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Abstract Hydroclimatic variations of arid central Asia (ACA) significantly impact regional ecosystems 

and human civilizations. Here we present a lake water salinity record of the last 3,000 years from Lake 

Sayram in the core area of ACA using a new alkenone isomer-based RIK37 inde x. Our record showsan 

abrupt decrease in salinity by more than 5%o s ince the "ear ly" Little Ice Age (LIA) (about CE ll50), which 

can be attributed to the combined effect of regional wetting, cooling, and topographic features. 

Combined with other moisture records in the region, we find two periods of relatively wet conditions during 

CE ll S0-1550 and 1850 to present, which maybe linked to Arcticsea ice expansion due to natural variability 

and, from CE 1950, anthr opogenically induced warming. The wet conditions during CE 1206-1260 may 

have favored the spread of the Mongol Empire across the enti re core area of ACA 

Plain Language Summary Arid central Asia ( ACA), one of the largest arid wnes in the world, 

suffers from water resource scarcity, which impacts the regional ecosystems and human civilizations. 

Reconstructions of lake wate r sa linity in ACA can provide valuable information on past overall 

hydroclimatic changes, which is of crucial importancefor our understanding of past and future climates. 

Here we apply a new salinity proxy, based on the lipid biomarkers of haptophyte algae, to quantitatively 

reconstruct salinity changes of the last 3,000 years from Lake Sayram in the core area of ACA and find an 

abrupt freshening of lake wate r since the early Little Ice Age (LIA). Our reconstruction, together with 

other moisture records in the region, indicate relatively wet conditionsat two intervals during CE ll 50- 1550 

and 1850 to present, which are associated with natural and anthropogenic forcing. During the period of 

CE1206- 1260, the favorable wet conditions may have aided the spread of the Mongol Empire across the 

entire core area of ACA. 
 

 

1. Introduction 

Arid central Asia (ACA), oneof the largest arid zones in the world, extends across the midlatitude Asian con­ 

tinent from the Caspian Sea in the west to the boundary of the modem Asian summer monsoon in the east 

(Figure l a). Its present climate, especially in the core area (central and western region) of ACA, is primarily 

regulated by westerly circulation (Chen et al., 2019). The region suffers from water resource scarcity, which 

significantlyimpacts regional ecosystems and human civilizations(e.g., Putnam et al., 2016). In the past few 

decades, numerous instrumental data have demonstrated that the regional climate has gradually become 

wetter as the global climate warms (Chen et al., 20ll ; Shi et al., 2007; J.Yao et al., 2020). Hydrological recon­ 

stru ctions of the past two millennia in the region can provide insights regarding the natural background 

level of variability and hydrologicalprocess in response to human-nature interactions, which are of crucial 

importance for understanding the mechanisms of hydroclimatic changes. 

Nume rous stud ies havereconstructed the hydroclimatic changes of the core area ofACA over different time 

scales from variousgeological arch ives, such as lake sediments (e.g., Chen et al., 2008; Lan et al., 2018, 2019, 

2020; Rudaya et al., 2009; W. Wang& Feng, 2013), stalagmites (e.g., Cai et al., 2017; Chenget al., 2012, 2016), 

loessdeposits (e.g., Chen et al., 2016; Ran &Feng, 2014), and peats(Hong et al., 2014; Xu et al., 2019). Most of 
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Figure 1. (a) Global aridity map and location of arid central Asia (ACA) (Dataset of Global Aridity Index is from the 

CGIAR-CSI GeoPortal (http:// www.csi.cgiar.org); Trabucco & Zomer, 2009). (b) Location of different records on a 

topographic map. Geographic information data are from CGIAR Consortium for Spatial Information (CGIAR-CSI), 

http:/ /srtm.csi.cgiar.org/SELECTION/ inputCoord.asp. (c) Contour map showing the location of LakeSayram sediment 

core and the surrounding geographic information. 

