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A B S T R A C T   

Relatively little is known about the relationship between the Indian summer monsoon (ISM) and the El Niño- 
Southern Oscillation (ENSO) on the centennial timescale during the Holocene. We present a well-dated high- 
resolution X-ray fluorescence (XRF) scanning record from a sediment core from Lake Qionghai on the south-
eastern Tibetan Plateau, which reveals the impact of ENSO activity on ISM variability. The results indicate a 
gradual drying of the regional climate on the sub-orbital timescale, which is in broad agreement with ISM 
changes controlled by Northern Hemisphere summer insolation. Additionally, centennial-scale drought events 
occurred at around 6230–5740, 4620–4250, 3820–3540, 3210–2440, 2180–1320, and 1000–615 cal yr B.P. and 
are consistent with enhanced ENSO activity, documenting the occurrence of ENSO-related drought events in the 
Holocene. Both ISM oscillations and ENSO variability show significant 350-yr, 500-yr, and 800-yr cyclicities, and 
there is a highly significant negative relationship between the ISM and ENSO at these cyclicities, indicating that a 
weak ISM was related to increased ENSO intensity, and vice versa. Our findings provide evidence for the 
modulation of ISM intensity by ENSO variability on the centennial timescale during the Holocene.   

1. Introduction 

As a major global climate system the Indian Summer Monsoon (ISM) 
is the primary moisture source for many sub-tropical Asian regions 
(Overpeck et al., 1996). There are numerous views on the driving 
mechanisms of the ISM on different timescales. On the orbital timescale, 
insolation and ice volume play the dominant roles in controlling ISM 
variability (Cai et al., 2015; Fleitmann et al., 2007; Kathayat et al., 2016; 
Kutzbach et al., 2008; Liu et al., 2020; Yuan et al., 2004). On the 
millennial timescale, changes in latent heat influxes from the southern 
Indian Ocean (Clemens and Prell, 2003; Leuschner and Sirocko, 2003), 
ice-rafted detritus (IRD) in North Atlantic deep-sea sediments (Hong 
et al., 2005; Gupta et al., 2003, 2005), and Indian Ocean sea-surface 
temperatures (SSTs) (Zhang et al., 2017) can be explained by changes 
in the ISM. On the centennial timescale, solar activity is often invoked to 
explain changes in the ISM (Li et al., 2015), but other drivers have also 
been considered such as tropical ocean-atmosphere coupling (Tiwari 
et al., 2015), the Indian Ocean Dipole (Li et al., 2017), and North 

Atlantic sea-surface temperatures (Sun et al., 2020). 
The El Niño-Southern Oscillation (ENSO) is a coupled ocean- 

atmosphere phenomenon originating in the tropical Pacific. It plays an 
important role not only in precipitation over the Asian and African areas 
but also in global climate changes (Cane, 2005; Deser et al., 2010; Hong 
et al., 2005; McPhaden et al., 2006). El Niño/La Niña shifts the location 
of the tropical Walker circulation and effects a rainfall deficit/excess by 
suppressing/enhancing the convection over the Indian region (Fischer 
et al., 2005; Kumar et al., 1999; Reason et al., 2000). On interannual to 
decadal timescales, the relationship between ENSO and the ISM is well 
known to be anti-correlated during the last 200 years (Kumar et al., 
2006; Shukla and Paolino, 1983; Tan et al., 2016; Torrence and Webster, 
1999; Wang et al., 2008; Webster et al., 1998). On the centennial 
timescale, studies have focused mainly on high-resolution climate re-
cords covering the past 1000–2000 yr. These studies document signifi-
cant dry climate episodes in the ISM region during the Current Warm 
Period (CWP) and the Medieval Warm Period (MWP), resembling 
enhanced El Niño-like conditions (Gu et al., 2020; Tan et al., 2019; 
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Tejavath et al., 2019). On the sub-millennial timescale, variations in ISM 
moisture variability during the middle and late Holocene were nega-
tively correlated with warm ENSO events, and ENSO acts as an internal 
forcing mechanism for amplifying the low-amplitude fluctuations in 
external solar irradiation (Ming et al., 2020; Sun et al., 2017). On the 
sub-orbital timescale, with the increasing frequency of ENSO episodes 
during the mid-Holocene, ENSO may have played the dominant role in 
driving the ISM and associated regional hydrological changes, and the 
weakening of the ISM after 5 ka was attributed to ENSO amplification 
(Band et al., 2018; Hillman et al., 2017; Srivastava et al., 2017). How-
ever, it is unclear whether ENSO had an influence on the ISM on the 

centennial timescale during the Holocene, and their possible phase 
relationship is also unclear. Therefore, it is necessary to provide 
continuous and high-resolution records to improve our understanding of 
the effects of ENSO variability on Holocene climate changes in the In-
dian monsoon region. 

