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Abstract Knowledge of decadal-centennial-scale precipitation cycles is important for predicting the
status of water resources and thus food security in the region influenced by the “Asian Water Tower” (the
Tibetan Plateau, TP). However, the drivers of these precipitation cycles in the TP remain unclear. Here we
present a 1,656-years (5-years-resolution) mean annual precipitation record reconstructed by fossil pollen
assemblages from the annually laminated sediments of a lake in the TP interior. The record reveals three
dominant cycles, with lengths of ~200-, ~88-, and ~60-years, associated with changes in the Westerlies
and the Asian monsoon. These precipitation cycles suggest that the current high precipitation in the TP
interior results from the superposition of cyclic highs in precipitation, and this trend may continue for the
next several decades.

Plain Language Summary Humidification resulting from increased precipitation over

the Tibetan Plateau interior has attracted widespread because although it improves the ecological
environment but it also threatens the security of the Qinghai-Tibet Railway. Understanding the past
behavior and mechanisms of precipitation variations over the Tibetan Plateau interior aids in the
prediction of future water resource availability. We present a reconstruction of mean annual precipitation,
derived from the pollen assemblages deposited in the annually laminated sediments of the Kusai Lake.
The precipitation record exhibits three significant multidecadal-centennial cycles; the ~200-years cycle is
associated with the Westerlies and the ~88-years and ~60-years cycles are linked with the Asian monsoon.
The superposition of high phases of cyclic precipitation results in the current wetting trend in the Tibetan
Plateau interior.

1. Introduction

As the “Asian Water Tower”, the Tibetan Plateau (TP) plays a crucial role in regulating the hydro-climatol-
ogy of several prominent Asian rivers, which sustain more than one-fifth of the world’s population in the
neighboring countries (Immerzeel et al., 2010). In recent decades, the expansion of lake areas as well as
the rise of lake levels resulting from increased precipitation and melting of glaciers have been observed in
the TP interior (Lei et al., 2014; Zhang et al., 2019, 2017). The increased precipitation could substantially
improve the ecological environment via increases in vegetation coverage and ecosystem productivity; how-
ever, it may also increase the risk of flood disasters threatening the Qinghai-Tibet Railway (Yao et al., 2012).
Therefore, determining whether the precipitation increase across the TP is the result of decadal-centenni-
al-scale precipitation cycles is important for predicting the future status of water resources and food security
in the region (Immerzeel et al., 2010). In order to investigate the processes, trends, and mechanisms of
precipitation variations in the TP interior, several short-term observational datasets and a small number of
long-term precipitation records have been produced in the last 20 years.
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Observational data indicate that the water vapor in the TP interior is mainly transported by the mid-latitude
Westerlies and the South Asian summer monsoon (SASM, Wang et al., 2017a; Yao et al., 2013). However,
observational data within the ~100-years interval in these studies is not long enough to reveal patterns of
precipitation variability on the multidecadal-centennial scale. Although the available long-term precipita-
tion records derived from tree-rings can extend as far as 3,500 years into the past (Yang et al., 2014), they
are from the low-elevation marginal regions of the TP, where the water vapor is supplied by the East Asian
summer monsoon (EASM, Shao et al., 2005) or the SASM (Overpeck et al., 2005; Yadav, 2011). Precipitation
records spanning the past few centuries based on the accumulation rate of ice cores are also available from
the high mountains in the TP, but the precipitation processes are quite different from those in the interior of
the TP, although the water vapor in both cases is transported by the Westerlies and the Asian summer mon-
soon (Liu et al., 1998; Tian & Yao, 2016; Yao et al., 2013; Zhao et al., 2020). Therefore, long-term precipita-
tion records from the TP interior are important for revealing precipitation cycles on the decadal-centennial
scale and their driving mechanisms.