 

these s tudies focused on effective moisture changes during the Holocene or longer time scales; the moisture 

evolution of the past two millennia and its driving mechanisms in the region, however, are still poorly 

understood, largely due to influence of the nonmoistu re factors on the proxies employed and/or relatively 

large age uncertainties on such sho rt time scales. For example, temperature played the predominant role 

over moisture in controlling the variations of high-resolution speleothem 0180 in Kesang Cave during the 

past two millennia (Cai et al., 2017). Loess-paleosol sequences have low temporal resolution and relatively 

large age errors on short time scales (Chen et al., 2016). 

Recent s tudies have proposed that the RIK37 index based on the isomeric ratio of tri-unsaturated C37 alke­ 

nones can be used as a salinity proxy in freshwater/oligohaline environments for past hydrological recon­ 

structions (Kaiser et al., 2019; Longo et al., 2016). Long-chain alkenones (LCAs) are a class of C35-C42 di-, 

tri-, and tetra-unsaturated methyl (Me) and ethyl (Et) ketones, exclusively produced by certain 

Isochrysidales within haptophyte lineages. In lacustrine settings, there are obvious transitions of two 

alkenone-producing lsochrysidales groups as salinity increases (Longo et al., 2016): Group I occurs in 
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freshwater/oligohaline lakes (Longo et al., 2016, 2018; Y. Yao et al., 2019), whereas Group II occurs in 

oligohaline/saline lakes, and its relative abundances increase with increasing salinity (Longo et al., 2016; 

Theroux et al., 2010). The distinctive LCA distributions of Group I Isochrysidales are characterized by the 

presence of isomeric tri-unsaturated C37 alkenones with l!.
14

' 
21 28 double bond positions (C37 ,3b  ),  in addition 

to the common l!.7 14 
,2

1 (C37,a3  ) in Group II. Given the differences in LCA distributions and salinity tolerance 

of Groups I and II Isochrysidales, the RIK37 thus can be applied as an indicator of salinity changes in 

freshwater/oligohaline environments (Kaiser et al., 2019). 

LakeSayram in western ACA is currently an oligohaline alpine lake (measured salinity: l.62%o in summer of 

2017) and contains mixed Groups I and II LCAs in surface sediments (Song etal., 2016). Here, we present an 

-3 ka long, multidecadal resolution hydroclimatic record based on the RIK37 salinity proxy from Lake 

Sayram. Our study verifies the application of the RIK 37 proxy for quantitative paleosalinity reconstruction 

in lakes and shows relatively wet conditions at two intervals between CE 1150- 1550 and 1850 to present 

since the early Little Ice Age (LIA) associated with westerly circulation and warming-induced local atmo­ 

spheric water cycling. 

 
2. Material and Methods 

2.1. Study Site 

LakeSayram (44°30' to 44°42'N, 81°05' to 81°15'E; 2,074 m a.sJ.; Figures lb and le), located in the Central 

Tianshan Mountains (northern slope) of northwestern China (Xinjiang region), is a hydrologically closed 

terminal alpine lake. The lake has an area of -462km2 with a maximum water depth of -99 m and a mean 

depth of-56 mandissurrounded by the Keguqin, Kusunmuqieke , Hanziga, and Shaliqieke mountains.The 

lake water issupplied mainly byseveral riversfrom the west and northwest, and the river water derivesfrom 

rainfall, groundwater, and melting snow from the surrounding mountains. Due to the limited glacier extent 

(4.28 km2 on the surrounding mountains, glaciers provide littlewater supply to the rivers during the warm 

seasons (Lan et al., 2019). In recent decades, the annual water inflow into Lake Sayram is -2.524 x 108 m3 

which is in equilibrium with annual lake water evaporation (-2.492 x 10
8 m3  (S.Wang & Dou, 1998). The 

regional mean annual air temperature was -3.9°C, and the mean annual precipitation was -236 mm 

between CE 1958 and 2016, with a maximum in summer and minimum in winter (Lan et al., 2019). 