With reference to the modern summer monsoon system, Lake 
Qionghai, located on the southeastern margin of the Tibetan Plateau, is a 
typical region influenced by the ISM (Fig. 1). We obtained a well-dated 
high-resolution record of element contents based on X-ray fluorescence 
(XRF) scanning of a sediment core from Lake Qionghai. Our specific 
objectives were to reconstruct the history of the ISM during the middle 

Fig. 1. A) Location of Lake Qionghai (star) and the paleoclimate records mentioned in the text: (1) Lake Lugu (Zhang et al., 2018), (2) Paru Co (Bird et al., 2014), (3) 
Mawmluh Cave (Berkelhammer et al., 2012), (4) core SO188-342KL from the Bay of Bengal (Contreras-Rosales et al., 2014), (5) Bittoo Cave (Kathayat et al., 2016), 
(6) Hole ODP723A in the Arabian Sea (Gupta et al., 2003), (7) Qunf Cave (Fleitmann et al., 2003). B) bathymetry of Lake Qionghai and the core site (star). C) 
Monthly climate data from Xichang meteorological station, showing the average monthly precipitation and temperature from 1981 CE to 2010. 

H. Sun et al.                                                                                                                                                                                                                                     



Palaeogeography, Palaeoclimatology, Palaeoecology 612 (2023) 111380

3

and late Holocene, and to explore its possible links with ENSO activity 
on the centennial timescale. 

2. Study site 

Lake Qionghai (27◦47′34′′–27◦51′57′′N and 102◦16′3′′–102◦20′43′′E, 
1510 m a.s.l.), is an open lake on the southeastern edge of the Tibetan 
Plateau (Fig. 1A). The lake has an area of 31 km2, a maximum water depth 
of 34 m, and an average water depth of 14 m. The catchment area covers 
310 km2, and the altitude ranges between 1507 and 3263 m. Hydrolog-
ically the lake is fed mainly by the Guanba River and the Ezhang River, 
which enter the lake from the east side, and it is drained via the Hai River 
on the north-western side (Fig. 1B). 

The study region has a typical subtropical monsoon climate, which is 
mainly influenced by the ISM. Based on records from the nearest 
meteorological station at Xichang (27◦54′N, 102◦16′E, 1591 m a.s.l.), 
between 1981 and 2010, the mean annual precipitation and mean 
annual temperature were 1024 mm and 17.2 ◦C, respectively (Fig. 1C). 
Statistical data also show that ~92% of the annual precipitation falls 
between May and October. The warmest month is July, with a mean 
monthly temperature of 22.6 ◦C, and the coldest month is January, with 
a mean monthly temperature 9.9 ◦C. The vegetation is subtropical 
evergreen broadleaved forest and evergreen and deciduous broadleaved 
mixed forest (Chen et al., 2015). 

3. Materials and methods 

In 2019, an 18.05-m-long sediment core (QH2019) was extracted 
from the depocenter of Lake Qionghai at a water depth of 18 m 
(27◦48′25.56′′N, 102◦19′52.47′′E; 1510 m a.s.l.) (Fig. 1B), using the 
UWITEC drilling platform. The sediment core was split along its central 
axis with a core-cutting machine in our laboratory. The half cores were 
photographed, and the lithology was described. One half-core was 
scanned using an ITRAX X-ray Fluorescence (XRF) Core Scanner (Cox 
Analytical System) (Croudace et al., 2006). Finally, samples were taken 
at 1-cm intervals and magnetic susceptibility was measured at 2-cm 
intervals. All the sampling and experiments were performed in the 
College of Resource Environment and Tourism, Capital Normal 
University. 

The fresh core surface was carefully smoothed before XRF scanning 
and covered with Ultralene film to prevent desiccation during scanning. 
The scanner was equipped with a Rh X-ray tube as an energy source for 
obtaining optical and X-ray images, which was conducted while 
measuring the element contents. Operating conditions were: voltage 30 
kV, current 55 mA, step size 1-mm, exposure time 5 s. Element varia-
tions are expressed as counts per second (CPS). We screened elements 
with CPS > 200 as the standard to ensure data quality. Elements with 
low raw counts were excluded as they were close to the detection limits 
of the ITRAX and may even be measurement noise. To avoid the matrix 
effect, a centered log-ratio (CLR) transformation was applied to calibrate 
the element data (Weltje et al., 2015). The element scanning results were 
analyzed using principal component analysis (PCA) to summarize the 
variance with a reduced number of variables. The PCA was implemented 
using CANOCO v. 5 (ter Braak and Smilauer, 2012). Spectral analysis 
was conducted using PAST with the REDFIT and rectangular window 
options (Hammer et al., 2001), and band-pass filter analysis was con-
ducted using ACYCLE v. 2.4 (Li et al., 2019). 

Low-frequency (0.47 kHz) magnetic susceptibility (χlf) was measured 
using a Bartington MS2 susceptometer with an MS2B dual frequency 
sensor (Bartington Instruments, Ltd., Witney, UK), following standard 
procedures. 

The core chronology is based on Accelerator Mass Spectrometry 
(AMS) 14C dating conducted on 26 samples of plant residues, charcoal, 
and bulk organic sediments. The measurements were made by Beta 
Analytic Inc., Miami, USA (Table 1). The 14C dates were converted to 
calendar ages using the IntCal20 calibration curve (Reimer et al., 2020). 

Table 1 
AMS dating results and calibrated ages of samples from sediment core QH2019 
from Lake Qionghai.  

Sample 
No. 

