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Both external forcing and internal climate variability are playing significant roles in driving the East Asian
summer monsoon (EASM) changes. However, dynamic linkages between these natural forcings and
EASM on decadal timescales remain uncertain, partly due to the limited instrumental climate data. Here,
we present a high-resolution EASM record over the past 200 years based on 2315 3'80 measurements
from two annually laminated stalagmites (YX92 and YX120) in Yongxing Cave over the middle Yangtze
River Valley (mid-YRV). Our records match well with the 3'30 records from the nearby Heshang Cave,
showing that EASM intensity in the mid-YRV varies at a dominant periodicity of ~80 years. The
multidecadal-scale oscillations in the EASM intensity are closely related to the ENSO-like states, sup-
porting a notion that the ENSO dominantly modulates the EASM variability. Furthermore, the decadal
oscillations in EASM and ENSO are synchronous with tropical volcanic eruptions during the solar
minima, probably leading to the enhanced El Nino-like response, intensified EASM and strengthened
ENSO-EASM coupling. Our findings imply that external forcings potentially contribute to the anomalies
in ENSO and EASM during the ongoing global warming.

Decadal timescale

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

The East Asian summer monsoon (EASM) is of critical impor-
tance for transporting moisture from the marine source to the
interior of the East Asian continent. Any perturbations of the
normal advance or retreat of the monsoon rain belt could lead to
either deficient or excessive rainfall in summer, which could
adversely affect the regional social-economic development and the
well-being of the inhabitants (Ding and Chan, 2005; Zhang et al.,
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2008; Chen et al., 2020). Due to a great deal of uncertainty for
the characteristics and causes of decadal EASM variability, however,
predicting its expression remains difficult.

Observational data and model studies indicate that not only
external solar and volcanic forcing (Zhang et al., 2008; Man et al.,
2014; Chen et al., 2020), but also internal climate variability (Ding
et al., 2018, 2020; Zhang et al., 2021), contribute substantially to
the EASM and associated rainfall changes in the monsoon region of
China. For example, the weakening in EASM was associated with
low solar irradiance (Zhang et al., 2008) and high atmospheric
aerosol concentrations as a result of volcanic eruptions (Man et al.,
2014; Chen et al.,, 2020), and vice versa. Moreover, the volcanic
eruptions during the solar activity minima had a significant impact
on the precipitation distributions, caused by a widening of the
Hadley Cell and a shift in the Intertropical Convergence Zone (ITCZ)
(Anet et al., 2014). Due to minor changes (0.1—0.26%) in solar irra-
diance, the internal climate variability, such as the El Nino-
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Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO) and/
or Atlantic multidecadal oscillation (AMO), potentially provides an
additional mechanism for amplifying solar signals and transmitting
them globally (Clement et al., 1996; Emile-Geay et al., 2007).
Meanwhile, these internal multidecadal to interannual oscillations
in climate might have been driven by volcanic forcing (Bronnimann
et al., 2019; Mann et al., 2021). A recent study revealed that large
volcanic eruptions could promote a significantly enhanced phase-
synchronization of the ENSO and Indian monsoon oscillations
(Singh et al., 2020). In the EASM domain, ENSO, PDO and/or AMO
have been suggested to modulate the hydroclimate variability and
spatial distribution of rainfall by altering the position and strength
of the Western Pacific Subtropical High (WPSH) and the westerly
jet (Chiang et al., 2015; Ding et al., 2018, 2020; Zhang et al., 2021).
However, the dynamic process of EASM's response to external and
internal forcings is still puzzling.

Relationship between ENSO and EASM is central to summer
rainfall predictions over the Yangtze River Valley (YRV). Meteoro-
logical observations indicate that changes in tropical ocean-
atmosphere system play a key role in affecting summer monsoon
rainfall in the YRV (defined as Meiyu) on interannual and intra-
seasonal timescales (Ding and Chan, 2005; Ding et al., 2020). Pa-
leoclimatic records also reveal that changes in solar activity and
tropical Pacific sea surface temperature (SST) have substantial in-
fluence on centennial-scale Meiyu variations during the late Ho-
locene (Jiang et al., 2006; Zhang et al., 2021), possibly through the
“ocean dynamical thermostat” hypothesis (Clement et al., 1996).
However, causes of multidecadal- to decadal-scale changes in
EASM rainfall over the YRV remain unclear, partly due to the limited
length of the instrumental data and/or the scarcity of high-quality
hydroclimate reconstructions. Here, we present a seasonally
resolved 5'80 record from two annually laminated stalagmites in
Yongxing Cave over the middle YRV (mid-YRV), to reconstruct the
history of the EASM from 1784 to 1958 AD. Synthesized with other
layer-counting chronology and high-resolution stalagmite records
in the mid-YRV, this study aims to explore the relevant influence of
internal and external forcing on EASM variations on decadal
timescales.

