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Introduction
The correspondence of short-term natural climate fluctuations 
with solar irradiance changes has long been a controversial issue 
(Bard et al., 2000; Lean et al., 1995). The ~11-year Schwabe sun-
spot cycle (Schwabe, 1844) was drastically reduced or virtually 
disappeared during the Maunder Minimum of the ‘Little Ice Age’ 
(LIA) from observation of sun-like stars (Lean et al., 1995), while 
10Be record from a Greenland ice core suggested vigorous mag-
netic cycles persisted throughout this interval (Beer et al., 1998; 
Berggren et al., 2009). At multi-decadal to centennial scale, paleo-
climate records display broad but apparent similarities with the 
records of solar irradiance, especially during the solar-perturbed 
periods, over the last millennium (Bard et al., 2000; Lean et al., 
1995; PAGES 2k Consortium, 2013; Stuiver and Braziunas, 1993).

As the middle and upper troposphere of the vast North Hemi-
sphere’s (NH) mid-latitudes, including arid central Asia (ACA), is 
dominated by the prevailing westerlies, it is essential to understand 
solar modulation on atmospheric circulations and climate anoma-
lies in these regions. Both modeling and instrumental data (Ineson 
et al., 2011; Lockwood et al., 2010) suggest that cold climate 
anomalies like the LIA in Eurasia (Mann et al., 2009; Shindell 
et al., 2001) coincided with the prevalent negative North Atlantic 
Oscillation/Arctic Oscillation phase (−NAO/AO) during solar min-
ima (Kodera, 2002), which causes weakened tropospheric wester-
lies and more frequent invasions of frigid Arctic air masses (Trouet 
et al., 2009). However, limited by the poor preservation and 
unavoidable chronological uncertainty because of old carbon effect 
in ACA, correspondence of natural climate fluctuations with solar 

activities remains poorly investigated, although centennial fluctua-
tions within the commonly identified LIA and the ‘Medieval Warm 
Period’ (MWP) were consistently reported (Chen et al., 2010; He 
et al., 2013; Liu et al., 2009; Mann et al., 2009). Here, we present 
x-ray fluorescence (XRF) scanner-derived carbonate accumulation 
estimates, long-chain alkenone (LCA), and magnetic susceptibility 
record that track lake level fluctuations, thus effective moisture 
variations, in westerly controlled ACA over the last millennium. As 
the sediment core was retrieved from a lake shoreline, these proxies 
show unprecedented details of lake level fluctuations. Our data 
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Abstract
Solar irradiance changes are thought to play an important role in natural climate variability. How the hydrological conditions were affected by solar 
irradiance in westerly-controlled arid central Asia (ACA) on decadal/centennial timescales remains poorly understood because of the lack of high-quality 
records. Here, we integrate 1.2-year-resolution x-ray fluorescence (XRF) scanner-derived carbonate accumulation estimates with 6-year-resolution 
biomarker and magnetic records in a well-preserved shoreline core from Lake Manas, northwestern China, to reconstruct lake level fluctuations and 
potential solar imprints over the last millennium. Besides the generally confirmed cool-wet/warm-dry climate pattern in ACA, our data also consistently 
show frequent and substantial lake level fluctuations, resembling solar activity changes, especially during the ‘Little Ice Age’. Wavelet spectral analyses of 
our XRF data indicate strong 8- to 16-year, 64- to 128-year and 128- to 256-year cycles, coinciding with the ~11-year Schwabe cycle, ~70- to 100-year 
Gleissberg cycle, and the ~200-year Suess-de Vries cycle. We therefore suggest the existence of solar imprints on effective moisture fluctuations in ACA 
over the last millennium, and the potential occurrence of the Schwabe cycle even during the solar minima.
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show that climate evolution here was characterized by significantly 
inverse relationship between temperature and moisture on centen-
nial timescales (Chen et al., 2010; Yang et al., 2009), and the effec-
tive moisture variation was closely linked to solar cycles. The 
Schwabe cycle was possibly identifiable in our 1.2-year-resolution 
XRF elemental records during the solar minima.

Materials and methods
Lake Manas (45°50′N, 85°58′E), located at the western edge of 
Junggar Basin, northwestern China, bounded by the Tian Shan 
Mountain to the south, the Altai Mountain to the northeast, and 
the Tarbagatai Mountain to the northwest (Figure 1), contains a 
late Pleistocene and continuous Holocene sediment record (Jeli-
nowska et al., 1995; Rhodes et al., 1996). The regional climate is 
typically controlled by the westerlies (Jelinowska et al., 1995) 
and characterized by arid conditions with evaporation far exceed-
ing the precipitation. As a salt lake located in the western part of 
Gurbantünggüt desert, Lake Manas is hydrologically closed, fed 
mainly by Manas River from the south. The Manas River catch-
ment is mainly composed of two landscapes: the upstream catch-
ment in Tian Shan Mountain and the downstream catchment on 
the Junggar plain. The upstream consists of granites, sedimentary 
formations of Devonian and Carboniferous age, and Mesozoic 
limestone, while the downstream is covered by late Quaternary 
fluvial, Aeolian, and lacustrine deposits (Jelinowska et al., 1995), 
which, as a whole, will provide a large amount of calcium to Lake 
Manas during the rainy season and during periods with wetter 
climate conditions. Since evaporation is the dominant term of the 
water balance (Rhodes et al., 1996), it is believed that lake level 
fluctuations reflect effective moisture changes.

A 170 cm sediment core was retrieved from the shore in 2011. 
The shoreline core clearly shows sediment facies changes (Figure 
2a), corresponding to lake level fluctuations. Non-destructive 
measurement of magnetic susceptibility was first carried out on 
the whole closed core with GeotekTM multi-sensor core logger 
(MSCL) in 1 cm intervals. Sediment color and elemental analyses 
were then measured on the split core with Avaatech XRF-scanner 
and sediment core photos taken at the same time. Lightness was 
scanned in 0.07 mm increment. Calcium measurements were first 

Figure 1. Core site location. Lake Manas and the shoreline core 
ML11-I. The modern Asian summer monsoon limit is shown by a 
black dashed line (after Chen et al., 2010).

Figure 2. Chronology, downcore changes in lithological facies and proxies. (a) Scanned photo of split core (b) lithological facies (c) simplified 
lithological facies with S indicating sand layer and L indicating laminated layer (d) proposed chronology for the shoreline core. 14C dates are 
presented in blue dots vs. depth. 210Pb excess and 137Cs activity are shown in black and gray solid dots respectively. Error of age model (gray 
band) is based on the chronology range of possible age models with different reservoir ages. A reservoir age of 1124 years was used in this 
study. (e) magnetic susceptibility (f) C37 content (g) Ca counts (h) lightness. Three main laminated lacustrine periods are marked in green bars.
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scanned in 5 mm increment for the whole core and 2 mm incre-
ment again for laminated sections. The parameters were set as 
10 kv, 1 mA, 20 s count time with slit settings of 6 mm length and 
2 mm width for laminated sections and 6 mm length and 5 mm 
width for shore facies.

