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The varved sediments of Kusai Lake on the northern Tibetan Plateau are rhythmically
laminated with the interaction of dark and light layers formed during winter and summer
within a year. This provides opportunities to explore the seasonal fluxes of varves and,
thus, assess the potential for annual-resolution climate reconstruction. Here, we define a
season index (SI) based on the difference in thickness between the light and dark layers, to
evaluate the factors influencing the seasonal flux of varved Kusai Lake sediments. A
positive SI represents more summer flux, and a negative SI indicates more winter flux. The
results showed that the summer flux was higher than the winter flux in most of the last
2280 years. The summer flux had periodicities of approximately 2.3–2.9, 27, and 99 years
at the 99% confidence level and approximately 15–16, 36 and 285 years at the 95%
confidence level, indicating that summer flux is affected mainly by solar activity (Gleissberg
and 350 unnamed cycle) at centennial scales, by the Pacific Decadal Oscillation (Pacific
Decadal Oscillation with a period of 15–25 years) at decadal scales, and by the Quasi-
biennial Oscillation (Quasi-biennial Oscillation with a period of 2–3 years) at interannual
scales. Noticeable increasing spikes of high winter flux corresponded well to lower solar
activity and stronger Siberian high pressure (SH). The periods of high and low winter flux
are generally related to the negative and positive phases of the North Atlantic Oscillation
and Atlantic Multidecadal Oscillation respectively, during the last 1000 years.
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INTRODUCTION

The Tibetan Plateau (TP) is widely referred to as ‘the roof of the world’. As there are numerous
glaciers and the origins of major Asian rivers on the TP, it was recently acknowledged as the Asian
Water Tower (Yao et al., 2015; Yao et al., 2019). In recent 50 years, the temperature rising rate is more
than twice that of the global average (Chen et al., 2015), implying that the TP is sensitive to climate
warming. In addition, one-third of the TP expands into the troposphere, releasing sensible and latent
heat fluxes that drive intense monsoon circulations and strongly influence global circulation patterns
(Thompson et al., 1997). Therefore, the TP has become a hotspot in climate change research because
of its sensitivity to global warming and its strong effect on global environmental changes (Liu and
Chen, 2000; Hou et al., 2012; Yao et al., 2012; Hou et al., 2016; Wu et al., 2018; Li et al., 2020). Present
atmospheric circulation patterns show that the climate on the TP is influenced by the Asian summer
monsoon in summer and is mainly controlled by the Asian winter monsoon and the westerlies in
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winter (Yao et al., 2013). The TP climate changes are also
modulated by the Asian monsoon and the westerly jet at
different time scales (Figure 1A) (Chen et al., 2008; An et al.,
2012; Chiang et al., 2015; Zhu et al., 2015; Hou et al., 2017). In
recent decades, many paleoclimate records on the TP have been
reconstructed based on tree rings (Kang et al., 2000; Liu et al.,
2009; Zhang et al., 2014; Chen F. et al., 2016), ice cores (Yao et al.,
1996; Thompson et al., 2003; Bao, 2004; Thompson et al., 2006),
and varved lake sediments (Chu et al., 2011; Liu et al., 2014b; Ji
et al., 2021) at the interannual and interdecadal scales, and lake
sediments at centennial to glacial-interglacial scales (Liu et al.,
2006; He et al., 2013b; Liu et al., 2014a; Aichner et al., 2015; Li
et al., 2015; Li X. et al., 2019). However, these paleoclimate
reconstructions are unable to discriminate seasonal climate
signals and their influencing factors, as the resolution of many
archives is insufficient. Varved lake sediments generally comprise
alternating layers deposited during summer and winter for 1 year,
which allows us to discuss climate changes as seasonal-scale
processes. Based on varved sediments from Kusai Lake located in
the northern TP, the temperature and dust variations over the past
∼1600 years were reconstructed (Liu et al., 2014b). However, what
factors influence the seasonal flux of the varved sediments of Kusai
Lake remains unknown. Here, we extended the records of summer
and winter flux back to 2280 years ago based on the thicknesses of
light (LT) and dark (DT) layers of varved sediments from Kusai
Lake. Then, spectral and wavelet analysis and regional comparisons
were used to identify regular periodicities and to evaluate possible
connections of summer and winter fluxes to known modes of
natural variability at different timescales.

