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a b s t r a c t
Arid Central Asia (ACA) lies on a major climatic boundary between the mid-latitude westerlies and the northwestern limit of the Asian summer monsoon, yet only a few high-quality reconstructions exist for its climate history. Here we calibrate a new organic geochemical proxy for lake temperature, and present a 45-yr-resolution
temperature record from Hurleg Lake at the eastern margin of the ACA in the northern Tibetan Plateau. Combination with other proxy data from the same samples reveals a distinct warm–dry climate association throughout
the record, which contrasts with the warm–wet association found in the Asian monsoon region. This indicates
that the climatic boundary between the westerly and the monsoon regimes has remained roughly in the same
place throughout the Holocene, at least near our study site. Six millennial-scale cold events are found within
the past 9000 yr, which approximately coincide with previously documented events of northern high-latitude
cooling and tropical drought. This suggests a connection between the North Atlantic and tropical monsoon
climate systems, via the westerly circulation. Finally, we also observe an increase in regional climate variability
after the mid-Holocene, which we relate to changes in vegetation (forest) cover in the monsoon region through
a land-surface albedo feedback.
© 2013 University of Washington. Published by Elsevier Inc. All rights reserved.

Introduction
Climate in the Holocene, over the past 12,000 yr, has been characterized by gradual cooling in Northern Hemisphere high and midlatitude areas and a drying trend in tropical/monsoon regions
(Mayewski et al., 2004). This pattern is controlled by a gradual decrease
in boreal insolation (Kutzbach and Street-Perrott, 1985; COHMAP
Members, 1998). Superimposed on this long-term trend are several
millennial-scale cooling events in high-latitude regions and/or drought
or weak-monsoon events in tropical regions (O'Brien et al., 1995;
deMenocal et al., 2000; Bond et al., 2001; Gupta et al., 2003; Mayewski
et al., 2004; Wang et al., 2005). These millennial-scale events have
been attributed to solar variability and/or internal ocean-atmosphere
variations (Gupta et al., 2003; Mayewski et al., 2004; Wang et al., 2005).
Arid Central Asia (ACA) today falls under the inﬂuence of the
mid-latitude westerlies. It marks the southern limit of a major source
region of atmospheric dust, which affects the radiative forcing of climate on a global scale (e.g., Köhler et al., 2010; Roberts et al., 2011;
Rohling et al., 2012). In a synthesis of eleven lake-sediment records
⁎ Corresponding author at: Department of Earth Sciences, The University of Hong Kong,
Hong Kong, China.
E-mail address: C.Zhao@soton.ac.uk (C. Zhao).

