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Abstract  Hydroclimatic variations over the eastern Central Asia are highly sensitive to changes in hemispheric-scale
atmospheric circulation systems. To fully understand the long-term variability and relationship between hydroclimate and
atmospheric circulation system, we present a high-resolution lascustrine record of late Holocene hydroclimate from Lake
Sayram, Central Tianshan Mountains, China, based on the total organic carbon, total nitrogen, and carbonate contents, carbon/
nitrogen ratios, and grain size. Our results reveal four periods of substantially increased precipitation at the interval of 4000—
3780, 3590-3210, 28002160, and 890-280 cal yr BP, and one period of slightly increased precipitation from 1700-1370 cal yr
BP. These wetter periods broadly coincide with those identified in other records from the mid-latitude Westerlies-dominated
eastern Central Asia, including the northern Tibetan Plateau. As such, a similar hydroclimatic pattern existed over this entire
region during the late Holocene. Based on a close similarity of our record with reconstruction of North Atlantic Oscillation
indices and solar irradiance, we propose that decreased solar irradiance and southern migration of the entire circum-North
Atlantic circulation system, particularly the main pathway of the mid-latitude Westerlies, significantly influenced hydroclimate
in eastern Central Asia during the late Holocene. Finally, the inferred precipitation at Lake Sayram has increased markedly over
the past 100 years, although this potential future changes in hydroclimate in Central Asia need for further investigation.
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1. Introduction have important effects on the environment, ecology, and
society (Hodell et al., 1995; Zhang et al., 2008; Liu Y et al.,
Climate change and associated hydroclimatic variations can 2009; Buckley et al., 2010; Pederson et al., 2014; Tan et al.,

2015; Putnam et al., 2016). Due to the sparseness and short
length of available instrumental records, detailing the nature
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of climate changes and its driving mechanisms during the
late Holocene is essential for understanding both the regional
and global climate dynamics. Moreover, it is important for
accurately evaluating future climate trends in the context of
anthropogenic climatic warming.

Some studies have investigated climate change during the
Medieval Warm Period (MWP), Little Ice Age (LIA), and
over much longer time scales, which have largely improved
our understanding of past climate change and possible future
trends (e.g., Diaz et al., 2011; Graham et al., 2011). For
example, Tan et al. (2015) used speleothem oxygen isotope
data to infer that drought events interrupting otherwise wet
intervals caused major societal disruption, and argued that
future precipitation in Central China may be lower than the
average of the past 500 years. Cook et al. (2004) reported
that the western United States experienced elevated aridity
during the MWP, and proposed that any trend of toward
warmer temperatures in the future could lead to a serious
long-term aridity increase over that region.

However, the forcing mechanisms of climate variability
over the late Holocene remain debated. Solar variability can
directly force the changes in temperature (Gray et al., 2010;
Swingedouw et al., 2011), and indirectly drive the climate
changes by influencing ocean-atmosphere interactions
(Bond et al., 2001; Zhang et al., 2008; Moffa-Sanchez et al.,
2014). For example, decreased solar irradiance during the
LIA promoted the development of a quasi-stationary high-
pressure system over the eastern North Atlantic region,
which further modified the regional atmospheric circulation
pattern and contributed to the consecutive cold winter in
Europe (Moffa-Sanchez et al., 2014). Moreover, the sea-ice
extent in high-latitude oceans (Sha et al., 2014, 2016), sur-
face sea temperature and atmospheric circulation over the
North Atlantic Ocean (Wirth et al., 2013; Moffa-Sanchez et
al., 2014; Thiéblemont et al., 2015; Orme et al., 2017) and
tropical Pacific Ocean (Yan et al., 2011, 2015), and century-
scale variability in Yucatan droughts (Hodell et al., 2001)
have all been explained by solar forcing. Nevertheless,
model simulations have found that volcanic eruptions and
changes in greenhouse gas concentrations have primarily
influenced Northern Hemisphere climate over the past mil-
lennium, whereas solar forcing probably has had a limited
effect (Schurer et al., 2014). Furthermore, Greenland and
Antarctic ice cores have revealed that the interannual-to-
decadal temperature variability in the Northern Hemisphere
during the past 2500 years is driven primarily by the large
volcanic eruptions in the tropics and at high latitudes (Sigl et
al., 2015).

Eastern Central Asia, with its deserts and adjacent Tian-
shan, Pamir, and Altai mountain ranges, is located at the
confluence between the influences of the mid-latitude Wes-
terlies, Siberian Anticyclone and, in part, Asian Monsoon
system. As such, this region is highly sensitive to climate
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changes (Yang et al., 2009; Huang et al., 2014), and may
provide information about hemispheric-scale climatic tele-
connections (Lauterbach et al., 2014). Various types of ar-
chives have been investigated to document precipitation/
moisture variations in Central Asia (Herzschuh, 2006; Chen
etal., 2008, 2010; Li et al., 2011; Cheng et al., 2012; Long et
al., 2017; Wolff et al., 2017), and it has been proposed that
hydroclimatic variability in Central Asia is generally out-of-
phase with the East Asian Monsoon region (Chen et al.,
2010, 2015; Lan et al., 2018; Li et al., 2017). To completely
understand the mechanisms and influences of climate
changes during the late Holocene and, in particular, the in-
fluence of solar variability and atmospheric circulation
change over the Norther Atlantic Ocean on Central Asia,
further paleo-hydroclimatic studies are required on different
archives with robust age models.