2. 2 Site, materials and methods

Yongxing Cave (31°35'N, 111°14’E, 800 m) is located on the east
slope of Mt. Shennongjia, central China, ~150 km north of Heshang
Cave (30°27'N, 110°25’E, 294 m; Hu et al., 2008a, Fig. 1a). The two
cave sites are situated in the mid-YRV, which is strongly influenced
by the EASM. Based on the 30-yr (1971—2000) NCEP datasets and
740 surface station data in China, EASM rainfall in the mid-YRV is
dominated by the Meiyu (11th-15th June to 11th-15th July), which
accounts for half of the summer rainfall (Ding and Chan, 2005; Ding
et al., 2020). The large interannual variability of both the duration
and the total rainfall amount of Meiyu often results in droughts or
floods in the YRV, seriously affecting socioeconomic development.
Based on 30-year (1981—2010) meteorological data from a nearby
meteorological station (Baokang City, 31°52’N, 111°15’E; http://
data.cma.cn), the average annual rainfall is about 930 mm, 70% of
which occurs during the rainy season (May to September). Cave
monitoring results from June 2013 to September 2016 (Wang et al.,
2018) show that the average temperature inside the cave is around
14.3 °C, slightly lower than the annual temperature outside the
cave (~15.2 °C). Relative humidity inside the cave maintains ~100%
all year round. The cave is developed in Silurian limestone and the
thickness of the overlying host rock is ~50 m. The overlying vege-
tation is predominantly woody perennial plant and shrub grass.

Two stalagmites (No. YX92 and YX120) were collected in a large
chamber about 100 m from the cave entrance. Samples YX92 and
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YX120 are 160 mm and 105 mm in length, respectively, with a
‘candlestick’ shape. When halved along the growth axes and pol-
ished, regular laminations can be clearly observed in the two
samples, showing alternations of white-porous calcite (opaque)
and dark-compact calcite (transparent) (Fig. 2a and Fig. S1). These
white-dark paired laminae, with a thickness about 0.4—0.6 mm,
resemble the annual laminations described by Johnson et al. (2006)
and Tan et al. (2006). Cave monitoring work demonstrates that both
dripping rate (faster in summer and slower in winter) and car-
bonate deposition amount (more in summer and less in winter)
have a strong seasonality (Wang et al., 2018). Seasonal changes in
climate and environment at our study site also favor the formation
of the white (thick)-dark (thin) paired annual layers (Tan et al.,
2006). For laminae analyses, the polished cross-sections of the
two stalagmites were scanned using an EPSON4990 flatbed scanner
with a 2000 dpi optical resolution. The digital images were cropped
following the standard of one image per 30 mm. Visible laminae
were marked and counted using Adobe Photoshop software and
then lamina thickness was measured using Grapher12 software.

A total of nine powdered subsamples for 23°Th dating were
drilled along the growth axis of YX92 (5 subsamples) and YX120 (4
subsamples) with a carbide dental drill. The procedures for chem-
ical separation and purification of the uranium and thorium con-
tent are similar to those described in Edwards et al. (1987). 23°Th
dating was performed at the Isotope Laboratory of Geology and
Geophysics Department, Minnesota University, and the Institute of
Global Environmental Change, Xi'an Jiaotong University. The U/Th
isotopic solutions were analyzed on a Multi-Collector Inductively
Coupled Plasma Mass Spectrometry (MC-ICP-MS, Neptune plus).
The reported age errors are two standard deviations (2c) (Table S1).

For stable isotope analyses, 2315 subsamples (1339 for YX92 and
976 for YX120) were collected along growing axes by knife shaving
at ~0.1 mm spatial resolution, yielding 6—12 samples per lamina.
The isotope measurements were conducted with a Finnigan-MAT
253 mass spectrometer coupled with a Kiel Carbonate Device in
the Isotope Laboratory of Nanjing Normal University, China. All
results were reported in parts per mil (%o) relative to the Vienna Pee
Dee Belemnite (VPDB). Replicate analyses of an international
standard (NBS19) indicated long-term reproducibility, with the
precision better than 0.06%o for 380 and 0.05%. for 5'3C at the 1c
level.

3. Results
3.1. Chronology

Here, the age models of YX92 and YX120 are primarily based on
annual layer counting. Based on multiple counts by different peo-
ple, a total of 172 + 12 and 157 + 3 annual layers were counted in
YX92 and YX120, respectively. Counting errors largely come from
the porous sections, such as the section between the depth range of
43 mm and 109 mm in YX92 contributing to counting uncertainties
of ~8 years. Because layer-counting produces a floating timescale,
the chronology of the two samples must be further constrained.