 

2.2. Sedim en t Core and Datin g 

A 98cm sediment core(SLMl3-2-2) was retrievedfrom the center of Lake Sayram at a water depthof 83 m in 

August 2013, using a 60-mm UWITEC gravity corer (Figure le). It wasvery close to another parallel sedi­ 

ment core (SLM13-2-1; Lan et al., 2019, 2020) within an area of -1 m2 The core was subsampled at 1 cm 

intervals. All collected samples were kept in a cooler with gel ice packs in the field and  then frozen at 

-20°C in the laboratory until analysis. The  age profile of another parallel sediment core (SLM13-2-1) has 

been well established by137Cs-210Pb dating and a 14C model (Lan et al., 2019, 2020). Bulk carbonate contents 

in our sedimentcoreweredetermined by titration with diluted perchloric acid (HC1O4 ;  0.1 mol-L  1)  for com­ 

parison with previously published values in another core (SLM13-2-;1Table Sl in the supporting informa­ 

tion; Lan et al., 2019). By stratigraphically correlating the carbonate content peaks of the two cores, the 

chronology in our core was established by using linear interpolation (Figure Sl). The general correspon­ 

dences of the carbonate content peaks confirm the reliability of the chronology. 

2.3. LCA Analysis 

All samples were freeze-dried and extracted by sonication (3X) with dichloromethane (DCM)/methan ol 

(MeOH) (9:1, v/v). The extracts were purified by column chromatography with silica gel using n-hexane 

and DCM, respectively. The DCM fractions were further purified by column chromatography with silver 

thiolate silica (Aponte et al., 2013; L.Wang, Longo, et al., 2019).An increasing polarity sequence of solvents 

(hexane: DCM [2 ml, 2:1,v:v], DCM [1 ml], and acetone [2 ml])was used to separate compounds. All LCAs 

were retained in the acetone fractions(L.Wang, Longo, et al., 2019; Zheng et al., 2017). LCAs were thenana­ 

lyzed by an Agilent 7890N GCsystem equipped with a flame ionization detector (FID) and a Restek Rtx-200 

GC column (105 m x 250µrn x 0.25µm).The following GC-FID oven program was used:initial temperature 

of 50°C (hold 2 min), ramp 20°C/min to 255°C, and ramp 3°C/min to 320°C (ho ld 25 min). LCA peak 
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with the Greenland surfacesediments (Longo et al., 2013)as an alke­ 
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these compounds (Longo et al., 2016;  Zheng et  al.,  2019). Thus, 

the following indices were calculated using the peak area of the 

individual LCAs and were used to estimate the  occurrence  of 

Group I Isochrysidales in our sediment core (Kaiser et al., 2019; 

Longo et al., 2016): 
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tri-unsaturated LCAs, respectively. 

 

2.4. Sta tis ti cal An al yses 

• •    • 

Logistic regression was applied using MATIAB to published DNA 

data of Groups I and  II  Isochrysidales to determine  the likelihood 

of the presence of Groups I and II lsochrysidales along a salinity 

gradient. 
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3. Results and Discussion 

3.1. LCA-Based Salinity Proxies in Freshwater/Oligohaline 

Lakes 

We reviewed the published DNA data of Groups I and II 

lsochrysidales from globally distributed lakes and the Bothnian Bay 

in  the  Baltic Sea (Figure 2a and  Table S2; Araie  et  al.,  2018; 

D'Andrea et al., 2016; Kaiser et al., 2019; Plancq et al., 2018, 2019; 
-a; 0.4 

> Richter et al., 2019; Theroux et al., 2010; K. J. Wang, O'Donnell, 

0.2 

 
0.0 

 
- 0 . 2 
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Grou p I G ro up II 

RIKe, 

 

 

 

