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Abstract The East Asian summer monsoon (EASM) plays a crucial role for ecosystems and societies in
East Asia past, present, and future. However, substantial uncertainties remain regarding EASM variability on
interdecadal to multidecadal timescales because of the short length of instrumental data in East Asia. This
study extended the EASM circulation index in the modern meteorological studies to the paleoclimate over the
past half-millennium (1470-1998 CE) to reconcile the understanding of the EASM variability in paleoclimate
and modern meteorological studies. The EASM index is reconstructed based on the common signal from the
three main types of the proxy records (the tree rings, speleothems, and historical documentary data) related to
EASM. The reconstructed EASM index captures the simultaneous changes of the “Meiyu precipitation” and
the southwesterly anomalies in South China on interdecadal to multidecadal timescales, which is a dynamic
pattern visible and well-documented in the modern meteorology. Analysis of the reconstructed EASM index
suggests that the interdecadal to multidecadal EASM variability is closely associated with the Pacific-Japan
teleconnection pattern, which acts as a bridge between the negative phase of the Pacific Decadal Oscillation
and the anomalous anticyclonic circulation over the western North Pacific. It also indicates that the EASM
variability over the recent 30 years (1992-2021 CE) falls within the range of natural variability over the past
half-millennium.

Plain Language Summary The East Asian summer monsoon (EASM) determines the summer
precipitation pattern in East Asia, home to approximately one-quarter of the world's population, and its
interdecadal to multidecadal variability is thus of broad interest to both the scientific community and the public.
However, it is difficult to reconstruct the EASM strength for the East Asia over the past centuries using only
single types of precipitation-sensitive proxy records because the relationship between monsoon strength and
precipitation intensity in China can vary between regions. We extended the EASM circulation index in the
modern meteorological studies to the paleoclimate. This EASM index mainly reflect the simultaneous changes
of the scarce/abundant summer precipitation belt along the Yangtze River valley extending to southern Japan,
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and the northeasterly/southwesterly anomalies in South China on interdecadal to multidecadal timescales. The
EASM variation was found to be linked to the anomalous sea surface temperature in the Pacific region that
induced a counterclockwise/clockwise circulation in the Northwest Pacific region through the interrelated
atmospheric anomalies that persist over the Pacific Ocean and the midlatitudes around Japan. The application
of the reconstructed EASM index suggests that the EASM variability over the recent 30 years (1992-2021 CE)
was not unprecedented over the past past-half millennium.

1. Introduction

The East Asian summer monsoon (EASM) has an enormous impact on agricultural and industrial water manage-
ment for more than 1 billion people. Its interdecadal to multidecadal variability leads to periods of drought or
flood across East Asia. Hence, great efforts have been made to explore the current EASM variability on inter-
decadal to multidecadal timescales (Chen et al., 2019; Ding et al., 2008; Huang et al., 2012; Zhou et al., 2009).
However, previous studies focus on particular or a few decades-long transitions owing to the limitation of the
short instrumental data. In particular, the EASM variability has exhibited a weakening tendency since the late
1970 s (Wang, 2001) and recovered since the early 1990 s (Liu et al., 2012). These short series affect the robust-
ness of the conclusions on the mechanism controlling EASM decadal variability.

Paleoclimate proxy reconstruction could address this limitation of short instrumental data in East Asia. However,
considerable uncertainties remain and the proxy reconstructions diverge in their interdecadal to multidecadal
variability of the EASM over the past millennium (Shi et al., 2019; Zhang et al., 2010). There are two main
reasons for this, one is caused by the proxy data itself, the other is the complex nature of the EASM.

Three main types of proxy records can be used to reconstruct the interdecadal to multidecadal EASM varia-
bility: tree ring records (Chen et al., 2020; Liu, Cai, et al., 2019), speleothem records (Tan et al., 2010; Zhang
et al., 2008), and historical documentary data (Ge et al., 2008; Zheng et al., 2005), since some of them are signifi-
cantly related to the instrumental Wang and Fan (1999)'s (WF) EASM circulation index (Figure 1). The indicators
(width and 8'80) derived from the tree ring records have no dating error; they have furthermore a reasonably
strong relationship with local precipitation variability (Xu, Zheng, et al., 2013; Yang et al., 2014), but may in some
cases, depending on data treatment underestimate the low-frequency signals (multidecadal to long-term varia-
bility) (Fritts, 1976; Shi et al., 2020). Speleothem 8'30 records typically contain strong low-frequency signals
(multidecadal to long-term variability) but with potentially larger dating uncertainties (Cheng et al., 2016). The
dryness/wetness index over the last 500 years (Zhang, 1991) is the most commonly used historical documentary
archive to record EASM variability as it is significantly related to the instrumental EASM index. Its results are
also consistent with the “Clear and Rain Records” from the Qing Dynasty over the period 1723-1800 CE (Zhang
& Wang, 1991). The dryness/wetness index only has five levels to reflect extreme rainfall. The “Yu Xue Fen Cun”
record from eastern China since 1736 CE (Zheng et al., 2005) does not have this limitation, but its time span is
too short to understand EASM variations over longer timescales.