The stalagmite laminae chronology was usually obtained by
anchoring the floating layer-counting timescale to 23°Th dates and
its uncertainty was estimated by both layer-counting uncertainties
and 23°Th dating errors. In this study, nine 23°Th dating results
(Fig. 2b and Table S1) show large dating errors (1178 yr) for the
stalagmites YX92 and YX120, due to low uranium concentrations
(238—455 ppb) and high initial thorium contents (108—1374 ppt).
These 23°Th dates are not in stratigraphic order (Table S1). In
addition, correction for the effect of 23°Th incorporated at the time
of deposition is important, especially for young stalagmites
(Richards and Dorale, 2003; Hellstrom, 2006). Any initial 2*°Th is
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Fig. 1. Modern climatology and study sites mentioned in the text. (a) JJA (Jun-Jul-Aug) precipitation anomalies relative to the interval 1981—2010 AD during the 1982/1983, 1986/
1987, 1992/1993, 1997/1998, 2006/2007, and 2015/2016 El Nino years (research data is available at: https://psl.noaa.gov/cgi-bin/data/getpage.pl); red stars indicate the cave sites
(YX: Yongxing Cave; HS: Heshang Cave) and black dot shows the nearby meteorological station (Wuhan City). (b) the Wuhan meteorological data during the period of 1986—1998
AD; the data of rainfall, precipitation isotope and temperature were collected from the Global Network of Isotopes in Precipitation (GNIP) at http://www-naweb.iaea.org/napc/ih/
IHS_resources_gnip.html. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

always accompanied by a much larger amount of 232Th. Therefore,
232Th was routinely monitored during analysis, and samples con-
taining less than an acceptable threshold of 23°Th relative to 232Th
were objectively identified and rejected. In this study, the high
232Th contents with the significant initial 2>°Th contaminations
lead to the large corrections for the 23°Th ages and excessively low
230Th232Th atomic ratios (14 x 10~%to 95 x 10~%) indicate that the
correction for the initial 23°Th is uncertain (Table S1; Richards and
Dorale, 2003; Hellstrom, 2006). It can be also observed that the
sub-samples collected at the top (YX92-26 mm and YX120-4 mm)
with high 232Th concentrations have older 23°Th ages than the sub-
samples at the bottom (YX92-111 mm and YX120-80 mm) with
relatively lower 232Th concentrations (Table S1), suggesting that a
greater correction for initial 2>°Th was required. As shown in Fig. 52,
no matter which dating point is selected as the anchor point, the
laminae chronology cannot be consistent with the other 23°Th
dates, which is largely caused by the initial 22°Th uncertainties. Due
to the large uncertainties of 23°Th dates, it is challenging to anchor
the floating layer-counting chronology via 23°Th dates. Although
the dating uncertainties are large, the 23°Th dates still indicate that
the two young samples grew during about the last 200 years.
Based on independent layer-counting chronology, the two sta-
lagmite 3'80 records (YX92 and YX120) show a good replication
and stable growth rates, characterized by a coherence in timing,

duration and amplitude of the decadal- to multidecadal-scale os-
cillations (Fig. 3 and Fig. S4). This indicates that the layer-counting
results of two stalagmites are reliable to establish the laminae
chronology of the 3'80 profiles. Therefore, we applied a method to
anchor the floating timescale by comparing the 880 signals in
YX92 and YX120 (Fig. 3a and b) with the stalagmite HS-4 330 re-
cord from the nearby Heshang Cave (Hu et al., 2008a, Fig. 3c). This
method is analogous to tree-ring-based stable oxygen isotope
chronology by dendrochronological cross-dating (Yang et al., 2021).
The reasons for choosing HS-4 record are fourfold: (a) Stalagmite
HS-4 was actively growing when collected in 2001 (Hu et al,,
2008a). Its annual layers are clear and verified by annual trace
element and stable isotope cycles (Johnson et al., 2006). (b) The
layer-counting chronology in HS-4 throughout the Holocene is
essentially consistent with the U/Th chronology (Hu et al., 2008a).
Based on the annual-layer-counted chronology, HS-4 record reveals
a period of drying lasting 150 years (the 8200-year event) that
occurred almost simultaneously with the cooling recorded by the
Greenland ice cores (Liu et al., 2013). (c) The HS-4 §'80 record bears
a high similarity to another annually laminated stalagmite record
(HS-6) from the same cave (Fig. 3c; Hu et al., 2008a). For the last 150
years, the age precision is better than 3 years (Hu et al., 2008a; He
et al., 2009). (d) Heshang Cave has been extensively monitored so
that the nature of the geochemical response to changing conditions



J. Zhu, K. Zhao, Y. Wang et al.

(a) /""’\‘\ (b)

YX120

Quaternary Science Reviews 293 (2022) 107720

160 100
— YXI120
- 80
- 60 E
<
80 | 4 B
g
—40 E
- |
a
40 |-
- 20
———
0 t ! 0
1700 1780 1860 1940 2020
Age (AD)