 
Grou p I Group II 

C M e/C Et 

et al., 2019; Y. Yao et al., 2019) and determined their probability of 

presence along a salinity  gradient using logistic regression 

(Figure 2a and Table S2). Our statistical analyses do not contain the 

DNA data from the downstream Baltic Sea (Bothnian Sea, Landsort 

Deep, Eastern Gotland Basin, and Arkona Basin) due to the potential 

inputs  of Group I  lsochrysidales DNA from  upstream  Bothnian 

(Kaiser et al., 2019). Our analyses show that Group I lsochrysidales 
Figure 2. (a)Abundance of Group I lsochrysidales (relative to Group II) versus 
salinity and logistic probability for the presence of Group I and II Isochrysidales 
(Isochrysidales DNA data of lakes are from Araie et al., 2018; D'Andrea 
et al., 2016 ; Kaiser et al., 2019 ; Plancqet al., 2018, 2019; Richter et al , 2019; 

Theroux et al., 2010; K. J. Wang, O'Donnell, et al , 2019; Y. Yao et al., 2019; 

Table S2).(b)Three-dimensionadl iagram showing the published LCA indices 
(RIK37, RIK38E, and C38Me/C38Et) between Groups I (Longoet al , 2016, 2018; 

K. J. Wang, O'Donnell, et al , 201 9; Y. Yao et al., 2019) and II (R. lam ell osa, 

L galbana, and T. lutea; Zheng et al., 2019). (c)Box plot showing the range and 
median values of the published RIK37 , RIK38E, and C38Me/C38Et of Group, I 
and II. 

typically occur in freshwater lakes (salinity: < ~1%o) with very high 

likelihood (0.87) of presence, whereas Group II lsochrysidales 

predominantly   occur  in  saline  to  hyperhaline   lakes  (salinity: 

> ~10%o) with the presence likelihood of - 1, which is in agreement 

with the salinity tolerance of Groups I and II lsochrysidales that 

wasfirst proposed by Longo et al. (2016). Note that there is the occur­ 

rence ofsmall numbersof Group II Isochrysidalesin somefreshwater 

lakes under certain specific environmental conditions (Figure 2a and 

Table S2), which was first found by Y. Yao et al. (2019) in two 
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anthropogenically impacted freshwater volcanic lakes of northeastern China and was subsequently 

observed in freshwater North Killeak of Alaska (K. J. Wang, O'Donne ll, et al., 2019). Importan tly, both 

Groups I and II thrive in oligohaline lakes (salinity: - 1-11%o), and Group II appears to become increasingly 

more competitive against Group I as salinity increases. Such transitions may be related to the different 

requirements of certain major ions and /or nutrients for Group I and II lsochrysidales.Group I preferentially 

thrives in the oligotrophic freshwater environments with reduced major ions ('I.Yao et al., 2019), whereas 

GroupII appears to have morestringent requirements for common major ions, such as Ca+2  , Mg+2  , and Na+ 

(Pearson et al., 2008). As salinity increaseswith increasesof certain major ions, Group II might gradually 

outcompete Group I. 

We compiled the published RIK37, RIK38E, and C38Me/C38Et of Groups I and II LCAs (Table S3; Longo 

et al., 2016, 2018; K. J. Wang, O'Donnell, et al., 2019; Y. Yao et al., 2019; Zheng et al., 2019). Group II 

LCA data are from culture experiments of three common Group II species, Isochrysis galbana, Ruttnera 

(Chrysotila) lamellosa, and Tisochrysis lutea (Zheng et al., 2019). However, so far, there have been no studies 

successfully isolating and cultur ing the Group I lsochrysidales, so the surfacesediments of freshwater lakes 

with Group I-type LCA distributions were used for Group I (Longo et al., 2016, 2018; K.J. Wang , O'Donnell, 

et al., 2019; Y. Yao et al., 2019). The three-dimensional diagram showing our compiled RIK37, RIK38E , and 

C38Me/C38Et values clearly different iat es the Group I LCA distribut ions from the Group II  LCAs 

(Figure 2b). Group I LCAs have lower RIK37 (0.56 ± 0.03) and RIK38E ( 0.22 ± 0.12) values as well as higher 

C38Me/C38Et (0.31 ± 0.13) relative to Group II  LCAs (RIK 37: 1; RIK38E: 0.96 ± 0.06; C38Me/C38Et: 