Lab I.D. Depth 
(cm) 

Analyzed 
Material 

δ13C 
(‰) 

AMS 
14C 
age 
(yr B. 
P.) 

Calibrated 
age (cal yr 
B.P.) 

QH-1-2 
32 

Beta- 
551,501 

42 Organic 
sediment 

− 25.8 1720 
± 30 

1702–1559 

QH-1-2 
86 

Beta- 
551,502 

96 Organic 
sediment 

− 24.1 2740 
± 30 

2885–2765 

QH-1-2 
154 

Beta- 
551,503 

164 Organic 
sediment 

− 24.2 2620 
± 30 

2780–2724 

QH-1-3 
90 

Beta- 
551,504 

232 Organic 
sediment 

− 25.1 2550 
± 30 

2750–2692 

QH-1-4 
102 

Beta- 
551,505 

390 Organic 
sediment 

− 24.8 3110 
± 30 

3386–3237 

QH-1-5 
58 

Beta- 
551,506 

482 Organic 
sediment 

− 25.4 2970 
± 30 

3229–3025 

QH-1-5 
140 

Beta- 
551,507 

564 Plant 
material 

− 26.7 750 ±
30 

728–664 

QH-1-5 
148 

Beta- 
568,279 

572 Charred 
material 

− 26.0 850 ±
30 

798–690 

QH-1-6 
84 

Beta- 
551,508 

620 Organic 
sediment 

− 25.0 2120 
± 30 

2155–1999 

QH-2-6 
59 

Beta- 
571,255 

762 Organic 
sediment 

− 25.6 1190 
± 30 

1184–1052 

QH-2-6 
125 

Beta- 
571,256 

828 Organic 
sediment 

− 25.9 1590 
± 30 

1544–1408 

QH-2-7 
91 

Beta- 
571,257 

897 Organic 
sediment 

− 27 1900 
± 30 

1900–1770 

QH-2-8 
61 

Beta- 
572,852 

1002 Organic 
sediment 

− 27.7 2410 
± 30 

2498–2350 

QH-2-8 
151 

Beta- 
571,259 

1092 Organic 
sediment 

− 28 2840 
± 30 

3039–2865 

QH-2-9 
132 

Beta- 
571,260 

1207 Organic 
sediment 

− 28.3 3500 
± 30 

3855–3692 

QH-2- 
10 78 

Beta- 
571,261 

1287 Organic 
sediment 

− 28 4020 
± 30 

4536–4420 

QH-2- 
10 
163 

Beta- 
571,262 

1372 Organic 
sediment 

− 27.7 4580 
± 30 

5327–5272 

QH-2- 
11 99 

Beta- 
571,263 

1442 Organic 
sediment 

− 28.2 4950 
± 30 

5735–5605 

QH-2- 
11 
169 

Beta- 
571,264 

1512 Organic 
sediment 

− 28.9 5310 
± 30 

6185–5995 

QH-2- 
12 83 

Beta- 
571,265 

1562 Organic 
sediment 

− 28.9 5420 
± 30 

6289–6185 

QH-2- 
12 
113 

Beta- 
572,853 

1592 Organic 
sediment 

− 27.9 5400 
± 30 

6287–6177 

QH-2- 
12 
173 

Beta- 
572,854 

1652 Organic 
sediment 

− 27.8 5710 
± 30 

6567–6410 

QH-2- 
14′

115 

Beta- 
571,270 

1728 Organic 
sediment 

− 28.2 5800 
± 30 

6670–6503 

QH-2- 
13 
124 

Beta- 
571,268 

1732 Organic 
sediment 

− 28.4 6080 
± 30 

7014–6853 

QH-2- 
13 
164 

Beta- 
571,269 

1772 Organic 
sediment 

− 28.4 6070 
± 30 

7007–6846 

QH-2- 
14′

175 

Beta- 
571,271 

1788 Organic 
sediment 

− 28.6 6030 
± 30 

6951–6789  
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Undated intervals were interpolated using the Bacon program under the 
R platform (Fig. 2) (Blaauw and Christen, 2011). 

4. Results 

4.1. Lithology and chronology 

The sediments of core QH2019 can be divided into four lithological 
units, from bottom to top: Unit I (18.05–15.00 m), grayish-brown mud; 
Unit II (15.00–6.50 m), alternating layers of grayish-brown and grayish- 
black mud; Unit III (6.50–3.56 m), reddish-brown mud partly interca-
lated with thin layers of grayish-brown mud with clear bedding; and 
Unit IV (3.56–0 m), reddish-brown mud (Fig. 2A, B, C). 