Fig. 2. Stalagmite profiles and age models of the stalagmite YX92 and YX120. (a) Polished profiles for stalagmite YX92 and YX120; (b) The age models of YX92 and YX120. The
floating layer-counting timescale was constrained by comparing the 5'80 signals in YX92 and YX120 with the HS-4 3'80 record from nearby Heshang Cave (Hu et al., 2008a). The
dots and horizontal errors bars represent the 2°°Th dates and dating errors (within 2c errors) of stalagmites YX92 (orange) and YX120 (green), respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

is well understood (Hu et al., 2008b; Duan et al., 2016). Due to a
strong similarity between 3'30 records from Yongxing Cave (YX92
and YX120) and Heshang Cave (HS-4 and HS-6), the two YX records
are anchored to the HS-4 record via anchor-point matching (Fig. 3).
Two breakpoints at 1939 AD (red dot in Fig. 3¢) and 1900AD (black
dot in Fig. 3c) were identified in HS-4 record by using the BREAKFIT
algorithm (Mudelsee, 2009). Similarly, two breakpoints (using the
BREAKEFIT algorithm) were identified in YX92 (1939 and 1897 AD)
and YX120 (1939 and 1896 AD) records, respectively. Here, the
floating timescales of the two YX records were anchored to the
datum of 1939 AD (red dots in Fig. 3). Another breakpoint (1897 AD
in YX92 and 1896 in YX120) in the two YX records matches well
with the breakpoint at 1900 AD in HS-4 record within the counting
errors, indicating that layer-counting chronologies in YX92 and
YX120 records are reliable. Therefore, we determine the layer-
counting timescale from 1787 to 1958 AD as the best estimate for
YX92 chronology and from 1784 to 1941 AD for YX120 chronology
(Figs. 2b and 3), with a cumulative counting error of +12 and + 3
years, respectively.

3.2. The 6'%0 and 6"C sequence

The 5'80 and 3'C records of YX92 and YX120, with a high
temporal resolution of ~1—3 months, are shown in Fig. 3, Fig. S3 and
Table S2. The 8'80 values in YX92 and YX120 vary from —9.57%o
to —7.13%o (—8.60%o on average) and —9.62%o to —7.86%o (—8.77%o
on average), respectively. The 813C values in YX92 and YX120 vary
from —12.12%0 to —9.3%0 (—10.93%0 on average) and —12.7%o
to —9.08%o (—10.73%0 on average), respectively. Due to the uneven
spacing of these 3'80 and 8!3C time series, we first resampled to
adjust the time series to the lowest temporal resolution (0.25-yr)
and then further to 1-yr resolution to perform the correlation and
wavelet analyses. The two 3'80 records show a high similarity, with
a correlation coefficient r = 0.44 (n = 609, P < 0.01; Mudelsee,
2003). Multidecadal oscillations are evident, characterized by two

negative excursions with an amplitude larger than ~1%o and a rapid
transition less than 10 years (Fig. 3). Wavelet analyses of the two
records show a dominant periodicity of ~80 years (Fig. S4a and 4b).
The cross-wavelet analysis further confirms a coherent ~80-year
cycle (Fig. S4c). Therefore, the timing, duration and amplitude of
the multidecadal oscillations in the YX92 and YX120 5'80 records
are consistent. Due to a high similarity between YX120 and HS-4
3180 records (r = 0.64, n = 142, P < 0.01; Fig. 4a; Mudelsee,
2003) and small layer-counting errors of the two records (+3
years), we provide a composite Yongxing-Heshang (YX-HS) record
covering the last 219 years (1784—2002 AD) by splicing the YX120
with HS-4 record (Fig. 4b). Systematically, the 3'30 values of YX120
are more negative than the HS-4 by ~0.4%o (Fig. 4a), probably
caused by the different elevation levels between Yongxing Cave and
Heshang Cave. Therefore, the YX-HS 3'®0 record, with the largest
age uncertainty of +6 years, is composed of the YX120 record from
1784 to 1941 AD and the HS-4 record from 1942 to 2002 AD with a
shift of 0.4%. in 5'30 values (Fig. 4b).

Equilibrium calcite precipitation is important to interpret calcite
3180 in terms of climate. The Hendy Test (Hendy, 1971) was per-
formed on six individual growth laminae of samples YX92 and
YX120 (Fig. S5). The results show that standard deviations of
isotope values along the same layer are less than 0.12 for YX92 310
(Fig. S5a), 0.16 for YX120 3'30 and 0.37 for YX120 3'3C (Fig. S5b),
suggesting that the calcite deposited close to equilibrium. Repli-
cation is another rigorous test for isotopic equilibrium (Dorale and
Liu, 2009). As shown in Fig. 3, four annually laminated 3'®0 records
from Yongxing Cave (YX92 and YX120) and Heshang Cave (HS-4
and HS-6) show good replications. The Pearson correlation coeffi-
cient between the YX120 and HS-4 880 records reaches ~0.64
during their contemporaneous growth periods (from 1800 to 1941
AD). These observations suggest that stalagmite 880 signals from
both Yongxing and Heshang caves are little affected by kinetic
fractionation and can be interpreted in terms of climate (Dorale and
Liu, 2009). However, the structure of multidecadal oscillations in
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Fig. 3. The 3'®0 records from the Yongxing Cave and Heshang Cave. (a) YX92 3'80 record (orange); (b) YX120 3'80 record (green); (c) HS-4 (black, Hu et al., 2008a) and HS-6 (gray,
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both YX and HS records shows slight differences, probably due to
varying degrees of smoothing of the isotopic signals and different
noise levels caused by a wide range of hydrological processes (e.g.
drip rates, flow paths, residence time of seepage water; Duan et al.,
2016; Wang et al., 2018).