0.03 ± 0.0036) (Figure 2c). Based on the above rationale, the RIK37 (Kaiser et al., 2019; Longo et al., 2016) 

as  we ll  as   potent ial   RIK38E     and  C38Me/C38Et  can  be  applied  as  indicators  of  sa linity  changes  in 

freshwater/oligohaline environments. However, there is more scatter of RIK38E and C38Me/C38Et for 

Groups I and II LCAs relative to RIK37 (F igure 2c), indicating thatother environmental factors, suchas tem­ 

perature(Longoet al., 2016), and relatively tiny production of C38,3i,Et and C38 Mein Group II mayalso affect 

the RIK38E and/or C38Me/C38Et values. We suggest, therefore, that RIK37 may a better salinity proxy for 

paleohydrological reconstructions. 

 
3.2. Reconst ru ction of Sali ni ty Changes Using the Lake Sayram Sediment Core 

Our sediment core from Lake Sayram displays two typical LCA profiles: mixed Group 1/11 and  Group II 

(Figure S2). Mixed Group 1/11 LCAs are characterized by the presence of C37,3b, C38 ,3bEt, and C38Me 

(Figure S2a), whereas Group II LCAs genera lly do not conta in these compounds (Figure S2b). Before about 

CE 1100, the RIK37remains at the constant value of 1 (Figure S3a), indicating a dominance of Group II 

Isochrysidales, which is further verified by the constant RIK38E and C38Me/C38Et valuesof 1 and 0, respec­ 

tively (FiguresS3d and S3e). After about CE 1100, the RIK37shows an abrupt decrease(1-0.67) from about 

CE1100 to 1200, followedby the relatively small fluctuations between 0.65and 0.79 to present (Figure S3a), 

indicating a transition from Group II to mixed Group1/11. S im ilar ly, the var i ations in RIK38E and C38Me/ 

C38Et also indicate such a transition of lsochrysidales groups at that time(FiguresS3d and S3e). 

We quantitatively estimate the changes in relative contribution of Group I LCAs in our sediment core using 

an end member mixing approach (Longo et al., 2018; Tab le S4). 

 

fGr  opu I -  _   RIK37-samp._le -   RIK37--cr;o_u.p.  II X  100 
RIK37--croup J - RIK37--croup II 

 
where!c roup I is the fract ion of Group I LCAs in sed iments (%). RIK37-sample is the RIK37 values in a given 

sediment sample. RIK37-Group I is the end member value (0.56 ± 0.028; Longo et al., 2018) of RIK37 for 

Group I. RIK3  7.c ruo  p II  is  the  end  member value (1; Longo et al., 2018) of RIK3  7 for Group II. 

Our resultsshow that Group I LCAs do not contr ibute to the sedimentary LCA pool before CE1100, whereas 

the contribution increases to 67% ± 7% after CE 1100 (Figure S3b and Table S4).Such increasesin Group I 

LCA contr ibutions indicate freshen ing of lake water at that time favorable for the growth of Group I 

Isochrysidales. Employing the published RIK37-salinity calibration (salin ity = 14.77 x RIK37 - 7.86; root 

mean square error (RMSE): - l. 2%o; Kaiser et al., 2019), we quant itatively reconstruct the salinity changes 

in Lake Sayram during the last ~3,000 years (Figure S3c and Table S4). Note that this calibration is the 



AGU 
ADVANCINGUlt'Tl4 

ANDSJIACf:SCIDfCf 

Geophysical Research Letters 10.1029/2020GL089257 

YAO ET AL. 6 ofll 

 

 

 

 
onlyone available at present, but further studies on regional calibration would help improve the accuracy of 

the reconstructed salinity. Before about CE1100, our reconstructed salinity is more than -7%o. Note that the 

RIK37valueof 1 reaches the threshold as a salinity proxy, because Group II lsochrysidalesbecome the domi­ 

nant Isochrysidalesgroup when salinity exceeds the threshold of - 7%o based on the calibration from Kaiser 

et al. (2019). After about CE1100, the salinity abruptly decreases by more than 5%ofrom about CE1100 to 

1200  and  continues  to  maintain  oligohaline  environments,  with  the  small  fluctuations  of  salinity 

(2.5%o ± 0.5 %0), until the present. The abrupt freshening of lake water starting from about CE 1100 to 

1200 is coeval with the onset of the early LIA (about CE 1150; Barclay et al., 2009; Luckman, 2000). 