The Tianshan Mountains are informally termed the “water
tower of Central Asia” (Chen Y N et al., 2016) and are the
source of most large rivers in Central Asia (e.g., the Tarim,
Ili, Manas, and Syr-Darya rivers). Due to the fragile ecolo-
gical environment, the consequences of future global
warming at the high altitudes are expected to be more severe
than in other regions (IPCC, 2007; Lauterbach et al., 2014).
Therefore, the Tianshan Mountains are an important research
focus for paleoclimate studies (Jiang et al., 2013; Huang et
al., 2014; Liu W et al., 2014; Lan et al., 2018; Wolff et al.,
2017).

The aim of this study was to advance our understanding of
late Holocene hydroclimatic variability in eastern Central
Asia, and the relative forcing roles of solar variability and
North Atlantic atmospheric circulation. We investigated a
sediment core from Lake Sayram, Central Tianshan Moun-
tains, China, which was analyzed for total organic carbon
(TOC), total nitrogen (TN) and carbonate contents, the car-
bon/nitrogen (C/N), and grain size. These data are used to
reconstruct regional hydroclimatic variations, and shed light
on the climatic teleconnections between solar variability and
North Atlantic Oscillation (NAO) via mid-latitude Westerlies.

2. Study site

Lake Sayram is located in the Central Tianshan Mountains
(44°30'—44°42'N, 81°05-81°15'E, 2074 m above sea level;
Figure 1) and was formed in the Pliocene to early Pleisto-
cene. The lake is a hydrologically closed terminal alpine lake
surrounded by the Kusunmugqieke, Keguqin, Shaligieke, and
Hanziga mountains, and is 30 km long, 27 km wide, rhombic
shaped, ~453 km’ in surface extent, and has a catchment of
~1408 km® (Wang and Dou, 1998; Hu, 2004). The lake water
volume is ~261x10° m’ and the mean and maximum lake
depths are 56 and 110 m, respectively (in AD2016). The lake
is an oligotrophic, cold-water lake with a salinity of
2.78 g L™ and pH 0 9.17 in AD2011 (Wu et al., 2012; Liu W
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Figure 1 Overview of the study site. (a) Location of the present study area and other sites mentioned in the text throughout eastern Central Asia. Sites 1-17
denote Lake Sayram (this study), Lake Balkhash (Feng et al., 2013), Lake Tiewaike (Li et al., 2017), Lake Manas (Rhodes et al., 1996; Song et al., 2015),
Lake Ebinur (Ma et al., 2011; Wang W et al., 2013), Lake Harnur (Lan et al., 2018), Lake Bosten (Chen F H et al., 2006; Mischke and Wunnemann, 2006),
Lake Son Kol (Lauterbach et al., 2014), Lake Sasikul (Lei et al., 2014), Lake Kalakuli (Liu X Q et al., 2014; Aichner et al., 2015), Wuper section in Kashgar
(Zhao et al., 2012), Lake Bangong (Fontes et al., 1996), the Guliya ice core (Yao et al., 1996; Thompson et al., 1997), a section of acolian sediment at the
eastern margin of the Tarim Basin (Liu et al., 2011), Lop Nor (Putnam et al., 2016), the Dunde ice core (Liu et al., 1998), and the site of a tree ring study in the
Qaidam Basin (Wang W Z et al., 2013), respectively. (b) Location of the sampling site at Lake Sayram (SLM13-2-1 core). (c) Mean monthly temperature
(blue dotted line) and precipitation (red bars) at Wenquan meteorological station (data from AD1958 to 2016).

et al., 2014). Our measured lake water data by YSI-6600 Z2
show that the lake level has generally increased in recent
years, but the hydrological characteristics of the lake water
have not changed, which is consistent with the study results
of Wu et al. (2012).

Lake Sayram, located in the Eurasian temperate con-
tinental high-alpine climate conditions, is characterized by
short temperate summers and severely cold winters with ice
cover usually from December to early May and an ice
thickness of 0.7-1.05 m (Wang and Dou, 1998). The long-
term mean annual air temperature, recorded at Wenquan
meteorological station (northern of Lake Sayram; Figure 1c¢),
is ca. 3.9°C, with January and July (coldest and warmest
months) means of ca. —14.1°C and 19.4°C, respectively
(Figure 1c). The mean annual precipitation and evaporation

were ca. 236 and 550 mm for the period from AD1958—
2016, with a maximum in summer and minimum in winter
(Figure 1c). Most of the precipitation is convective rainfall
during summer, driven by moist mid-latitude Westerlies air
masses (Aizen et al., 2001), and <10 % of the precipitation
falls between November and March because of the blocking
of the mid-latitude Westerlies by the Siberian Anticyclone in
winter.

The lake is supplied mainly by several rivers from the west
and northwest, which are fed by rainfall, groundwater, and
melting snow from neighboring mountains in its catchment.
There are 32 streams around the lake, of which 7 streams are
perennial and the others are seasonal (Hu, 2004). The longest
river flowing into Lake Sayram is Sagakele River, which is
fed mainly by precipitation, is 18 km long and has an average
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annual stream flows of 0.240x 10 m’. The other streams flow
into the lake as surface runoff and/or groundwater, with a
combined discharge of 0.699x10* m’. The annual precipita-
tion onto the lake is ca. 1.586x10° m’. In total, the annual
water flux to Lake Sayram is ca. 2.525x10° m’. Thus, the
lake water is in equilibrium when lake evaporation
(~2.492x10% m’; Wang and Dou, 1998) is taken into account.
Furthermore, given that the glacier extent in the lake catch-
ment is currently limited (4.28 km’; Hu, 2004), meltwater
has a negligible impact on changes on runoff, lake level, and
lake area.