Given the wide distribution of lakes in the TP, lacustrine sediments are more suitable than the more ge-
ographically limited tree-ring and ice core records for reconstructing past variations in the hydroclimatic
conditions of the TP interior. Many studies have used biotic and abiotic indicators from lake sediments as
quantitative climatic proxies (Liu et al., 2014; Lu et al., 2011; Shen et al., 2006a). Among them, fossil pollen
records from lakes have been widely used to reconstruct the paleoclimate of the TP interior. However, e
reservoir age effects are common within the lakes of the TP interior, which introduces uncertainty into spa-
tial and temporal paleoclimatic reconstructions based on lacustrine records (Hou et al., 2012). Fortunately,
however, a lake with annually laminated sediments has been discovered in the TP interior.

Here we present a 5-years-resolution quantitative mean annual precipitation (MAP) record of the past
1,656 years from the TP interior. The record is inferred based on pollen assemblages from the annually lam-
inated sediments of Lake Kusai and was obtained using a weighted averaging partial least squares (WA-PLS)
regression model. The record exhibits three significant multidecadal-centennial cycles, which acted syner-
gistically to modulate precipitation variations in the TP interior. The relationships between these dominant
multidecadal-centennial precipitation cycles and large-scale atmospheric circulation patterns can be used
to interpret precipitation variability within the TP over the last 1,656 years. In addition, the results provide
a context for interpreting recently increased precipitation across the TP, suggesting the possible persistence
of high precipitation in the future.

2. Study Area

Kusai Lake (35.5°-35.8°N, 92.5°-93.25°E, 4,475 m) is a saline lake located in the uninhabited Hoh Xil region
of the TP interior (Wang & Dou, 1998). The lake area is 254.4 km* and the catchment area is ~3,700 km®.
The lake is fed mainly by the Kusai River which enters the southwestern part of the basin. The regional
precipitation is modulated by the mid-latitude Westerlies and the low-latitude Asian monsoon (Figure 1a,
Zhang, 1992). Using NOAA’s Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT4, Draxler
& Hess, 1997) model, we analyzed daily backward moisture trajectories of rainfall events at Kusai Lake. The
moisture transported by the Westerlies accounts for 59% of the annual rainfall, whereas the water vapor
transported by the SASM supplies ~29% of that (Figure S1).

Recent climatic data (1957-2006) from Wudaoliang Meteorological Station show that the MAP is ~278 mm
and the mean annual temperature (MAT) is about —5.4°C. The catchment of Kusai Lake experiences an
alpine climate with an interpolated MAP of 208 mm and an interpolated MAT of —3.3°C (Fick & Hi-
jmans, 2017). These climatic characteristics result in the dominance of annual herbaceous vegetation across
the Hoh Xil region. The vegetation around Kusai Lake is alpine steppe dominated by drought-resistant Ar-
temisia and Poaceae, and alpine meadow dominated by hygrophilous Cyperaceae. In the northeast part of
the lake catchment, xerophytic Chenopodiaceae are sporadically distributed (Figure 1b).
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Figure 1. Location of Kusai Lake on various spatial scales. (a) Digital Terrain Model showing the location of Kusai Lake within Asia and schematic trajectories
of the Westerlies, the SASM, and the EASM. (b) Vegetation types within study area (Zhang, 2007). (c) Screenshot of Kusai Lake from Google Earth. (d) Scanned
images of the annually laminated sediment core (Liu et al., 2014). EASM, East Asian summer monsoon; SASM, South Asian summer monsoon.

3. Materials and Methods
3.1. Sediment Core

In September 2006, a 364-cm-long sediment core (KSS-V) was raised from the southeastern part of Kusai
Lake in a water depth of 14.5 m (Figure 1c). The sediment core contains rhythmic dark and light layers
throughout (Figure 1d). The dark units are formed by coarse sand and silt accumulating on the lake ice
during winter. The light layers are composed of clay minerals accumulating during summer. The sediment
core was cut into blocks for lamination counting. With the assistance of an optical microscope, we counted
the lamination at least three times to determine an age model, which has a ~1% error based on replicate
counts. Additionally, we measured the *'°Pb, '*’Cs activity of the upper 25 cm of the core and 11 AMS "C
ages to validate the robustness of the age model based on annual laminations. Details of the age model are
given in our previous study (Figure S2, Liu et al., 2014).
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3.2. Pollen Analysis and Quantitative Paleoclimatic Reconstruction

364 samples with an average resolution of 5-years were used for pollen analysis. Lycopodium spores (27,560
grains/tablet) were used before acid-alkali treatment to calculate pollen concentrations. Sample residues
were mounted in glycerin and analyzed using a Leica DM 750 microscope with the aid of the Pollen Flora of
China (Tang et al., 2016). More than 400 terrestrial pollen grains were counted per sample. Pollen percent-
ages were calculated based on the sum of total pollen grains and pollen diagrams were plotted using Tilia
software (Grimm, 1987).