MATERIALS AND METHODS

Regional Setting
Kusai Lake is located at 35°33′–35°50′N, 92°37′–93°03′E in the
northeastern Hoh Xil region of the TP (Figure 1), 4475 m above
sea level [a. s. l]. It is an elongated lake with a surface area of
254.4 km2 and a drainage basin of 3700 km2 (Hu, 1994; Li et al.,
1996; Wang and Dou, 1998). The water depth is between 10 and
50 m and is deeper in the northwest and shallower in the
southeastern part of the lake (Li et al., 1996; Wang and Dou,
1998). The lake is fed mainly by the Kusai River, which originates
to the west of the lake on the DaxueMountain (5863m a. s. l), with
a recharge coefficient of 13.1 (Wang and Dou, 1998; Chen, 2017).

The climate of the northern TP is characterized by a semiarid
climate. Modern meteorological records indicate a mean annual
temperature of the lake area of approximately −5.4°C, amean annual
precipitation of approximately 275mm, and a potential annual
evaporation of approximately 1300mm (Li et al., 1996; Wang
and Dou, 1998). Regional precipitation is mainly concentrated in
summer (Cui et al., 2021). However, the climate in winter is always
cold and dry with a high frequency of dust storms (Zhao and Zhou,
2002; Chen, 2017). The modern vegetation around Kusai Lake is
alpine steppe dominated by drought-resistant Artemisia and
Poaceae, and alpine meadow dominated by hygrophilous
Cyperaceae (Wang et al., 2012; Cui et al., 2021).

Core Sampling and Methods Overview
Two sediment cores with lengths of 3.64 m (KSS-2010) and 5.2 m
(KSS-2015) were obtained from the southeastern part of Kusai Lake

FIGURE 1 | Location of Kusai Lake on the TP, which is influenced by the Indian monsoon, westerlies, and East Asian monsoon (A), the boundary of modern
summermonsoon (thick dashed line) is modified fromChen et al. (2010). The coring site of Lake Kusai (B). Water depth wasmeasured in 2002. Macroscopic photograph
of varves from Kusai Lake (C) (Chen, 2017).
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at a water depth of 14.5 m in September 2010 and 2015 (Figure 1B),
respectively. All sediment cores were stored in PVC tubes,
transported to the laboratory, and then stored in a refrigerator at
a constant temperature of 4°C. The collected cores were split along
the central axis with a core-cutting machine. The surface
morphology of half of the core was described in detail and
photographed. The other half of the core was divided and then
vacuum freeze-dried, embedded in epoxy resin and cured into
polished thin sections. Optical microscopic analyses were
performed to study sedimentary microfacies, to count varves and
to measure the varve thickness. The varve records were extended
back to 2280 years from a composite core (KSS-1) (Zhang et al.,
2021) obtained from KSS-2010 and KSS-2015 by matching visual
stratigraphy and varve microfacies (Liu et al., 2014b; Chen, 2017).
The chronology was discussed and established by Liu et al. (2014b)
and Zhang et al. (2021). Previous studies have shown that varved
Kusai Lake sediments are rhythmically laminated with the
interaction of light and dark layers (Figure 1C) (Liu et al., 2014b;
Chen Y. et al., 2016; Chen and Liu, 2016; Chen, 2017). The dark
layers consisting of coarse sand and silt are deposited on lake ice by
aeolian processes during winter when the temperature is low and the
wind is strong, while the light layers containing thin materials,
biological debris, and authigenic carbonate are deposited during
summer. To determine whether there are more sediments deposited

in winter or summer and to evaluate the influencing factors of
seasonal flux to varved Kusai Lake sediments, we define a season
index (SI) as SI � LT −DT. LT and DT are the thicknesses of the
light and dark layer respectively. A positive SI represents more
summer flux, and a negative SI indicates more winter flux.

The time series were analyzed to reveal periodic cycles in the SI of
summer flux using the Fourier transform method with the spectral
analysis program REDFIT 3.8 (Schulza and Mudelseeb, 2002).
Significant peaks in the spectra were detected using confidence
levels of 90, 95 and 99% relative to the estimated red-noise
background. In addition, a MATLAB software package that
produces a continuous wavelet (Torrence and Compo, 1998) was
used to verify the periodicity of the spectral analysis. A cone of
influence is included where edge effects cannot be ignored because
the wavelet is not completely localized in time. The irregular black
curves delineate a 95% confidence level against the red noise signal.