 
3.3. Two Periods of Relatively Wet Conditions in ACA Since the Early LIA 

Our reconstructed salinityshows an abrupt fresheningin LakeSayramsincethe early LIA, indicating a posi­ 

tive hydrological balance. Due to the limited glacier extent (4.28 km2 on  the surrounding mountains, 

ice/snow meltwater has a negligible impact on changes in lake water salinity (Lan et al., 2019). The timing 

of the abruptfreshening in our record is coeval with the rapid regional cooling and wetting inferred from tree 

ring index of Western Central Asia (Esper et al., 2002) and 5180 and 513 C values of bulk carbonate in Lake 

Sayram (Lan et al., 2020), respectively (Figures 3c- 3e),suggesting the impacts of cooling and wetting on the 

positive water balance. Moreover, regional topographic features of LakeSayram may also play an important 

role in controlling the moisture patterns. Lake Sayram is located at the northern slope of the Tianshan 

Mountain with high altitude, where the dominant water source from northerly and  northwesterly  winds 

can be largely condensed into orographic rainfall (S. Wang et al., 2017). Therefore , such large decreases in 

lake water salinity (by more than 5%o) may result from the combined effect of regional cooling, wetting, 

and topographic features. 

Our salinity record displays relative freshening of lake water at two intervals of about CE 1150-1550 and 

1850 to present since the early LIA, which is consistent with the effective moisture records of the published 

5180 and 513C valuesof bulk carbonate in Lake Sayram (Lan et al., 2020) (Figures 3d and 3e).The relatively 

wet periods appear to be recorded broadly in other moisture records in the core area of ACA, including 

Artemisia and Chenopodiaceae pollen ratio (A/C ratio) in Lake Aibi (W. Wang & Feng, 2013), A/C ratio 

and 513C values of cellulose in Big Black peatland (Xu et al., 2019), magnetic properties (Chen et al., 2016) 

and 513C values of bulk organic matter (Xie et al., 2018) in Lujiaowan loess, and accumulation of the 

Guliya ice core on the northwestern Tibetan Plateau (T. Yao et al.,1996)(Figures 3f- 3i).The timing and rate 

of wetting shows some differences among these records, possibly due to dating uncertainties, different sen­ 

sitivities of the proxies for moisture changes, and/or local moisture circulation in different topographic set­ 

tings. For example, the Lujiaowan loess (Chen et al., 2016; Xie et al., 2018) and Lake Aibi (W. Wang & 

Feng, 2013) records may have relatively large age errors on short time scales based on quartz OSL and K-

feldspar pIRIR dating and limited 1 4C age data, respectively. The pollen A/C ratio in arid and semiarid 

regions, especially in the saline-alkali area surrounding Lake Aibi (hypersaline lake; salinity: 112%o; Song 

et al., 2016), in response to moisture changes also depends on regional Artemisia and Chenopodiaceae bio­ 

mass, with low sensitivity under the low biomass conditions (W. Wang & Feng, 2013). Tianshan 

Mountain serves as a barrier to significantly affect the transport of northerly and northwesterly moisture 

toward the Tibetan Plateau and causes more precipitation at the northern slope of the Tianshan 

Mountain (S. Wang et al., 2017), which may be an important factor leading to our observed difference in 

the timing of relatively wet conditions between our record and the Guliya ice core. 