3. Materials and methods

3.1 Fieldwork and sampling

In August 2013, a 121-cm-depth surface sediment core
(SLM13-2-1 core) was retrieved from the center of Lake
Sayram at a water depth of 83 m, using a 60-mm UWITEC
gravity corer (100% sediment recovery; Figure 1b). The
upper 10.5 cm of the core is light yellow in color, and the
remaining sediments are black, but these are interbedded
with 10.5-cm-thick gray-colored sediment units (Figure 2c).
The core lithology is fine- to medium-grained silt. The core
was sub-sampled in situ at 0.5 cm intervals in the upper
50 cm of the core, and at 1 cm intervals for the remainder of
the core. Wet samples were kept at 4°C until they were
freeze-dried, which is the preferred means for preparing se-
diment samples, because either air- or oven-drying may re-
sult in loss of labile organic matter.

3.2 Dating

To establish a reliable age model, the chronology of the
SLM13-2-1 core was determined by Caesium-137 ("*’Cs)
and Lead-210 (*'°Pb) analysis, and accelerator mass spec-
trometry radiocarbon (AMS '“C) dating. Radioactivities of
"7Cs and *'°Pb in the surface sediments were measured by
multi-channel gamma spectrometry using an Ortec Germa-
nium (HPGe) well detector (GWL-250-15) at the Institute of
Earth Environment, Chinese Academy of Sciences (IEE-
CAS), Xi’an, China. "'Cs and *'°Pb activities was measured
at 661.6 and 46.5 keV, respectively, with experimental errors
of <10% and a detection limits of 0.1 Bgkg™" at the 99%
confidence level. The excess *'’Pb activity (*'°Pb,,) was
calculated by subtraction of the supported activity, which can
be approximated as a relatively constant value of *'’Pb ac-
tivity, from the total activity at each level (Xu et al., 2006a).
Lake sediments dates determined from *'°Pb,, were calcu-
lated from the constant rate of supply (CRS) and the constant
initial concentration (CIC) models (Appleby et al., 1979). To
further constrain the core chronology, 10 samples of bulk
organic matter collected from the sediments, owing to
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without suitable terrestrial residues (Jiang et al., 2013), were
dated by AMS'C thechniques after the removal of the car-
bonates (treatment with diluted HCIl) at the Xi’an AMS
Center, IEECAS. Due to the anomalously large '*C reservoir
age in the saline lakes of northwestern China (Hou et al.,
2012; Liu X Q et al., 2014; Yu et al., 2014; Lan et al., 2018),
we also evaluated the possible radiocarbon reservoir effect
by determining the '*C age of the surface lake sediment
around the "’Cs fallout peak.

3.3 Measurement of proxy indices

Bulk carbonate contents (carb%) of sediment samples were
determined by titration with diluted perchloric acid (HCIO,;
0.1 mol L"), with an analytical precision of better than 0.5%.
The remaining sediments were repeatedly rinsed to neutral
pH in distilled water to remove chlorides, and then the TOC
and TN contents, and C/N ratios were measured with an
elemental analyzer (Vario EL III). Analytical precisions of
TOC and TN content are better than 0.1%. For grain size
analysis, samples were pretreated with 10% hydrogen per-
oxide (H,0,) and 30% hydrochloric acid (HCI) to remove the
organic matter and carbonates, respectively, and then the
grain size was determined using a Malvern Mastersizer 2000
laser particle size analyzer. The grain sizes were measured
over a size range of 0.02 to 2000 pm, with an error of <3%
(Sun et al., 2011, 2015). All these measurements were per-
formed at the IEECAS.

4. Results

4.1 Chronology

4.1.1 "’Cs and *'’Pb dating
“'Cs is an artificial radionuclide with a half-life of
30.17 year. Atmospheric '*’Cs fallout can be detected due to
the thermonuclear weapon tests since at AD1945, particu-
larly the multi-national above ground nuclear tests during the
early 1950s. The concentration of "*’Cs rapidly increased as a
result of these tests, and reached its globally maximum value
in AD1963 in the Northern Hemisphere (Pennington et al.,
1973; Robbins and Edgington, 1975; Wan, 1995). Given that
*7Cs would be deposited from the atmosphere within one
year, we assigned the *’Cs peak in the lake sediments to be a
time marker of AD1964 (Lan et al., 2018; Yu et al., 2017).
ICs activities in the SLM13-2-1 core show a typical un-
imodal pattern (Figure 2a) that is similar to the global at-
mospheric 'Cs pattern (Xu et al., 2010) and thus suggests
that the "'Cs peak can be used as a reliable time marker.
Therefore, we assigned the "’Cs peak of ca. 180 Bq kg ' at
the mass depth of 0.54 g cm™” or the line depth of 2.5 cm in
the SLM13-2-1 core to be the 1964-time marker (Figure 2a),
and derived a mass accumulation rate of 0.0108 g cm ~ yr .
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Figure 2 Age model for the Lake Sayram SLM13-2-1 sediment core. (a) Surface sediments '*’Cs (purple) and *'°Pb,, (blue) activities. (b) Age models for

the surface sediments. The green star denotes the age of the '’
210-

Cs fallout peak. The age models are based on "*’Cs activity (purple), and on constant rate of

supply (red) and constant initial concentration (blue) of “ Pb,,. (c) Age model for the core.