The other issue is that the EASM has a complex spatial-temporal structure because it is influenced by changes
in many regions, for example, the Pacific Ocean Basin, the Tibetan Plateau, and the Indian Ocean. To reflect
this complex structure, there are four categories of EASM indices related to the tropics, subtropics, and midlat-
itudes structures, including the “east-west gradient” indices, the “north—south gradient” indices, the “southwest
monsoon” indices, and the “South China Sea monsoon” indices (Wang et al., 2008). Different monsoon index
definitions are selected for different scientific questions, for example, the South China Sea monsoon index is
chosen to focus on the onset of the EASM, because the South China Sea monsoon is the root of the EASM
(Chen & Chen, 1995) and the earliest onset of the EASM is over the South China Sea (Ding et al., 2004). Here,
our goal is to capture the leading mode of EASM precipitation and circulation. This leading mode displays a
southwest-northeast extended summer precipitation belt characterized by large anomalies from East China to
Japan (called Meiyu in Chinese, Baiu in Japanese, and Changma in Korean) and southwesterly anomalies in
South China associated to a large-scale 850 hPa anticyclonic anomaly extending from the northern South China
Sea to the Philippine Sea (Li et al., 2020; Wang et al., 2008).

In addition, it is difficult to compare indices of present monsoon strength based on the circulation field for the
instrumental period with past monsoon strengths, which is usually derived from a single proxy-based EASM
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Figure 1. Comparison of the instrumental Wang and Fan (WF) East Asian summer monsoon (EASM) index over the
period 1898-2021 CE (a) with the three types of proxy records (the tree ring $'80 records in Changting (No. 6) (Xu, Zheng,
et al., 2013) (b), and the speleothem 8'80 records in the Wuya cave (No. 13) (Tan et al., 2020) (c), and in the Jiuxian cave
(No. 19) (Cai et al., 2010) (d), the Yu Xue Fen Cun in Yangtze River region (No. 20) (Ge et al., 2008) (e), and the historical
documents in Osaka (No. 21) (Mizukoshi, 1993) (f)). r is the correlation coefficient between the instrumental EASM

index with the proxy records during the common period. N is the effective degree of freedom in the common period. All

correlations are significant at the 90% level based on a one-tailed Student's r-test.

reconstruction (Zhang et al., 2010). This deficiency has resulted in misunderstanding and confusion between the
modern meteorological and the paleoclimate monsoon research communities (Wang et al., 2008).

In response to these problems, we first reconstruct a EASM circulation index using the multi-proxy synthesis
that can be directly compared with the EASM index in the modern meteorological studies. Multi-proxy syntheses
are often used to capture the large-scale climate variability including the hemispheric mean temperature (Mann
et al., 2008; Neukom et al., 2019; Shi et al., 2013), the North Atlantic Oscillation (Ortega et al., 2015), and the
Southern Annular Mode index (Abram et al., 2014). Following a similar approach, the three types of proxy
records (tree rings, speleothems, and historical documentary data) are integrated to deal with the divergence
between the proxy records. Moreover, we reconstruct the EASM circulation index during, and prior to, the instru-
mental period to reconcile meteorological and paleoclimatological understandings of the EASM. Finally, the
analogies of the recent 30-year of variability of EASM are used to explore the position of the current changes.

2. Data and Methods

In this study, 23 proxy records are compiled and processed employing the optimal information extraction (OIE)
method to reconstruct the EASM circulation index over the past half millennium. Then, data assimilation is
applied to analyze the mechanism responsible for the EASM variability.
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Figure 2. Comparison of the instrumental Wang and Fan (WF) East Asian Summer Monsoon (EASM) index (Wang &

Fan, 1999) (black) with the instrumental Li and Zeng (LZ) EASM index (Li & Zeng, 2002) (red, (a)), the Western North
Pacific Summer Monsoon (WNPSM) index (Wang et al., 2001) (red, (b)), and the Western North Pacific Directional (WNPD)
index (Vega et al., 2018) (red, (b)). The instrumental WF index is defined as a north—south gradient of the zonal wind at

850 hPa (the U850 in (5-15°N, 90-130°E) minus U850 in (22.5-32.5°N, 110-140°E) using the NCEP1 Reanalysis data set
(Wang & Fan, 1999). The instrumental LZ index is defined as an area-averaged seasonally (June—August, JJA) dynamical
normalized seasonality within the domain (10-40°N, 110-140°E) (Li & Zeng, 2002). The WNPSM index is originally
defined as a north—south gradient of the zonal wind at 850 hPa (the U850 in (5-15°N, 100-130°E) minus U850 in (20-30°N,
110-140°E) using the NCEP1 Reanalysis data set (Wang et al., 2001). The WNPD index is defined as the percentage of days
in a month with prevailing wind blowing from the west/east in the area (20-30°N, 110-140°E)/(5-15°N, 100-130°E) (Vega
et al., 2018). r is the correlation coefficient between the instrumental WF EASM index with other EASM indices during the
common period. N,y is the effective degree of freedom in the common period. All correlations are significant at the 90%
confidence level based on a one-tailed Student's ¢-test.