 

3.4. Control of the Westerlies and Warming on HydrologicalChanges 

Based on modern meteorology and isotopic tracing of hydrolo gy, numerous studies have demonstrated that 

thewesterlies are the dominant moisture transport drivers in ACA(e.g., Aizen et al.,2006;Huanget a!., 2015; 

Liu et al., 2009; S.Wang et al., 2017). Especially, Huanget al.(2015)and Chen et al. (2019) recently proposed 

a core area of ACA,where the climate is considered to be primarily regulated by the westerly circulation on 

annual, decadal, and longer time scales. However, some studies suggested that the Asian Summer Monsoon 

(ASM) and /or Indian Summer Monsoon (ISM) might reach at leastwestern ACA as important water vapor 

sources during the early and/or middle Holocene (e.g.,  Cheng et al.,  2012; Harrison et al., 1996; Ricketts 

et al., 2001; Rudaya et al., 2009). The hydrological pattern of the past 2,000 years in our record is not asso­ 

ciated with variabilities in ASM and ISM as indicated by the speleothem 5180 values of Wangxiang Cave 

) 
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Figure 3. Comparison of RIKr3 inferred salinity in LakeSayram downcore of the past 2000 years with other records. 

(a) Arcticsea ice extent reconstructed from a seriesof terrestrial proxies in the circu m-Arctic region (Kinnard et al., 2011; 

black line represents 100-point  running means). (b)  NAO index inferred from Morocco  tree ring and Scotland 

speleothem (Trouet et al., 2009) and southwest Greenland lake sediments (Olsen et al., 2012). (c) The regional tem­ 

perature record of tree ring index from Western Central Asia (Esper et al., 2002; blue line represents 20-point running 
means). (d) RIKr3    inferred salinity in LakeSayram downcore. (e) o13 C  and   0

18 
0  values of bulk carbonate in Lake 

Sayram (Lan et al., 2020; red and blue lines representl0-point running means). (f) pollen A/C ratio and o13 C valuesof 

cellulose  in  Big Black  peatland (Xu et  al., 2019; orange line  represents  3-point  running means for NC ratio, green 

line represents 5-point running means for o13 C values). (g) A/C ratio in Lake Aibi (W. Wang & Feng, 2013). ( h) o13 C 

values of bulk organic matter (Xie et al., 2018) and magnetic index CxAiw/SIRM; Chen et al, 2016) in Lujiaowan loess 

profile (LJWlO), Yili valley. (i) Accumulation of Guliya Ice (T. Yao et al.,1996; crimson line represents 20-point 

runn.ing means). Orangeshaded area represents the age from1150 to 1550; grayshaded area represents the age from1850 

to1950; red shaded area represents the agefrom1950 to 2010; light blueshaded area represents the agefrom1206 to1260 

that is duration of the Mongol Empire expansion. 
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(Zhang et al., 2008) and composites of Jhumar and Wah Shikar Caves (Sinha et al., 2011), respectively 

(Figure S4). We propose, therefore, that the westerly circulation is major driving factor of the hydrological  

pattern of the past 2,000 years in the core area of ACA under natural climatic conditions. 

The intensity of the westerlies and the location of the westerlyjet may play an important role in controlling  

the  overall rainfall pattern in  the core area of ACA on multicentennial and millennium time scales (Chen 

et al., 2019). The larger meridional thermal gradient between high and middle latitudes and the negative 

phase of North Atlantic Oscillation (NAO), as two potential driving factors, can directly or indirectly lead 

to a strengthening of westerly winds and southward movement of the westerly jet (e.g., Chen et al., 2019; 

Lan et al., 2020). This can bring more water vapor supply from the major water bodies ( Mediterranean 

Sea, Black Sea, and Caspian Sea, even North Atlantic)(Jin et al., 2012;S. Wang et al., 2017) to the core area 

of ACA along the westerly pathways. We compared our record, together with the published 0180 and o13 C 

data of bulk carbonate (Lan et al., 2020), with proxy-based reconstructionsof summer Arctic sea ice extents 

(Kinnard et al., 2011) and an NAO index (Olsen et al., 2012; Trouet et al., 2009)(Figures 3a, 3b, 3d, and 3e). 