There is a good relationship between depth and calendar age ob-
tained from bulk organic sediments in the interval of 18.05–6.71 m, and 
the ages extrapolated to 5.72 m and 5.64 m depth are consistent with the 
ages based on plant residues and charcoal from these two depths 
(Fig. 2E). This indicates that there is no significant radiocarbon reservoir 
effect for ages based on bulk organic sediments. Considering that the 
magnetic susceptibility and the 14C ages of the organic sediments above 
6.71 m are clearly anomalous (Fig. 2D, E), we focus on the climatic and 
environmental changes between 18.05 m and 6.71 m. Based on the 
Bacon age-depth model, this depth interval spans ~6300 years from 
7000 to 615 cal yr B.P. (Fig. 2F). The sedimentation rate has the range of 
1.01–5.17 mm/yr and the average of 2.06 mm/yr. However, the sedi-
mentation rate (with the average of 10 mm/yr over the depth interval of 
6.71–0 m) is much higher than that over the interval of 18.05–6.71 m. 
This is possibly the result of anthropic activities in the drainage basin or 
other environmental perturbations. Natural disasters including earth-
quakes and landslides have occurred frequently in the Xichang area 
since the Ming and Qing Dynasties (Guo et al., 2014; Zhu, 2005). The 

forest cover was 80% during the Han Dynasty but substantial forest 
clearance occurred during the Ming and Qing Dynasties (Zhu, 2011). 
Deforestation would be expected to increase the rate of soil loss from the 
catchment and thus increase the sedimentation rate. 

4.2. Element variations 

The element profiles transformed by CLR for core QH2019 are shown 
in Fig. 3. The Ca profile shows a similar pattern to that of Sr; the profiles 
of Ti, Fe, Rb, K, Zr, and Si are similar; and the profile of Mn is different 
from that of the other elements. The PCA results show that the first two 
eigenvectors (PC1 and PC2) account for 86.2% of the total variance 
(Fig. 4 and Table 2). PC1 accounts for 70.1% of the total variance, and 
PC2 explains 16.2%. Ca and Sr have positive loadings on PC1 and Ti, Fe, 
Rb, Si, K, Zr have negative loadings. Mn has a high loading on PC2. 

Minerogenic sediment input from the catchment is mainly reflected 
by Ti, K, Fe, Si and Rb, while autochthonous sediments are characterized 
by Ca and Sr (Kasper et al., 2015; Koinig et al., 2003; Kylander et al., 
2011; Morellón et al., 2009). PC1 is characterized by the high positive 
loadings of Ca and Sr and high negative loadings for all the allochtho-
nous elements. Therefore, PC1 is interpreted as reflecting the relative 
proportions of autochthonous carbonate precipitation and minerogenic 
input from the catchment. Positive sample scores on PC1 are taken to 
indicate increased carbonate precipitation during evaporative concen-
tration of the lake water, accompanied by a lowering of the lake level 
(Marshall et al., 2011); whereas negative sample scores represent higher 
allochthonous clastic input caused by enhanced surface runoff resulting 
from increased precipitation (Kasper et al., 2012). Therefore, PC1 can be 
interpreted as an indicator of monsoon precipitation variations. 

Ti, Fe, and Rb have the largest negative loadings on PC1 and thus 
they can be used to trace terrigenous sediment fluxes, and in the context 

Fig. 2. (A) Core image, (B) sedimentary lithology, (C) lithologic units, (D) magnetic susceptibility profile for core QH2019, (E) Bacon age-depth model for the 
intervals of 18.05–0 m, and (F) 18.05–6.71 m. The grey dotted lines indicate the 95% confidence limits and the dashed red line shows the best fit ages based on the 
weighted mean age for each depth interval. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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of Lake Qionghai they can be regarded as proxies of rainfall and runoff 
(Arnaud et al., 2012; Haug et al., 2003; Haug et al., 2001). Ca and Sr 
have the largest positive loadings and are proxies of authigenic sediment 
production (Bajard et al., 2015). Therefore, the ratios of Ti/Ca, Fe/Ca, 
and Rb/Sr can be used to assess the material sources of the lake sedi-
ments and to distinguish the relative contribution of authigenic sedi-
ments and exogenous materials (Adegbie et al., 2003; Clift et al., 2014; 
Fernández et al., 2013; Stuut et al., 2014). High values of Ti/Ca, Fe/Ca, 
and Rb/Sr are generally associated with intensified clastic inputs, indi-
cating enhanced monsoon and increased precipitation, and vice versa. 

5. Discussion 

5.1. Centennial-scale monsoon variability linked to ENSO activity 

The sample scores on PC1 show a long-term increasing trend, and Ti/ 
Ca, Fe/Ca and Rb/Sr show a long-term decreasing trend (Fig. 5A, B, C, 
D), which indicate a decrease in rainfall during 7000–615 cal yr B.P. 
This pattern is consistent with other records from the ISM region 
(Fig. 5E-K) (e.g., Banerji et al., 2020; Berger and Loutre, 1991; Berkel-
hammer et al., 2012; Bird et al., 2014; Contreras-Rosales et al., 2014; 
Fleitmann et al., 2003; Gupta et al., 2003; Kathayat et al., 2016; Misra 
et al., 2019; Zhang et al., 2018). This indicates that the pattern of climate 
change at Lake Qionghai during this interval was dominated by the ISM, 
which was driven by the gradual decrease in summer insolation 
controlled by Earth orbital precession (Fig. 5L) (Fleitmann et al., 2003; 
Gupta et al., 2005; Wang et al., 2005). 

Centennial-scale rainfall variations in the ISM region are highlighted 
in the detrended QH2019 element records (Fig. 6). During 7000–615 cal 
yr B.P. several centennial-scale weak monsoon intervals are evident: 
during ~6230–5740, ~4620–4250, ~3820–3540, ~3210–2440, 

Fig. 3. Age profiles of representative elements for core QH2019.  