2.1. Data

Our reconstructed target is the instrumental WF EASM circulation index over the period 1948-2021 CE
(Figure 2a), which is defined by a north—south gradient of the zonal wind at 850 hPa (the U850 in (5-15°N,
90-130°E) minus U850 in (22.5-32.5°N, 110-140°E) using the NCEP Reanalysis data set (Wang & Fan, 1999).
The reason for employing this target is that the WF index can capture the first leading mode of summer precip-
itation and the three-dimensional circulations associated with EASM over the instrumental period with 94.09%
explained variance for 1979-2006 CE (Wang et al., 2008). This WF EASM index is also significantly related
to the typical southwest monsoon index defined using the area-averaged seasonally (June—August, JJA) 850 hPa
southwesterly winds (» = 0.84) within the domain (10-40°N, 110-140°E) (Li & Zeng, 2002) (Figure 2b). More-
over, the reconstructed target is extended to 1898 CE based on the strong correlations between the WF index and
the Western North Pacific Summer Monsoon (WNPSM) index (Wang et al., 2001) (Figure 2c), and the WF index
and the Western North Pacific Directional (WNPD) index (Vega et al., 2018) (Figure 2d) to enhance the robust-
ness of the reconstruction. The WNPSM index is originally defined as a north—south gradient of the zonal wind
at 850 hPa (the U850 in the area (5—-15°N, 100-130°E) minus U850 in the area (20-30°N, 110-140°E) (Wang
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Figure 3. The geographical distribution (a) of 23 proxy records and their time series (b). The blue points and lines are the tree-ring records, the black points and lines
are the speleothem records, the red points and lines are the historical documents, and the green box indicates the middle and lower Yangtze River region (27-35°N,

105-122°E) in China.

et al., 2001), and then continuously reconstructed to 1898 CE based on historical wind direction observations
(Vega et al., 2018). The WNPD index is defined as the percentage of days in a month with prevailing wind blow-
ing from the west/east in the area (20-30°N, 110-140°E)/(5-15°N, 100-130°E) (Vega et al., 2018).

The criteria for proxy selection are (a): The data developer utilized the proxy record to characterize EASM vari-
ability; (b) the indicators can capture the EASM variability or precipitation variability; (c) the timespan of the
proxy record exceeds 100 years, and it covers the 1880—-1998 CE initial calculation period; (d) the temporal reso-
lution of the proxy record is less than 10 years or better. We screened 23 proxy records including 2 tree ring width
chronologies (Sun et al., 2021; Yang et al., 2014) and 10 tree ring 8'0 chronologies (Liu, Cobb, et al., 2017; Liu,
Wang, et al., 2019; Nakatsuka et al., 2020; Sano et al., 2012; Seo et al., 2019; Xu, Sano, et al., 2013; Xu, Zheng,
et al., 2013; Xu et al., 2015; Xu et al., 2016; Yang et al., 2021), 7 speleothem 520 records (Cai et al., 2010; Hu
et al., 2008; Tan et al., 2010, 2018, 2020; Wang et al., 2005; Zhang et al., 2008), and 4 historical documentary
records (Ge et al., 2008; Mizukoshi, 1993; Shi, Zhao, et al., 2017; Wang et al., 2021) (Figure 3). The historical
documentary records are in the monsoon core area, and the natural proxy records are mainly distributed in the
monsoon fringe area. The detailed information about the 23 proxy records is provided in Table 1. The regional
precipitation is used in mechanistic models to shape tree growth (Vaganov et al., 2011) and oxygen isotopes vari-
ability (Danis et al., 2012). In addition, the tree ring width records in monsoon Asia are significantly correlated
with the instrumental Asian summer monsoon index (Shi et al., 2014; Shi, Fang, et al., 2017), and the tree ring
8'30 records in monsoon Asia are furthermore significantly related to the instrumental Asian summer monsoon
oxygen isotope index (Xu et al., 2021). Moreover, speleothem §'80 is demonstrated to reflect the EASM in
climate model simulations (Liu et al., 2014) and instrumental observation (Duan et al., 2016; X. Li et al., 2017).
All speleothem 880 records are interpolated to the annual resolution using the Piecewise Cubic Hermite Inter-
polating Polynomial method, which connects points flatter than the more commonly used spline interpolation
method to avoid artificial local extrema (Fritsch & Carlson, 1980). The four historical documentary records
include the length of Meiyu from the “Yu Xue Fen Cun” record (Ge et al., 2008), the summer (June to July) precip-
itation in Osaka (Mizukoshi, 1993), the summer (June to September) precipitation in Seoul (Kim & Ha, 2021),
and the extended summer (May—September, MJJAS) precipitation in the middle and lower reaches of the Yangtze
River region (27-35°N, 105-122°E) (Shi, Zhao, et al., 2017).