with relatively reliable chronologies and robust proxies, Chen et al.
(2008) showed that Holocene climate in ACA experienced a gradual
increase in humidity that was anti-phased with changes in the
Asian monsoon region. However, other records for the late Pleistocene and Holocene indicate more complex and sometimes even
opposite moisture changes within the ACA at various time scales
(Lehmkuhl and Haselein, 2000; Yang et al., 2004; Yang and Scuderi,
2010; Yang et al., 2011). In the early Holocene, for instance, studies
show that the climate around the boundary between the ACA and
monsoon regions could be either dry (Mason et al., 2009) or wet
(Yang et al., 2010) at different sites. In addition to the long-term
trend, many lakes in the region have revealed major hydrological variations at millennial time-scales (Rhodes et al., 1996; Mischke et al.,
2005; Mischke and Wünnemann, 2006).
Because of a dearth of paleoclimate records that give both temperature and moisture information from the same sites and same samples, understanding the nature of Holocene climate variability in the
ACA is limited. Here we apply the new method for temperature reconstruction based on biomarker alkenone distributions in lakes to
a sediment core from Hurleg Lake in the Qaidam Basin, northern Tibetan
Plateau, to reconstruct a new quantitative temperature record for the
ACA. Alkenones are produced by a limited number of haptophyte algae
in the oceans and some lakes, and the ratio of different C37-alkenone
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compounds is very sensitive to temperature changes (Chu et al., 2005;
Sun et al., 2007). A speciﬁc index, the alkenone unsaturation index or
UK′37 (see below for details), is widely used for marine surface temperature reconstructions (e.g. Kim et al., 2004). However, recent culture experiments and studies of surface sediments from modern Chinese lakes
have revealed that lakes also show a positive relationship between UK′37
values and surface water temperature, which in turn reﬂects air temperature (Chu et al., 2005; Sun et al., 2007; Chu et al., 2012). Here we present
a statistical calibration with full propagation of uncertainties. We then
develop a high-resolution (45 yr) quantitative temperature record for
the last 9000 yr in Hurleg Lake (Fig. 1A). We combine this with information from other proxies (Zhao et al., 2010) to assess the long-term
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orbital-scale trends, and millennial-scale climate variability around
the Hurleg Lake region, and to test whether or not the monsoon
inﬂuence expanded into the Qaidam Basin during the early-middle
Holocene monsoon maximum.
Study site
Hurleg Lake and modern climate setting
The fresh-water lake, Hurleg Lake (37°17′N, 96°54′E; 2817 m above
sea level [asl]) is located in the Qaidam Basin on the northern Tibetan
Plateau (Fig. 1). The high surrounding mountains (~4000 m asl) are
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Figure 1. Location map. A. Hurleg Lake (yellow dot) is located in the northern Tibetan Plateau. Other sites mentioned include Lake Qinghai, Hongyuan Peat Bog, and Dongge Cave
(blue dots) in the Asian monsoon region and Dunde Ice Cap, Bosten Lake, Manas Lake, Ulungur Lake (yellow dots) in westerly-dominated ACA. The bold white line approximately
separates monsoon regions (blue) and ACA (yellow; after Chen et al., 2008). B. Topographic and hydrologic setting of Hurleg Lake. Red dot donates the coring location for core
HL06-1, and black dots indicate two other cores from the same lake (after Zhao et al., 2010).
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inﬂuenced by the northern penetration of the Asian summer monsoon
rainfall (Sheppard et al., 2004; Shao et al., 2005). The Qaidam Basin,
however, currently lies just outside of the region of monsoonal rainfall
(Tian et al., 2001, 2003) and is instead inﬂuenced by the mid-latitude
westerlies (Fig. 1A; Chen et al., 2008).
Based on the instrumental data collected between 1956 and 2004
from Delingha station, the closest meteorological station about 30 km
northeast of the lake, the mean annual air temperature (MAAT) is
3.7°C with a range from 1.6 to 5.2°C over the 48 year records. The seasonal mean air temperature varies from −9.7°C in winter (December,
January, and February) to 15.6°C in summer (July, May, and August).
The mean annual precipitation is ~ 160 mm with most falling in summer months. The mean annual potential evaporation is ~ 2000 mm
(Yi et al., 1992). The vegetation is of a typical desert, dominated by