This is similar to the rate determined from the *'°Pb,, age
model (0.0109 g cm ™ yr '; see below for the details; Figure
2b). Therefore, the well-defined *’Cs peak most likely cor-
responds to 1964-time marker rather than the Chernobyl
accident in 1986 (Wieland et al., 1993; Putyrskaya et al.,
2009; Klaminder et al., 2012; Lei et al., 2014), even though
Lake Sayram is relatively close to the Chernobyl.

*!%Pb is a natural radioactive nuclide in the Uranium-series
decay chain with a half-life of 22.23 year, and has been
widely used to establish dates of undisturbed sediment cores
during the last 100—150 yr (Appleby et al., 1979; Appleby,
2001; Sanchez-Cabeza and Ruiz-Fernandez, 2012). Figure
2a shows that the *'°Pb,, activities at Lake Sayram have a
logarithmic decrease down-core. The *'°Pb-based chron-
ologies obtained from the CRS and CIC models are generally
consistent with each other since AD1964, and also with that
of the "*'Cs-based chronologies (Figure 2b). For example, at
the mass depth of 0.54 g cm™ (2.5 cm), the *'°Pb ages pro-
duced by the CRS and CIC models are 1963.9 and
AD1968.8, respectively, both of which are concordant with
the ’Cs age (AD1964). The mean mass accumulation rates
calculated by the CRS and CIC models since AD1964 are
0.0109 and 0.0125 g cm ™ yr ', respectively. However, there
are discrepancies ages amongst the three dating methods
before AD1964, which may be related to the changes in
sedimentation rates. Thus, the age model for the surface
sediments is established based on the mass accumulation rate
inferred from "*'Cs-*'°Pb ages since AD1964.

4.1.2 "C age model

The 10 original AMS"C ages were calibrated to calendar
years before present (cal yr BP) with the program CALIB
7.0.2 using the INTCAL 09 calibration data set (Stuiver and
Reimer, 1993; Reimer et al., 2009). The dating results of
SLM13-2-1 core show that the 10 radiocarbon ages present a
generally linear correlation with depth. To evaluate possible
radiocarbon reservoir effect and systematic measurement
errors, we determined the '“C ages for the three uppermost
sediment samples, close to the *'Cs fallout peak (AD1964).
As shown in Table 1, the results suggest that the average
calibrated "*C ages of the three samples at the "*'Cs fallout
peak are ca. 1087 years (Table 1), which implies that the '‘C
age is in excess of the "'Cs age by ca. 1073 yr. A possible
explanation for this is that the ages determined from bulk
organic carbon are affected by the radiocarbon reservoir ef-
fect, which is a common problem in the radiocarbon dating
of lacustrine sediments in western China. For example, Lake
Bosten (Chen F H et al., 2006), Lake Harnur (Lan et al.,
2018), Lake Kalakuli (Liu X Q et al., 2014), Lake Gaotai (Yu
et al., 2014), and Lake Kusai (Liu X Q et al., 2009) have
radiocarbon reservoir effects of 1140, 3560, 1880, 11000,
and 3400 yr, respectively.

Based on "’Cs dating results, AD1950 is approximately at
the mass depth of lower 0.54 g cm” (Figure 2b), where an
age of 920 yr BP was inferred from the extrapolation of the
two uppermost '*C ages. As such, the two independent re-
servoir-corrected methods yield similar results, which im-
plies that the correction for the radiocarbon reservoir effect
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Table 1 AMS'"C dating results for bulk sediment samples from Lake Sayram
Lab ID Sample No. Depth Mass d?g)th 14Ién:§lllirt:ir S;l(ii?;it;? o?)ga%illit}? Carbon reservoir "’Cs age Cl;e;‘ts)enrl\t/égr-mcgr;egceteély
(cm) (gem™) (yr BP) (cal yr BP) effect (yr) (AD) 1073 years (cal yr BP)
XA14624 SLML13-2-1-4 2 0.42 1106£25 1010 1975
XA11869 SLML13-2-1-5 2.5 0.54 1164+24 1090 1073 1964
XA14625 SLML13-2-1-6 3 0.65 1229430 1161 1954
XA12326  SLMLI13-2-1-40 20 3.95 1456+27 1343 256
XA12327 SLML13-2-1-80 40 8.68 1982+35 1933 846
XA12328 SLML13-2-1-101 51 11.43 2371£27 2389 1302
XA11870 SLMLI13-2-1-116 66 15.69 3250+27 3473 2386
XA13271 SLMLI13-2-1-134 84 21.57 3584+28 3887 2800
XA13272  SLML13-2-1-159 110 31.16 4338+32 4906 3819
XA11871 SLML13-2-1-170 121 35.90 4457+26 5136 4049

(1073 yr) at Lake Sayram is robust. To account for the re-
servoir effect throughout the entire core, we assumed it was
constant, and applied a correction of 1073 yr to all all the
calibrated '*C ages. The age model of the SLM13-2-1 core
was then established by the fitting a fourth-order polynomial
to the reservoir-corrected and calibrated AMS'*C dates and

7Cs-""Pb ages (Figure 2c).