Sediments were then subsampled in 1 cm increment, freeze-
dried, and each (5–10 g) was extracted ultrasonically with CH2Cl2: 
MeOH 9:1 (v/v). The extract was blown down under N2 and base 
hydrolysis (KOH in MeOH, 6% by mass) was carried out over-
night at room temperature to remove interfering alkenonates. The 
neutral lipids were then separated into 3 fractions using silica gel 
column chromatography with hexane, CH2Cl2, and MeOH as elu-
ents. Identification and analysis of alkenones in the second frac-
tions was achieved using gas chromatography with flame 
ionization detection (GC-FID, Agilent 7890). n-C36 alkane was 
used as internal standard for quantification, and external labora-
tory standards were repeatedly analyzed to assess the analytical 
precision. The temperature proxy  UK

37
′ is expressed as  UK

37
′ =  

C37:2/(C37:2 + C37:3), the %C37:4 is expressed as %C37:4 = C37:4/
(C37:2 + C37:3 + C37:4) x 100%, the C37 content is expressed as 
C37 = C37:2 + C37:3 + C37:4, where C37:2, C37:3, and C37:4 stand for the 
concentration of di-, tri-, and tetra- unsaturated alkenone respec-
tively. The unit of alkenone concentration is ng/g dry sediment. 
The analytical error is within 0.015 for UK

37
′ and 1.5% for %C37:4.

Chronology
Five samples were selected for 14C dating (Table 1) at Beta Ana-
lytic Company and nine samples from the top 18 cm (with 2 cm 
increment) were analyzed for 210Pb/137Cs concentrations (Figure 
2d). The only peak of 137Cs activity at 3 cm was taken as the AD 
1963 global fallout maximum as Lake Manas dried up in the 
1960s, which is also supported by the coarse gray sand sediment 
on the top section (Figure 2a). The Constant Rate of Supply model 
of excess 210Pb was used, accounting for non-uniform sedimenta-
tion rates (Oldfield et al., 1978). The age at the depth of 9 cm cal-
culated from excess 210Pb is ~AD 1934 while the 14C dating result 
is 1140 ± 30 yr BP, leaving a difference of 1124 years, which is 
taken as the reservoir effect. After subtracting the 1124-year res-
ervoir age, the 14C dates were calibrated to calendar ages with 2σ 
uncertainty range, using the program CALIB 7.0 (Reimer et al., 
2013). However, the reservoir corrected 14C date at 9 cm (16 BP) 
is too recent to be calibrated, thus the excess 210Pb-derived age is 
used instead. Calibrated calendar ages were interpolated to each 
depth by piecewise linear interpolation (Figure 2d).

To assess potential uncertainty of the proposed age model, res-
ervoir effect ages ranging between 1074 and 1133 were obtained 
from the extrapolated 14C ages at the 0 cm, and the age difference 
of 210Pb/137Cs model and interpolated 14C dates at either 3 cm or 
9 cm. All the possible age models derived from different regres-
sion and interpolation ways with different reservoir effect ages 
(Figure 2d, gray band) were then compared with the one used in 
this study. As the maximal age uncertainty is no bigger than the 
2σ error of the calibration of 14C dates (Table 1), we suggest that 
the age model and reservoir age we proposed here is reasonable 
with the available 14C dating technique. In addition, verified from 

an independent study, the last high lake level was dated at ~200–
600 yr BP (within the ‘LIA’), using optically stimulated lumines-
cence dating on quartz on the palaeoshoreline (Wang, 2014). 
Lastly, since alkenones were found throughout the core, we can 
infer that lake level was not significantly lower than today and 
that extended periods of sediment hiatus did not occur.

Results
The ~170 cm shoreline core covers the time period of ~AD 990 
to AD 1967, with an average sedimentation rate of 1.7 mm yr−1. 
Alkenone and magnetic susceptibility (χ) were analyzed at 1 cm 
increment, yielding an average resolution of ~5.7 years, while 
the lightness yielded a resolution of ~0.04 year, and the Ca 
yielded a resolution of ~1.2 years in laminated sections and 
~2.9 years in sand sections. All the proxies show large fluctua-
tions, consistent with downcore lithological changes (Figure 2). 
Core ML11-I sediments generally consist of three laminated 
yellow/brown silt/clay sections between the intercalations of 
sands (Figure 2a). Simplified stratigraphies of the core are pre-
sented in Figure 2b and c. The three laminated sections occurred 
at intervals of 26.5–51 cm, 69.5–98.3 cm, and 135–170 cm, cor-
responding to time periods of ~AD 1650–1850, AD 1300–1500 
and AD 1000–1200. In the laminated sections, χ values (Figure 
2e) are lower, while lightness (Figure 2g) and Ca counts (Figure 
2h) values are higher than those in non-laminated sections. C37 
content varies in magnitudes between 10 ng/g and 21,000 ng/g 
dry sediment in this core (Figure 2f). The three high content 
intervals concur with the three laminated lithological sections, 
while the coarser sediments contain less C37 contents. UK

37
′ val-

ues vary between 0.1 and 0.4, with lower values in the laminated 
sections (Figure 3d). The %C37:4 varies between 10% and 30%, 
with higher values again at the laminated sections (Figure 3c). 
Except for the χ record, secondary fluctuations could also be 
identified in the laminated sections, as well as non-laminated 
sections (Figures 3 and 4).

A salient feature of the lightness and Ca records is the exis-
tence of three identifiable periods with statistically significant 
spectral power, 8–16 year, 64–128 year, and 128–256 year (Figure 
4i and j). The spectral power at 64–128 year and 128–256 year can 
also be identified in the C37 (Figure 4h). In the three laminated 
sections, the 8–16 year period could be clearly identified from 
both Ca and lightness records, with lower spectral power at 16–
64 year (Figure 4a–g).

Discussion
Proxy interpretations
Lithology, magnetic susceptibility, and Ca concentration. The mag-
netic susceptibility values (χ, Figure 2e), a total reflection of grain 
size, concentration, and type of magnetic minerals, could be influ-
enced by various factors (Thompson et al., 1975). One of the most 
important factors which must be taken into consideration for 
saline lakes in arid region is the dilution effect of low-χ-value 
calcite and organic matter, which is ubiquitous in lacustrine 

Table 1. Radiocarbon dates and 2σ calibrated calendar years obtained from core ML11-I. A reservoir age of 1124 years was used for 
calibration.

BETA lab code Depth (cm) Material 13C/12C ‰ Conventional age (yr BP) Calendar years (AD)

358547 9 organic sediment −17.7 1140 ± 30 BP 1934
346278 49 plant material −14.7 1370 ± 30 BP 1655 ± 25
345427 76 plant material −14.4 1590 ± 30 BP 1436 ± 25
358549 98 organic sediment −16.3 1850 ± 30 BP 1271 ± 28
345428 157 plant material −11.1 2080 ± 30 BP 1041 ± 19
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sediments (Boyle, 2000; Thompson et al., 1975). Lightness (l*, 
Figure 2h) is a proxy designed to approximate human vision in 
lab color space model. Dark minerals such as pyrite, dark refrac-
tory organic matter, hematite, and goethite that have an absorp-
tion band through visible spectrum, and iron oxides, could all 
have a major effect on spectra and sediment lightness (Balsam 
et al., 1999). However, lightness is mainly influenced by carbon-
ate content in comparison with all the above factors (Balsam 
et al., 1999).

The conditions of Lake Manas could be explained by consid-
ering all these factors together (Figure 2). When more effective 
moisture was available, lake level was high, bright yellow and 
dark brown laminated clay was formed with substantial deposi-
tion of calcium carbonate and/or sulphate and organic matter, and 
thus enhanced dilution of magnetic minerals, resulting in high 
lightness values, high Ca counts, and low χ values. On the con-
trary, when effective moisture decreased, the lake was shallow, 
more erosion and dust deposition was expected, together with 
coarser fluvial or shallow lake facies, longer exposure to sunlight, 
and less calcium carbonate deposition, which would lead to 
higher χ values, and lower lightness values and Ca counts. This 
consistency suggests that changes of these indicators are all dic-
tated by one common factor, calcium content in the lake, which is 
also controlled by lake level fluctuations. Modern investigation of 
the lake (Wang and Dou, 1998) suggests the calcium mainly in the 
form of CaSO4; however, it could be expected that calcium car-
bonate was more important during past periods with higher lake 
level. Often, in a persistent lake environment, Ca deposition 

would increase with lowering lake level because of element 
enrichment in lake water. However, in our case, Ca contents in the 
shoreline core reflect alternating shoreline and lacustrine environ-
ments. Thus high Ca contents deposited in the lacsutrine environ-
ment indicate relatively high lake level. Based on these 
observations and on the consistency of deposition facies and 
proxies, it can be concluded that χ values, lightness values, and Ca 
counts are all good indicators of lake level and effective moisture 
for this shoreline core.