Chenopodiaceae, Artemisia, Ephedra and Nitraria (Zhao et al., 2007).
Based on multi-proxy evidence for the late Holocene, we have demonstrated that evaporation rather than inﬂow is the dominant cause
of lake-level changes at Hurleg Lake (Zhao et al., 2009, 2010).
Methods
Sample collection and lab analysis
Sediment cores HL06-1, HL05-2, and HL06-2 were obtained during
ﬁeld trips in summers of 2005 and 2006 (Fig. 1B). Both cores HL06-1
and HL06-2 were drilled in the lake center at about 7.6 m water depth
(Fig. 1B) using a UWTEC corer. The 85-cm-long core HL06-2 was collected only 2 m away from core HL06-1 (Fig. 1B), as we noticed in the
ﬁeld that the core top of HL06-1 was lost. Based on our observations
in the ﬁeld, both cores (HL06-1 and HL06-2) show a clear lithological
correspondence, and the top 27 cm was found to be missing from core
HL06-1. The 688-cm-long core HL05-2 was collected at about 2.7 m
water depth from a shallow part of the lake using a Livingstone–Wright
piston corer (Fig. 1B). This study only focuses on core HL06-1. The
938-cm-long-core was subsampled at continuous 0.5–1 cm intervals. A
total of 243 subsamples were analyzed for alkenones and alkanes following the standard procedure (Liu et al., 2011). Total lipids were obtained
through extraction of freeze-dried sediments (about 2–6 g) with organic
solvents, hydrolyzed to remove alkenoates that could interfere with the
identiﬁcation of alkenones, and then separated into three fractions with
silica gel column chromatography. The alkenone and alkane fractions
were analyzed by Gas Chromatography (Agilent 7890), using n-C36
alkane as internal standard for quantiﬁcation. The UK′37 values were
calculated using UK′37 = C37:2 / (C37:2 + C37:3), where C37:2, and C37:3
are the concentrations of di- and tri-unsaturated C37 alkenones respectively. Analytical error is within 0.015 for UK′37.
Dating and chronology
The chronology of core HL06-1 has been published previously
(Zhao et al., 2010), based on seven AMS (accelerator mass spectrometry) 14C dates of aquatic plant leaves from Ruppia in core HL06-1,
and four AMS 14C dates of the same material from parallel short
core HL06-2 (Zhao et al., 2009, 2010). Based on the difference between paired 14C and 210Pb dates at 12–13.5 cm from core HL06-2,
all 14C dates were corrected by a constant 2758 14C yr to account
for the “old carbon” effect (Zhao et al., 2010). The corrected dates
were calibrated using the Calib 5.0.1 program based on the IntCal04
calibration dataset (Zhao et al., 2010). Because the age model of
Core HL05-2 was best approached by ﬁtting a 3rd-order polynomial
curve (Zhao et al., 2010), we here also apply 3rd-order polynomial
curve for core HL06-1, using calibrated ages (Fig. 2). Two dating reversals and one date with a large deviation from the trend line were
excluded from the age model. Uncertainties are presented by calculating two standard deviations for the scattering of individual dating
points around the age model curve (Fig. 2A).
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Although the required “old carbon” correction may in reality not
be constant through time, it is currently difﬁcult to assess this independently. However, the 2758 14C-yr old-carbon correction we use
here falls within the range of 14C reservoir ages (from a few hundred
to 7000 14C yr) for lakes across the Tibetan Plateau, according to a recent review (Hou et al., 2012). Still, when discussing millennial-scale
climate variations, it is important to allow for a degree of (unknown)
uncertainty in ages relative to dated events in other archives. We have
aimed to minimize such impacts by: (1) always using the same material
for dating (Ruppia); (2) comparing the inferred age model for HL06-1
with that of core HL05-2 from the shallower part of the lake to test
reproducibility (Fig. 2); and (3) restricting the selection of samples for
dating always to intervals with a narrow range of carbonate contents
of about 30% to 40% to minimize changes in the relative admixture of
old carbon.
U K′37-temperature calibration and uncertainty estimation
Summer air temperature was calculated from the U K′37 record
based on a re-calibration (U K′37 = 0.026T − 0.187, n = 38, R 2 =
0.40) between U K′37 data from modern sediments and summer air
temperature at 38 Chinese lakes (Chu et al., 2005; Fig. 3). Uncertainties may exist in the U K′37-temperature calibration from lakes in
the natural environment, due to the potential inﬂuences of different
producer species and lake chemistry (Chu et al., 2005; Toney et al.,
2012). For this reason we validate the calibration using monospeciﬁc