4.2 Proxy measurements

As shown in Figure 3, TOC contents of the core ranged
between ~3.3% and 8.7%, with an average of 5.6%. The
results show that TOC contents were relatively low before
2170 cal yr BP, but interrupted by two periods with high
TOC content (~3770-3610 and 3180-2830 cal yr BP), and
increased until 910 cal yr BP. Between 890 and 280 cal yr BP,
TOC contents were generally low with large fluctuations,
followed by a period of higher TOC contents between 280
and 20 cal yr BP. TOC contents have unexpectedly decreased
over the past 100 yr (Figure 3). TOC contents do not de-
crease downwards from the surface sediments, which in-
dicates that the labile organic matter has been decomposed in
the lake water and that degradation during early diagenesis
has only a minor influence on the TOC contents. TN contents
and C/N ratios of the lake sediments generally show similar
long-term trends to the TOC contents (apart from 890-280
cal yr BP; Figure 3). Moreover, TOC and TN contents, and
C/N ratios are broadly positively correlated with carbonate
contents.

The carbonate contents (carb%) in the core vary between
29.9% and 48.5%, with an average of 40.4% during the past
4000 years (Figure 3). There is a decreasing trend before
~2750 cal yr BP, followed by an increasing trend until ~1000
cal yr BP, low contents during the 890-280 cal yr BP, and a
decreasing trend over the past 100 yr interrupted by a 150-yr-
long period of high carbonate contents (Figure 3).

Prior to ~2000 cal yr BP, the sediment grain size of the
SLM13-2-1 core was generally fine-grained silt, particularly
at 4000-3780, 3590-3210, and 2800-2160 cal yr BP, which
are all broadly contemporaneous with periods of lower of
TOC, TN, and carbonate contents, and C/N ratios. The se-
diment is coarser (~20 um) from 2000 to 1010 cal yr BP, and
slightly finer between 1010 and 400 cal yr BP. Sicne 400 cal
yr BP, the grain size shows more variation than earlier in the
core (Figure 3).

In summary, all the proxy indices in the Lake Sayram
sediments show four periods of distinct character at 4000—
3780, 3590-3210, 2800-2160, and 890-280 cal yr BP, and
one slightly distinct interval at 1700—1370 cal yr BP. Fur-
thermore, all the proxy indices shown a significant de-
creasing trend over the past 100 yr (Figure 3).

5. Discussion

5.1 Paleoenvironmental implications of the proxy in-
dices

5.1.1 TOC and TN contents, and C/N ratios

Organic matter in lake sediments has two principal sources,
autochthonous (aquatic source) and allochthonous (terres-
trial source), which are the plants living in the lake and its
catchment, respectively (Talbot and Johannessen, 1992;
Meyers, 1994). Algae and plankton are relatively protein-
rich and cellulose-poor, and thus autochthonous organic
matter has low atomic C/N ratios of between 4 and 10. In
contrast, vascular land plants are commonly cellulose-rich
but protein-poor, and hence exhibit high atomic C/N ratios of
>20 (Meyers, 1994, 1997, 2003; Muller and Mathesius,
1999). Therefore, C/N ratios are extensively used to evaluate
the relative contributions of terrestrial and aquatic organic
matter to lake sediments (Meyers, 1990, 1994, 1997; Talbot
and Johannessen, 1992; Meyers and Ishiwatari, 1993;
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Figure 3 Multi-proxy indices in the SLM13-2-1 core. Gray bars highlight
intervals of increased precipitation.

Meyers and Teranes, 2001; Lamb et al., 20006).

TOC and TN contents, and C/N ratios in lake sediments
usually increase with higher primary production in the lake
catchment, and result in a higher influx of TOC into the lake,
in response to increased precipitation (Xiao et al., 2006; Xu
et al., 2015). However, studies in Lake Sayram sediments
region suggest that a higher flux of clastic sediments asso-
ciated with increased precipitation would dilute TOC and TN
contents, leading to lower TOC and TN. C/N ratios in Lake
Sayram sediments should decrease with an increasing con-
tribution from aquatic plants, resulting from the amelioration
of the regional environment. Therefore, we interpret the TOC
and TN contents, and C/N ratios of the Lake Sayram sedi-
ments to be proxy indices of regional precipitation changes,
with decreasing TOC, TN, and C/N values reflecting in-
creased precipitation, and vice versa.

5.1.2 Carbonate contents

In general, the rate of carbonate precipitation in a lake should
be controlled predominantly by the ratio of evaporation to
precipitation (E/P). Higher E/P results in carbonate super-
saturation in lake water, and this may result in higher car-
bonate precipitation rates and higher carbonate contents in
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lake sediments. Previous studies have provided data that
support the concept that carbonate contents in lake sediments
reflect E/P (Chen F H et al., 2006; Xiao et al., 2006; Xu et al.,
2006b, 2008; Wittkop et al., 2009). For example, a sig-
nificant relationship between E/P values and carbonate
contents has been reported for Lake Qinghai, China. Given
that temperature is the primarily factor controlling eva-
poration at Lake Qinghai, the carbonate contents in Lake
Qinghai sediments can be expected to be an indicator of
regional temperature (Xu et al., 2006b, 2008). However,
variations in lake sediment carbonate contents can be used as
an indicator of regional effective moisture (Chen F H et al.,
2006). For example, wet conditions have been identified
from low carbonate contents in Lake Bosten and Lake Sa-
sikul during the LIA (Chen F H et al., 2006; Lei et al., 2014).