MAP and MAT were quantitatively reconstructed using C2 software (Juggins, 2003). The modern pollen
dataset was derived from previous work (Lu et al., 2011). An optimal transfer function was selected by mini-
mizing the root mean-square-error of prediction (RMSEP) and maximizing the coefficient of determination
(R*) between observed and predicted MAP values.

3.3. Statistical Analysis

In order to detect the dominant modes of the oscillations in the MAP, we first performed ensemble empir-
ical mode decomposition (EEMD, Huang & Wu, 2008), a noise-assisted data analysis, on the reconstructed
MAP. We then calculated the power spectrum of the detrended MAP using the Morlet wavelet to charac-
terize its statistical significance (Schulz & Mudelsee, 2002; Torrence & Compo, 1998). Finally, we estimated
the MAP for the next 50 years using singular spectrum analysis (SSA), a widely used nonparametric spectral
estimation method in nonlinear climatic time series analysis (Golyandina & Korobeynikov, 2014), although
its predictability is probably limited by stationary signals due to the enhancement of human activities in
the recent past.

4. Results
4.1. Chronology

The age model spans 1,656 years (from 350 to 2006 AD) which is directly inferred from counting annual
laminations, as previously described (Figure S2, Liu et al., 2014).

4.2. Pollen Record and Quantitative Reconstruction of MAP

A total of 62 pollen types were recognized in the samples (Figure S3). The pollen spectra are characterized
by high percentages of herbaceous pollen (90%), mainly Chenopodiaceae, Artemisia, Cyperaceae, Poaceae,
Caryophyllaceae, Thalictrum, and Aster (Figure 2a). All pollen types with relative abundances >2% in at
least one sample were used for subsequent reconstruction. Numerical analysis of the 735 modern pollen
samples and environmental parameters showed that MAP had the strongest correlation with the modern
pollen spectra (Figures S4a-b, and Table S1), indicating that the modern pollen dataset can be used to
establish pollen-climate transfer functions and hence a reliable quantitative reconstruction of MAP. In ad-
dition, the results of analogue analysis revealed all of the fossil pollen samples have good analogs within
the training set (Figure S4c, Overpeck et al., 1985). Finally, an optimal transfer function established using
the WA-PLS regression model (Braak & Juggins, 1993) was selected because it had the highest coefficient
of determination (R’ = 0.76) and the lowest RMSEP value (RMSEP = 68 mm, Juggins, 2003). Similarly,
the optimal transfer function for MAT reconstruction was selected with the R, value equal of 0.62 and
RMSEP of 2.44°C (Figures S4d-g and S5).

A comparison of reconstructed MAP values since 1960 AD which estimated from 13 fossil pollen spectra
with observed MAP values (5-years moving averages) (r = 0.89, P-value <0.001), reveals a similar trend
and validates the accuracy of the reconstructed MAP (Figure 2b). Notably, the observed MAP values are
slightly higher than the reconstructed MAP since the MAP in the catchment of Kusai Lake is less than that
at Wudaoliang Station. In addition, the reconstructed MAP commences a large increase since 1980 AD,
as indicated by the observational data. Increased precipitation was probably the main reason for the over-
flowing of several lakes in the Hoh Xil region in 2011 AD (Yao et al., 2012), as well as for a general wetting
trend across the TP interior. Therefore, the modern and fossil pollen data enable us to reliably reconstruct
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Figure 2. Pollen percentage diagram for Kusai Lake and comparison of reconstructed and observed MAP values. (a) Pollen percentage diagram for Kusai Lake
and reconstructed MAP. The blue and yellow bars represent wet and dry periods, respectively. (b) Comparison of reconstructed MAP and observed MAP from
Wudaoliang Meteorological Station. The red line with solid circles denotes the reconstructed MAP values during 1960-2006 AD, and the black line with open
circles denotes the 5-years moving average of the observed MAP (Data from http://data.cma.cn).