A recent data assimilation-based climate data set (Shi et al., 2019) is used to explore the atmospheric circulation
associated with EASM variability and the possible mechanism responsible for the changes. The particle filter
is used frequently as data assimilation method (Dubinkina et al., 2011; Lyu et al., 2021; van Leeuwen, 2009),
in particular to reconstruct past climate variation and obtain this data assimilation-based climate data set (Shi
et al., 2019). In the procedure, the ensemble members from the Community Earth System Model (CESM) Last
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Millennium Ensemble (CESM-LME) simulation (Otto-Bliesner et al., 2016) are considered as the particles. A
weight is calculated for each particle depending on its likelihood computed from the difference between the
precipitation obtained in this simulation and the proxy-based precipitation for China from the extended summer
MIJAS precipitation field reconstruction using the OIE method (Shi, Zhao, et al., 2017). This weight is then used
for all the simulated variables to obtain the other reconstructions for each of them (e.g., wind velocity and temper-
ature) from the CESM-LME simulation, the mean reconstruction being simply the weighted mean of the particles
(Shi et al., 2019). This data assimilation-based reconstruction can accurately reproduce the precipitation pattern
and corresponding circulation information (Shi et al., 2019). Correspondingly, the data assimilation-based zonal
wind anomalies at 850 hPa is used to calculate the data assimilation-based WF EASM index, which is compared
with the proxy-based reconstructed WF EASM index to define the strong/weak monsoon events.

2.2. Methods

The OIE method (Neukom et al., 2019; Shi et al., 2014) is used to reconstruct the EASM index. The OIE method
was derived from the traditional Composite Plus Scale method (Bradley & Jones, 1993), and inspired by the local
(LOC) method (Christiansen, 2011), a Bayesian framework (Tingley & Huybers, 2010), and the generalized
likelihood uncertainty estimation (GLUE) method (Wang, Hoffmann, et al., 2017). The main advantage of the
OIE method is to efficiently retain low-frequency climate signals, since the nonlinear process of proxy records
in response to climate is considered based on Bayesian theory (Shi et al., 2021). The specific implementation of
the method is given as follows:

2.2.1. Filtering the Predictors

All proxy records and the instrumental EASM index are filtered by a 6th-order bandpass Butterworth filter to
obtain the interdecadal to multi-decadal variability. The cut-off frequency is [1/101, 1/9]. All proxy records are
first normalized to zero mean and one standard deviation.

2.2.2. Assigning the Predictors

As the selected predictors have different time periods, we thus divided the datasets into five spans: 1880-1998 CE
(23 records), 1736-1998 CE (18 records), 1692—1998 CE (16 records), 1550-1998 CE (13 records), 1470-1998
CE (12 records). Each data set is used individually to obtain five EASM reconstructions as five members of the
final ensemble reconstruction.

2.2.3. Regressing the Predictors

Each data set is calibrated against the instrumental WF EASM index using the partial least squares regression
and ridge regression with the calibration/verification period (1898-1970 CE/1971-1998 CE). The two regression
methods are used to reduce the uncertainty of the regression methods. Then, the regressed result is used as one
composited proxy record and it is again calibrated using the Ensemble local regression method (Shi et al., 2012).
This assumes that the regression coefficients are random variables that obey a uniform distribution with a range
between the traditional classical calibration (direct regression) and the inverse calibration (indirect regression)
(Shi, Zhao, et al., 2017; Shi et al., 2021). This process is used to generate 1000 realizations using the general-
ized likelihood uncertainty estimation method (Blasone et al., 2008; Wang, Hoffmann, et al., 2017). Finally, the
median value of all ensemble members is considered as the final reconstruction.

2.2.4. Estimating the Uncertainty

The traditional verification variables (including the reduction of error, the coefficient of efficiency, the squared
Pearson correlation coefficient, the root mean square error (RMSE), and the RMSE skill score) are used to test
the accuracy of the reconstructions (verification skill) for each member.
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Figure 4. Comparison of the instrumental (blue)/reconstructed East Asian summer monsoon index (a) with the three long
proxy records (the tree ring §'%0 record (No. 11) (Yang et al., 2021) (b), the speleothem 8'30 record in Jiuxian cave (No. 19)
(Cai et al., 2010) (c), and the Dryness/Wetness index in the middle and lower Yangtze River region (27-35°N, 105-122°E)

in China (Chinese Academy of Meteorological Science, 1981) (d)). r is the correlation coefficient between the reconstructed
EASM index with the proxy records during the common period. N, is the effective degree of freedom in the common period.
All correlations are significant at the 90% level based on a one-tailed Student's r-test.

The statistical significance of the correlation between two time series is accessed via a one-tailed Student's 7-test
using the effective number of degrees of freedom (N.¢), which in each correlation period is estimated according
to equation 30 in Bretherton et al. (1999):

N

N-1
Y (= |el/N) ot M
=—(N-1)

Negt =

where N is the length of the correlation period, pX and pY are autocorrelation coefficients of two sampled time
series X and Y at time lag 7, respectively.

