'.) Check for updates

A ’ I l ADVANCING
nu EARTH AND

= SPACE SCIENCES

JGR Atmospheres

RESEARCH ARTICLE
10.1029/2023JD039638

Key Points:

e We investigate how the Pacific
Decadal Oscillation (PDO) and the
Atlantic Multidecadal Oscillation
(AMO) modulate the relationship
between El Nifio-Southern Oscillation
(ENSO) and the Asian summer
monsoon (ASM) using paleo-data
assimilation products

e We find that the PDO impacts ASM
variability more than the AMO, and
its consideration yields improved
Indian summer monsoon predictions

e Notably, the influence of the PDO
and AMO on the ENSO-ASM
relationship is highly non-stationary
across the last millennium

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

N. Wang,
nw27@rice.edu

Citation:

Wang, N., Dee, S., Hu, J., Steiger, N.,
& Thirumalai, K. (2024). PDO and
AMO modulation of the ENSO-Asian
summer monsoon teleconnection
during the Last Millennium. Journal of
Geophysical Research: Atmospheres,
129, €2023JD039638. https://doi.
org/10.1029/20231D039638

Received 28 JUL 2023
Accepted 4 DEC 2023

© 2023. American Geophysical Union.
All Rights Reserved.

PDO and AMO Modulation of the ENSO-Asian Summer
Monsoon Teleconnection During the Last Millennium

Na Wang!? (2, Sylvia Dee! (), Jun Hu? (), Nathan Steiger*>, and Kaustubh Thirumalai®

'Department of Earth, Environmental, and Planetary Sciences, Rice University, Houston, TX, USA, 2Institute of Atmospheric
Physics, Chinese Academy of Sciences, Beijing, China, *College of Ocean and Earth Sciences, Xiamen University, Xiamen,
China, “Institute of Earth Sciences, Hebrew University of Jerusalem, Jerusalem, Israel, >Lamont-Doherty Earth Observatory,
Columbia University, Palisades, NY, USA, ®Department of Geosciences, University of Arizona, Tucson, AZ, USA

Abstract Observations show that the teleconnection between the El Nifio-Southern Oscillation (ENSO)
and the Asian summer monsoon (ASM) is non-stationary. However, the underlying mechanisms are poorly
understood due to inadequate availability of reliable, long-term observations. This study uses two state-of-the-
art data assimilation-based reconstructions of last millennium climate to examine changes in the ENSO—

ASM teleconnection; we investigate how modes of (multi-)decadal climate variability (namely, the Pacific
Decadal Oscillation, PDO, and the Atlantic Multidecadal Oscillation, AMO) modulate the ENSO-ASM
relationship. Our analyses reveal that the PDO exerts a more pronounced impact on ASM variability than the
AMO. By comparing different linear regression models, we find that including the PDO in addition to ENSO
cycles can improve prediction of the ASM, especially for the Indian summer monsoon. In particular, dry (wet)
anomalies caused by El Nifio (La Nifia) over India become enhanced during the positive (negative) PDO phases
due to a compounding effect. However, composite differences in the ENSO-ASM relationship between positive
and negative phases of the PDO and AMO are not statistically significant. A significant influence of the PDO/
AMO on the ENSO-ASM relationship occurred only over a limited period within the last millennium. By
leveraging the long-term paleoclimate reconstructions, we document and interrogate the non-stationary nature
of the PDO and AMO in modulating the ENSO-ASM relationship.

Plain Language Summary Sea surface temperatures in the tropical Pacific oscillate between
warmer and cooler conditions every 2—7 years. These oscillations are called “The El Nifio-Southern
Oscillation (ENSO)” and have been shown to affect weather and climate in remote locations. For example,
ENSO has been shown to alter rainfall of the Asian summer monsoon (ASM). However, the connection
between ENSO and the ASM is not dependable, making accurate ASM prediction a challenge, especially in
a changing climate. Here, we use a new technique that combines geological archives of past climates like ice
cores, corals, or lake sediments with climate models to examine alterations in the ENSO—ASM relationship
over the past thousand years. In particular, we focus on how other oscillatory ocean temperature patterns,

the Pacific Decadal Oscillation (PDO) and the Atlantic Multidecadal Oscillation (AMO), might affect the
ENSO-ASM relationship. In the context of the last millennium, we find the differences in the ENSO-ASM
relationship between all positive and negative PDO/AMO phases are not statistically significant, as the PDO/
AMO modulation on the ENSO-ASM relationship evolves over long time scales. Nevertheless, the PDO itself
strongly regulates the Indian summer monsoon, and the consideration of PDO in addition to ENSO enhances
monsoon prediction. This information is useful for anticipating decadal-scale changes in the ASM in our
changing climate.