RESULTS

Variations in Summer and Winter Flux for
the Last 2280 years
In general, the summer flux was higher than the winter flux, as SI
values have been positive in most of the years for the last

FIGURE 2 | Season Index (SI) of varved sediments in Kusai Lake during the last 2280 years. Positive SI represents more summer flux (A), and negative SI
represents more winter flux (B). The red thick solid line is the 51-years moving average for the SI of summer flux.
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2280 years (Figure 2), indicating that the varved sediments are
mainly deposited in summer. Summer flux was relatively low in
three periods from 270 BC to 0 AD, from 350 to 600 AD, and
from 1250 to 1800 AD (Figure 2A). Three periods of high
summer flux occurred from 0 to 350 AD, from 600 to 1250
AD, and from 1800 AD to present. The periods when the winter
flux is higher than the summer flux are discontinuous
(Figure 2B). However, noticeably increasing spikes in the
winter flux can be observed from 100 BC to 340 AD, at 229

AD, 625 AD, 1180 AD, and 1462 AD, and at approximately 1530
AD and 1748 AD (Figure 2B).

Periodicity of Summer Flux in Varved
Sediments of Kusai Lake
Spectral analysis of the summer flux revealed several statistically
significant power spectrum peaks. The outstanding peaks in the
power spectrum occurred for approximately 2.3–2.9, 27, and 99 years

FIGURE 3 | Spectral (A) and wavelet (B) analyses of summer flux of the varved sediments of Kusai Lake during the last 2280 years. Morlet wavelet used with ω0 � 6.
The black contour is the 95% significance level using a red noise background spectrum. The Cone of Influence (COI) is the area with lighter shading. The horizontal band
corresponding to periodicity higher than 500 years is not meaningful (C) Comparison between the 51-years moving average SI of the summer flux from Kusai Lake with
the PDO reconstruction during the last 1000 years (MacDonald and Case, 2005).
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at the 99% confidence level and approximately 15–16, 36, and
285 years at the 95% confidence level (Figure 3A). These
periodicities were also confirmed by wavelet results (Figure 3B).
The periodicity of 99 years was almost continuous during the last
2380 years, and the periodicity of 285 years was continuous from 280
BC to 1200 AD. In contrast, the periodicities of 2.3–2.9 years and
15–36 years were discontinuous. The more significant periodicity of
15–36 years corresponded well to a higher summer flux
(Figures 3B,C).

DISCUSSION

Influencing Factors of the Summer Flux
Two periods with high summer flux from 0 to 350 AD, from 600
to 1250 AD (Figure 4A) were well correlated with the Roman

warm period, the Sui and Tang dynasty warm period in China
and the Medieval Warm Period in Europe, respectively. It seems
that summer flux is not very high during the Current Warm
Period. Two periods with low summer flux from 350 to 600 AD
and from 1250 to 1800 AD (Figure 4A) generally corresponded
to the Dark Age Cold Period and the Little Ice Age respectively.
Our reconstructed summer flux during the last 2280 years was
generally in agreement with temperature variations from the TP
(Figure 4B) (Hou et al., 2012), China (Figures 4C,D) (Yang et al.,
2002; Ge et al., 2013), and the Northern Hemisphere (Figure 4E)
(Ljungqvist, 2010), indicating that the summer flux of varved
sediments from Kusai Lake is mainly related to temperature.
Previous studies on varved sediments formed in glacial-fed lakes
have demonstrated that varve thicknesses are physically linked to
temperatures, as warm summers can often result in significant

FIGURE 4 | 51-years moving average SI of the summer flux from Kusai Lake (A) and its comparisons with integrated temperature series on the Tibetan Plateau (B)
(Hou et al., 2012), temperature reconstructions for China (C) (Yang et al., 2002) and (D) (Ge et al., 2013), and the Northern Hemisphere (E) (Ljungqvist, 2010). RWP,
DACP, MWP, LIA, and CWP refer to the Roman Warm Period, Dark Age Cold Period, Medieval Warm Period, Little Ice Age, and Current Warm Period, respectively.
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melting of glaciers and snowmelt and thus lead to high runoff and
sediment flux to lakes (Moorel et al., 2001; Loso et al., 2006).