Long-chain alkenones. Alkenones are ethyl and methyl ketones 
with chain length ranging from 37 to 39 produced by a limited 
number of autotrophic algae living in the photic zone of ocean 
and lakes (Brassell et al., 1986; Sun et al., 2007). Using alkenone 
C37 contents as estimation of lake level fluctuations is based on 
the sensitivity of alkenone contents to the changing environment. 
High content of alkenones was reported in lakes with low tem-
perature, high lake level, and high concentration of sodium and 
sulfate (Toney et al., 2010; Zink et al., 2001). A particular range 
of salinity is also suggested for the prosperity of alkenone- 
producing algae, indicating that fresh water or hypersaline envi-
ronment might be unsuitable for algae living (Fu et al., 2008; Liu 
et al., 2011). More importantly, the alkenone content would be 
extremely low when the lake was extremely shallow or desiccated 
with seasonal or occasional water cover at the sampling location, 
which is used to interpret the alkenone content record in this 
study. Therefore, instead of deep freshwater lacustrine environ-
ment, the concurrency of low C37 contents (up to four orders of 

Figure 3. Comparison of multiple lake level proxies and the reconstructed total solar irradiance (TSI) (a) TSI (Bard et al., 2000) and sunspot 
numbers since AD 1700. Grand solar minima: G: Gleissberg, D: Dalton, M: Maunder, S: Spörer, W: Wolf, O: Oort. Sunspot number data is from 
Solar Influence Data Analysis Center (SIDC), Sunspot Index and Long-term Solar Observations (SILSO), Royal Observatory of Belgium at 
http://www.sidc.be/silso/datafiles. (b) C37 contents in logarithmic scale with 22-year average cosmic radiation (Steinhilber et al., 2012). (c) salinity 
proxy %C37:4. (d) UK

37
′ temperature proxy with average value marked by dash line. (e) XRF scanned Ca counts and (f) lightness of sediment color 

and 14C dating points with 2σ error bars. Gray bars represent cold-wet high lake level periods.

 by guest on November 18, 2015hol.sagepub.comDownloaded from 

https://www.researchgate.net/publication/222505157_Evaluating_optical_lightness_as_a_proxy_for_carbonate_content_in_marine_sediment_cores?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/222505157_Evaluating_optical_lightness_as_a_proxy_for_carbonate_content_in_marine_sediment_cores?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/222505157_Evaluating_optical_lightness_as_a_proxy_for_carbonate_content_in_marine_sediment_cores?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/222505157_Evaluating_optical_lightness_as_a_proxy_for_carbonate_content_in_marine_sediment_cores?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/262894467_Rapid_elemental_analysis_of_sediment_samples_by_isotope_source_XRF?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/230891980_Molecular_stratigraphy_A_new_tool_for_climatic_assessment?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/229335690_Calibration_of_alkenone_unsaturation_index_with_growth_temperature_for_a_lacustrine_species_Chrysotila_lamellosa_Haptophyceae?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/273171954_Magnetic_susceptibility_of_Lake_sediments?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/240413909_Temperature_dependency_of_long-chain_alkenone_distributions_in_Recent_to_fossil_limnic_sediments_and_in_lake_waters?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==


Song et al. 1939

Figure 4. Detailed views of laminated lacustrine sections and wavelet spectral analyses. (a) Wavelet spectral analyses of sunspot data. (b)
(c), (d)(e) and (f)(g) are profiles of Ca counts and lightness wavelet spectral analyses of 26.5–51 cm, 69.5–98.3 cm and 135–170 cm in depth 
respectively. (h)(i) and (j) are profiles of C37 contents, Ca counts and lightness wavelet spectral analyses of the whole core respectively. The 
contour levels are chosen so that 75%, 50%, 25%, and 5% of the wavelet power is above each level, respectively. The cross-hatched region is the 
cone of influence, where zero padding has reduced the variance. Black contour is the 10% significance level, using a white-noise background 
spectrum (Torrence and Compo, 1998). The cones of influence in (h)(i) and (j) are removed for the clearance of the figure. The remarkable 
8–16 year, 64–128 year, and 128–256 year cycles are marked in black dashed boxies.
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magnitude lower than the average high level) with coarse sand/
silt facies here in Lake Manas (Figure 2e) unanimously indicates 
shallow, hypersaline shoreline environment with seasonal or 
occasional water reaching the sampling site, while high C37 con-
tents concurrent with fine laminated silt/clay facies suggest rela-
tively deep and stable lacustrine environments.

To reconstruct water temperature and salinity respectively, we 
used the alkenone unsaturation index UK

37
′ and the %C37:4 that are 

paleothermometer (Sun et al., 2007) and paleosalimeter (Liu 
et al., 2011) applicable in lakes respectively. UK

37
′  and temperature 

show good linear regression in both cultural and sedimentary 
based reconstruction of Chinese lakes (Chu et al., 2005; Sun 
et al., 2007; Wang and Liu, 2013), with high  UK

37
′  values indicat-

ing high temperatures. The range of  UK
37

′  (from 0.1 to ~0.4) in 
Lake Manas (Figure 3d) suggests that the lake surface tempera-
ture increased by up to 10°C in warm intervals, which is difficult 
to be explained in terms of climate change, suggesting factors 
other than temperature, such as the presence of multiple hapto-
phyte species (Castañeda and Schouten, 2011; Theroux et al., 
2010), preferential degradation and preservation (D’Andrea and 
Huang, 2005; Gong and Hollander, 1999; Rontani et al., 2005, 
2008; Rontani and Wakeham, 2008), and seasonal variability 
(Zink et al., 2001), might lead to the deviation of  UK

37
′ values in 

shallow, hypersaline conditions in Lake Manas. The other proxy 
%C37:4 is comparatively controversial because both salinity (Liu 
et al., 2006, 2011; Rosell-Melé, 1998; Seki et al., 2005; Sicre 
et al., 2002) and temperature (Bendle et al., 2005; Prahl et al., 
1988; Sun et al., 2007; Toney et al., 2010) would affect the value 
and till now it is still difficult to quantitatively evaluate the rela-
tive contribution of the two. A recent investigation of paired sur-
face water and surface sediment in Qadam Basin shows a negative 
correlation between %C37:4 and salinity, suggesting that %C37:4 
might be partially affected by salinity and could be potentially 
used as a salinity indicator, at least regionally (Liu et al., 2011). 
Thus %C37:4 index is included here as a qualitative salinity proxy, 
which provides additional support for the inferred lake level 
changes.