1. Introduction

The Asian monsoon plays a vital role in Earth's climate system, exhibiting a large seasonal shift in prevail-
ing winds (Trenberth et al., 2006). During boreal summer, moisture-laden air crossing the Indo-Pacific Oceans
is advected over land, bringing heavy rainfall to coastal areas of East and South Asia (Ding & Chan, 2005;
Webster et al., 1998). These monsoon-related rainfall patterns often exhibit substantial year-to-year variations,
which produce cascading impacts on local water availability, agriculture, and food security (Gadgil & Rupa
Kumar, 2006; Mishra et al., 2012). Predicting Asian summer monsoon (ASM) rainfall under climate change
is thus of great significance, but it continues to pose a formidable challenge in climate science (Goswami
et al., 2006; Liu et al., 2013; Madolli et al., 2022).
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The ASM consists of several sub-systems, including the East Asian summer monsoon (EASM), the Indian
summer monsoon (ISM), and the western North Pacific summer monsoon (WNPSM) (Hsu et al., 2014; Wang &
LinHo, 2002; Wang et al., 2001). While the WNPSM is known as an oceanic monsoon system, the EASM and
ISM are continental monsoon systems and influence freshwater availability directly or indirectly for over one
third of the world's population (Ha et al., 2018). Many previous studies indicate an increase in the Asian monsoon
rainfall by the end of this century due to continuing anthropogenic warming (Chen et al., 2020; Chevuturi
et al., 2018; Hsu et al., 2013; Katzenberger et al., 2021). However, near-term (interannual to decadal-scale)
predictions of monsoon rainfall house large uncertainties as a result of internal climate variability, which drives
large inter-model spread (Chen et al., 2020).

The El Nifio-Southern Oscillation (ENSO) has been extensively investigated as a target for ASM prediction (e.g.,
George et al., 2016; McGregor et al., 2022; Tang et al., 2018; Webster & Yang, 1992). El Nifio events, character-
ized by elevated sea surface temperatures (SSTs) in the eastern tropical Pacific, are associated with the eastward
shift of the Indo-Pacific Walker circulation. This shift leads to increased low-level convergence and upward
motion over the equatorial Indian Ocean, and triggers an atypical regional Hadley circulation, characterized
by descending motion and reduced rainfall across the Indian subcontinent (Goswami, 1998; Krishnamurthy &
Goswami, 2000; Lau & Nath, 2000). Indeed, long-term rainfall records show that droughts in India are frequently
observed to coincide with El Nifio events (Kumar et al., 2006). The weakened ISM during El Nifio events has
also been linked to coeval decreased rainfall anomalies in northern China through a circumglobal teleconnection
in the middle latitudes (Ding & Wang, 2005; Kripalani & Kulkarni, 2001; Wu, 2002). Conversely, during La
Nifia years, the ascending branch of the Walker circulation strengthens over the Indo-Pacific region, leading to
favorable conditions for increased ISM rainfall (Aneesh & Sijikumar, 2018).

An increasing number of observations and paleoclimate records, however, suggest the ENSO-ASM relationship
is non-stationary over time and exhibits decadal-scale variability. For example, ENSO's correlation with ISM
rainfall, while usually negative, weakened during the 1970s (Kumar et al., 1999) before recovering in the 21st
century (Hu et al., 2022; Yang & Huang, 2021; Yu et al., 2021). With the exception of India, the relationships
between ENSO and rainfall in East Asia, Southeast Asia, and the Maritime Continent have all strengthened
since the 1950s, contributing to an overall intensification of the ENSO-ASM teleconnection (Wang et al., 2020).
Annually resolved paleoclimate reconstructions spanning 1588-2013 C.E. reveal decadal to multidecadal varia-
bility of the ENSO-ASM relationship and an enhancement of the relationship since 1850, suggesting the possi-
ble influence of anthropogenic forcing (C. Xu et al., 2023; M. Xu et al., 2023). Finally, climate projections
suggest that the ENSO-ASM relationship will be further enhanced under greenhouse warming scenarios (Pandey
et al., 2020; Roy et al., 2019; Wang et al., 2014).

