that the summer
monsoon can transport water vapor from the Indian Ocean and the South China Sea to the
ALSS. Although moisture from westerlies can also produce summer rainfall in the ALSS,
most regional severe precipitation events are linked to summer monsoon moisture. The do-
minant moisture transport path follows the southwest monsoon, and the southeastern source
from the trade winds on the southern flank of the western North Pacific Subtropical High is
also responsible for monsoon precipitation in the ALSS. Paleoclimatic modeling for 21 ka
BP and 6 ka BP suggest that the mid-Holocene was characterized by summer monsoon
moisture transportation and higher precipitation than the PI period, while in the LGM period,
the main moisture source was from the broad high-latitude region extending from Europe to
Siberia, carried by mid-level westerly winds. The results of the climate simulations are con-
sistent with the climate records acquired in the ALSS region and demonstrate the different
roles of the summer monsoon and westerlies in the paleoclimatic history of the ALSS.
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