Correlations between proxies. We integrated records of C37 alke-
none content, magnetic susceptibility (χ), lightness (l*), and cal-
cium counts (Ca), as indicators of lake level fluctuations. The 
correlations between the proxies were analyzed. Data of each 
proxy were first interpolated into 1 year increment, making sure 
that they are one-to-one correspondent. Then the Pearson’s prod-
uct-moment correlation coefficients (r) of the lake level indica-
tors were applied and show strong and statistically significant 
correlation with all p less than 0.001 (Table 2), notwithstanding 
different sampling intervals and non-linear response to natural 
climate factors. C37 contents in logarithmic scale show strongly 
negative correlation with χ values with a coefficient of −0.809, 
and significant correlation with lightness values and Ca counts in 
logarithmic scale with coefficients 0.402 and 0.466 respectively. 
The high correlation with χ confirmed that C37 contents could 
reflect lake level fluctuation, while the less significant correla-
tion with lightness and Ca counts could be explained by different 
resolution of measurements and non-linear response of different 
proxies to natural climate factors. Moreover, the high correlation 
coefficient of 0.872 between Ca and lightness gives another sup-
port of calcium content as the main factor influencing lightness. 
Therefore throughout the whole core, all records demonstrate 
sensitive and consistent correspondence with sediment facies, 
with periods of low χ, and high lightness, Ca and C37 contents 
coinciding with fine laminated yellow/brown clay intervals (Fig-
ure 2), strongly indicating relatively high lake level environ-
ments with χ diluted by more calcium salt and organic matter, 
and the opposite corresponds to low lake level and lake shore 
environment (Figure 2).

Centennial climate variations
LIA and MWP are two particular climate events which had been 
recorded almost worldwide, especially the LIA (Chen et al., 2010; 
PAGES 2k Consortium, 2013). Our data reveal that low tempera-
ture and salinity, marked by low  UK

37
′ and high %C37:4 respec-

tively, generally concurred with high lake level environments 
marked by low χ, and high lightness, Ca and C37 contents, during 
the general LIA, while the opposite indicating a warm-dry climate 
during the MWP and the ‘current warm period’ (CWP; Figure 3). 
This again validates the conclusion that the climate in ACA was 
characterized by the combination of low temperature and high 
effective moisture during the LIA, while warm-dry association 
during the MWP and CWP (Chen et al., 2010; Yang et al., 2009). 
In particular, at warm episodes during the LIA (~AD 1750s, 
1500–1650, and 1400s), the UK

37
′ values were lower than those at 

warm episodes during the MWP and CWP (Figure 3), indicating 
a well-defined LIA (~AD 1250 to ~AD 1800) in our records, 
thereby corroborating our adopted chronology practical and rea-
sonable. Thus the close coupling between our multi-proxy record 
and the sediment facies demonstrates that over the last millen-
nium, when temperature cooled, lake water became less salty and 
lake level rose, and vice versa.

Climate variability linked to solar cycles
Our proxy-based lake level reconstruction suggests strong link 
with the reconstructed total solar irradiance (TSI, Bard et al., 
2000) and cosmic ray intensity (Steinhilber et al., 2012; Figure 
3). Six periods of cold-wet conditions of high lake levels, as 
indicated by high C37, %C37:4, Ca, lightness, and low UK

37
′ and χ, 

coincided with the six solar minima, namely Gleissberg, Dal-
ton, Maunder, Spörer, Wolf, and Oort, while warm-dry inter-
vals of low lake levels corresponded to high solar irradiance 
periods (Figure 3). In particular, the whole LIA was marked by 
high lake levels concurring with the four solar minima, namely 
Dalton, Maunder, Spörer, and Wolf, except one severe dry 
event coinciding with the high solar irradiance between Maun-
der and Spörer (~AD 1500–1650), which was comparable to 
the MWP but slightly wetter than the CWP (Figure 3). The 
other two transient warm-dry events between the solar minima 
during the LIA (~AD 1750s and ~AD 1400s) were indicated 
with either reduced magnitude of proxy changes or short dura-
tion. Given the influence of chronological uncertainty, our 
proxy-data present apparent and solid links to solar irradiance 
(Figure 3f), suggesting that Manas lake level fluctuations 
faithfully responded to solar irradiance changes during the last 
millennium.

To further detect solar imprints, we performed wavelet spec-
tral analyses of our data series online (URL: http://paos.colorado.
edu/research/wavelets/. Torrence and Compo, 1998) and com-
pared them with the sunspot number record and other reported 
solar cycles (Bard et al., 2000; Feynman and Gabriel, 1990; Frick 
et al., 1997; Schwabe, 1844; Stuiver and Braziunas, 1993; Figure 
4). The high resolution of lightness and Ca allows to potentially 
resolve the 11-year Schwabe cycle. The wavelet spectrum of sun-
spot number (since AD 1700) shows significant spectral power 
mainly at 8–16 years and 64–128 years, representing the Schwabe 
cycle and the 70–100-year Gleissberg solar cycle (Feynman and 
Gabriel, 1990), with minimal spectral power in between (Figure 
4a). The three main cycles in our C37 content, Ca and lightness 
records, 8–16 years, 64–128 years, and 128–256 years (Figure 
4h–j) share very close periodicity with the Schwabe cycle 
(~11 years), the Gleissberg cycle (~70–100 years), and the Suess-
de Vries cycle (~200 years, Suess, 1980), indicating a strong link 
to sunspot activities and the long reconstructed solar irradiance 
record (Steinhilber et al., 2012). Moreover, Ca counts and light-
ness in the three laminated sections all show significant spectral 
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power at 8–16 year cycle (Figure 4b–g) indicating that the poten-
tial Schwabe cycle is largely recorded by high lake level condi-
tions (Figure 4), during solar minima, while absent in shallow 
conditions, probably because of proxy insensitivity at these peri-
ods. Secondary spectral power between 16 and 64 years in our 
records could also correspond to the weak power at 16–64 years in 
the sunspot number record (Figure 4a). Therefore, although the 
uncertainty of chronology of lacustrine settings and insensitivity 
of proxies during dry periods often challenge the direct compari-
son of lacustrine records with solar irradiance, common spectral 
features identified in the proxies would further confirm the solar 
imprints in Lake Manas.

Comparison with other high resolution records
With increasing data resolution and improved chronology, it is 
evident that substantial fluctuations or anomalies still occurred 
within the commonly identified LIA and MWP periods (Chen 
et al., 2010; He et al., 2013; Liu et al., 2009; Mann et al., 2009; 
PAGES 2k Consortium, 2013), a potential reason that these peri-
ods are loosely defined and temporally heterogeneous across dif-
ferent regions. Such fluctuations appear to be linked to solar 
irradiance changes (Figures 3 and 5), in accordance with a few 
previous studies in the Asian inland, ACA (Chen et al., 2010; He 
et al., 2013; Liu et al., 2009), and West Europe (Magny et al., 
2010; Figure 5c–g). Lake level changes of Lake Saint-Point, a 
mountain lake in France, show a major solar forcing of climate 
and associated hydrological changes with high lake level during 
solar minima (Magny et al., 2010). Salinity record of Lake Gahai 
in northeastern Tibetan Plateau also indicates solar influence with 
cold events and fresher water conditions concurred during solar 
minima (He et al., 2013). Both the glacial record from Great 
Aletsch Glacier in the Swiss Alps (Holzhauser et al., 2005) and 
sediment record from Kusai Lake, Qinghai-Tibetan Plateau (Liu 
et al., 2009), show a tight correspondence between the effective 
moisture and the solar irradiance. These records, together with 
our records from Lake Manas, all suggest that solar irradiance 
changes have influenced natural climate variability over the last 
millennium within both westerlies-dominated and monsoon-dom-
inated area. The 11-year Schwabe cycle is only occasionally 
detected in geological depositional archives (Neff et al., 2001), 
because of limited data resolution or possibly non-linear climatic 
responses. The potential Schwabe cycle identified during solar 
minima in our records and similar spectral features to the sunspot 
and solar irradiance would strongly support that solar cycle is one 
of the primary factors influencing lake level and effective mois-
ture fluctuations, and possibly natural climate variability, in ACA 
over the last millennium.