Many hypotheses have been proposed linking external forcing changes to the coupling between ENSO and ASM
systems. For example, Mehta and Lau (1997) proposed that solar irradiance could impact the ENSO-ISM relation-
ship over multidecadal time scales, as a long-lived, above-normal irradiance anomaly would amplify the contrast
in thermal conditions between land and sea, leading to an intensification of monsoon winds and above-normal
rainfall over India. Recent paleoclimate evidence confirms this, suggesting that during periods of high total
solar irradiance, the ENSO-ISM correlation is strengthened and the ENSO-EASM correlation is weakened (Du
et al., 2023). In addition, Narasimha and Bhattacharyya (2010) showed ENSO connections with solar activity,
and suggested that the influence of solar irradiance on the ISM is indirectly applied via the ENSO teleconnection.
Similarly, Jin et al. (2019) suggested that solar activity shapes the decadal variation of the EASM through SST
anomalies in the Pacific Ocean. Kumar et al. (1999) attributed the weakening of the ENSO-ISM teleconnection
since the 1970s to changes in the Walker circulation and amplified temperature gradients between land and sea,
which are linked to global warming. Kim et al. (2016) showed that absorbing aerosols can amplify ENSO's effects
on the ISM via a diabatic heating feedback. Finally, Singh et al. (2020) found that large volcanic eruptions can
increase the synchronization between ENSO and the Indian monsoon.

While numerous studies have documented the impacts of decadal-scale climate modes, such as the Pacific Decadal
Oscillation (PDO) and the Atlantic Multidecadal Oscillation (AMO, also known as the Atlantic Multidecadal
Variability) on the ASM (e.g., Chakraborty & Singhai, 2021; Hrudya et al., 2021; Yang et al., 2017), considerably
less work has focused on their influences on the interannual relationship between ENSO and the ASM. The PDO
is characterized by the interdecadal fluctuation of SSTs and associated circulation changes in the Pacific Ocean.
It bears a resemblance to the spatial structures of ENSO, but occurs over longer time scales with a typical period
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of 20-30 years (Zhang et al., 1997). Previous studies found that India and southern China are more susceptible to
drought conditions when El Nifio events occur with positive PDO phases (Chan & Zhou, 2005; Krishnamurthy
& Krishnamurthy, 2014; Krishnan & Sugi, 2003). By contrast, wet monsoons tend to be dominant when La Nifia
events are superimposed on negative PDO phases. However, this primarily illustrates the compound effect of the
PDO and ENSO on the ASM. The current research on the PDO's influence on ENSO-monsoon covariability is
quite limited, primarily relying on direct comparisons among reconstructed time series (Hau et al., 2023; Shi
& Wang, 2019). The AMO is defined as a function of SST fluctuations in the North Atlantic, which have an
estimated period of 60-80 years during the observational era (Delworth & Mann, 2000). Both observational and
numerical studies indicate that positive AMO phases characterized by anomalously warm North Atlantic SSTs
can trigger remote responses in the tropical Pacific Ocean, leading to a decrease in ENSO variability along with
the weakening of the ENSO-monsoon teleconnection (Chen et al., 2010; Dong et al., 2006; Fan et al., 2018; C.
Xu et al., 2023; M. Xu et al., 2023). It is worth noting that these studies measured monsoon intensity largely
based on circulation rather than hydroclimate variability. Still, other work suggests that the non-stationarity in the
ENSO-monsoon relationship is simply caused by stochastic perturbations rather than low-frequency determinis-
tic processes (Gershunov et al., 2001; Yun & Timmermann, 2018). Broadly speaking, consensus regarding how
these modes of climate variability modulate the ENSO-ASM rainfall relationship is lacking.

The absence of clear constraints on the future of the ENSO—ASM relationship is primarily driven by the inade-
quate length of and spatial gaps in instrumental observations over the past ~150 years (which spans only a few
PDO and AMO cycles). Whereas paleoclimate records from key regions can help fill in critical temporal gaps,
an overall scarcity of coeval paleoclimate data with sufficient spatial coverage in the core ENSO and monsoon
regions has heretofore prevented a deeper understanding of the coupling between ENSO and monsoon systems
at multi-decadal and longer timescales. To address this, data assimilation of paleoclimate data sets (Paleo-DA)
is now widely applied to investigate spatiotemporal patterns of climate variability before the advent of instru-
mental records (e.g., Bhend et al., 2012; Goosse et al., 2012; Hakim et al., 2016; Steiger et al., 2014; Widmann
et al., 2010). By assimilating proxy records with numerical simulations of coupled climate models, Paleo-DA
generates globally gridded reconstructions of multiple climate fields simultaneously within a physically consist-
ent framework (Hakim et al., 2016; Steiger et al., 2014, 2018; Tardif et al., 2019a).