the dynamics of the MAP in the TP interior. Here we also use one standard deviation of the MAP as the
threshold to detect high and low precipitation intervals. The MAP record has an average of 279 mm and a
standard deviation of 10 mm, and the periods with average precipitation above 289 mm are thus regarded as
high precipitation intervals: 360-420, 560-700, 840-890, 1160-1210, 1320-1335, 1430-1460, 1490-1550, 1730-
1750, and 1950-2006 AD. The periods with average precipitation less than 269 mm are low precipitation
intervals: 540-560, 730-740, 930-960, 1390-1410, 1580-1700, and 1750-1900 AD. Notably, the reconstructed
precipitation record is characterized by a series of oscillations.

Additionally, the most striking feature of the pollen record is the oscillations between hydrophilic Cyper-
aceae (constituents of alpine meadow) and drought-resistant Artemisia (a constituent of alpine steppe) as
well as xerophytic Chenopodiaceae (constituents of alpine and temperate desert). The abrupt transitions
between the Cyperaceae, Artemisia, and Chenopodiaceae phases reflect regional vegetation changes char-
acterized by shifts between alpine meadow, steppe, and desert in the catchment of Kusai Lake, indicating
corresponding shifts in regional precipitation. The high abundance of Cyperaceae indicates high precipita-
tion intervals, whereas high abundances of Artemisia and Chenopodiaceae indicate low precipitation hence
dry intervals. It is evident that the oscillations in the pollen record and reconstructed MAP are quasi-peri-
odic but with different time-scales of fluctuation over the past 1,656 years.

4.3. Periodic Changes in the Pollen Record and Reconstructed MAP

Nine EEMD components (c1-c9) are shown in Figure 3a. Considering the duration and temporal reso-
lution of the MAP record, we removed the long-term trend and decadal-scale noise and selected the sum
€3-5(c3 + c4 + c5) to precisely reproduce the information recorded in the MAP, which also showed clear
oscillations.
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Figure 3. Results of time series analysis of the reconstructed MAP record for Kusai Lake. (a) EEMD of the reconstructed MAP. (b) Spectral analysis results of
the sum of ¢3-5. (¢) Continuous wavelet power of the sum of c3-5. EEMD, ensemble empirical mode decomposition.

To detect definite periods of dominant components, we performed spectral analysis of the detrended MAP
(sum ¢3-5, Figure 3b). The results revealed three significant periods with central frequencies of 0.005, 0.011,
and 0.017 cycles/yr, which correspond to periods of ~200-, ~88-, and ~60-years cycle, and the correspond-
ing variances are 21%, 13%, and 12% of the total. The results of wavelet analysis (Torrence & Compo, 1998)
indicate that the ~88-years and ~200-years periodic oscillations are quasi-stationary and significant during
the last 1,656 years, whereas the ~60-years cycle is significant since 1200 AD (Figure 3c).