data from controlled culture experiments. In our re-calibration of the
published data from Chu et al. (2005), uncertainties of both U K′37 and
temperature data are fully considered and propagated. All of the U K′37
data for the calibration from 38 modern Chinese lakes have been considered with an analytical uncertainty of 0.006 (Chu et al., 2005). We
consistently take the average of summer air temperature (June–July–
August) over the same period between 1960 and 1993, and compute
the standard deviation of summer air temperature over this 34-yr period as the uncertainty for temperature at each site. The calibration was
determined by randomly perturbing all the data points in both the X
(UK′37) and Y (mean summer air temperature) directions 1000 times,
according to normal distributions determined by the mean and error
bars shown (Fig. 3). For each randomly perturbed realization, we
performed a linear ordinary least-squares regression (using temperature as the independent variable). Next, we determined the median
and the 2.5 and 97.5 percentiles of the complete set of 1000 regressions,
to establish the calibration line and its 95% conﬁdence limits.
We validate our U K′37-temperature calibration for modern Chinese lakes with that from a culture experiment by Sun et al. (2007)
and ﬁnd that it reveals a virtually identical slope with the one from
the culture experiment (U K′37 = 0.026 ∗ T − 0.261, n = 9, R 2 =
0.97). That culture experiment concerned the haptophyte species
Chrysotila lamellosa, collected from Lake Xiarinur, Inner Mongolia,
China (Sun et al., 2007; Fig. 3). The alkenone producer in our study
site Hurleg Lake likely is the same (or closely related) species
C. lamellosa, based on the following observations: (1) all our signals
are C37:3 dominant rather than C37:4 dominant as found in some lakes
from the USA that are produced by other species (Toney et al., 2012);
(2) we did not detect any C38:3me signals as shown in some USA lakes
with different species (Toney et al., 2012); and (3) the waters of Lakes
Hurleg and Xiarinur are both dominated by anions of HCO3− and CO32−,
rather than by sulfur, while the latter seems to speciﬁcally inﬂuence
haptophyte species and alkenone production in lakes (Toney et al.,
2012). Temperatures in the culture experiment refer to water temperature (Sun et al., 2007) rather than air temperature as in the
modern-lake calibration (Chu et al., 2005), but previous studies indicate that lake surface temperature tends to be close to the ambient
air temperature, especially for shallow lakes (Chu et al., 2005) like Hurleg
Lake. This would agree with our observation of an almost identical slope
for both UK′37-temperature calibrations from culture experiment and
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Figure 2. Chronology of sediment cores from Hurleg Lake. A. Age model for core HL06-1 based on a 3rd order-polynomial curve through corrected and calibrated AMS 14C ages, four
of which derive from the top parallel core HL06-2 (transferred to core HL06-1 on the basis of lithological correlation). Two dating reversals and one clear outlier were excluded from
the model (blue circles). Red dashed lines represent 95% conﬁdence limits. B. Age model of core HL05-2 from the shallow part of the lake, for comparison (Zhao et al., 2010).
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samples) provides robust signals for temperature reconstruction
(Fig. 4A). Category 2 (73 samples) contains C37-alkenone concentrations that are too low to yield valid results (Fig. 4B). In the 32 samples
of Category 3, we observe that the retention time of supposed compound C37:3 signals consistently shifted behind that of the lab standard (Fig. 4C). GC-MS analyses conﬁrm that Category-3 samples
were contaminated by other organic compounds, which was also
reported in Toney et al. (2012), and consequently they also fail to deliver robust results.
All Category-2 samples are from intervals before 9200 cal yr BP,
around 4000 cal yr BP, 2900–2400 cal yr BP, and 1800–1200 cal yr BP
(Fig. 5). These intervals generally have high long-chain (C27–C33) versus
mid-chain (C21–C25) n-alkane ratios, extremely low alkenone concentrations of less than 10 ng/g, and low organic matter contents (Fig. 5). In addition, our previous work reveals low carbonate contents, high Ti counts,
and low Ca/Ti ratios in these intervals (Fig. 6; Zhao et al., 2010).
Category-3 samples are mainly from the intervals 4900–4300 cal yr BP,
around 2000 cal yr BP, and 1100–600 cal yr BP (Fig. 5). These samples