This study expands upon the work of several recent papers which have used Paleo-DA products to investigate
ENSO characteristics, the response of ENSO dynamics to external forcing, and the ENSO teleconnection in
North America during the past 2,000 years (Dee et al., 2020; Dee & Steiger, 2022; Luo et al., 2022, 2023; Steiger
et al., 2021; Tejedor et al., 2021). Specifically, we capitalize on the full spatiotemporal information spanning the
last millennium at annual resolution afforded by the Paleo-DA products to examine the teleconnection between
ENSO and the ASM, with a focus on the modulation of the PDO and AMO on the ASM and the ENSO-ASM
teleconnection. We ask the following key questions:

1. What are the individual and compound impacts of ENSO, PDO, and AMO on the ASM over the past
millennium?
2. Do the PDO and AMO modulate the variability of the ENSO-ASM relationship?

We use two Paleo-DA reconstructions to evaluate whether inferences surrounding the ENSO-ASM teleconnec-
tion drawn from instrumental observations and numerical simulations (Chan & Zhou, 2005; Chen et al., 2010;
Dong et al., 2006; Krishnamurthy & Krishnamurthy, 2014; Krishnan & Sugi, 2003) hold over long timescales.
Our aim is to provide insights into the dynamics and thus prediction of the ASM in a rapidly changing climate.

2. Materials and Methods
2.1. Data Products

This study uses two Paleo-DA products, the Last Millennium Reanalysis version 2.0 (LMRv2.0, Tardif
et al., 2019a) and the Paleo Hydrodynamics Data Assimilation Product (PHYDA, Steiger et al., 2018). Both the
LMRv2.0 and PHYDA combine paleoclimate proxies and coupled climate models to yield an optimal estimate
of past climate over the Common Era (0-2000 C.E.). LMRv2.0 utilized the Community Climate System Model
version 4 Last Millennium simulation (CCSM4-LM, Landrum et al., 2013) as a model prior and assimilated
temperature-sensitive proxies from the PAGES2k database (Emile-Geay et al., 2017), along with additional data
provided by Anderson et al. (2019). PHYDA was based on a hydroclimate-sensitive proxy network consisting of
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Figure 1. Validation of the PDO and AMO indices and uncertainties of temperature reconstructions. (a) Standardized PDO and (b) AMO indices for 1871-2000

C.E. calculated from ERSSTv5, HadISST,

LMRv2.0, and PHYDA. Correlations between ERSSTvS and other data sets are shown in the upper left corner, with **

signifying statistical significance at the 99% confidence level using the Student's #-test. Solid lines denote the 20-year lowpass filtered time series. (c, d) Global mean
surface temperature anomaly for 0-2000 C.E., relative to the average of 1951-1980 C.E. from (c) LMRvV2.0 and (d) PHYDA ensemble mean. The corresponding +1c
ranges for 100 ensemble members and 20 Monte-Carlo realizations of LMRv2.0 and 100 ensemble members of PHYDA are shown in light blue, indicating the range of
uncertainties associated with the temperature reconstructions.

2978 proxy time series (Steiger et al., 2018), and employed the Community Earth System Model Last Millennium
Ensemble (CESM-LME, Kay et al., 2015) as the climate model prior.

Although LMRv2.0 and PHYDA provide reconstructions spanning the past two thousand years, the amount of
paleoclimate proxies assimilated decreases over time, resulting in smaller variances and larger uncertainties in the
reconstructed climate variables, especially in the first half of the Common Era (Steiger et al., 2018, also shown in
Figures 1c and 1d). We thus restrict our analysis to the period between 851 C.E. and 1950 C.E., which we refer to
as the last millennium in this study. The starting point of 851 C.E. is selected to facilitate convenient comparison
with the CESM-LME simulations; 1950 C.E. is selected as the endpoint to reduce the influence of anthropogenic
forcing caused by carbon emissions from fossil fuels.