3. Results
3.1. Comparison of the Reconstructed EASM Index With Other Reconstructions

The reconstructed EASM circulation index over the period 1470-1998 CE is shown in Figure 4a. It is signif-
icantly correlated with the instrumental EASM index (r = 0.76, N, = 9) over the whole calculation period
(1898-1998 CE). The EASM reconstruction passes the traditional verification testing since the median reduc-
tion of error (0.37) and the median coefficient of efficiency (0.47) are both higher than zero. The performance
of the EASM reconstruction is also good with a small median RMSE (0.36) and a median RMSE skill score
(0.41). In addition, our reconstructed EASM index shows strong agreement with three long records including
a tree ring 8'%0 record in Delingha (Yang et al., 2021) (Figure 4b), a speleothem §'80 record in Jiuxian cave
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Figure 5. Relationship between the reconstructed East Asian summer monsoon (EASM) index with 23 proxy records (the tree ring records (blue), the speleothem
records (black), and the historical documents (red)). The green line is the time span of each proxy record. The red triangles indicate the correlations between the
reconstructed EASM index and the proxy records at the 90% confidence level.

(Cai et al., 2010) (Figure 4c), and a mean Dryness/Wetness index from the middle and lower Yangtze River
region (27-35°N, 105-122°E) in China (Chinese Academy of Meteorological Science, 1981) (Figure 4d). This
supports that our reconstruction represents the common signal from the three types of proxy records related to
EASM.

A comparison of the reconstructed EASM index with the two types of natural proxy records shows no consistent
relationship between a type of proxy records and the reconstructed EASM circulation index, especially for the
tree-ring records (Figure 5). Most of the speleothem 520 records are negatively correlated with the EASM index,
but there are two exceptions: the records in the Wuya cave (Tan et al., 2020) and in Heshang cave (Hu et al., 2008)
(Figure 5). Observations suggest that the speleothem 830 records in China mainly respond to the isotope changes
of atmospheric precipitation 8'#0 outside the caves (Duan et al., 2016), which is primarily affected by the isotopic
composition of source water. The upstream depletion of source water is linked with the southerly monsoon
winds in Asia (Liu et al., 2014). Meanwhile, the tree-ring 5!%0 records are mainly controlled by the isotopic
composition of source water absorbed by roots, and the evaporative enrichment caused by leaf transpiration and
linked to the effect of local hydroclimate (Field et al., 2022; Lavergne et al., 2017; Roden et al., 2000). These
two contributions both have significant influences on the tree-ring 8'80 variability in East Asia (An et al., 2014;
Li et al., 2011; Liu, Liu et al., 2017; Xu et al., 2015, 2021). Thus, the variabilities of the tree-ring 5!80 records
in Asia are less consistent than that of the speleothem §'30 records. Conversely, except that the precipitation in
Seoul from historical documentary data is not significantly related to the EASM index, the other three historical
documentary series located in the monsoon core region are consistently negatively related to the EASM index.
The annual precipitation record in Seoul contains the Meiyu and post-Meiyu precipitation variability. The latter
may not be well correlated with EASM variability, as it is associated with the Eurasian pattern where the rainfall
comes from polar front/mesoscale convective activities (Wang et al., 2007).

SHIET AL.

10 of 21

sdny) suonIpued pue swie L 8y 885 *[z20z/0T/TZ] uo Arigriauluo ABIm ‘(PN) urAno 8@ enbijoyled 1UN BUD U 21r%sLO!A!g Ad 092.£0ArZZ02/620T OT/10pL0D ] 1M ARelq putjuo sandnBe//sdny wo.y pepeojumod ‘0 ‘2202 ‘966869T

S WCTITIVY

ol

35UBD17 SUOWILLIOD ARSI (el dde auyy Aq pausenob ake sapiie YO ‘8sn Jo sajni 10j Ariqi auljuQ As|1p Lo (suonipt



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2022JD037260

(a) Interdecadal component of the EASM index

‘ |
| |
| (- | A ( | |

o5 ¢ fifl A w ‘ ‘ il A, i ‘

UL A

r (b) Multidecadal component of the EASM index -1

|
|
LI

1 ~ (c) Their power decomposition i

08

0.7 -

Fia,p) = -0.80, N.#= 13
0.6 E 1 1 1 1 1 1 1 1 1 1 1
1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000

Year (CE)

Figure 6. Comparison of the interdecadal component (a) and the multidecadal component (b) of the reconstructed East
Asian summer monsoon index. The evolutionary spectral powers (c) using the power decomposition analysis (Li, Huang,
et al., 2016) of the interdecadal component (black) and the multidecadal component (red). r is the correlation coefficient of
the evolutionary spectral powers of the two components. N, is the effective degree of freedom in the common period.

The reconstructed EASM variability is decomposed in an interdecadal component (Figure 6a) and an multidec-
adal component (Figure 6b) using the 6th-order bandpass Butterworth filter. Following the previous studies
(Mann et al., 1995; Shi, Fang, et al., 2017), the cut-off frequency for the interdecadal component and the multidec-
adal component are [1/35, 1/9] and [1/101, 1/35], respectively. The interdecadal component of the reconstructed
EASM index over the period 1470-2021 CE explains ~55.4% of the total variance, this number is slightly influ-
enced by the filter method, but the standard deviation of the interdecadal component is a little larger than that of
the multidecadal component, which is independent of the filter method. Moreover, the interdecadal component
of the reconstructed EASM index is insignificantly related to the multidecadal component, and the evolutionary
spectral powers of the two components have a distinct trade-off relationship (Figure 6c¢), because the correlation
coefficient between the evolutionary spectral powers of the two components is » = —0.80.