modern Chinese lakes (Fig. 3). The only offset is in the intercept,
suggesting that the equation of culture calibration would produce slightly higher temperatures than that of lake calibration. To highlight the
changes in temperature through the Holocene and avoid any confusion
about absolute temperatures due to different calibrations, we use only
the calibration slope, to calculated summer air temperature variations
relative to the calculated Holocene mean summer air temperatures
from the entire record (ΔT). This ΔT will be independent and identical
from both calibration equations (culture or lakes). Uncertainties of ΔT
values are calculated from the uncertainties of lake calibration as
shown in blue dashed lines in Fig. 3.
Results
Alkenone results for Hurleg Lake sediments
The C37-alkenone signals for the 243 samples analyzed from core
HL06-1 are divided into three categories (Fig. 4). Category 1 (138
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are generally associated with moderately low alkenone concentrations
(101–103 ng/g), lower long-chain versus mid-chain n-alkane ratios, elevated organic matter and high carbonate contents, low Ti counts, and
high Ca/Ti ratios (Figs. 5 and 6).
Relative to the 9300-yr mean value of 13.1°C based on modern
Chinese lake calibration, or 16.1°C based on culture experiment calibration, our reconstruction for ACA reveals changes in summer air
temperature (ΔT) between about − 2.4 and 2.6°C over the past
9300 yr (Fig. 6A). Calibration uncertainties may range up to almost
2°C at 95% conﬁdence level (Figs. 3, 6A), but the tight relationship
seen in culture experiments (Fig. 3) suggests that the level of uncertainty inferred from our lake data calibration may be exaggerated.
We distinguish six apparent millennial-scale cold events within the
Holocene (Fig. 6A). A cold interval (ΔT at around −1 to −2°C), which
commenced prior to 9000 cal yr BP, ended with a warming that culminated with ΔT at around +2.6°C between 8000 and 7000 cal yr BP.
Values remained relatively high until about 6000 cal yr BP, followed by
a sharp drop within a few centuries to cold conditions that culminated with ΔT at around − 2.4°C by 5500 cal yr BP (Fig. 6A). After that,
the record is more fragmented, but there are strong indications of sharp
multi-centennial to millennial-scale ﬂuctuations with ΔT between −1.6
and about +2°C (Fig. 6A).