However, how the short-term solar changes could physically 
affect the regional effective moisture, and manifest in the climate 
system, remains largely unknown. Plausibly, lower temperatures 
during the LIA could have resulted in less evaporation and 
increased the effective moisture. Further, the prevalent −NAO/
AO phase during the LIA (Kodera, 2002; Mann et al., 2009; Shin-
dell et al., 2001), compared with the MWP (Trouet et al., 2009), 

would have resulted in a relatively southern-shifted storm track, 
and potentially increased rainfall in the study region (Kodera, 
2002; Thompson et al., 1995). We surmise that both mechanisms 
might operate during a Schwabe solar cycle, supported by some 
indications from modeling experiments (Chen et al., 2010; Ineson 
et al., 2011; Kodera, 2002; PAGES 2k Consortium, 2013). None-
theless, the close correlation of effective moisture fluctuations 
with TSI changes, as demonstrated here, warrants further investi-
gation of the solar role in natural climate variability and its physi-
cal mechanisms.

Conclusion
Biomarker, magnetic susceptibility, and XRF data from a shore-
line sediment core in Lake Manas provide evidence of solar 
imprints in effective moisture fluctuation in ACA over the last 
millennium. During the LIA, MWP, and CWP, high lake level 
conditions representing cold and wet climate conditions coin-
cided with solar minima, while low lake levels representing warm 
and dry climate conditions concurred with episodes of high solar 

Figure 5. Comparison of multiple lake level proxy records and the 
reconstructed TSI (a) TSI (Bard et al., 2000) and sunspot numbers 
since AD 1700. Grand solar minima: G: Gleissberg, D: Dalton, M: 
Maunder, S: Spörer, W: Wolf, O: Oort. Sunspot number data is from 
SIDC, SILSO, Royal Observatory of Belgium at http://www.sidc.be/
silso/datafiles. (b) C37 alkenone contents (C37) in logarithmic scale 
with 22-year average cosmic radiation (Steinhilber et al., 2012). 
(c) Reconstructed lake level changes of westerly-dominated Lake 
Saint-Point in France (Magny et al., 2010). (d) TOC record of Kusai 
Lake from Qinghai-Tibetan Plateau indicating strong Asian summer 
monsoon with increased TOC (Liu et al., 2009). (e) Reconstructed 
salinity records of Lake Gahai, northeastern Tibetan Plateau (He 
et al., 2013). (f) the Great Aletsch Glacier record in the Swiss Alps 
(Holzhauser et al., 2005). (g) Synthesized ACA moisture scale (Chen 
et al., 2010). Gray bars represent cold-wet high lake level and warm-
dry low lake level periods respectively.

Table 2. Pearson’s correlation coefficients (r) between proxies. 
Associated p are all less than 0.0001. MS is magnetic susceptibility.

r values

 Ca LogC37 Lightness MS

Ca 1.000  
LogC37 0.466 1.000  
Lightness 0.872 0.402 1.000  
MS −0.587 −0.809 −0.510 1.000
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irradiance. Strong spectral power with approximate periods of 
8–16 years, 64–128 years, and 128–256 years detected with wave-
let spectral analyses, appears to mimic the Schwabe cycle, the 
Gleissberg cycle, and the Suess-de Vries cycle respectively. Both 
reduced evaporation and prevalent negative NAO/AO phase 
might have contributed to the cold-wet climate during the LIA, as 
well as during a solar cycle. More high-resolution records of ter-
restrial changes in ACA and theoretical modeling studies are 
needed to further evaluate the solar role in natural climate 
variability.

Acknowledgements
We thank Dr. Xiao Fu and Mr. Ruochen Wang for both fieldwork 
and OSL dating work. We give special thanks to Dr. Giles Young 
and the two anonymous reviewers who made thorough and con-
structive reviews that significantly improved the manuscript.

Funding
Funding for this research was provided by the National Basic 
Research Program of China (2010CB833406, 2010CB956102) and 
Hong Kong Research Grants Council (HKU707612P, 703809P).

References
Balsam WL, Deaton BC and Damuth JE (1999) Evaluating opti-

cal lightness as a proxy for carbonate content in marine sedi-
ment cores. Marine Geology 161: 141–153.

Bard E, Raisbeck G, Yiou F et al. (2000) Solar irradiance during 
the last 1200 years based on cosmogenic nuclides. Tellus B 
52(3): 985–992.

Beer J, Tobias S and Weiss N (1998) An active sun throughout the 
Maunder minimum. Solar Physics 181(1): 237–249.

Bendle J, Rosell-Melé A and Ziveri P (2005) Variability of 
unusual distributions of alkenones in the surface waters of the 
Nordic seas. Paleoceanography 20: PA2001.

Berggren A-M, Beer J, Possnert G et al. (2009) A 600-year annual 
10Be record from the NGRIP ice core, Greenland. Geophysi-
cal Research Letters 36(11): L11801.

Boyle JF (2000) Rapid elemental analysis of sediment samples 
by isotope source XRF. Journal of Paleolimnology 23: 
213–221.

Brassell SC, Eglinton G, Marlowe IT et al. (1986) Molecular 
stratigraphy: A new tool for climatic assessment. Nature 
320(6058): 129–133.

Castañeda IS and Schouten S (2011) A review of molecular 
organic proxies for examining modern and ancient lacustrine 
environments. Quaternary Science Reviews 30: 2851–2891.

Chen FH, Chen JH, Holmes J et al. (2010) Moisture changes over 
the last millennium in arid central Asia: A review, synthesis 
and comparison with monsoon region. Quaternary Science 
Reviews 29(7–8): 1055–1068.

Chu GQ, Sun Q, Li SQ et al. (2005) Long-chain alkenone dis-
tributions and temperature dependence in lacustrine surface 
sediments from China. Geochimica et Cosmochimica Acta 
69: 4985–5003.

D’Andrea WJ and Huang Y (2005) Long chain alkenones in 
Greenland lake sediments: Low δ 13C values and exceptional 
abundance. Organic Geochemistry 36: 1234–1241.

Feynman J and Gabriel SB (1990) Period and phase of the 88-year 
solar cycle and the Maunder minimum: Evidence for a cha-
otic Sun. Solar Physics 127(2): 393–403.

Frick P, Galyagin D, Hoyt DV et al. (1997) Wavelet analysis of 
solar activity recorded by sunspot groups. Astronomy and 
Astrophysics 328: 670–681.

Fu MY, Liu WG, Li XZ et al. (2008) The distribution of long-
chain alkenones in modern lacustrine sediments in the Lake 
Qinghai and lakes from the Qadam Basin. Journal of Lake 
Sciences 20: 285–290 (in Chinese with English abstract).

Gong C and Hollander DJ (1999) Evidence for differential deg-
radation of alkenones under contrasting bottom water oxygen 
conditions: Implication for paleotemperature reconstruction. 
Geochimica et Cosmochimica Acta 63: 405–411.

He YX, Zhao C, Wang Z et al. (2013) Late Holocene coupled 
moisture and temperature changes on the northern Tibetan 
Plateau. Quaternary Science Reviews 80: 47–57.

Holzhauser H, Magny M and Zumbuühl H (2005) Glacier and 
lake-level variations in westcentral Europe over the last 
3500 years. The Holocene 15: 789–801.

Ineson S, Scaife AA, Knight JR et al. (2011) Solar forcing of win-
ter climate variability in the Northern Hemisphere. Nature 
Geoscience 4: 753–757.

Jelinowska A, Tucholka P, Gasse F et al. (1995) Mineral magnetic 
record of environment in Late Pleistocene and Holocene sedi-
ments, Lake Manas, Xinjiang, China. Geophysical Research 
Letters 22(8): 953–956.