Fig. 4. PCA biplot of the variable loadings on PCA 1 and 2 for core QH2019.  

Table 2 
PCA results. (A) Eigenvalues for the 9 obtained components. The percentage of 
the variance explained by each axis is shown. (B) Factor loading for each vari-
able on PC1 and PC2.  

(A) Eigenvalue Cumulative explained variance 

Axis 1 0.7012 70.12 
Axis 2 0.1607 86.19    

(B) Resp.1 Resp.2 
Si − 0.4751 − 0.0823 
K − 0.4634 − 0.5295 
Ca 0.9943 0.0906 
Ti − 0.7023 − 0.3806 
Mn 0.2885 0.9493 
Fe − 0.6268 0.1086 
Rb − 0.5071 − 0.2417 
Sr 0.5967 − 0.1424 
Zr − 0.4261 − 0.2747  
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Fig. 5. Comparison of ISM records from core 
QH2019 from Lake Qionghai with selected pa-
leoclimatic records from the Asian monsoon 
region. A) Sample scores on PC1, B) Ti/Ca, C) 
Fe/Ca, and D) Rb/Sr (this study). The black 
dashed lines are linear fits which demonstrate 
the general trend. E) Pyrogenic carbon record 
from Lake Lugu (Zhang et al., 2018). F) PC1 
based on the grain size record from Paru Co 
(Bird et al., 2014). G) Percentages of Globiger-
ina bulloides from ODP Hole 723A in the 
Arabian Sea (Gupta et al., 2003). H) Hydrogen 
isotope record (δDalk− ic) from core SO188- 
342KL (Contreras-Rosales et al., 2014). I) Sta-
lagmite δ18O record from Bittoo Cave (Kathayat 
et al., 2016). J) Stalagmite δ18O record from 
Mawmluh Cave (Berkelhammer et al., 2012). 
K) Stalagmite δ18O record from Qunf Cave 
(Fleitmann et al., 2003). L) June–August aver-
aged insolation at 30◦N (Berger and Loutre, 
1991). Locations of all records ate shown in 
Fig. 1A.   
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2180–1320 and ~ 1000–615 cal yr B.P.. They are defined by PC1 values 
>0 and Fe/Ca, Ti/Ca and Rb/Sr values <0 (Fig. 6A, B, C, D). Most of 
these weak monsoon intervals are in phase with intervals of high ENSO 
activity (values >0), within the dating error (Fig. 6E). There is a sig-
nificant negative correlation between evolution of humidity conditions 
at Lake Qionghai and ENSO intensity, with correlation coefficients be-
tween PC1, Fe/Ca, Ti/Ca, Rb/Sr with ENSO of 0.393, − 0.292, − 0.299, 
and − 0.266 (p < 0.01, n = 6359), respectively. These negative corre-
lations suggest a teleconnection between ENSO-like patterns and dry-
ness at Lake Qionghai. This confirms the observation from historical 
records that El Niño years are generally associated with a summer 
monsoon rainfall deficit in India and southwest China (Kumar et al., 
1999; Ming et al., 2020; Ropelewski and Halpert, 1987). 

The Lake Qionghai records clearly demonstrate the occurrence of 
high-frequency variations in humidity on the centennial timescale. The 
results of power spectrum analysis reveal statistically significant (95% 
significance level) periodicities centered at ~200, ~350, ~500, and ~ 
800 years (Fig. 7A, B, C, D). These periodicities are consistent, within the 
age uncertainties, with the cycles of total solar irradiance (TSI) recon-
structed from records of 14C and 10Be preserved within tree rings and ice 
cores (Hanslmeier et al., 2013; Steinhilber et al., 2012; Wanner et al., 
2008). Moreover, similar periodicities have also been reported in other 
paleoclimatic records from the ISM region and beyond (Agnihotri et al., 
2002; Dykoski et al., 2005; Neff et al., 2001; Thamban et al., 2007; 

Warrier et al., 2017; Zhao et al., 2010). However, the phase relationship 
between ISM and solar activity remains unclear. Several studies have 
concluded that high ISM precipitation corresponds to periods of 
increased solar activity (Gupta et al., 2005; Kodera, 2004; Sun et al., 
2020; Xu et al., 2015), while other studies found the opposite relation-
ship (Cui et al., 2022; Gu et al., 2020; Li et al., 2021). A nonstationary 
phase relationship may be related to the nonlinear response of ISM 
precipitation variability to solar activity (Tiwari et al., 2015; Weng, 
2012), or it may be influenced by the dynamics of tropical ocean- 
atmosphere coupling phenomena (such as ENSO) (Berkelhammer 
et al., 2010; Conroy et al., 2008; Emile-Geay et al., 2007; Sun et al., 
2022; Tiwari et al., 2015). 