We use the ensemble mean of climate fields in the annually resolved, globally gridded reconstructions from the
Paleo-DA products. The LMRv2.0 reconstructs annual mean variables from January to December, whereas the
annual mean for PHYDA is defined as April to the following March of the calendar year. The LMRv2.0 global
gridded data contains SST, 2 m surface temperature, sea level pressure, 500-hPa geopotential height, precipita-
tion rate, precipitable water, and the Palmer drought severity index (PDSI). The PDSI is a standardized drought
index, with positive (negative) values representing wet (dry) conditions (Palmer, 1965). PHYDA provides three
global variables: 2 m surface temperature, the PDSI, and the standardized precipitation evapotranspiration index.
Since PDSI is the only hydroclimate variable provided by both LMRv2.0 and PHYDA, we use it as a metric for
monsoon rainfall for ease of comparison. We use SST from LMRvV2.0 and 2 m surface temperature from PHYDA
to calculate the ENSO, PDO, and AMO indices. Note SST and 2 m surface temperature are identical over the
open ocean, and the correlation coefficients between the ENSO, PDO, and AMO indices derived from the SST
and 2 m surface temperature data approach 1.0, confirmed through testing with LMRv2.0 (not shown).

To validate the performance of LMRv2.0 and PHYDA in reproducing the ENSO-ASM teleconnection and
decadal-scale climate variability, we employ both instrumental observations and modern reanalysis data sets.
Specifically, we use SST data from the Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST,
Rayner et al., 2003) and the Extended Reconstructed Sea Surface Temperature version 5 (ERSSTvS, Huang

et al., 2017a), and PDSI from Dai (2011) computed from observed monthly surface air temperature and
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precipitation. To maintain consistency when comparing with reconstructions, we follow the methodology
employed in PHYDA by calculating the annual mean of observations as the average from April to the following
March.

Climate model simulations from the CESM-LME full forcing experiments are analyzed as a supplement for
comparison with the Paleo-DA products (Kay et al., 2015; Otto-Bliesner et al., 2016). The CESM-LME full
forcing simulations were conducted with version 1.1 of CESM for the period 850-2005 C.E., forced with the
time-varying solar intensity, volcanic eruptions, land use conditions, greenhouse gasses, aerosols, and orbital
parameters (Otto-Bliesner et al., 2016). We primarily use the precipitation and SST outputs from all available
13 members of the CESM-LME full forcing simulations to replicate the analyses conducted using the PDSI and
SST/2 m surface temperature reconstructions from Paleo-DA products.

2.2. Study Regions and Index Definitions

This study aims to examine the ENSO teleconnection with the continental components of the ASM. Given the
significant spatial differences in precipitation variability within the monsoon region (Wang et al., 2018), we focus
on the reconstructed PDSI variability over the core regions of the ISM and EASM, where the maximum monsoon
rainfall or rainfall belt is located. The ISM core region is defined as 18°N-25°N and 65°E—88°E, following Rani
et al. (2021). For the EASM, the core region is defined as 27°N-35°N and 105°E—125°E, covering the Meiyu-
Baiu rainfall belt (Wang et al., 2008). These core regions are denoted with black rectangles in Figure 2. Note that
although marine areas are technically contained in the rectangular regions defined for the ISM and EASM, we
only utilize terrestrial PDSI data in our calculations.

We characterize ENSO variability using the NINO3.4 index, which is calculated by subtracting the long-term
average from the annually resolved SST reconstructions, and averaging SST anomalies over the region of
5°N-5°S, 170°W-120°W (Trenberth, 1997).

The PDO index is defined as the leading principal component of the area-weighted North Pacific SST anoma-
lies over the region of 20°N-66°N, 100°E—100°W (Mantua et al., 1997; Zhang et al., 1997). Considering the
notable warming trend during the validation period (1871-2000 C.E.) and the overall cooling trend over the
past millennium (Hakim et al., 2016), a detrending step is initially applied to the temperature data prior to PDO
index computation. This involves subtracting the smoothed temperature from the original data at each grid point.
Specifically, we utilize the Locally Weighted Scatterplot Smoothing (LOWESS) method (Cleveland, 1979) with
a window length of 100 years.

The AMO index is defined as the area-weighted North Atlantic SST anomalies over the region of 0—60°N,
0-80°W (Trenberth & Shea, 2006). Similar to the PDO index, we use the detrended SST anomalies to calculate
the AMO index.