Summer flux has centennial-scale periodicities of 285 and 99 years
(Figure 3A). The significant periodicities of 99 years strongly cohere

with the classic Gleissberg cycle of solar activity (Gleissberg, 1958;
Gleissberg, 1965; Ogurtsov et al., 2015). There is also a strong
periodicity of approximately 285 years that corresponds to 350
unnamed cycle of the reconstructed solar activity time series

FIGURE 5 | SI of winter flux in Kusai Lake (A) and its comparisons with the dTSI record reconstructed from the cosmogenic radionuclide 10Be data (B) (Steinhilber
et al., 2009), Fe/Mn ratio record from Lake Kalliojärvi as a proxy for SH (C) (Saarni et al., 2015), the winter NAO reconstructed by a speleothem-based precipitation proxy
from Scotland and a tree-ring based drought proxy from Morocco (D) (Trouet et al., 2009), Multidecadal Variability of Atlantic sea surface temperature (AMVSST, that is,
the AMO) anomaly reconstructed based on a network of annual-resolution terrestrial proxy records from the circum-North Atlantic region (E) (Wang J. et al., 2017).
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(Steinhilber et al., 2012) and other records (Wang et al., 2005; Soon
et al., 2014; Chang et al., 2017; Xie, 2020). The Gleissberg cycle of
99 years has also been observed in integrated temperature records
from theTP during the last 2000 years (Hou et al., 2012) and in a 449-
years temperature reconstruction based on tree-ring from Bangda
and Zuogong on the southeastern TP (Duan and Zhang, 2014). The
Uk

37 temperature records from Lake Sugan and Lake Gahai on the
northern TP also show a possible link between solar irradiance and
temperature variability during the last 2500 years (He et al., 2013a).
Therefore, the summer flux of varved sediments from Kusai Lake is
related to temperature influenced by solar activity at the
centennial scale.

Most studies on tree rings (Shi et al., 2010; Wang et al., 2014), ice
cores (Davis, 2005), and coral (Davis, 2005; Watanabe et al., 2014)
have shown that the East Asian Summer Monsoon is intensified
when the PDO is in its negative phase and vice versa. Our summer
flux has a good negative relation with PDO reconstructed by
MacDonald and Case (2005) during the last 1000 years at multi-
decadal scale (Figure 3C), especially from 1000 AD to 1600 AD.
Thus, the enhanced East Asian SummerMonsoon caused by negative
PDOphase can bringmore precipitation to the TP and result inmore
summer flux to Kusai Lake. At the decadal time scale, summer flux
has periodicities of 15–16, 27 and 36 years that may be related to the
Pacific Decadal Oscillation (PDO) (Cayan and Peterson, 1989;
Ebbesmeyer et al., 1989; Mantua et al., 1997; Gershunov et al.,
1999; Biondi et al., 2001). The periodicities of 15–36 years in
summer flux are discontinuous but more significant in the period
of higher summer flux corresponding well to a warmer period
(Figures 3 and 4), indicating that PDO has more effect on
summer flux to Kusai Lake in the warm period than in the cool
period. The relationship between the winter PDO index and summer
coral δ18O record from Shimo-Koshiki Island of Japan also suggested
that recent and future global warming may lead to a more frequent
and/or stronger teleconnection between the East Asian Summer
Monsoon and PDO (Watanabe et al., 2014).

At the interannual scale, summer flux has periodicities of
2.3–2.9 years significant at the 99% confidence level. This may
be caused by the Quasi-biennial Oscillation (QBO) (Reed et al.,
1961; Gordon et al., 1982; Naujokat, 1986). The QBO was
originally observed between westerly and easterly equatorial
stratospheric winds by Reed et al. (1961). Previous studies have
found the QBO period in the equatorial sea surface
temperature record (Barnett, 1989; Chen et al., 1991b), and
the interannual oscillation of SST has an obvious propagation
phenomenon (Yasunari, 1985; Chen et al., 1989). Although the
QBO was first noted as a tropical, lower stratospheric zonal
wind variation, with a period of ∼26 months, it has since been
found to occur at high latitudes and in geophysical parameters
other than winds aloft (Plumb, 1984). Studies on the
correlation between the annual oscillation of the sea-air
system and the annual oscillation of China’s climate showed
that there is a lag correlation between the SST QBO and
China’s air temperature QBO (Chen et al., 1990). The QBO
can also be found in other regions of China (Huang and Tang,
1987; Chen et al., 1991a; Yang et al., 2019) Therefore, we
consider that there is a possible link between the QBO and
summer flux of varved sediments in Kusai Lake.