Spectral analysis of the modeled ENSO variance data reveal that it 
also exhibits significant centennial-scale cyclicity, centered at ~350-yr, 
~500-yr and ~ 800-yr (Fig. 7E). The occurrence of similar cyclicities in 
the record from Lake Qionghai suggests the possible influence of ENSO 
variability on the study area. To further assess the relationship between 
the ISM record from Lake Qionghai and ENSO activity, we compared the 
results of PC1 and ENSO variations after band-pass filtering at 350-yr, 
500-yr, and 800-yr (Fig. 8). The results indicate a highly significant 
positive relationship between PC1 and ENSO activity on the centennial 
timescale (the correlation coefficients are 0.526, 0.409 and 0.552, 
respectively); that is, there is a highly significant negative relationship 
between ISM humidity and ENSO activity. Wet/dry phases in the ISM 

Fig. 6. Comparisons of the detrended proxy re-
cords from core QH2019 with ENSO activity 
during the middle to late Holocene. A) Sample 
scores on PC1, B) Ti/Ca, C) Fe/Ca and D) Rb/Sr 
record from core QH2019 (this study), and their 
correlation coefficients with ENSO (p < 0.01, n 
= 6359); E) Simulated ENSO amplitude (stan-
dard deviation of Niño 3.4 interannual (1.5–7 
years) SST variability) in 100-year windows (Liu 
et al., 2014). Yellow bars denote dry conditions 
and weak monsoon intervals, corresponding to 
enhanced El Niño activity. Data were detrended 
using the detrend function in MATLAB. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   
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region correspond well to weak/strong ENSO phases. However, 
evidently there was a delayed response of the ISM to ENSO between 
3800 and 2500 cal yr B.P. in the 500-yr filter comparison, which may be 
due to the relatively weak influence of ENSO on the ISM at this peri-
odicity (Fig. 8B). In addition, considering the age error, the phase re-
lationships for the 350-yr cycle may require additional evidence for 

verification. 

5.2. Possible forcing mechanisms 

Numerous modern instrumental observations indicate that increased 
ENSO activity would increase both the average aridity and its variability 

Fig. 7. Spectral analysis results for multi-proxy indicators from Lake Qionghai and ENSO activity (Liu et al., 2014). A) PC1; B) Ti/Ca; C) Fe/Ca; D) Rb/Sr; E) ENSO 
activity. Periodicities which exceed the 80%, 90% and 95% confidence levels (blue, red and green lines, respectively) are labeled. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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in the ISM-influenced regions (Fig. 9) (Kumar et al., 2006; Shukla and 
Paolino, 1983; Torrence and Webster, 1999; Webster et al., 1998). ENSO 
originates from air-sea interactions among the sea surface temperature 
(SST), surface winds, and the thermocline within the tropical Pacific 
(Bjerknes, 1969; Jin et al., 2006; Zhang et al., 2015). The conventional 
interpretation of the ENSO-induced teleconnection response in the 
monsoon region is via large-scale east-west shifts in the tropical Walker 
circulation (Ropelewski and Halpert, 1987; Walker, 1918). During an El 
Niño event, the tropical convection and the associated rising limb of the 
Walker circulation normally located in the western Pacific shift towards 
the anomalously warm waters of the central and eastern Pacific (Cane, 
2005; Fischer et al., 2005). Consequently, an anomalous atmospheric 
subsidence extends from the western Pacific region to the Indian sub-
continent, which suppresses convection and precipitation over these 
regions (Ashok et al., 2004; Kumar et al., 1999; Wang et al., 2003). This 
coupled feedback of large-scale tropical ocean-atmosphere interactions 
in the equatorial Pacific region alters the rain belt and influences the ISM 
precipitation, and may control the occurrence of ENSO-related drought 
events in ISM region (Fig. 8). 

Current research on the relationship between ISM and ENSO during 
the Holocene mostly focuses on high-resolution narrow temporal win-
dows, or low-resolution wide temporal windows (Fig. 9). Stalagmite 
studies have shown that droughts occurred in southwest China under 
decadal El Niño-like conditions during the last 240 years, which is 
consistent with observational data and simulations (Tan et al., 2016). 
Based on phytolith and stalagmite studies over the past 1000 to 2000 

years, Gu et al. (2020) and Tan et al. (2019) concluded that the occur-
rence of droughts during the CWP and the MWP in southwest China and 
the central Indo-Pacific were associated with strong El Niño conditions 
in the tropical Pacific. Ming et al. (2020) observed a negative correlation 
between sub-millennial-scale monsoon moisture variations and warm 
ENSO events at Lake Ruogen Co in the eastern Tibetan Plateau over the 
past 6000 years. The significant sub-millennial-scale dry events 
observed in the record from Lake Chenghai in the southeastern margin 
of the Qinghai-Tibet Plateau were caused by the coupling of ENSO ac-
tivity and shifts in the intertropical convergence zone (Sun et al., 2017). 
Stalagmite δ18O records from Kotumsar Cave, Central India, demon-
strate that the ISM during the mid-Holocene (8.5–5.6 ka BP) was sen-
sitive to ENSO, and inversely correlated with it (Band et al., 2018). 
However, a study of peats deposits in the Himalayas over the past 
~8000 years suggested that the ENSO-dominated climate in the ISM 
region developed at ~5.5 ka BP when a reorganization of the tropical 
climate system ensued (Srivastava et al., 2017). Hillman et al. (2017) 
also suggested that the amplification of ENSO may be a potential factor 
for monsoon weakening since 5.0 ka BP. Other studies have indicated 
that the long-term influence of ENSO on the ISM began at only 2 cal ka 
BP (Prasad et al., 2014). For the first time our records provide evidence 
that the anticorrelation between ENSO and ISM on the centennial 
timescale occurred during the middle and late Holocene. Both previous 
studies and our record from Lake Qionghai (Fig. 9) indicate that ENSO 
modulated ISM intensity on multiple timescales during the Holocene. 
However, more climate records on different timescales from the ISM 