2.3. Statistical Methods

In this study, we employ El Nifio and La Nifia events and the positive and negative phases of the PDO and AMO
and use composite analysis to distinguish differences between the opposing events/phases. Wavelet analysis of
the NINO3.4, PDO, and AMO time series spanning the last millennium revealed multi-scale temporal variability
(Figure S1 in Supporting Information S1). To separate interannual from decadal and longer time scale varia-
bility, we applied a 2—7-year bandpass filter to the NINO3.4 index and a 20-year lowpass filter to the PDO and
AMO indices. El Nifio (La Nifia) events are identified when the bandpass-filtered NINO3.4 index exceeds (falls
below) 0.5 standard deviations from the mean. Positive (negative) phases of the PDO and AMO are defined as
years when the lowpass-filtered PDO and AMO indices exceeds (falls below) 0.5 standard deviations from their
respective means. Given the potential overlapping and counterbalancing influences of the PDO and AMO phases,
we only include non-overlapping years in our composite analysis (see Figure S2 in Supporting Information S1
for the resulting PDO and AMO phases used in the composite analysis). When a year satisfies both an El Nifio
event definition and a positive PDO phase definition, we define it as an El Nifio occurring during the positive
PDO phase. Accordingly, we can identify El Nifio and La Nifia events that occur during positive and negative
PDO and AMO phases.

We use the moving correlation coefficients between the NINO3.4 index and the regionally-averaged PDSI over
the ISM and EASM core regions to quantify the temporal evolution of the ENSO-ISM and ENSO-EASM
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Figure 2. Validation of the ENSO-ASM relationship during the instrumental period. Left column (a, c, ): Correlation
coefficients between the NINO3.4 index and PDSI for 1951-2000 C.E., calculated from (a) ERSSTV5 observations and Dai
PDSI index, (c) LMRv2.0, and (¢) PHYDA. Right column (b, d, f): Differences in PDSI composites between El Nifio and
La Nifa events for 1951-2000 C.E, calculated from (b) ERSSTv5 observations and Dai PDSI index, (d) LMRv2.0, and (f)
PHYDA. Dotted areas denote significant results at the 95% confidence level. Black boxes represent the core regions of the
EASM and ISM. The number displayed at the bottom right of panels (c—f) represents the spatial correlation between the
Paleo-DA products and the corresponding observations over 0°-60°N, 50°E—155°E; ** (*) denotes statistical significance at
the 99% (95%) confidence level using the Student's #-test.

relationship. To capture detailed variations in these relationships, we use a relatively short sliding window of
21 years, following previous studies (e.g., Chen et al., 2010; Fan et al., 2017). We also confirmed that results are
similar when we change the sliding window sizes to 31 years or 51 years (Figure S3 in Supporting Information S1).

Linear regression analyses are conducted using various combinations of the NINO3.4, PDO, and AMO indices
to differentiate their influences on the ASM variability. In the regression analyses, we utilized the indices in their
raw, unfiltered form to ensure indices incorporate both low-frequency and high-frequency variability.

Finally, we use a two-tailed Student's 7-test for evaluating the significance of both the composite difference anal-
yses and correlation analyses. To address the potential impact of autocorrelation on the sample sizes, we employ
Equations 1 and 2 to calculate effective sample sizes for the difference test and correlation test, respectively
(Afyouni et al., 2019; Zwiers & Storch, 1995).

1—"1
14+nr

N, = (D

where N represents the original sample size, and r, denotes the lag-1 autocorrelation.
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o -1
Ng=N<1+22_NA_[er,kry,k) (2)
i=1

where N represents the original sample size, M is the cut-off lag determined by N/5, and r, ; and r, , stand for the

lag-k autocorrelations of the time series.

3. Results

We first assess the performance of the two Paleo-DA products in reproducing the PDO and AMO and the rela-
tionship between ENSO and the ASM during the instrumental period (Section 3.1). We then conduct composite
analysis to investigate the influence of ENSO/PDO/AMO phase changes on the ASM in the context of the
last millennium (Section 3.2), as well as the compound impacts of the PDO/AMO and ENSO on the ASM
(Section 3.3). Additionally, we examine the influence of the PDO/AMO on the ENSO-ASM relationship,
or teleconnection strength (Section 3.4). Note Sections 3.3 and 3.4 represent two entirely distinct analyses:
Section 3.3 focuses on the ASM rainfall variability, while Section 3.4 delves into the covariability between
ENSO and the ASM. Finally, we explore potential mechanisms for PDO and AMO impacts on the ASM
(Section 3.5).