Due to its location and hydrology, the formation of bio-
genic carbonate in Lake Sayram is limited. However, che-
mical carbonate precipitation results from extensive summer
evaporation, and because the lake is usually ice covered
usually from December to early May. Limestone is widely
distributed in the Lake Sayram catchment (Wang, 1978) and
the lake water has low Ca’” and high HCO; and CO3 con-
centrations (Wang and Dou, 1998; Hu, 2004). As such, Ca**
from runoff is effectively deposited with HCO; and CO3 to

lake sediments, resulting in the high carbonate contents in
Lake Sayram sediments. This is reflected in the high car-
bonate contents of the SLM13-2-1 core (average=~40.4%;
Figure 3). With increased precipitation, the lower evapora-
tion should lead to unsaturation of Ca’" in lake water and
greater transport of clastic sediments to the lake. Both these
processes would dilute the carbonate contents in Lake
Sayram sediments. Conversely, the carbonate contents
should increase as precipitation decreases. Similar pa-
leoenvironmental implications from carbonate contents have
also been proposed for Lake Bosten (Chen F H et al., 2006;
Zhang et al., 2010), Lake Dali (Xiao et al., 2008), and Lake
Sasikul (Lei et al., 2014). Therefore, the carbonate contents
of sediments in Lake Sayram can be used as an indicator of
regional precipitation.

5.1.3 Grain size

Grain size of lake sediments directly or indirectly reflects the
hydrodynamic conditions during the deposition, which is not
only influenced by the lake features (e.g., area, size, shape,
and topography), but also climate (mainly by precipitation)
and vegetation changes in its catchment. Thus, grain size is
widely used as an indicator of paleoclimate changes (Peng et
al., 2005; Xiao et al., 2009, 2013, 2015; Xu et al., 2015; Lan
et al., 2018). The mean grain size of lake sediments shows a
concentric spatial distribution, with a coarser grain size in the
littoral zone and finer grain size in the profundal zone. Lake
Sayram is a medium-size but relatively deep lake and, as
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such, coarser sediments are barely transported to the pro-
fundal zone. Therefore, the grain size of Lake Sayram se-
diments is predominantly fine- to medium-grained silt, with
a mean grain size of 17 um. Moreover, the area and water
depth of Lake Sayram are variable (e.g., water depth in-
creased by ~10 m in summer AD2016 as compared with
summer AD2013). The hydrodynamic conditions at the
sampling site would decrease, resulting from more profundal
conditions, when the lake level increases due to increased
precipitation. In turn, this would lead to finer-grained lake
sediments. The decreasing mean grain size of uppermost
sediments in the SLM13-2-1 core appears to reflect in-
creased precipitation over the past several decades. Fur-
thermore, studies of sediment grain size in Lake Daihai
(Xiao et al., 2013) and Lake Dali (Xiao et al., 2015) have also
identified decreased grain size linked to increased pre-
cipitation. Therefore, the mean grain size of the Lake Sayram
sediments reflects regional precipitation changes.

5.2 Late Holocene hydroclimatic variations at Lake
Sayram

Multi-proxy indices in the SLM13-2-1 core exhibit distinct
and correlated temporal patterns during the past 4000 yr
(Figure 3). Based on the above interpretations, these changes
can potentially be used to reconstruct the past hydroclimatic
variations at Lake Sayram (Figure 3). As shown in Figure 3,
all the proxy indices have substantially lower values at 4000—
3780, 3590-3210, 2800-2160, and 890-280 cal yr BP, which
reveal four periods of increased precipitation. In addition,
between 1700 and 1370 cal yr BP, a slightly decrease in the
proxy indices implies a subtle increase in precipitation dur-
ing the Dark Age Cold Period (DACP; Figure 3).
Furthermore, all the proxy indices show an unexpected
decrease since ~100 cal yr BP, including the TOC contents
(Figure 3), even though TOC contents commonly increase in
surface lake sediments (Xiao et al., 2008; Xu et al., 2013;
Anderson et al., 2014; Heathcote et al., 2015). These results
suggest that human activity in the Lake Sayram region is
negligible, and imply that all the proxy indices effectively
record increasing precipitation at Lake Sayram region over
the past 100 yr. This is in agreement with results from Lake
Sayram published by Liu W et al. (2014) and also is all
broadly comparable with instrumental records (Hu, 2004).

5.3 Hydroclimatic variations in mid-latitude Wester-
lies-dominated eastern Central Asia

When compared with regional paleoclimate records, the
proxy indices in Lake Sayram provide insights into regional
hydroclimatic variations at multi-decadal to centennial
timescales, which are poorly documented in currently
available climate reconstructions from eastern Central Asia.
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The spatial patterns of late Holocene hydroclimatic varia-
tions in this region are complex, due to apparently significant
regional differences in past climate resulting from the in-
terplay of different climatic systems (e.g., the mid-latitude
Westerlies, the Siberian Anticyclone, and the Asian Summer
Monsoon; Herzschuh, 2006; Chen et al., 2008, 2010; Rudaya
et al., 2009; Wang W et al., 2013; Long et al., 2017; Wolff et
al., 2017).

Hydroclimatic variations at Lake Sayram during the past
4000 cal yr BP are generally consistent with other records in
eastern Central Asia (Figure 4), demonstrating similar pat-
terns of late Holocene environmental and climate change.
We verified the regional significance of our lake sediment
profile as a precipitation-sensitive record by comparing the
TOC data with a regional humidity record from Lake Kala-
kuli over the past 4000 years (Figure 4), inferred from leaf
wax 0D data (Aichner et al., 2015). TOC contents show a
remarkable correspondence with dD isotope values. This
confirms that TOC contents of the Lake Sayram sediments
are a robust indicator of regional hydroclimatic variations.
Due to dating uncertainties, sampling resolution, and site
characteristics, the wet period at 3590-3210 cal yr BP is not
documented in the Lake Kalakuli 6D record, which might
highlight the spatial complexity of late Holocene hydro-
climate in eastern Central Asia.