3.2. Atmospheric Circulation of the EASM Index

To explore the physical processes at the origin of the reconstructed EASM variability, we selected 14/17 strong/weak
EASM events from the common interdecadal to multidecadal component of the proxy reconstructed EASM index
and the data assimilation based EASM index (Figure 7a), even though their correlation is not stable (Figure 7b).
The screening criterion is that the events simultaneously exceeded + one standard deviation of the intensity of the
proxy-reconstructed EASM index and the data assimilation-based EASM index over the 1470-2005 CE period.
Figure 7b shows that the proxy-reconstructed index and the simulated EASM index have a better correlation
after ~1620 CE. A possible reason is that the number of proxy records has dropped by 43.5% before ~1620 CE,
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Figure 7. Comparison of the reconstructed East Asian Summer Monsoon (EASM) index (black) with the data
assimilation-based EASM index (red) (a), and their 30-year moving correlation (b). The green/magenta points are the events
exceeded + one standard deviation standard deviation of the intensity of these two indices simultaneously over the period
1470-1998 CE. The blue line means that the correlation (black) passes the 90% confidence level.

resulting in a decrease in the proxy reconstruction quality. Likewise, the number of the proxy records used for
assimilation decreased by 45.7%, which affected the quality of the data assimilation-based data set.

The proxy reconstructions show that the three components of EASM variability at three timescales (interdecadal,
multidecadal, and interdecadal to multidecadal time scales) are significantly negatively correlated with the MJJAS
(May—September) precipitation in the middle and lower reaches of the Yangtze River over the 1470-2021 CE
period (Figures S1a—S1c in Supporting Information S1), which is consistent with that of the data simulation-based
precipitation (Figures S2a—S2c in Supporting Information S1). The reconstructed MJJAS precipitation field as an
approximation of JJA precipitation field is used to support the strong correlation between the Meiyu precipitation
and the proxy reconstructed EASM index. The reason is that there is significant correlation map between the JJA
precipitation and the MJJAS precipitation in China at the 99% confidence level (Figure S3 in Supporting Informa-
tion S1). The negative relationship between the EASM variability and the Meiyu precipitation is also found in the
composite analysis of the proxy-based MJJAS precipitation field and the data assimilation-based summer (JJA)
precipitation field corresponding to the (strong minus weak) EASM case (Figures 8a and 8b). The advantage of
the composite analysis using the data-assimilation based reconstruction is that the composited atmospheric circu-
lation is consistent with the features depicted by the data assimilation-based EASM index following the physical
laws in the same climate model, and these EASM events also present in the proxy records.

The most robust feature in the data assimilation-based results is a decrease in the summer Meiyu precipitation
and the prevailing northeasterly wind anomalies in South China (Figure 8b), which is also consistent with the
instrumental observations over the period 1958-1999 CE (Li & Zeng, 2002). In addition, this spatial pattern
(Figure 8b) is consistent with the first leading mode of the summer precipitation and the three-dimensional
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Figure 8. Composite of the reconstructed extended summer (MJJAS) precipitation anomalies (shading) (a), the data assimilation-based summer (JJA) precipitation
(shading) and 850-hPa wind anomalies (vector) (b), the data assimilation-based summer sea level pressure (shading, in Pa) and 200-hPa wind anomalies (vector) (c), the
reconstructed data assimilation-based summer 700-hPa Omega vertical velocity (2, shading) and vertical integral moisture transport (vector) (d) for the 18/15 strong/
weak East Asian summer monsoon (EASM) events corresponding to the (weak-strong) EASM case. The white area indicates that the correlation does not exceed the
90% significant level based on a one-tailed Student's 7-test. The black arrow is the correlation at the 90% significant level based on a one-tailed Student's #-test. Gray
arrows indicate a one-tailed Student's #-test failure. The green box indicates the middle and lower Yangtze River region (27-35°N, 105-122°E) in China. “C”/“A”
indicates the cyclonic/anticyclonic anomalies. “~"/“+” indicates the low/high sea level pressure anomalies.

circulation variations associated with EASM through a multivariate empirical orthogonal function analysis
(Figure 2a of Wang et al. (2008)), which is often used to measure the EASM strength during the instrumental
period 1979-2006 CE. Moreover, this spatial pattern (Figure 8b) is also consistent with the correlation analysis of
the data assimilation-based summer (JJA) circulation variations on the three timescales (interdecadal, multidec-
adal, and interdecadal to multidecadal timescales) (Figures S2a—S2c in Supporting Information S1).