Fig. 8. Results of band-pass filtering of PC1 from Lake Qionghai (green curve) and ENSO activity (blue curve) (Liu et al., 2014). A) 350-yr band-pass filtering results; 
B) 500-yr band-pass filtering results; C) 800-yr band-pass filtering results. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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region are needed to improve our understanding of the influence of 
ENSO on the ISM, which could potentially improve the forecasting of 
future drought events in its region of influence. 

6. Conclusions 

We have used high-resolution XRF scanning of a sediment core from 
Lake Qionghai, on the southeastern Tibetan Plateau, we reconstruct 
changes in humidity in the ISM region from 7000 to 615 cal yr B.P. and 
to explore the links between the ISM and ENSO activity on the centen-
nial timescale. Our results indicate that the climate of the ISM region 
during the middle and late Holocene became increasingly arid, tracking 
the long-term decrease in Northern Hemisphere insolation. Centennial- 
scale drought events were associated with the increased intensity and 
frequency of ENSO activity. Spectral analysis and band-pass filtering 
analysis show that both the inferred ISM oscillations and ENSO vari-
ability were characterized by significant 350-yr, 500-yr, and 800-yr 
cycles and that they exhibit a highly significant inverse relationship. Our 
findings emphasize that monsoon rainfall in southwest China is domi-
nated by ENSO forcing on the centennial timescale. 
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Köhler, P., Kudsk, S., Miyake, F., Olsen, J., Reinig, F., Sakamoto, M., Sookdeo, A., 
Talamo, S., 2020. The IntCal20 Northern Hemisphere Radiocarbon Age Calibration 
Curve (0–55 cal kBP). Radiocarbon 62 (4), 725–757. https://doi.org/10.1017/ 
rdc.2020.41. 

Ropelewski, C.F., Halpert, M.S., 1987. Global and Regional Scale Precipitation patterns 
Associated with the El Ni??o/Southern Oscillation. Mon. Weather Rev. 115 (8), 
1606–1626. https://doi.org/10.1175/1520-0493(1987)1152.0.CO;2. 

Shukla, J., Paolino, D.A., 1983. The southern oscillation and long-range forecasting of 
the summer monsoon rainfall over India. Mon. Weather Rev. 111 (9), 1830–1837. 
https://doi.org/10.1175/1520-0493(1983)1112.0.CO;2. 

Srivastava, P., Agnihotri, R., Sharma, D., Meena, N., Sundriyal, Y.P., Saxena, A., 
Bhushan, R., Sawlani, R., Banerji, U.S., Sharma, C., Bisht, P., Rana, N., 
Jayangondaperumal, R., 2017. 8000-year monsoonal record from Himalaya 
revealing reinforcement of tropical and global climate systems since mid-Holocene. 
Sci. Rep. 7 (1), 14515. https://doi.org/10.1038/s41598-017-15143-9. 

Steinhilber, F., Abreu, J.A., Beer, J., Brunner, I., Christl, M., Fischer, H., Heikkila, U., 
Kubik, P.W., Mann, M., McCracken, K.G., Miller, H., Miyahara, H., Oerter, H., 
Wilhelms, F., 2012. 9,400 years of cosmic radiation and solar activity from ice cores 
and tree rings. Proc. Natl. Acad. Sci. U. S. A. 109 (16), 5967–5971. https://doi.org/ 
10.1073/pnas.1118965109. 

Stuut, J.-B.W., Temmesfeld, F., De Deckker, P., 2014. A 550 ka record of aeolian activity 
near North West Cape, Australia: inferences from grain-size distributions and bulk 
chemistry of SE Indian Ocean deep-sea sediments. Quat. Sci. Rev. 83, 83–94. https:// 
doi.org/10.1016/j.quascirev.2013.11.003. 

Sun, W., Zhang, E., Liu, E., Ji, M., Chen, R., Zhao, C., Shen, J., Li, Y., 2017. Oscillations in 
the indian summer monsoon during the Holocene inferred from a stable isotope 
record from pyrogenic carbon from Lake Chenghai, Southwest China. J. Asian Earth 
Sci. 134, 29–36. https://doi.org/10.1016/j.jseaes.2016.11.002. 

Sun, W., Liu, J., Wang, B., Chen, D., Wan, L., Wang, J., 2022. Holocene Multi-Centennial 
Variations of the Asian Summer Monsoon Triggered by Solar activity. Geophys. Res. 
Lett. 49 (13) https://doi.org/10.1029/2022gl098625. 