Kodera K (2002) Solar cycle modulation of the North Atlantic 
Oscillation: Implication in the spatial structure of the NAO. 
Geophysical Research Letters 29(8): 1218.

Lean J, Beer J and Bradley R (1995) Reconstruction of solar irra-
diance since 1610: Implications for climate change. Geophys-
ical Research Letters 22(23): 3195–3198.

Liu WG, Liu ZH, Wang HY et al. (2011) Salinity control on 
long-chain alkenone distributions in lake surface waters and 
sediments of the northern Qinghai-Tibetan Plateau, China. 
Geochimica et Cosmochimica Acta 75(7): 1693–1703.

Liu XQ, Dong HL, Yang XD et al. (2009) Late Holocene forc-
ing of the Asian winter and summer monsoon as evidenced 
by proxy records from the northern Qinghai-Tibetan Plateau. 
Earth and Planetary Science Letters 280(1–4): 276–284.

Liu ZH, Henderson AC and Huang YS (2006) Alkenone-based 
reconstruction of late-Holocene surface temperature and 
salinity changes in Lake Qinghai, China. Geophysical 
Research Letters 33: L09707.

Lockwood M, Harrison RG, Woollings T et al. (2010) Are cold 
winters in Europe associated with low solar activity? Environ-
mental Research Letters 5(2): 024001.

Magny M, Arnaud F, Holzhauser H et al. (2010) Solar and proxy-
sensitivity imprints on paleohydrological records for the last 
millennium in west-central Europe. Quaternary Research 
73(2): 173–179.

Mann ME, Zhang ZH, Rutherford S et al. (2009) Global signa-
tures and dynamical origins of the Little Ice Age and Medi-
eval Climate Anomaly. Science 326(5957): 1256–1260.

Neff U, Burns SJ, Mangini A et al. (2001) Strong coherence 
between solar variability and the monsoon in Oman between 
9 and 6 kyr ago. Nature 411: 290–293.

Oldfield F, Appleby PG and Battarbee RW (1978) Alternative 
210Pb dating: Results from New Guinea highlands and Lough 
Erne. Nature 271: 339–342.

PAGES 2k Consortium (2013) Continental-scale temperature 
variability during the past two millennia. Nature Geoscience 
6(5): 339–346.

Prahl FG, Muehlhausen LA and Zahnle DL (1988) Further evalu-
ation of long-chain alkenones as indicators of paleoceano-
graphic conditions. Geochimica et Cosmochimica Acta 52: 
2303–2310.

Reimer PJ, Bard E, Bayliss A et al. (2013) Intcal13 and Marine13 
radiocarbon age calibration curves 0–50,000 years cal BP. 
Radiocarbon 55: 1869–1887.

Rhodes TE, Gasse F, Lin RF et al. (1996) A late Pleistocene-Holo-
cene lacustrine record from Lake Manas, Zunggar (northern 
Xinjiang, western China). Palaeogeography, Palaeoclimatol-
ogy, Palaeoecology 120(1–2): 105–121.

Rontani J-F and Wakeham SG (2008) Alteration of alkenone 
unsaturation ratio with depth in the Black Sea: Potential roles 

 by guest on November 18, 2015hol.sagepub.comDownloaded from 

https://www.researchgate.net/publication/222505157_Evaluating_optical_lightness_as_a_proxy_for_carbonate_content_in_marine_sediment_cores?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/222505157_Evaluating_optical_lightness_as_a_proxy_for_carbonate_content_in_marine_sediment_cores?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/222505157_Evaluating_optical_lightness_as_a_proxy_for_carbonate_content_in_marine_sediment_cores?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/201169304_Solar_Irradiance_During_the_Last_1200_Years_Based_on_Cosmogenic_Nuclides?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/201169304_Solar_Irradiance_During_the_Last_1200_Years_Based_on_Cosmogenic_Nuclides?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/201169304_Solar_Irradiance_During_the_Last_1200_Years_Based_on_Cosmogenic_Nuclides?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/225196837_An_Active_Sun_Throughout_the_Maunder_Minimum?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/225196837_An_Active_Sun_Throughout_the_Maunder_Minimum?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/40702565_Variability_of_unusual_distributions_of_alkenones_in_the_surface_waters_of_the_Nordic_seas?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/40702565_Variability_of_unusual_distributions_of_alkenones_in_the_surface_waters_of_the_Nordic_seas?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/40702565_Variability_of_unusual_distributions_of_alkenones_in_the_surface_waters_of_the_Nordic_seas?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/262894467_Rapid_elemental_analysis_of_sediment_samples_by_isotope_source_XRF?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/262894467_Rapid_elemental_analysis_of_sediment_samples_by_isotope_source_XRF?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/262894467_Rapid_elemental_analysis_of_sediment_samples_by_isotope_source_XRF?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/230891980_Molecular_stratigraphy_A_new_tool_for_climatic_assessment?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/230891980_Molecular_stratigraphy_A_new_tool_for_climatic_assessment?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/230891980_Molecular_stratigraphy_A_new_tool_for_climatic_assessment?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/251546816_A_review_of_molecular_organic_proxies_for_examining_modern_and_ancient_lacustrine_environments?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/251546816_A_review_of_molecular_organic_proxies_for_examining_modern_and_ancient_lacustrine_environments?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/251546816_A_review_of_molecular_organic_proxies_for_examining_modern_and_ancient_lacustrine_environments?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/222404296_Long_chain_alkenones_in_Greenland_lake_sediments_Low_d13C_values_and_exceptional_abundance?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/222404296_Long_chain_alkenones_in_Greenland_lake_sediments_Low_d13C_values_and_exceptional_abundance?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/222404296_Long_chain_alkenones_in_Greenland_lake_sediments_Low_d13C_values_and_exceptional_abundance?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/23582864_Period_and_Phase_of_the_88-year_Solar_Cycle_and_the_Maunder_Minimum_Evidence_for_a_Chaotic_Sun?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/23582864_Period_and_Phase_of_the_88-year_Solar_Cycle_and_the_Maunder_Minimum_Evidence_for_a_Chaotic_Sun?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/23582864_Period_and_Phase_of_the_88-year_Solar_Cycle_and_the_Maunder_Minimum_Evidence_for_a_Chaotic_Sun?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/222199540_Evidence_for_differential_degradation_of_alkenones_under_contrasting_bottom_water_oxygen_conditions_Implication_for_paleotemperature_reconstruction?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/222199540_Evidence_for_differential_degradation_of_alkenones_under_contrasting_bottom_water_oxygen_conditions_Implication_for_paleotemperature_reconstruction?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/222199540_Evidence_for_differential_degradation_of_alkenones_under_contrasting_bottom_water_oxygen_conditions_Implication_for_paleotemperature_reconstruction?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/222199540_Evidence_for_differential_degradation_of_alkenones_under_contrasting_bottom_water_oxygen_conditions_Implication_for_paleotemperature_reconstruction?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/201169692_Glacier_and_lake-level_variations_in_west-central_Europe_over_the_last_3500_years?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/201169692_Glacier_and_lake-level_variations_in_west-central_Europe_over_the_last_3500_years?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/201169692_Glacier_and_lake-level_variations_in_west-central_Europe_over_the_last_3500_years?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/285694278_Solar_forcing_of_winter_climate_variability_in_the_Northern_Hemisphere?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/285694278_Solar_forcing_of_winter_climate_variability_in_the_Northern_Hemisphere?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/285694278_Solar_forcing_of_winter_climate_variability_in_the_Northern_Hemisphere?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/260709355_Mineral_magnetic_record_of_environment_in_Late_Pleistocene_and_Holocene_sediments_Lake_Manas_Xinjiang_China?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/260709355_Mineral_magnetic_record_of_environment_in_Late_Pleistocene_and_Holocene_sediments_Lake_Manas_Xinjiang_China?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/260709355_Mineral_magnetic_record_of_environment_in_Late_Pleistocene_and_Holocene_sediments_Lake_Manas_Xinjiang_China?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/260709355_Mineral_magnetic_record_of_environment_in_Late_Pleistocene_and_Holocene_sediments_Lake_Manas_Xinjiang_China?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/251430020_Solar_modulation_of_the_North_Atlantic_Oscillation_Implications_in_the_spatial_structure_of_the_NAO?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/251430020_Solar_modulation_of_the_North_Atlantic_Oscillation_Implications_in_the_spatial_structure_of_the_NAO?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/251430020_Solar_modulation_of_the_North_Atlantic_Oscillation_Implications_in_the_spatial_structure_of_the_NAO?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/247359804_Reconstruction_of_Solar_Irradiance_Since_1610_Implications_for_Climate_Change?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/247359804_Reconstruction_of_Solar_Irradiance_Since_1610_Implications_for_Climate_Change?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/247359804_Reconstruction_of_Solar_Irradiance_Since_1610_Implications_for_Climate_Change?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/44389597_Are_cold_winters_in_Europe_associated_with_low_solar_activity_Environ?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/44389597_Are_cold_winters_in_Europe_associated_with_low_solar_activity_Environ?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/44389597_Are_cold_winters_in_Europe_associated_with_low_solar_activity_Environ?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/11981110_Neff_U_et_al_Strong_coherence_between_solar_variability_and_the_monsoon_in_Oman_between_9_and_6_kyr_ago_Nature_411_290-293?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/11981110_Neff_U_et_al_Strong_coherence_between_solar_variability_and_the_monsoon_in_Oman_between_9_and_6_kyr_ago_Nature_411_290-293?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/11981110_Neff_U_et_al_Strong_coherence_between_solar_variability_and_the_monsoon_in_Oman_between_9_and_6_kyr_ago_Nature_411_290-293?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/232755638_Alternative_210Pb_dating_Results_from_the_New_Guinea_Highlands_and_Lough_Erne?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/232755638_Alternative_210Pb_dating_Results_from_the_New_Guinea_Highlands_and_Lough_Erne?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/232755638_Alternative_210Pb_dating_Results_from_the_New_Guinea_Highlands_and_Lough_Erne?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/223602670_Further_evidence_of_long-chain_alkenone_as_indicators_of_paleoceanographic_conditions?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/223602670_Further_evidence_of_long-chain_alkenone_as_indicators_of_paleoceanographic_conditions?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/223602670_Further_evidence_of_long-chain_alkenone_as_indicators_of_paleoceanographic_conditions?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/223602670_Further_evidence_of_long-chain_alkenone_as_indicators_of_paleoceanographic_conditions?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/236259770_Continental-scale_temperature_variability_during_the_past_two_millennia?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/236259770_Continental-scale_temperature_variability_during_the_past_two_millennia?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/236259770_Continental-scale_temperature_variability_during_the_past_two_millennia?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==