3.1. Validation of Paleoclimate Data Assimilation Products

To validate the PDO and AMO index time series reconstructed in LMRv2.0 and PHYDA, Figure 1 shows a
comparison of both products to instrumental observations. Both reconstructions underestimate PDO variability
prior to the 20th century, and the phasing of the reconstructed PDO lags that of the observed PDO between 1940
and 1970 C.E. However, the correlation between the reconstructed and observed PDO indices exceed 0.50 (0.60
for LMRv2.0 and 0.54 for PHYDA) for the period 1871-2000 C.E., and all are significant at the 99.9% confi-
dence level, even when accounting for reduced degrees of freedom due to autocorrelation. Correlations between
the reconstructed and observed AMO indices are even higher, reaching 0.69 in LMRv2.0 and 0.72 in PHYDA.
Both Paleo-DA products capture main characteristics of the instrumental AMO index across the 20th century.
We thus assert that LMRv2.0 and PHYDA reasonably reproduce the decadal-scale variability of the AMO and
PDO over the past century.

Previous studies have confirmed the reliability of ENSO and the Asian hydroclimate reconstructions in the
LMRv2.0 and PHYDA data sets (see Supporting Information S1 of Hu et al., 2023; Luo et al., 2022). The recon-
structed SST pattern related to ENSO and the time series of the NINO3.4 index closely resemble observations
of the 20th century (see Figures S2 and S3 in Luo et al., 2022). Reconstructed PDSI over the Asian monsoon
regions is positively correlated with reanalysis PDSI from Dai (2011), though we note that the PDSI of both
Paleo-DA products is more reliable in central-northern China than in southern China and northeastern India (Hu
et al., 2023).

We further compare the ENSO-ASM teleconnection in LMRv2.0 and PHYDA to the teleconnection as char-
acterized by instrumental observations between 1951 and 2000 C.E. (Figure 2). The observations demonstrate
an overall anti-correlation of the PDSI in the ASM regions with the NINO3.4 index, and significant negative
correlations are found in the ISM region, Southeast Asia, and northern China (Figure 2a). Positive correlations
between the NINO3.4 index and PDSI emerge across parts of southern China, but no significant correlation
exists in most of the EASM region. Differences in the PDSI composites (Figure 2b) are consistent with the
correlation analysis, indicating that during El Nifio years, the ISM region, Southeast Asia, and northern China
experience drier conditions compared to La Nifia years, while southern China becomes relatively wetter. Nota-
bly, the PDSI changes in southern China are statistically insignificant. Both LMRv2.0 and PHYDA capture the
overall inverse relationship between the NINO3.4 index and PDSI in the ASM regions (Figures 2c-2f), although
the performance in East Asia is weaker than in South Asia. The discrepancy between observations and Paleo-DA
reconstructions in East Asia results from the scarcity of proxy data in this region and the inherently weak ENSO—
EASM relationship evident in observations. Nevertheless, the spatial correlations between reconstructions and
observations are higher than 0.4 across the region bracketed by 0°-60°N, S0°E—155°E, and are all significant at
least at the 95% confidence level. PHYDA better reproduces the spatial pattern of the ENSO-ASM teleconnec-
tion compared to LMRv2.0.
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Figure 3. Reconstruction of the ENSO-ASM relationship over the last millennium. Left column: Correlation coefficients
between the NINO3.4 index and PDSI for 851-1950 C.E., calculated from (a) LMRv2.0, and (c) PHYDA. Right column:
Differences in PDSI composites between El Nifio and La Nifia events for 851-1950 C.E., calculated from (b) LMRv2.0, and
(d) PHYDA. Stippled areas denote significant results at the 95% confidence level using the Student's 7-test.

3.2. Individual Impacts of ENSO, PDO, and AMO on the Asian Summer Monsoon

The ENSO-ASM relationship during the last millennium is consistent with that of the instrumental period
(Figure 3). The results from LMRvV2.0 indicate an inverse relationship between the NINO3.4 index and PDSI
across most of the ASM regions, except for the coastal area of the northern Bay of Bengal. Correlation coeffi-
cients are higher in the EASM region compared to the ISM region in LMRv2.0. PHYDA also shows a negative
correlation between the NINO3.4 index and the PDSI in most of the ASM regions except for the Yangtze River
Valley, with stronger correlations in the ISM region compared to the EASM region. In accordance with the corre-
lation analysis, PDSI decreases in most of the ASM regions when La Nifia shifts to El Nifio, except for the coastal
area of the northern Bay of Bengal in LMRV2.0 and the Yangtze River Valley in PHYDA. CESM-LME ensemble
members consistently show that the precipitation response to ENSO in the core region of the EASM (covering the
Yangtze River Valley) and northeastern India is opposite to that of other ASM regions (Figure S4 in Supporting
Information S1). Across transitions from La Nifia to El Nifio events, the simulated precipitation in the EASM core
region and northeastern India increases; by contrast, precipitation decreases in northern China, Southeast Asia,
and southern India. In general, the CESM-LME and both Paleo-DA products show that the shift from La Nifia to
El Nino results in drier conditions in northern China, Southeast Asia, and India.