Discussion
Multi-proxy evidence for Holocene moisture variations at Hurleg Lake
Long-chain n-alkanes are mainly produced by terrestrial plants, and
mid-chain n-alkanes by aquatic plants (Meyers and Ishiwatari, 1993;
Huang et al., 1999), so that Category-2 samples seem to be dominated
by terrestrial plant material. This agrees with the low lacustrine productivity suggested by the low alkenone concentrations and organic matter
contents. Based on our previously published data on modern lake sediment measurements and multiple down-core proxies, low carbonate
concentrations, caused by enhanced dilution by silicate from the surrounding deserts during arid periods, suggest low lake levels (Zhao et
al., 2010). Carbonate concentrations increase during times of high lake
levels (Zhao et al., 2010), as supported by the Ti counts and Ca/Ti ratios
from XRF data (Ca approximates the carbonate content, and Ti represents silicate abundance; Zhao et al., 2010). Taken together, it appears
that Hurleg Lake experienced substantially lowered lake levels
during the ‘Category 2’ intervals, due to relatively arid conditions.
On the other hand, ‘Category 3’ intervals are similar to that for the modern freshwater condition, and suggest a relatively humid climate then
(Fig. 5).

A
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D

Figure 5. Multiple organic geochemistry-proxy records from Core HL06-1 at Hurleg Lake. A. UK′37 results. B. The ratios of Area (C27–33) to Area (C21–15), representing the relative
abundance of terrestrial (long-chain) versus aquatic (mid-chain) alkanes (reversed scale). C. C37-concentrations (in ng/g). In both B and C. ﬁlled red circles indicate results from
a modern surface lake sediment sample. D. Organic matter (OM) percentage from loss-on-ignition analysis (Zhao et al., 2010). Yellow bands highlight extreme dry periods inferred
from Category 2 samples, while blue bands highlight extreme wet periods inferred from Category 3 samples.
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Figure 6. Holocene millennial-scale climate variability from core HL06-1 at Hurleg Lake. A. UK′37-derived temperature record (ΔT) from Category-1 samples in Hurleg Lake with
uncertainties (black dots and green error bars). The horizontal black line represents the mean over the past 9000 years. Red and blue triangles indicate the tentatively inferred
temperature of Category-2 and -3 samples, respectively. B. Ca/Ti ratios from XRF analysis (Zhao et al., 2010). C. Ti counts from XRF analysis (Zhao et al., 2010). D. Carbonate content
from loss-on-ignition analysis (Zhao et al., 2010). E. Organic matter content from loss-on-ignition analysis (Zhao et al., 2010). Gray shading represents six cold events based on our
temperature reconstruction for Hurleg Lake.

Anti-phased millennial-scale moisture variations between ACA and
monsoonal regions
Combined with other proxies (Fig. 6) from the same core samples
(Zhao et al., 2010), our record suggests a warm–dry and cold–wet climate

associations in the Qaidam Basin. For instance, the relatively cold intervals
at 9000–8000 cal yr BP and 6000–5100 cal yr BP coincided with high carbonate contents, high Ca/Ti ratios, and low Ti values (Fig. 6). Concomitant
high organic-matter contents reﬂect elevated organic productivity during
these colder intervals with high lake levels (Fig. 6E). Conversely, the

62

C. Zhao et al. / Quaternary Research 80 (2013) 55–65

relatively warm interval at 8000–6000 cal yr BP is characterized by relatively low carbonate and low organic matter.
Based on the inferred warm–dry climate association in Category-1
samples, we infer that Category-2 samples with abundant indicators
of aridity likely represent times of relatively warm conditions. Conversely, those from Category-3 samples with abundant indicators of
enhanced humidity would represent relatively cool conditions. Possibly, intervals of Category-2 and -3 samples represent times of highly
variable temperature and hydrological ﬂuctuations that exceeded the
recording capability of alkenone proxies (Liu et al., 2011). On this basis,
we have tentatively added inferred ‘high’ and ‘low’ temperature indicators in Fig. 6A for Category-2 and -3 samples.
The ACA cold–wet climatic association on millennial timescales
(Fig. 6) inferred from our Category-1 samples contrasts with the
cold–dry association documented in nearby Lake Qinghai (Liu et al.,
2006), which is affected by the monsoon climate (Fig. 1). Similar
anti-phasing of hydrological changes between ACA and the monsoon
regions has previously been suggested for the early Holocene (Chen
et al., 2008; Mason et al., 2009) and for centennial-scale variations
during the late Holocene (Yang et al., 2002; Zhao et al., 2009; Chen
et al., 2010; Liu et al., 2010). This pattern has been attributed to a
relationship between uplift of air in the monsoon areas and associated
subsidence outside the monsoon region (Zhao et al., 2009), as supported

by simulations from numerical climate models (Sato and Kimura, 2005).
Our data reveal that the warm–dry climatic association in the ACA, and
hence the anti-phasing of moisture conditions between areas within
and outside the current monsoon limit, have been persistent at millennial
time scales throughout the past 9000 yr, at least near the study area. This
implies that there have been no signiﬁcant changes in the northward/
westward penetration of the Asian monsoon through the course of the
Holocene, at least near the northern Tibetan Plateau, which may provide
a useful target for validating climate models.
Millennial-scale cold events and possible climate connection between
North Atlantic and tropical Asian monsoon regions
The δ13C time series of cellulose remains of sedges (Cares mulieensis)
from the Hongyuan peat bog, eastern Tibetan Plateau, documents six
weak monsoon events over the past 9000 yr (Fig. 7B; Hong et al., 2003).
In southern China, similar weak monsoon events were documented in
the δ18O time series of a stalagmite from Dongge Cave (Fig. 7C; Wang et
al., 2005). These weak monsoon events and associated aridity in the tropical Asian monsoon region have been previously related to the cold events
in North Atlantic region (Hong et al., 2003; Wang et al., 2005). A synthesis
of ~50 globally distributed paleoclimate records reveals six periods of
rapid climate change during the past 9000 years, characterized by polar