However, similar to our record, speleothem §'*O data from
Uluu Cave (Wolff et al., 2017) and Kesang Cave (Cheng et
al., 2012) record enhanced precipitation during this interval
at a slightly different time. This broadly coincides with the
pronounced increase in winter snowfall and meltwater sup-
ply during subsequent spring thaw in Central Kyrgyzstan
(Lauterbach et al., 2014), higher lake levels at Lake Bosten,
northwestern China (Mischke and Wunnemann, 2006), and
humidity conditions at Lake Bangong, western Tibetan
Plateau (Fontes et al., 1996). Moreover, generally lower
pollen concentrations and minimum A/C ratios in Lake
Manas coincide with higher TOC contents in Lake Sayram at
ca. 3800-3600 cal yr BP, indicating a short periods of arid
conditions during this interval (Rhodes et al., 1996). A pre-
vious study at Lake Sayram did not consider reservoir carbon
effects on AMS"C dating (Jiang et al., 2013) and does not
match with our record. However, after correction for the
reservoir carbon effect of 1073 yr, the A/C ratios reported by
Jiang et al (2013) are also consistent with our records (Figure
4).

Over the past 2000 yr, our results have identified two
periods of increased precipitation, with a significant increase
in precipitation during the LIA (~890-280 cal yr BP) and a
slightly increase in precipitation during the DACP (1700-
1370 cal yr BP; Figure 4). This is broadly consistent with the
hydroclimatic pattern documented throughout mid-latitude
Westerlies-dominated Central Asia (Chen et al., 2010; Chen
et al., 2015; Lan et al., 2018). Based on 17 paleo-hydrocli-
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Figure 4 Comparison of hydroclimatic variations at Lake Sayram ((a),
this study) with other records in mid-latitude Westerlies-dominated eastern
Central Asia. (b) Lake Kalakuli (Aichner et al., 2015); (c) Lake Sayram
(Jiang et al., 2013); (d) Lake Ebinur (Wang W et al., 2013); (¢) Lake Harnur
(Lan et al., 2018); (f) Guliya ice core (Yao et al., 1996; Thompson et al.,
1997); (g) Lop Nor (Putnam et al., 2016).

matic records, Chen et al. (2010) proposed that wet LIA and
dry MWP conditions existed in arid Central Asia over the
past millennium, and suggested that this region was out-of-
phase with conditions in monsoonal Asia. This was con-
firmed by a synthesis of hydroclimatic study in China and
surrounding regions (Chen et al., 2015). Recently, Lan et al.
(2018) suggested that similar warm-dry (MWP) and cold-
wet (LIA) hydroclimatic patterns prevailed in high Central
Aisa during the past two millennia. Pollen analysis from
Lake Balkhash revealed increased precipitation between 650
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and 100 cal yr BP (Feng et al., 2013). Arid MWP and humid
LIA hydroclimatic conditions are also inferred from Lake
Tiewaike in the Altai Mountains (Li et al., 2017) and Lake
Manas in northwestern China (Song et al., 2015). Lake
Ebinur in the Central Tianshan Mountains is close to our
study site and had higher A/C ratios (Figure 4; Wang Wet al.,
2013), lower carbonate contents, and lighter organic matter
and carbonate ¢"°O values (Ma et al., 2011) during the LIA,
in response to enhanced precipitation. Multi-proxy analysis,
including carbonate contents, pollen assemblages, and grain
size data of Lake Bosten revealed a humid climate during the
LIA, and a warm-dry and cold-humid climate pattern on
centennial timescales during the past 1000 yr (Chen F H et
al., 2006). Negative carbon isotopic excursions of plant
material from an aeolian sand profile in the arid eastern
Tarim Basin also strongly indicate humid conditions during
the LIA (Liu et al., 2011). 6D values from Lake Son Kol in
Central Kyrgyzstan record significantly increased summer
moisture since 800 cal yr BP and decreased summer moisture
between 1750 and 800 cal yr BP, which imply wet LIA and
dry MWP climatic conditions (Lauterbach et al., 2014).
More negatively 0'°O values for carbonate, and lower car-
bonate and sand contents in Lake Sasikul, Central Pamir,
during the LIA record a wet period and higher lake level (Lei
et al., 2014). Leaf wax JD values from Lake Kalakuli on the
Pamir Plateau (Aichner et al., 2015) are relatively negative
during the DACP and LIA (Figure 4), also indicating humid
climate conditions during those intervals. Pollen record from
the western margin of the Tarim Basin identified increased
humidity condition at ~1750-1260 and ~550-390 cal yr BP
(Zhao et al., 2012). Furthermore, an ice accumulation record
for the Guliya ice core from the northern Tibetan Plateau
(Figure 4; Yao et al., 1996; Thompson et al., 1997) revealed
increased precipitation during the DACP and LIA, which is
in agreement with other records from the mid-latitude
Westerlies-dominated northern Tibetan Plateau (e.g., carbo-
nate 0'°0 in Lake Bangong, Fontes et al., 1996; pollen record
in the Dunde ice core, Liu et al., 1998; tree ring 5"°0 values
from Delingha, Wang W Z et al., 2013).

Although the onset timing of the LIA in these previous
studies is much younger than in our record (Figure 4), Put-
nam et al. (2016) showed that wetter LIA climate conditions
characterized the core of the inner Asian desert belt at the
beginning of early LIA in the late 1100s, which is closely
consistent with our results (Figure 4). Therefore, increased
precipitation likely occurred as early as 890 cal yr BP during
the early LIA at Lake Sayram.