From the composite patterns of the 850/200 hPa wind velocity and the sea level pressure anomalies (Figures 8b
and 8c), a zonally elongated cyclonic, anticyclonic, and cyclonic anomalies with centers located around the
Philippines-Taiwan, China/the Korean Peninsula/Japan, and East Siberia in the lower troposphere (labeled C, A,
and C in Figure 8b); alternating high and low sea level pressure anomalies (labeled —, +, and — in Figure 8c); In
the upper troposphere, a cyclone is observed over the middle and lower reaches of the Yangtze River (Figure 8c).
This tilted baroclinic structure is favor for the anomalous descending motion from the composite pattern of
the 700 hPa vertical velocity anomalies (Figure 8d) and reducing water vapor transport toward the middle and
lower reaches of the Yangtze River (Figure 8d). These configurations result in a decreased Meiyu precipitation
(Figure 8d). A reduced Meiyu precipitation could be associated with the occurrence of a strong EASM, accord-
ing to the definition of the modern meteorological monsoon research community (Chiang et al., 2020; Li &
Zeng, 2002; Wang et al., 2008).
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Figure 9. Comparison of the instrumental Pacific-Japan pattern index (a) with the instrumental/reconstructed East Asian
Summer Monsoon (EASM) index (b/c) over the interdecadal to multidecadal timescales. r is the correlation coefficients
during the common period. Ny is the effective degree of freedom in the common period. All correlations are significant at
the 90% confidence level based on a one-tailed Student's #-test.

There is a meridional alternating positive (15-25°N) and negative (30—40°N) anomaly structure in rainfall anom-
alies (Figure 8b) and in lower tropospheric circulation (Figure 8c), which are similar to the meridional wave—like
teleconnection pattern known as the Pacific-Japan (PJ) pattern/East Asia—Pacific pattern (Huang & Li, 1987;
Nitta, 1986; Xie et al., 2016; Xu et al., 2019). This PJ pattern is originally viewed as a poleward propagat-
ing Rossby wave train excited by the anomalous convection over the northern Philippines (Huang & Li, 1987,
Huang & Sun, 1992; Kosaka & Nakamura, 2006). In addition, the time evolution of the instrumental/recon-
structed EASM index is also related to the instrumental PJ index over the interdecadal to multidecadal timescales
(r=—-0.84/-0.52, n = 14/14, Figure 9). This implied that there is a strong link between the EASM variability and
the PJ-like pattern over the interdecadal to multidecadal timescales before the instrumental period, even though
there is no available PJ index reconstruction prior to the instrumental period to test this presumption.

3.3. Position of the Recent 30 years Variability

Figure 6 shows that the interdecadal and multidecadal components of EASM variability during the recent period
1992-2021 CE are not unprecedented over the past half-millennium. Another evidence is derived from the 82
historical analogies of EASM variability over the recent 30 years (1992-2021 CE). The screening criteria of
these historical analogies are that the positive and significant correlation and the small RMSE (<1) between the
recent 30-year variability (1992-2021 CE) and the other arbitrary 30-year variability over the past 552 years
(1470-2021 CE). Results show that the EASM variability over the past 30 years has not exceeded the range of 82
analogies of EASM variability (Figure 10). In addition, the recent 31-year and 51-year variances of EASM varia-
bility are lower than that in the late 18 century and the mid 19 century (Figure 11a). This indicates that the recent
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Figure 10. Historical analogies of the East Asian summer monsoon (EASM) variability over the recent 30 years. The blue
line is the EASM variability over the past 30 years (19922021 CE). The gray borderlines are the 95%/5% quantiles of the 82
historical analogies, and the gray line is the 50% quantiles of the 82 historical analogies.

30-year variability of EASM does not exceed the range of the natural variability, even though the recent EASM
variability may still be affected by the anthropogenic aerosols (Z. Li et al., 2016; Liu, Cai et al., 2019). The maxi-
mum variance of EASM variability coincides with that of the large volcanic eruptions in Northern Hemisphere in
the late 18 century and the early 19 century (Figure 11b). This suggests that the multidecadal climate variability
in this period may be instigated by volcanic forcing during this period (Mann et al., 2021; Sun, Liu, et al., 2022).

4. Discussion of the Possible Driving Factor

Previous research in the modern meteorological community indicates the most possible driving factor affecting the
EASM variability on interdecadal to multidecadal timescales is the internal sea surface temperature (SST) modes
(the Pacific Decadal Oscillation (PDO), the Interdecadal Pacific Oscillation (IPO) and the Atlantic Multidecadal
Oscillation (AMO)) through air-sea interactions (An et al., 2015; Shekhar et al., 2022; Wang et al., 2014). The
multi-decadal variances of the PDO and the AMO was perhaps significantly intensified by the volcanic forcing
during the Little Ice Age (Mann et al., 2021; Sun, Liu, et al., 2022), while the periodicity of the PDO was possi-
bly shortened and its variance is weakened by the GHG forcing in the CMIP5/CMIP6 simulations (Sun, Wang,
et al., 2022). We calculated the relationships between the reconstructed EASM index and six reconstructed PDO
indices (Biondi et al., 2001; D'Arrigo & Wilson, 2006; Felis et al., 2010; Linsley et al., 2008; MacDonald &
Case, 2005; Shen et al., 2006) and two instrumental PDO indices from NOAA Extended Reconstructed SST
V5 (Huang et al., 2017) and Mantua et al. (1997), and two reconstructed IPO indices (Porter et al., 2021; Vance
et al., 2022) and one instrumental IPO index from NOAA Extended Reconstructed SST V5 (Huang et al., 2017),
and two reconstructed AMO indices (Gray et al., 2004; Wang, Yang, et al., 2017) and one instrumental AMO
index from Kaplan Extended SST V2 (Kaplan et al., 1998). Through the correlation analysis described above,
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Figure 11. Comparison of the running variances of the reconstructed East Asian summer monsoon index with 31-year
(black) and 51-year (red) windows (a) and the volcanic aerosol forcing (V, unit: W m~2) in the Northern Hemisphere with
51-year (red) windows (b). The red shade shows the 1780-1820 CE period. The volcanic aerosol forcing data set is derived
from Shi et al. (2022).