4. Discussion

4.1. Interpretation of speleothem oxygen isotope and carbon isotope
records

Although the climatic significance of Chinese stalagmite §'0
records is still debated, recent literatures suggested that two
mechanisms affect 880: changes in the fraction of summer rainfall
amount in annual totals and changes in the amount of rainout
between tropical sources and cave sites (Wang et al., 2001; Yuan
et al., 2004; Cheng et al., 2016). The former is caused by changes
in the seasonal migration of the sub-tropical jet and likely has a
smaller effect on cave 3'80 than the latter (Chiang et al.,, 2015;
Orland et al., 2015). The latter involves changes in rainout from both
the Pacific and the Indian Ocean sources (Yuan et al., 2004; Wang
et al, 2020; Liang et al, 2020). For both, lower 3'80 implies
higher spatially integrated monsoon rainfall between the tropical
monsoon sources and the cave site and/or higher summer monsoon
rainfall in the EASM region (Cheng et al., 2016; Liang et al., 2020).
Thus, in this study, we use the terms ‘strong monsoon’ and ‘weak
monsoon’ to refer to low and high cave 8'0, respectively, consis-
tent with previous studies (Cheng et al., 2016; Zhang et al., 2018;
Liang et al., 2020). In addition, the YX-HS 80 record bears a
resemblance to the EASM index derived from instrumental sea
level pressure data (r = —0.48, n = 128, P < 0.01, from 1873 to 2000
AD; Fig. 4b; Guo et al,, 2004), supporting that lighter 880 values
correspond to stronger EASM intensity, and vice versa.

According to modern meteorological studies, EASM rainfall over
the mid-YRV is characterized by the Meiyu, involving its onset and
duration (Ding and Chan, 2005; Chiang et al., 2015). As shown in
Fig. 1b, local precipitation increases and precipitation 3'%0 de-
creases in June as the Meiyu initiates and EASM intensifies. In term
of long-term variation, instrumental data shows that Meiyu rainfall
undergoes a decreasing trend since the late 1970s (Ding et al.,
2020), synchronous with an increasing 3'80 values in both HS-4
and HS-6 (Fig. 3¢, Hu et al., 2008a). Furthermore, Li et al. (2018)
provided a near-annual resolution stalagmite (HS-6) record of Ca
isotope compositions (844/42Ca), as a sensitive regional hydro-
climate proxy, over the last 120 years from Heshang Cave. The 3%/
42Ca record correlates positively with the 880 record (r = 0.36), but
negatively with the instrumental summer rainfall data (r = —0.71,
10-year running mean). The 3*¥42Ca, 3'3C, Mg/Ca, Sr/Ca and Ba/Ca
records in HS-4, varying in concert and in a consistent manner with
regional rainfall changes, also match well with the 50 record
across the 8.2 kyr event (Liu et al.,, 2013; Owen et al., 2016). These
observations likely suggest a regional hydrological signal in sta-
lagmite 8'80 records over the mid-YRV.

The stalagmite 3'3C has complicated factors from external
conditions (e.g. variations in soil CO, and vegetation) and during its
deposition (e.g. changes in CO, degassing, the drip rate of water,
prior calcite precipitation (PCP)), and it can provide important in-
formation on climatic and environmental changes (McDermott,
2004; Fairchild et al., 2006). At the site of Yongxing Cave, where
the modern vegetation is composed mainly of C3 plants, the in-
fluence of vegetation on stalagmite 8'3C probably reflects changes
in the density of vegetative cover and the biomass (Baldini et al.,
2005; Fohlmeister et al., 2020). During dry conditions, reduced
vegetation growth and biological activity can lead to reduced soil
CO, production and high speleothem §'3C values. Dry conditions
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may also enhance PCP and lead to a longer residence time of
seepage water, and greater removal of '2CO, during the degassing
process, resulting in higher 3'3C values (McDermott, 2004;
Fairchild et al., 2006; Griffiths et al., 2016). Moreover, slower drip
rates are likely to allow greater CO, degassing either at the cave
ceiling or at the speleothem surface, leading to heavier 3'3C values
(Johnson et al., 2006; Cosford et al., 2009). In general, these factors
are all susceptible to hydrological changes and fluctuate in the same
sense. Furthermore, the YX120 3'C record is similar to the flood/
drought index over the YRV (Jiang et al., 2006) on multidecadal to
decadal timescales, with negative 3'>C values largely corresponding
to wet conditions (Fig. S6), and vice versa. Although the YX120 5'3C
record displays more high-frequency oscillations than the §'®0
record, the two records show a broad similarity, with a correlation
coefficient of 0.25 (n = 976, P < 0.01). The results of polynomial
fitting (Fig. 4c) and cross-wavelet analysis (Fig. S7) confirm a sig-
nificant coherency within the ~80-year band. The covarying 5'3C
and 580 values in YX120 record indicate that stalagmite 520 may
also reflect regional hydroclimate changes on multidecadal to
decadal timescales. Therefore, we interpret that changes in sta-
lagmite 8'80 records in the mid-YRV can primarily reflect variations
in EASM intensity and associated Meiyu rainfall, with negative 3'%0
values related to strong EASM and lengthening of the Meiyu rain-
fall, and vice versa.