5.4 Possible forcing mechanisms for the late Holocene
hydroclimatic variations in eastern Central Asia

The coherent late Holocene hydroclimatic patterns revealed
by numerous studies in mid-latitude Westerlies-dominated
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eastern Central Asia demonstrate that increased precipitation
events were not a local signal, but were most likely a part of
large synoptic-scale atmospheric circulation changes.

The inter-annual climate patterns in Central Asia are
mainly controlled by the interplay between the mid-latitude
Westerlies, the Siberia Anticyclone, and the Asian Summer
Monsoon (Aizen et al., 1997, 2001, 2006; Chen et al., 2010;
Cheng et al., 2012; Lauterbach et al., 2014; Wolff et al.,
2017). However, as suggested by Cheng et al. (2012), Asian
Summer Monsoon rainfall or related moisture can not pe-
netrate into Central Asia during the times of low insolation,
such as in the late Holocene. Furthermore, the lack of marine
salts in snow at Muztag Ata (Pamir Plateau) supports the
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view that the Indian Summer Monsoon is only of minor
importance source of the present-day precipitation (Seong et
al., 2009). Although the Siberian High also appears to make
only a minor contribution to annual precipitation, as it de-
livers cool and dry air, Wolff et al. (2017) suggested that it
probably contributed significantly to climate variability at
Uluu Cave in Central Asia. This is supported by Aizen et al.
(2001), who suggested that precipitation is enhanced over the
continental Asia when the Siberian High is positioned farther
to the east than the west.

Based on firn/ice cores 0'°0 data from the Altai (Belukha)
and Tianshan mountains (Inilchek glacier), Aizen et al.
(2006) concluded that precipitation in Central Asia is pre-
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dominantly regulated by the mid-latitude Westerlies trans-
port of water vapor from the Aral-Caspian, Mediterranean,
and Black Seas, and North Atlantic Ocean, which is con-
sistent with modern air mass trajectories (Wolff et al., 2017).
In addition, based on data from 145 meteorological stations,
an inverse relationship between precipitation in Central Asia
and the North Atlantic Oscillation Index (NAO) was shown
by Aizen et al. (2001), who identified increased precipitation
during the negative phase of the NAO and southward mi-
gration of the mid-latitude Westerlies. Using the KNMI
Climate Explorer, Wolff et al. (2017) suggested that a more
negative NAO triggered more precipitation in Central Asia
from AD1950 to 2015. Comparison of our record with re-
constructions of the NAO index from Greenland (Olsen et
al., 2012), Southern Alps flood activity (a NAO index in-
dicator; Wirth et al., 2013), and solar irradiance (Stuiver et
al., 1998; Bard et al., 2000; Reimer et al., 2004) for the past
4000 years shows that increased precipitation periods in the
Lake Sayram region are associated with a more negative
NAO index, stronger Southern Alps flood activity, and lower
solar irradiance (Figure 5). This highlights the influence of
solar irradiance and southern migration of the entire circum-
North Atlantic circulation system (Wirth et al., 2013), par-
ticularly the main pathway of the mid-latitude Westerlies, on
Central Asia precipitation. This result agrees with earlier
studies (Aizen et al., 2006; Chen et al., 2010; Lei et al., 2014;
Lan et al., 2018; Wolff et al., 2017), which suggested that
more southern displaced and wetter mid-latitude Westerlies
occur during the negative NAO modes in Central Asia. For
example, Chen et al. (2010) suggested that increased pre-
cipitation in arid Central Asia during the LIA could be at-
tributed to the predominantly negative NAO index (Trouet et
al., 2009) and, consequently, to enhanced moisture transport
by the mid-latitude Westerlies responding to the high fre-
quency of cyclonic activity in the North Atlantic and Med-
iterranean Ocean. Therefore, the underlying climatic factors
and mechanisms of increased precipitation at Lake Sayram
over the past 4000 yr are likely linked to the southward
migration of the circum-North Atlantic circulation system
(Trouet et al., 2009; Olsen et al., 2012; Wirth et al., 2013),
which is possibly driven by lower solar irradiance (Stuiver et
al., 1998; Bard et al., 2000; Reimer et al., 2004; Orme et al.,
2017). However, the mechanisms that ultimately force the
mid-latitude Westerlies require further investigation (Dei-
ninger et al., 2017).

6. Conclusions

In this study, we used a high-resolution lake sediment record
from the Central Tianshan Mountains (Lake Sayram) to re-
construct regional hydroclimatic variations at multi-decadal
to centennial timescales, and to investigate possible late
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Holocene climate forcing mechanisms. Our results reveal
five periods of increased precipitation periods at 4000-3780,
3590-3210, 2800-2160, 1700-1370, and 890-280 cal yr BP
in the Lake Sayram region, which are broadly consistent with
other paleo-records from the eastern Central Asia. This in-
dicates that coherent regional hydroclimatic changes oc-
curred during the late Holocene in mid-latitude Westerlies-
dominated eastern Central Asia. A close correspondence
between our record and reconstructions of the NAO index
and solar irradiance suggests that decreasing solar irradiance
and southward migration of the entire circum-North Atlantic
circulation system, particularly the main pathway of the mid-
latitude Westerlies, significantly influence eastern Central
Asia hydroclimate. In addition, precipitation appears to have
increased over the past 100 yr, although possible future hy-
droclimatic changes require further investigation.
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