Sun, Z., Yuan, K., Hou, X., Ji, K., Li, C.-G., Wang, M., Hou, J., 2020. Centennial-scale 
interplay between the Indian Summer Monsoon and the Westerlies revealed from 
Ngamring Co, southern Tibetan Plateau. The Holocene 30 (8), 1163–1173. https:// 
doi.org/10.1177/0959683620913930. 

Tan, L., Cai, Y., An, Z., Cheng, H., Shen, C.-C., Gao, Y., Edwards, R.L., 2016. Decreasing 
monsoon precipitation in Southwest China during the last 240 years associated with 
the warming of tropical ocean. Clim. Dyn. 48 (5–6), 1769–1778. https://doi.org/ 
10.1007/s00382-016-3171-y. 

Tan, L., Shen, C.C., Lowemark, L., Chawchai, S., Edwards, R.L., Cai, Y., Breitenbach, S.F. 
M., Cheng, H., Chou, Y.C., Duerrast, H., Partin, J.W., Cai, W., Chabangborn, A., 
Gao, Y., Kwiecien, O., Wu, C.C., Shi, Z., Hsu, H.H., Wohlfarth, B., 2019. Rainfall 
variations in central Indo-Pacific over the past 2,700 y. Proc. Natl. Acad. Sci. 116 
(35), 17201–17206. https://doi.org/10.1073/pnas.1903167116. 

Tejavath, C.T., Ashok, K., Chakraborty, S., Ramesh, R., 2019. A PMIP3 narrative of 
modulation of ENSO teleconnections to the indian summer monsoon by background 
changes in the last Millennium. Clim. Dyn. 53 (5–6), 3445–3461. https://doi.org/ 
10.1007/s00382-019-04718-z. 

ter Braak, C.J.F., Smilauer, P., 2012. Canoco reference manual and user’s guide: software 
for ordination, version 5.0. 

Thamban, M., Kawahata, H., Rao, V.P., 2007. Indian summer monsoon variability during 
the holocene as recorded in sediments of the Arabian Sea: timing and implications. 
J. Oceanogr. 63 (6), 1009–1020. https://doi.org/10.1007/s10872-007-0084-8. 

Tiwari, M., Nagoji, S.S., Ganeshram, R.S., 2015. Multi-centennial scale SST and indian 
summer monsoon precipitation variability since the mid-Holocene and its nonlinear 
response to solar activity. The Holocene 25 (9), 1415–1424. https://doi.org/ 
10.1177/0959683615585840. 

Torrence, C., Webster, P.J., 1999. Interdecadal changes in the ENSO–monsoon system. 
J. Clim. 12 (8), 2679–2690. https://doi.org/10.1175/1520-0442(1999)0122.0.CO; 
2. 

Walker, G.T., 1918. Correlation in seasonal variations of weather. Q. J. R. Meteorol. Soc. 
44, 223–234. 

Wang, B., Clemens, S.C., Liu, P., 2003. Contrasting the indian and East asian monsoons: 
implications on geologic timescales. Mar. Geol. 201 (1–3), 5–21. https://doi.org/ 
10.1016/s0025-3227(03)00196-8. 

Wang, B., Yang, J., Zhou, T., Wang, B., 2008. Interdecadal changes in the Major Modes of 
Asian-Australian Monsoon Variability: Strengthening Relationship with ENSO since 
the late 1970s*. J. Clim. 21 (8), 1771–1789. https://doi.org/10.1175/ 
2007jcli1981.1. 

Wang, Y.J., Cheng, H., Edwards, R.L., He, Y.Q., Kong, X.G., An, Z.S., Wu, J., Kelly, M.J., 
Dykoski, C.A., Li, X., 2005. The Holocene Asian Monsoon: Links to Solar changes and 
North Atlantic climate. Science 308 (5723), 854–857. https://doi.org/10.1126/ 
science.1106296. 

Wanner, H., Beer, J., Bütikofer, J., Crowley, T.J., Cubasch, U., Flückiger, J., Goosse, H., 
Grosjean, M., Joos, F., Kaplan, J.O., Küttel, M., Müller, S.A., Prentice, I.C., 
Solomina, O., Stocker, T.F., Tarasov, P., Wagner, M., Widmann, M., 2008. Mid- to 
late Holocene climate change: an overview. Quat. Sci. Rev. 27 (19–20), 1791–1828. 
https://doi.org/10.1016/j.quascirev.2008.06.013. 

Warrier, A.K., Sandeep, K., Shankar, R., 2017. Climatic periodicities recorded in lake 
sediment magnetic susceptibility data: further evidence for solar forcing on indian 
summer monsoon. Geosci. Front. 8, 1349–1355. https://doi.org/10.1016/j. 
gsf.2017.01.004. 

Webster, P.J., Magaña, V.O., Palmer, T.N., Shukla, J., Tomas, R.A., Yanai, M., 
Yasunari, T., 1998. Monsoons: Processes, predictability, and the prospects for 
prediction. J. Geophys. Res. Oceans 103 (C7), 14451–14510. https://doi.org/ 
10.1029/97jc02719. 

Weltje, G.J., Bloemsma, M.R., Tjallingii, R., Heslop, D., Röhl, U., Croudace, I.W., 2015. 
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