4.2. ENSO and EASM teleconnection on multidecadal timescales

The ENSO is a coupled tropical Pacific Ocean-atmosphere phe-
nomenon that is the most dominant global source of interannual
climate variability. Previously, both meteorological data and pa-
leoclimatic records indicate that ENSO exerts substantial influence
on the EASM strength and/or Meiyu rainfall over the mid-YRV on
various timescales (Ding and Chan, 2005; Zhang et al., 2021). A
composite stalagmite record from three caves over the mid-YRV
indicates that centennial-scale hydroclimate variations are prob-
ably modulated by ENSO, with increased Meiyu rainfall corre-
sponding to El Nino-like conditions (Zhang et al., 2021). A high-
resolution precipitation reconstruction based on pollen records
from the mid-YRV also confirms that intensified EASM associated
with El Nino-like conditions leads to long Meiyu season and
increased precipitation along the mid-YRV (Cui et al., 2018). How-
ever, meteorological studies show a weakening of the EASM in-
tensity and a decrease of Meiyu rainfall since the late 1970s (Guo
et al., 2004; Tan, 2014; Ding et al., 2020), probably related to an
anomalous warming in Nino3.4 SST (Li et al., 2013, Fig. 5a). In this
study, we try to reconcile the differences in the ENSO-EASM rela-
tionship between modern and historical observations.

To assess the historical ENSO-EASM teleconnection, we
compared the composite YX-HS 8'0 record with a unified ENSO
proxy (UEP) extracted by Principal Component Analysis of 10
commonly used ENSO proxies (Fig. 5b; McGregor et al., 2010). Due
to the different temporal resolution between the YX-HS record
(0.2 yr on average) and UEP index (1 yr), we first resampled the YX-
HS record to produce a uniform 1-year spacing and then applied the
correlation coefficient and wavelet analyses on them. After
applying an 11-year running mean, the YX-HS record shows a
similarity (r = —0.30, n = 177, P < 0.01) with the UEP on decadal
timescales during the interval from 1784—1970 AD (Fig. 5b and
Fig. S8). To evaluate the significance of the correlation of the YX-HS
record with UEP index, we generated 1000 Fourier based surrogate
signals sharing statistical characteristics of the YX-HS original data
using the Monte-Carlo approach (Theiler et al., 1992), and then
calculated correlation between each pair of surrogates and UEP
index. As a result, the correlation between the YX-HS and UEP index
is statistically significant above the 0.01 level. The multidecadal
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Fig. 5. Comparison of the EASM record with ENSO reconstructions, PDO index and AMO index. The YX-HS 3'80 record is in green. (a) Nino3.4 SST anomalies (dark red, 11-year
running mean) relative to the mean of observed SSTs during 1971-2000 AD (Li et al., 2013); (b) UEP index (purple, 11-year running mean), revealed by Principal Component
Analysis of 10 commonly used ENSO proxies (McGregor et al.,, 2010); (c) PDO index based on hydrologically sensitive Pinus flexilis tree-ring chronologies (orange, MacDonald and
Case, 2005); (d) AMO index based on 46 annually resolved terrestrial proxy records (blue, Wang et al., 2017). (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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oscillations in the two records are comparable. Wavelet and power
spectral analyses of both proxies show a dominant periodicity of
~80 years (Fig. 6a and b; Fig. S9). The cross-wavelet analysis be-
tween the YX-HS record and UEP index confirms a close correlation

coherently at ~80 yr cyclicity (Fig. 6¢). We also compared the YX-HS
record with an ENSO reconstruction based on 2222 tree-ring
chronologies from both the tropics and mid-latitudes in both
hemispheres (Fig. 5a; Li et al., 2013), which was attested by high
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correlations with equatorial Pacific corals (Cobb et al., 2003). The
decadal-scale changes in EASM are closely linked to those in the
Nino3.4 SST anomalies (Fig. 5a). The Pearson correlation coefficient
between YX-HS record and ENSO reconstruction during 1784—1970
AD is —0.40 (n = 177, significant above the 0.01 level using the
Monte-Carlo approach, 11-year running mean of both records).
These results support the idea that multidecadal changes in the
EASM are strongly related to ENSO-like states, with intensified
EASM and lengthened Meiyu duration corresponding to El Nino-
like conditions.