During about CE1150-1550 and 1850-1950, the abrupt and/or persistent wetting conditions coincided with 

the expansion of Arctic sea ice that leads to larger meridional thermal gradients (Coumou et al., 2018), but 

the NAO was mainly in its positive phase. Thisindicates that Arctic sea ice expansion, rather than the NAO, 

may have played a critical role in driving the wet climate at that time. Indeed, observational data of the 

recent few decades display that the NAO does not exercise a significant control on the mean annual preci­ 

pitation of our study region (Figure S5). However, from about CE 1950 to present, Arctic sea ice rapidly 

retreated and the  NAO shifted toward the  positive phase. The persistent moisture conditions since CE 

1950 may be associated with the enilanced local atmospheric water cycle with the anthropogenically 

induced accelerated warming (J. Yao et al., 2020). We thus suggest that the core area of ACA, at least the 

Xinjiang region, would experience relatively wet conditions under anticipated global warming for a certain 

period of time in the future.Together, the two relatively wet periods since the early LIAlikely resulted from 

naturalvariationsof the larger meridional thermal gradient primarilydrivenby Arcticsea ice expansion and 

anthropogenic warming-induced enhancement of the local atmospheric water cycle. 

3.5. Relatively Wet Conditions in ACA and the Expansion of the Mongol Empire 

The Mongol Empire, the largest contiguous land empire in the history of the world, rapidly expanded from 

CE1206 to1 260, with its largest areal extent in CE 1241stretching from China to Europe across the core area 

of ACA (Putnam et al., 2016). Pederson et al. (2014) presented a 15-year episode of persistent moisture (CE 

1211- 1225)in central Mongolia based on a tree ring record and suggested that such wet conditions favored 

the Mongol rise. The wetter-than-present conditions in the Tarim Basin of interior Asian deserts since the 

early LIA (from CE1180 to present), as inferred from geomorphic and chronologic evidences, are suggested 

to have aided the spread of the Mongol Empire across the deserts (Putnam et al., 2016). However, the -800- 

year record in the Tarim Basin did not showhow moisture changed before the early LIA(or onset of Mongol 

rise: CE 1206). Our record of the past 2000 years extends beyond the early LIA and indicates a pronounced 

wetting in the broader core area of ACA after the early LIA, together with comparison of other published 

moisture records in the region (Figures 3d- 3i). This provides more convincing evidence for the role of wet 

conditions in the spread of the Mongol Empire across the entire core area of ACA. 

Grassland was the most important source of energy exploited by the Mongol Empire. The consistently wet  

conditions would have led to flourishing grassland biomass (Zhao et al., 2019), which would have fueled 

the horsesupon which the military conquests of the Mongol Empire mainly depended(Pedersonet al., 2014; 

Putnam et al., 2016). Moreover, the grass could also be efficiently converted to other energy (e.g., meat and 

milk) for the food supply of the Mongol Empire soldiers. The timing of abrupt wetting in the core area of 

ACAsince the earlyLIAisgenerally coeval with onsetof the Mongol rise(CE1206) (Figures 3d- 3i), suggest­ 

ing thatsuch favorable wetting conditions aided Mongol conquests across Eurasia. 

 

4. Conclusions 

Our quantitative reconstruction of lake water salinity based on a new alkenone isomer proxy from alpine 

Lake Sayram indicates an abrupt freshening of lake water in  the core area of ACA since the  early LIA. 

The abrupt decrease in lake water salinity by more than 5%o can be attributed to the combined effects of 

regional cooling, wetting, and topographic features. Together with published moisture records in the 
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region, these results show clear evidence of two periods of relatively wet conditions during about CE 

1150-1550 and 1850 to present. This may have resulted from a strengthening of westerly winds and the 

southward movement of the westerly jet due to natural variability likely driven by Arctic sea ice extent, as 

well as increased local atmospheric water cycling under anthropogenically induced warm ing. We suggest, 

therefore, that relatively wet conditions are expected in the core area of ACA, at least in the Xinjiang region, 

with an ticipated global warming for a certain period of time in the future. During the period of CE 1206-

1260, persistently wet conditions may have significantly contributed to the spread of the Mongol Empire 

across the core area of ACA. 
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