Song et al. 1943

of stereomutation and aerobic biodegradation. Organic Geo-
chemistry 39: 1259–1268.

Rontani J-F, Bonin P, Jameson I et al. (2005) Degradation of alke-
nones and related compounds during oxic and anoxic incuba-
tion of the marine haptophyte Emiliania huxleyi with bacterial 
consortia isolated from microbial mats from the Camargue, 
France. Organic Geochemistry 36: 603–618.

Rontani J-F, Harji R, Guasco S et al. (2008) Degradation of alke-
nones by aerobic heterotrophic bacteria: Selective or not? 
Organic Geochemistry 39: 34–51.

Rosell-Melé A (1998) Interhemispheric appraisal of the value of 
alkenone indices as temperature and salinity proxies in high-
latitude locations. Paleoceanography 13: 694–703.

Schwabe H (1844) Sonnen-Beobachtungen im Jahre 1843. 
Astronomische Nachrichten 21(15): 234–235.

Seki O, Kawamura K, Sakamoto T et al. (2005) Decreased sur-
face salinity in the Sea of Okhotsk during the last glacial 
period estimated from alkenones. Geophysical Research Let-
ters 32: L08710.

Shindell DT, Schmidt GA, Mann ME et al. (2001) Solar forcing 
of regional climate change during the Maunder minimum. 
Science 294(5549): 2149–2152.

Sicre M-A, Bard E, Ezat U et al. (2002) Alkenone distributions in 
the North Atlantic and Nordic sea surface waters. Geochemis-
try Geophysics Geosystems 3(2): 1013.

Steinhilber F, Abreu JA, Beer J et al. (2012) 9,400 years of cosmic 
radiation and solar activity from ice cores and tree rings. Pro-
ceedings of the National Academy of Sciences of the United 
States of America 109(16): 5967–5971.

Stuiver M and Braziunas TF (1993) Sun, ocean, climate and 
atmospheric 14CO2: An evaluation of causal and spectral rela-
tionships. The Holocene 3(4): 289–305.

Suess HE (1980) The radiocarbon record in tree rings of the last 
8000 years. Radiocarbon 22(2): 200–209.

Sun Q, Chu GQ, Liu GX et al. (2007) Calibration of alkenone 
unsaturation index with growth temperature for a lacustrine 
species, Chrysotila lamellosa (Haptophyceae). Organic Geo-
chemistry 38(8): 1226–1234.

Theroux S, D’Andrea WJ, Toney J et al. (2010) Phylogenetic 
diversity and evolutionary relatedness of alkenone-producing 
haptophyte algae in lakes: Implications for continental paleo-
temperature reconstructions. Earth and Planetary Science 
Letters 300: 311–320.

Thompson LG, Mosley-Thompson E, Davis WE et al. (1995) A 
1000 year climate ice-core record from the Guliya ice cap, 
China: Its relationship to global climate variability. Annals of 
Glaciology 21: 175–181.

Thompson R, Battarbee RW, O’Sullivan PE et al. (1975) Mag-
netic susceptibility of lake sediments. Limnology and Ocean-
ography 20: 687–698.

Toney JL, Huang YS, Fritz SC et al. (2010) Climatic and environ-
mental controls on the occurrence and distributions of long 
chain alkenones in lakes of the interior United States. Geochi-
mica et Cosmochimica Acta 74: 1563–1578.

Torrence C and Compo GP (1998) A practical guide to wavelet 
analysis. Bulletin of the American Meteorological Society 79: 
61–78.

Trouet V, Esper J, Graham NE et al. (2009) Persistent positive 
North Atlantic Oscillation mode dominated the Medieval Cli-
mate Anomaly. Science 324(5923): 78–80.

Wang RC (2014) Chapter 7: Optical dating of young lacustrine 
sediment from Lake Manas in northwestern China. Master of 
Philosophy Thesis. Hong Kong: The University of Hong Kong.

Wang SM and Dou HS (1998) Chinese Lakes. 1st Edition. Bei-
jing: Science Press, 347 pp. (in Chinese).

Wang Z and Liu WG (2013) Calibration of the UK
37

′ index of long-
chain alkenones with the in-situ water temperature in Lake 
Qinghai in the Tibetan Plateau. Chinese Science Bulletin 58: 
803–808.

Yang B, Wang JS, Bräuning A et al. (2009) Late Holocene cli-
matic and environmental changes in arid central Asia. Qua-
ternary International 194(1–2): 68–78.