The PDO, as a long-lived ENSO-like pattern of Pacific climate
variability, is strongly related to ENSO changes on decadal time-
scales, with warm PDO phases corresponding to El Nino-like states.
The multidecadal changes in our new EASM record are thus likely
related to the shifts in PDO conditions. The multidecadal variability
in the UEP is consistent with the 20th century variability of the
PDO, as well as previously defined reconstructions of the PDO
(McGregor et al., 2010). The close relationship between our YX-HS
record and UEP suggests that the PDO probably exerts a decadal
modulation effect on EASM and Meiyu duration in the mid-YRV
(Fig. 5b). The YX-HS record was further compared with a PDO in-
dex based on hydrologically sensitive Pinus flexilis tree-ring chro-
nologies from California and Alberta (MacDonald and Case, 2005,
Fig. 5¢). The Pearson correlation coefficient between YX-HS record
and PDO index during 1784—1970 AD is —0.60 (n = 177, significant
above the 0.01 level using the Monte-Carlo approach, 11-year
running mean of both records). This high similarity reveals that
enhanced EASM and lengthened Meiyu duration are largely related
to the warm PDO phases and El Nino-like states, and vice versa, in
consistent with the modeling results (Zhu et al., 2016; Liu et al.,
2022). In addition, meteorological observations indicate that the
AMO plays an important role in modulating the ENSO-EASM rela-
tionship, probably through the circum-global stationary baroclinic
wave train (Si and Ding, 2016) and/or the westerly jets (Chiang
et al., 2015). Comparison of the YX-HS record and the AMO index
(Fig. 5d, Wang et al.,, 2017) shows a good correlation during
1784—1970 AD, with a correlation coefficient of 0.39 (n = 177,
significant above the 0.01 level using the Monte-Carlo approach, 11-
year running mean of both records). This result indicates an
enhanced (weakened) EASM corresponding to a cool (warm) phase
of AMO. Furthermore, a linkage between the AMO and PDO was
confirmed through the AMO-Northern Hemisphere teleconnection
wave train (Si and Ding, 2016). Our observations, consistent with
the model simulations (Zhu et al., 2016; Liu et al., 2022), confirm a
close ENSO-EASM relationship on multidecadal timescale, probably
concurrently modulated by PDO and AMO.

In conclusion, both observational data and modeling evidence
indicate that multidecadal-scale oscillations in EASM and/or Meiyu
rainfall over the mid-YRV are likely related to the internal climate
variability, involving ENSO, PDO and AMO, in the course of natural
climatic variability. However, the ENSO-EASM relationship has
changed since the late 1970s, with weakened EASM and shortened
Meiyu duration corresponding to El Nino-like conditions (Fig. 5a),
which is also revealed by meteorological studies (Guo et al., 2004;
Tan, 2014; Ding et al., 2020). As shown in Fig. 5a, the weakened
EASM intensity and high Nino3.4 SST since the late 1970s were
anomalous over the past 200 years, even over the past millennium
(Cobb et al., 2003; Li et al., 2013), suggestive of a response to the
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continuing global warming (Li et al., 2013; Ding et al., 2020).

4.3. External forcing on EASM and ENSO

Solar irradiance and explosive volcanic activity are both mech-
anisms that can alter the natural radiative forcing of the climate
system. Previous studies refer to an ocean dynamical thermostat
mechanism whereby the SST in the eastern equatorial Pacific varies
negatively with changes in solar irradiance (Clement et al., 1996;
Mann et al,, 2005). Modeling studies also suggest that ENSO is
sensitive to sulfate aerosol forcing associated with explosive
volcanism (Pausata et al., 2015), but observational support for this
effect remains challenging (Dee et al., 2020).

To assess solar and volcanic influence on internal climate vari-
ability, here we investigate the role of the external radiative forcing
on ENSO-EASM coupling. Wavelet analyses and cross-wavelet
analysis of the EASM record and UEP index show a coherent peri-
odicity of ~80 years (Fig. 6¢), close to the Gleissberg 88-year solar
cycle (Peristykh and Damon, 2003). As shown in Fig. 7, however, the
two multidecadal-scale oscillations in the EASM and ENSO proxies
(McGregor et al., 2010; Li et al., 2013), corresponding to lengthening
of Meiyu durations and El Nino-like conditions, do not respond to
the well-known Dalton Minimum (1790—1830 AD) and Damon
Minimum (1856—1913 AD) (Bard et al., 2000; Sharp, 2010). Thus,
this result does not support a direct solar forcing on multidecadal-
scale ENSO-EASM relationship. We further test the tropical volcanic
effect on changes in ENSO and EASM. Adams et al. (2003)
demonstrated a significant multi-year El Nino-like response to
explosive tropical volcanic forcing over the past several centuries.
In this study, most of the large tropical volcanic eruptions over the
past 200 years can induce El Nino-like states and intensify EASM,
and likely promote an enhanced phase-synchronization of the
ENSO and EASM oscillations (Fig. 7). As shown in Fig. 7d, the change
points of ENSO variance are consistent with the tropical volcanic
eruptions within the age uncertainties, supporting that volcanic
forcing can induce a statistically significant change in the mean
state of ENSO (McGregor et al., 2010). For the recent two eruptions,
the anomalous El Nino-like conditions since the late 1970s may be
caused by the combined effect of anthropogenic and volcanic
forcing. In a recent study, Liu et al. (2022) analyzed long-term
multi-proxy data and multi-model simulations and found that a
volcano-induced El Nino and the associated warm pool air-sea
interaction can intensify the EASM and increase precipitation
over the Yangtze River. Therefore, these observations confirm that
tropical volcanic eruptions tend to strengthen the El Nino-EASM
relationship.