A

B

C

Figure 7. Correlation of millennial-scale climate variability. A. UK′37-derived temperature record (ΔT) from Category-1 samples in Hurleg Lake with uncertainties (black dots
and green error bars). B. Carbon isotope record from Hongyuan peat bog as a proxy for Asian monsoon intensity (Hong et al., 2003). C. Oxygen isotope record from Dongge
Cave as a proxy for Asian summer monsoon intensity (Wang et al., 2005). Gray bars indicate the cold intervals at Hurleg Lake and the weak monsoon events as presented in
each reference. The two with question marks (?) in C are only documented in the oxygen isotope record from Dongge Cave (Wang et al., 2005). Horizontal cyan bars at the bottom
panel indicate six previously documented polar cooling and tropical drought events during the last 9000 years (Mayewski et al., 2004).
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cooling and tropical aridity (blue lines in Fig. 7; Mayewski et al., 2004). In
the 9000–5000 cal yr BP window, we have a coherent temperature proxy
signal (Fig. 7A). Given the age uncertainties in our record (Fig. 2), we ﬁnd
millennial-scale cold events in Hurleg Lake that may correspond to
the widespread polar cooling and tropical aridity intervals (Fig. 7) of
Mayewski et al. (2004). After 5000 cal yr BP, the relationship is less
clear, probably due to chronological uncertainties and fragmentation
of our record due to an abundance of Category-2 and -3 samples (Fig. 7).
The Holocene weak monsoon and cold Atlantic events may reﬂect
changes in either external forcing of solar output (Bond et al., 2001;
Wang et al., 2005), or internal forcing of oceanic and atmospheric circulations (Gupta et al., 2003; Wang et al., 2005). If these events were initiated by solar forcing, then the millennial-scale cold events recorded in
Hurleg Lake suggest that temperatures in the Asian continental interior
were decreased during solar minima (Shindell et al., 2001), while the decreased thermal contrast between land and ocean may have reduced
monsoon rainfall. If, in contrast, these events originated from the North
Atlantic (Bianchi and McCave, 1999), then our data imply downwind
propagation of the Atlantic cold events in the westerlies, along with decreased monsoon rainfall, as was also suggested in climate simulations
by Feng and Hu (2008) and Sun et al. (2012).
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Intensiﬁed millennial-scale climate variations in the ACA after the
mid-Holocene
Our temperature record also suggests an increase in centennial- to
millennial-scale variability after the mid-Holocene around 5000 cal yr
BP (Fig. 8A). A similar increase in variability is seen in hydrological
(Fig. 6) and biological (Fig. 5) proxies. The increased variability in
many of these proxies could be caused by the increasing sedimentation
rates from early to late Holocene, and we cannot fully exclude this possibility. However, the temperature record is derived by alkenone ratios
between C37:2 and C37:3 rather than concentrations, and thus independent of the sampling resolution. In addition, the appearance of
Category-2 and Category-3 alkenone signals after the mid-Holocene indicates an unprecedented variability of hydrological and ecological conditions in Hurleg Lake. Moreover, analysis of core HL05-2 from the same
lake revealed increased variability in total pollen concentrations
(Fig. 8b) as well as pollen percentages, including the terrestrial plants
Nitraia, Poaceae, Artemisia, Chenopodiaceae, and the aquatic algae
Pediastrum (Zhao et al., 2007). Increased variability in the pollen data
from Hurleg Lake reﬂects regional-scale climatic conditions in the
Qaidam Basin (Zhao et al., 2007). At the Dunde ice cap (Fig. 1A),