To further analyze the three periodicities, band-pass filter analysis was also performed on the sum c3-5
components of the MAP. 150-250-years band-pass filter result revealed eight ~200-years high/low precip-
itation oscillations, with high precipitation occurring at 450, 650, 850, 1050, 1320, 1520, 1720, and 1920
AD (Figure 4c). 80-110-years band-pass filter analysis revealed nineteen ~88-years oscillations, with high
precipitation occurring at 400, 500, 580, 680, 890, 1000, 1090, 1180, 1250, 1330, 1380, 1440, 1540, 1600,
1670, 1740, 1840,1910, and 1960 AD. Interestingly, simultaneous high precipitation phases of these cycles
occurred at 560-700, 890, 1160, 1330, 1440, 1540, 1740, and 1920 AD, which correspond to periods of higher
Cyperaceae percentages, and are defined as coupled wet phases (Figure 2a). The high precipitation interval
of 560-700 AD was mainly the result of the ~200-years cycle, while the other high precipitation intervals
were mainly due to the superimposition of cycles. By contrast, simultaneous dry phases occurred at 550,
750, 950, 1400, 1580-1700, and 1750-1900 AD, which correspond to periods of higher Artemisia and Cheno-
podiaceae percentages, and are defined as coupled dry phases. The intervals of persistent low precipitation
during 1580-1700 AD can be mainly attributed to the low precipitation phase of the ~200-years cycle super-
imposed on low-amplitude decadal cycles.
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Figure 4. Comparison of cyclical changes in MAP and atmospheric circulations. 150-250-years band-pass filter result of (a) the Total Solar Irradiance (TSI),
(b) the NAO phase, expressed as the sum of flood events in the Southern Alps, (c) the sum of ¢3-5 of MAP. 80-110-years band-pass filter result of (d) the sum of
c3-5 of MAP, (e) the SASM intensity. (f) 40-75-years band-pass filter result of the sum of c¢3-5 of MAP. (g) The reconstructed MAP (black line) and the sum of
¢3-5 (red line). NAO, North Atlantic Oscillation.

4.4. MAP in the next Few Decades

The predictability of the summed c3-5 components of MAP using SSA was based on the decomposition and
simulation of the time series of ~200-, ~88-, and ~60-years cycles. We first decomposed the three cycles
into 50 components using SSA with the default parameters, and we then simulated the three cycles using
the first 30 components. The results (Figure S6) indicate a strong correlation (r = 0.872, P-value < 0.001) be-
tween the reconstructed sum of ¢3-5 and the simulated sum of ¢3-5. We also predicted the MAP in the next
50 years basing on the reconstructed precipitation data for 350-1700, 350-1800, 350-1900 AD, the correla-
tion coefficients between the reconstructed and predicted sum of ¢3-5 are 0.98, 0.89, and 0.85, respectively.
Therefore, increasing precipitation will be expected in next few decades if these cycles are not modulated
by anthropogenic forcing.

5. Discussion

The precipitation of the TP interior is closely related to variations in atmospheric circulation and is sen-
sitive to the interaction of the Westerlies and the Asian Monsoon (Yao et al., 2013). The associations be-
tween them were established based on the backward trajectories of the source moisture for Kusai Lake,
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the Westerlies transport water vapor from the remote Atlantic to the TP throughout the year, and the Asian
monsoon delivers moisture from the Indian Ocean, Arabian Sea, Bay of Bengal, and South China Sea to the
TP during summer (Draxler & Hess, 1997).

Our MAP record for the past 1,656-years reveals a significant ~200-years periodicity, which is also doc-
umented in paleoclimatic records from the Atlantic Ocean (Schimmelmann et al., 2003). The high/low
precipitation phases of the ~200-years period in our record coincide with phases of negative/positive North
Atlantic Oscillation (NAO) (Wirth et al., 2013) that can be regarded as an indicator of Westerlies intensity
(Figures 4a-4c, and S7). Specifically, a negative NAO phase could enhance the Westerlies intensity and thus
transport more water vapor to the TP (Wang et al., 2017a), leading to increased precipitation in the TP interi-
or, and vice versa. Negative NAO phases in the North Atlantic corresponding to enhanced flood occurrence
in the Southern Alps, and increased ice accumulation rate in the Guliya ice core (Thompson et al., 1997; Yao
et al., 1996) also support this interpretation. Furthermore, the in-phase relationship and strong correlation
inferred from the wavelet coherence (Grinsted et al., 2004) results between the summed record of flood
events (paleo-NAO pattern) and MAP may provide evidence for the regulatory function of the NAO on the
MAP across the TP interior (Figures 4, and S7). These ~200-years climatic oscillations are often attributed
to variations in solar activity (Steinhilber et al., 2012).