Influencing Factors of Winter Flux
Noticeable increasing spikes in the winter flux occurred from 100
BC to 340 AD, at 229 AD, 625 AD, 1180 AD, 1462 AD, and
approximately 1530 AD, corresponding to low values of total
solar irradiance (TSI) and strong Siberian high pressure (SH)
(Figure 5A–C). The winter surface air temperature over Asia and
the surrounding oceans may be directly or indirectly related to
solar activities due to the huge mass of the Eurasian continent
(Miyazaki and Yasunari, 2008). A stronger SH system tends to be
closely associated with lower solar activity (Figures 5B,C) and
lower winter temperatures (Liang et al., 2014). The Siberian high-
pressure system significantly influences the near-surface wind
strength in northeastern central Asia (Wang X. et al., 2017; Wang
et al., 2018; Li Y. et al., 2019; Gao et al., 2020). Strong near-surface
wind may bring dust from the surrounding arid Asian regions
and partly from the plateau itself to Kusai Lake, resulting in a high
winter flux (Figures 5A,C).

The periods of high winter flux occurred from 100 BC to 340 AD,
from 1400 AD to 1600 AD, and approximately 1748 AD, generally
corresponding to negative phases of the North Atlantic Oscillation
(NAO) (Trouet et al., 2009) and Atlantic Multidecadal Oscillation
(AMO) (Wang et al., 2014) (Figures 5A,D,E). Modern
meteorological data and long-term simulations all indicated that
the NAO may be related to dust emissions and the pattern and
intensity of dust transport in many places around the world (Moulin
et al., 1997; Ginoux et al., 2004). In China, there is an obvious inverse
relationship between the winter NAO index and the frequency of
strong dust storms in spring (Song et al., 2004). Based on the data for
the period of 1958–1995, Gong andWang (2003) found that there is a
significant correlation (r � -0.51) between the NAO and SH. In a
negative phase of the NAO (Figure 5D), the Artic circulation is weak,
resulting in a high SH (Gong et al., 2001; Gong and Wang, 2003).
With a high SH, the intensity of dust transport increases in winter,
leading to high winter flux to Kusai Lake and vice versa (Figures
5A,C,D). A negative phase of the AMO will result in a colder mid-
upper tropospheric atmosphere over Eurasia, causing a strengthened
land sea thermal contrast in winter and a strengthened East Asian
winter monsoon (Li et al., 2009; Zhou et al., 2015) and thus high
winter flux to Kusai Lake and vice versa. Therefore, the periods of
high and low winter flux to Kusai Lake are generally related to the
negative and positive phases of the NAO and AMO, respectively,
during the last 1000 years.

CONCLUSION

In this study, we defined a season index to evaluate the factors
influencing seasonal fluxes during the past 2280 years.

The positive SI represents more summer flux and shows good
agreement with temperature variations during the last 2280 years.
The spectral analysis results show that summer flux has
periodicities of approximately 2.3–2.9, 27, and 99 years at the
99% confidence level and approximately 15–16, 36, and 285 years
at the 95% confidence level. These significant periodicities
indicate that summer flux is affected mainly by solar activity
at centennial scales, by the PDO at decadal scales, and by the QBO
at interannual scales. Winter flux has been discontinuous over the
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last 2280 years. Noticeable increasing spikes in winter flux, which
occurred from 100 BC to 340 AD, at 229 AD, 625 AD, 1180 AD,
and 1462 AD, and approximately 1530 AD, correspond well to
low TSI and strong SH. In addition, the periods of high winter
flux from 1400 AD to 1600 AD and approximately 1748 AD
generally correspond to the negative phases of the NAO and
AMO periods. We suggest that the winter flux of Kusai Lake is
associated with solar activity, SH, NAO and AMO.
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