In addition to the direct radiative effect, which lasts 2—3 years,
the ocean-atmosphere system likely sustained volcanic effect for
several years after the eruptions, which affected the slow compo-
nents of the climate system (Bronnimann et al., 2019). It is possible
that two multidecadal-scale transitions in EASM and ENSO-like
evolution, occurred around ~1815 and ~1902 AD, coincide with
the year of the Tambora and Santa Maria eruptions (Fig. 7),
respectively. After the two volcanic eruptions during the solar
minima, Nino3.4 SST increased and EASM enhanced, and the ENSO-
EASM coupling strengthened on multidecadal timescale. The
multidecadal variability in the ENSO is also consistent with the
variability of the PDO (Fig. 7d, McGregor et al., 2010). Thus, the

violet dash line) (McGregor et al., 2010), and the change points of ENSO variance were marked in black points; (e) Nino3.4 SST anomalies (dark red, 11-year running mean) relative to
the mean of observed SSTs during 1971—2000 AD (Li et al., 2013); (f) Reconstructed total solar irradiance (TSI) data (orange) based on the variations of cosmogenic nuclides ('°Be
and 'C, Bard et al., 2000) and yearly mean total sunspot number (SSN, black; SILSO data, Royal Observatory of Belgium, Brussels). The yellow bars indicate the volcanic eruptions.
The two gray bars show two multidecadal-scale oscillations in EASM and associated Meiyu rainfall. The two blue bars represent the solar minima of Dalton Minimum (1790—1830
AD) and Damon Minimum (1856—1913 AD) (Bard et al., 2000; Sharp, 2010), respectively. (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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volcanic forcing on multidecadal-scale changes in EASM can be
further modulated by shifts in PDO phases. It was supposed that the
ENSO response to volcanic eruptions largely depend on different
pre-eruption background states of equatorial Pacific SST (Pausata
et al., 2015). Under equatorial eastern Pacific initial warming, the
Pacific and trade winds anomalies favor El Nino-like anomalies
after volcanic eruptions, whereas La Nina-like anomalies tend to
occur following eruptions under eastern Pacific initial cooling (Zuo
et al., 2021). Then, the ENSO modulates the EASM and associated
rainfall over the mid-YRV through atmospheric teleconnection,
such as the East Asian-Pacific teleconnection (Ding and Chan, 2005;
Zuo et al., 2021). This result roughly implies an enhanced El Nino-
like and strengthened ENSO-EASM coupling on multidecadal
timescale following a large tropical volcanic eruption.

To sum up, we reveal that tropical volcanic eruptions may
induce El Nino-like conditions and enhanced EASM, in consistent
with previous proxy evidence and modeling results (Adams et al.,
2003; Liu et al., 2022). However, the dynamic linkages between
Tambora and Santa Maria eruptions and multidecadal oscillations
in EASM and ENSO are complex, as the influence of other eruptions
is not clear. Here, we provide a possibility and the relationship
between internal multidecadal oscillations in climate and volcanic
eruptions remains controversial (Dee et al., 2020; Mann et al.,
2021).

5. Conclusion

In this study, we present a high-resolution EASM record from
1784—1958 AD, based on 2315 3'®0 measurements from two
annually-laminated stalagmites (YX92 and YX120) in Yongxing
Cave over the mid-YRV. The main conclusions are as follows:

Firstly, the EASM variations show significant multidecadal-scale
oscillations over the past 200 years, with a dominant periodicity of
~80 years. The multidecadal-scale oscillations in EASM are related
to ENSO, PDO and/or AMO, suggesting a decadal modulation of
EASM by the internal climate variability. The anomalies in EASM
and Nino3.4 SST since the late 1970s are likely influenced by the
increased anthropogenic radiative forcing.

Secondly, our observations, in consistent with previous proxy
evidence and modeling studies, indicate that tropical volcanic
eruptions tend to induce El Nino-like conditions and strengthen the
ENSO-EASM relationship. Two multidecadal transitions in ENSO
and EASM records are probably related to the eruptions of Tambora
(1815 AD) and Santa Maria (1902 AD), respectively. These obser-
vations reveal that the internal multidecadal oscillations in climate
are potentially modulated by tropical volcanic eruptions, especially
during the solar minima.

In conclusion, our findings reveal that both external forcing and
internal climate variability play an important role in driving the
decadal-scale EASM variations during natural climatic variability. A
comprehensive analysis of the expanded paleoclimate data and
model simulations is expected to further test and refine these
findings. This is helpful for model simulations to better understand
and predict the climate response to the global warming.
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