A

B

C

D

Figure 8. Shift in climate variability since the mid-Holocene. A. UK′37-derived temperature record (ΔT) from Hurleg Lake. B. Pollen concentrations from Lake Manas (dashed brown
curve; Rhodes et al., 1996), Dunde ice core (dashed cyan curve; Liu et al., 1998), and from core HL05-2 in shallow part of Hurleg Lake, which was published previously (dark green
curve; Zhao et al., 2007; with updated chronology. C. Tree pollen percentages from Lake Qinghai (green curve; Shen et al., 2005) and synthesized tree pollen pattern (black line and
dots) from the eastern Tibetan Plateau (Zhao et al., 2011). D. Summer insolation at 30°N (Laskar et al., 2004).
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which is located in the ACA region but probably still inﬂuenced by monsoon precipitation (Davis et al., 2005) due to a much higher elevation,
pollen concentrations also show an intensiﬁed variability during the
mid- to late Holocene (Fig. 8B). This indicates more variable climate
conditions in the surrounding areas (Liu et al., 1998) including the
Qaidam Basin. Further to the northwest of Hurleg Lake, pollen data
from Lake Manas (Fig. 1A) show similarly increased variability in pollen
concentrations (Fig. 8B) during the mid-to late Holocene (Rhodes et al.,
1996), indicating highly variable climate conditions in the Junggar Basin
as well. In addition, the increased variability in total ostracode-shell
concentrations (Jiang et al., 2008) from Ulungur Lake (Fig. 1A) and ostracode δ18O values (Mischke and Wünnemann, 2006) from Bosten
Lake (Fig. 1A) indicates higher variability in hydrological conditions at
these lakes over the mid- to late Holocene. The increase in climate variability at the Qaidam Basin and other parts of the interior ACA after the
mid-Holocene coincides with a major reduction of the hard-wood
forest in the southern and eastern Tibetan Plateau from about 6000 to
4000 cal yr BP, as documented by pollen data (Fig. 8C) from Lake
Qinghai (Shen et al., 2005) and other sites (Herzschuh et al., 2010;
Zhao et al., 2011). This reduction likely relates to decreasing temperatures and rainfall in the monsoon region in response to the gradual
decline in boreal summer insolation (Fig. 8D).
It has been suggested that the terrestrial biosphere has played a more
prominent role in climate variability after the disappearance of large
Northern Hemisphere ice sheets (Steig, 1999). Accordingly, we propose
a potential link between the increased climate variability in our Hurleg
Lake record and the climate/vegetation changes in nearby monsoon regions centered on 5000 cal yr BP. The insolation-related forest clearance
and increase in barren lands would, through land-surface albedo feedbacks, have led to greater sensitivity to extremes at many sites within
the ACA (Fig. 1).

Conclusions
We observe a generally opposite climatic association between arid
Central Asia (warm and dry) and the Asian monsoon region (warm
and wet) on millennial time scales. Based on its persistence throughout
the Holocene, we infer that the northwestern limit of Asian summer
monsoon penetration has not changed signiﬁcantly throughout the
Holocene, at least around our study site, despite the fact that the
Asian monsoon was considerably intensiﬁed during the early Holocene
and since then underwent a gradual reduction (An et al., 2000). Our
quantitative temperature data reveal six millennial-scale cold events
within the last 9000 yr in arid central Asia that may have correlated
with previously documented cooling events in high to mid-latitude
areas and weakened monsoons in tropical regions. This relationship is
most evident in the uninterrupted portion of our record, between
9000 and 5000 cal yr BP, pointing at a possible connection between
the North Atlantic and tropical monsoon system through the westerly
circulation. Since the mid-Holocene, increased variability in key climate
parameters and vegetation in the ACA suggests an intensiﬁed feedback
relationship between vegetation, albedo, and climate due to the reduction of hardwood forest in the nearby monsoon region.
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