Zink K-G, Leythaeuser D, Melkonian M et al. (2001) Tempera-
ture dependency of long-chain alkenone distributions in 
recent to fossil limnic sediments and in lake waters. Geochi-
mica et Cosmochimica Acta 65: 253–265.

 by guest on November 18, 2015hol.sagepub.comDownloaded from 

https://www.researchgate.net/publication/223500534_Degradation_of_alkenones_and_related_compounds_during_oxic_and_anoxic_incubation_of_the_marine_haptophyte_Emiliania_huxleyi_with_bacterial_consortia_isolated_from_microbial_mats_from_the_Camargue_Fran?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/223500534_Degradation_of_alkenones_and_related_compounds_during_oxic_and_anoxic_incubation_of_the_marine_haptophyte_Emiliania_huxleyi_with_bacterial_consortia_isolated_from_microbial_mats_from_the_Camargue_Fran?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/223500534_Degradation_of_alkenones_and_related_compounds_during_oxic_and_anoxic_incubation_of_the_marine_haptophyte_Emiliania_huxleyi_with_bacterial_consortia_isolated_from_microbial_mats_from_the_Camargue_Fran?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/223500534_Degradation_of_alkenones_and_related_compounds_during_oxic_and_anoxic_incubation_of_the_marine_haptophyte_Emiliania_huxleyi_with_bacterial_consortia_isolated_from_microbial_mats_from_the_Camargue_Fran?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/223500534_Degradation_of_alkenones_and_related_compounds_during_oxic_and_anoxic_incubation_of_the_marine_haptophyte_Emiliania_huxleyi_with_bacterial_consortia_isolated_from_microbial_mats_from_the_Camargue_Fran?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/248809455_Interhemispheric_appraisal_of_the_value_of_alkenone_indices_as_temperature_and_salinity_proxies_in_high-latitude_locations?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/248809455_Interhemispheric_appraisal_of_the_value_of_alkenone_indices_as_temperature_and_salinity_proxies_in_high-latitude_locations?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/248809455_Interhemispheric_appraisal_of_the_value_of_alkenone_indices_as_temperature_and_salinity_proxies_in_high-latitude_locations?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/251439042_Decreased_surface_salinity_in_the_Sea_Okhotsk_during_the_last_glacial_period_estimated_from_alkenones?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/251439042_Decreased_surface_salinity_in_the_Sea_Okhotsk_during_the_last_glacial_period_estimated_from_alkenones?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/251439042_Decreased_surface_salinity_in_the_Sea_Okhotsk_during_the_last_glacial_period_estimated_from_alkenones?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/251439042_Decreased_surface_salinity_in_the_Sea_Okhotsk_during_the_last_glacial_period_estimated_from_alkenones?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/11616609_Solar_forcing_of_regional_climate_change_during_the_Maunder_Minimum_Science?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/11616609_Solar_forcing_of_regional_climate_change_during_the_Maunder_Minimum_Science?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/11616609_Solar_forcing_of_regional_climate_change_during_the_Maunder_Minimum_Science?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/260052317_Alkenone_distributions_in_the_North_Atlantic_and_Nordic_sea_surface_waters?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/260052317_Alkenone_distributions_in_the_North_Atlantic_and_Nordic_sea_surface_waters?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/260052317_Alkenone_distributions_in_the_North_Atlantic_and_Nordic_sea_surface_waters?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/245668914_Climate_and_atmospheric_14CO2_an_evaluation_of_causal_and_spectral_relationships?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/245668914_Climate_and_atmospheric_14CO2_an_evaluation_of_causal_and_spectral_relationships?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/245668914_Climate_and_atmospheric_14CO2_an_evaluation_of_causal_and_spectral_relationships?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/245668914_Climate_and_atmospheric_14CO2_an_evaluation_of_causal_and_spectral_relationships?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/245668914_Climate_and_atmospheric_14CO2_an_evaluation_of_causal_and_spectral_relationships?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/265987151_The_Radiocarbon_Record_in_Tree_Rings_of_the_Last_8000_Years?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/265987151_The_Radiocarbon_Record_in_Tree_Rings_of_the_Last_8000_Years?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/229335690_Calibration_of_alkenone_unsaturation_index_with_growth_temperature_for_a_lacustrine_species_Chrysotila_lamellosa_Haptophyceae?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/229335690_Calibration_of_alkenone_unsaturation_index_with_growth_temperature_for_a_lacustrine_species_Chrysotila_lamellosa_Haptophyceae?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/229335690_Calibration_of_alkenone_unsaturation_index_with_growth_temperature_for_a_lacustrine_species_Chrysotila_lamellosa_Haptophyceae?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/229335690_Calibration_of_alkenone_unsaturation_index_with_growth_temperature_for_a_lacustrine_species_Chrysotila_lamellosa_Haptophyceae?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/273171954_Magnetic_susceptibility_of_Lake_sediments?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/273171954_Magnetic_susceptibility_of_Lake_sediments?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/273171954_Magnetic_susceptibility_of_Lake_sediments?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/266389384_A_Practical_Guide_to_Wavelet_Analysis?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/266389384_A_Practical_Guide_to_Wavelet_Analysis?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/266389384_A_Practical_Guide_to_Wavelet_Analysis?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/237012242_Calibration_of_the_U_37_K'_index_of_long-chain_alkenones_with_the_in-situ_water_temperature_in_Lake_Qinghai_in_the_Tibetan_Plateau?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/237012242_Calibration_of_the_U_37_K'_index_of_long-chain_alkenones_with_the_in-situ_water_temperature_in_Lake_Qinghai_in_the_Tibetan_Plateau?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/237012242_Calibration_of_the_U_37_K'_index_of_long-chain_alkenones_with_the_in-situ_water_temperature_in_Lake_Qinghai_in_the_Tibetan_Plateau?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/237012242_Calibration_of_the_U_37_K'_index_of_long-chain_alkenones_with_the_in-situ_water_temperature_in_Lake_Qinghai_in_the_Tibetan_Plateau?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/237012242_Calibration_of_the_U_37_K'_index_of_long-chain_alkenones_with_the_in-situ_water_temperature_in_Lake_Qinghai_in_the_Tibetan_Plateau?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/237012242_Calibration_of_the_U_37_K'_index_of_long-chain_alkenones_with_the_in-situ_water_temperature_in_Lake_Qinghai_in_the_Tibetan_Plateau?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/237012242_Calibration_of_the_U_37_K'_index_of_long-chain_alkenones_with_the_in-situ_water_temperature_in_Lake_Qinghai_in_the_Tibetan_Plateau?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/237012242_Calibration_of_the_U_37_K'_index_of_long-chain_alkenones_with_the_in-situ_water_temperature_in_Lake_Qinghai_in_the_Tibetan_Plateau?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/223812749_Late_Holocene_climatic_and_environmental_changes_in_and_central_Asia?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/223812749_Late_Holocene_climatic_and_environmental_changes_in_and_central_Asia?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/223812749_Late_Holocene_climatic_and_environmental_changes_in_and_central_Asia?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/240413909_Temperature_dependency_of_long-chain_alkenone_distributions_in_Recent_to_fossil_limnic_sediments_and_in_lake_waters?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/240413909_Temperature_dependency_of_long-chain_alkenone_distributions_in_Recent_to_fossil_limnic_sediments_and_in_lake_waters?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/240413909_Temperature_dependency_of_long-chain_alkenone_distributions_in_Recent_to_fossil_limnic_sediments_and_in_lake_waters?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==
https://www.researchgate.net/publication/240413909_Temperature_dependency_of_long-chain_alkenone_distributions_in_Recent_to_fossil_limnic_sediments_and_in_lake_waters?el=1_x_8&enrichId=rgreq-eb8b92f127a0667f53edb381410c6736-XXX&enrichSource=Y292ZXJQYWdlOzI4MjQyMzU0NDtBUzoyOTcwNjI0NjY4OTk5NzNAMTQ0NzgzNjYxOTI0MQ==