Similarly, the high/low precipitation phases of the ~88-years periodicity in our record correspond to strong/
weak phases in SASM intensity (Kathayat et al., 2017) revealed by a stalagmite §'*0 record from North In-
dia (Figures 4d and 4e). Contemporaneous SASM records reconstructed by tree rings and stalagmites from
the SASM-influenced regions also indicate a significant periodicity around ~88-years (Figure S8), which is
probably associated with the sunspot variations (Demetrescu & Dobrica, 2008). Specifically, the negative
phases of the stalagmite 5'°0 record indicate strong regional monsoon circulation, which in theory could
increase the regional precipitation by regulating the amount of moisture transported from the Indian Ocean
to northeastern India as well as to the TP interior. Our interpretation is supported by the results of previous
studies, which suggest that enhanced moisture influx transported by the SASM was the major factor driving
the increased precipitation in the TP interior (Zhang et al., 2019). However, the period of 600-1200 AD is
characterized by a lagged phase relationship between SASM and MAP. The ~88-years cycle is not significant
during this period, which is supported by the wavelet results (Figure 3c). The non-significance of this cycle
is mainly reflected by weak or absent dry phases, indicating that precipitation over the TP interior during
this period remained high even though the SASM intensity was weak.

Our results indicate that the ~60-years cyclical changes in MAP (Figure 4f) had an in-phase correlation
with the Asian monsoon during 1250-2000 AD, as suggested by backward trajectories of the moisture
source for Angkor in Cambodia (Buckley et al., 2010; Wang et al., 2017b, Figures S1d, and S8). This in-phase
relationship can be attributed to a significant ~60-years cycle after 1200 AD (Figure 3c), which is present in
both the percentages of the major pollen taxa and in MAP. The ~60-years cycle is also significantly related to
El Nifio-Southern Oscillation (ENSO) variability (Li et al., 2011) and the Pacific Decadal Oscillation (Shen
et al., 2006b), which are coupled atmospheric circulation systems in the Pacific Ocean. Previous instrumen-
tal and paleoclimatic data have demonstrated the influences of ENSO on Asian summer monsoon rainfall
(Buckley et al., 2010); an El Nifo-like state could weaken the Walker circulation by producing an atmos-
pheric motion anomaly over the Pacific and Indian Oceans, resulting in a weak Asian summer monsoon.

In summary, the influences of the mid-latitude Westerlies and the Asian monsoon on precipitation over the
TP interior are complicated. Cyclical oscillations in MAP were induced by cyclical changes in the mid-lat-
itude Westerlies and the Asian monsoon, with the mid-latitude Westerlies modulating precipitation in the
form of a ~200-years cycle, and the Asian monsoon modulating precipitation in the form of multi-decadal
cycles (~88-years and ~60-years). The simultaneous occurrence of wet/dry phases of these cycles could lead
to a strong hydroclimatic response. For an instance, the severe drought in the 1980s AD was the result of
the coincidence of dry phases (Figure 4g), which is consistent with the meteorological record. Subsequently,
precipitation in the region has increased substantially because of the coincidence of the wet phases of cy-
cles. According to the cycles in the MAP and SSA predictions for the next 50 years, the current wetting trend
will continue for next few decades if these cycles are not modulated by anthropogenic forcing.
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6. Conclusion

‘We have quantitatively reconstructed the MAP in the TP interior over the past 1,656 years based on numer-
ical analysis of 364 fossil pollen and 735 modern pollen spectra. The MAP reconstruction revealed three
significant cycles, with periodicities of ~200-, ~88-, and ~60-years, which dominated hydroclimatic varia-
tions across the TP interior. The ~200-years cycle is attributed to the Westerlies, whereas the multidecadal
cycles (~60-years and ~88-years) are likely related to the Asian monsoon. The record demonstrates that
precipitation variations over the TP interior were mainly controlled by the Westerlies, although the Asian
monsoon made a substantial contribution in summer. The periodicities in MAP during the last 1,656 years
not only support the recent humidification of the TP interior, but they also enable us to predict a possible
wetting trend over next decades.
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The research data used in this study are submitted to the datasets of 4TU Center for Research Data, which
will be available at https://doi.org/10.4121/13578359.v1. The data also can be temporarily downloaded from
Supporting Information (Table S2).
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