the reconstructed EASM index is strongly correlated only with the PDO index over the multidecadal timescale
(Figure 12). This suggests that the PDO may trigger the PJ-like pattern on the multidecadal timescale. This is
consistent with Wu et al. (2016) during the instrumental period. Meanwhile, the enhanced multi-decadal varia-
bility of the PDO during the 1250-1850 CE period is found in the other paleo-assimilation products (LMR) and
the CESM-LME simulations (Sun, Liu, et al., 2022). Moreover, the sensitivity experiments have shown that the
pattern (similar to the negative PDO) with cooling over the central-eastern tropical Pacific and warming in the
extratropical North Pacific and western tropical Pacific can enhance the Meiyu precipitation on decadal timescale
(Li & Wang, 2018). This occurs via atmosphere-ocean interactions in the extratropical North Pacific and West-
ern tropical Pacific Ocean and can be partly explained by the wind-evaporation/entrainment-SST feedback (Li,
Cobb et al., 2017; Wang et al., 2000). Theoretical investigation shows that the zonal gradient of SST across the
equatorial Pacific Ocean enhances the easterly anomalies over the Pacific Ocean (Lian et al., 2014). This circu-
lation would strengthen the ascending Walker circulation above the warm pool, and the associated convergence
of surface winds piles waters up in the warm pool and lowers sea surface height and SST in the eastern Pacific
(Chen, 2011; Lian et al., 2014). The ascending motion of the Walker circulation directly causes the most robust
abundant summer (JJA) precipitation anomalies over the Maritime Continent in Southeast Asia and would excite
a Rossby wave train to trigger the PJ-like pattern. This results in enhanced southwesterly anomalies in South
China and increased Meiyu precipitation anomalies, corresponding to a weak EASM.

However, there is no clear relationship between the interdecadal component of EASM variability and the PDO/
IPO index over the past half-millennium, even though the decadal variability of the anticyclone in the western
North Pacific is linked with the PDO mode (Xie & Wang, 2020), or the IPO mode (Kim & Ha, 2021). A possible
reason to understand the non-significant relationship between the interdecadal component of EASM variability
and the PDO/IPO index is that the uncertainty of PDO/IPO reconstructions on an interdecadal timescale hampers
to exploring of its relationship with the EASM variability. Another possible reason is the long-term phase change/
nonstationary of PDO shown in the reconstructions (Figure 10a of Shi and Wang (2019)).
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Figure 12. Comparison of the reconstructed East Asian summer monsoon index (a) with the instrumental Pacific Decadal
Oscillation (PDO) index (Mantua et al., 1997) (b) and the reconstructed PDO index (D'Arrigo & Wilson, 2006) (c). r is

the correlation coefficients during the common period. Ny is the effective degree of freedom in the common period. All

correlations are significant at the 90% confidence level based on a one-tailed Student's #-test.

5. Conclusions

We have reconstructed an EASM circulation index over the past half-millennium (1470-1998 CE) that represents
the simultaneous changes of the southwesterly anomalies in South China and the strong Meiyu precipitation
anomalies in East China under a weak monsoon, the dominant feature of various circulation and precipitation
fields in East Asia associated to the EASM. This EASM index extracts the common signal in the three main types
of proxy records (including tree-ring, speleothem and historical documentary data) related to EASM. Our major
findings are summarized below.

1. Tree-ring and speleothem records do not have consistent signals to represent the monsoon circulation. It
means that not all oxygen isotopes records from the tree-rings and the speleothems in East Asia can represent
the EASM circulation variability, even though most of the speleothem §'80 records are negatively correlated
with the reconstructed EASM index.

2. Interdecadal to multidecadal variability of EASM over the recent period 1992-2021 CE, and its variance have
not exceeded the range of natural variability through 82 historical analogies.

3. The EASM variability on the interdecadal to multidecadal timescales is primarily modulated by the PJ-like
teleconnection pattern. In addition, the multidecadal component of the EASM may be linked to the PDO mode
through PJ-like pattern.

We believe that the reconstructed EASM index covering the period 1470-1998 CE complements and improves
the interdecadal to multidecadal-scale information as compared to previous existing monsoon reconstructions of
lower resolution (Wang et al., 2014).
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