Both Paleo-DA products reveal that the spatial pattern of the ASM as influenced by the PDO resembles that of
ENSO over the past millennium (Figures 4a and 4c). During positive PDO phases, the ASM regions generally
experience drier conditions, while the negative PDO leads to wetter conditions. Significant signals are observed
in most monsoon regions except for eastern China. By contrast, the PDSI within the ASM regions exhibits no
discernible response to changing phases of the AMO with the exceptions of eastern India and southeast Asia in
PHYDA, where PDSI decreases during positive phases of the AMO (Figures 4b and 4d).

The majority of CESM-LME simulations show no significant precipitation response to the PDO in eastern China
and northeastern India (Figure S5 in Supporting Information S1). Meanwhile, a significant decrease in precipita-
tion occurs in other ASM regions when PDO transitions from its negative phase to its positive phase. The major-
ity of CESM-LME members show that the impact of the AMO on the ASM is minimal (Figure S6 in Supporting
Information S1).
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Figure 4. Individual impacts of PDO/AMO on the ASM. Differences in PDSI composites between positive and negative
phases of the (a, ¢) PDO and (b, d) AMO for 851-1950 C.E., calculated from (a, b) LMRv2.0, and (c, d) PHYDA. Stippled
areas denote significant differences at the 95% confidence level using the Student's r-test.

3.3. Compound Impacts of the PDO/AMO and ENSO on the Asian Summer Monsoon

The previous section evaluates the influence of ENSO, PDO, and AMO on the ASM separately. El Nifio and La
Nifla events, alternately occurring as interannual variability, are superimposed on the decadal-scale variations of
the PDO and AMO. In this section, we focus on El Nifio and La Nifia events that occur during certain phases of
the PDO/AMO, and examine whether the ASM anomalies related to the compound impacts of PDO/AMO and
ENSO are distinct from the ASM anomalies when considering ENSO alone. Specifically, we compare differ-
ences in the PDSI composites between El Nifio (La Nifia) events that occur during a certain phase of the PDO/
AMO with all El Nifio (La Nifia) events over the entirety of the last millennium. For the compound effect of the
PDO and ENSO, there are four combinations in total: El Nifio + positive PDO phase, La Nifia + positive PDO
phase, El Nifio + negative PDO phase, and La Nifia + negative PDO phase; the same is true for the AMO.

When El Nifio or La Nifia events occur with a positive PDO phase, the PDSI over ASM regions overall decreases
relative to the average PDSI response to all El Nifio or La Nifia events (Figure 5). Notably, significant drying
signals are only present in southern India and Southeast Asia during La Nifia 4+ positive PDO events for the
LMRv2.0. PHYDA reveals significant dryings in northern China and India during El Nifio + positive PDO
events; during La Nifia + positive PDO events, significant dryings are limited to India alone. By contrast, when
El Nifio or La Nifia events occur with a negative PDO phase, the PDSI over the ASM regions overall increases
relative to the average PDSI response to all El Nifio or La Nifia events. Both LMRv2.0 and PHYDA show
significantly wetter conditions in northern China, India, and Southeast Asia during El Nifio + negative PDO
events. By contrast, shifts towards wetter conditions are mostly insignificant during La Nifia + negative PDO
events. Given that the El Nifio (La Nifia) events are associated with decreased (increased) PDSI in most of the
ASM regions (Figure 3), PHYDA and LMRV2.0 reconstructions consistently suggest that during the positive
phases of the PDO, the El Nifio (La Nifia) effect on the ASM is enhanced (weakened). Conversely, during the
negative phases of the PDO, the La Nifia (El Nifio) effect is enhanced (weakened). Both LMRv2.0 and PHYDA
show that the ASM anomalies due to the compounding effects of AMO and ENSO do not differ significantly
from the ASM anomalies when considering ENSO alone (Figure 6). Most CESM-LME members show that
when El Nifio or La Nifia events are superimposed on the positive or negative phases of the PDO and AMO, the
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Figure 5. Compound impacts of PDO and ENSO on the ASM relative to the average impacts of ENSO. Differences in PDSI composites between (a, ) El Nifio events
under positive PDO phases and all El Nifio events, (b, f) La Nifia events under positive PDO phases and all La Nifia events, (c, g) El Nifio events under negative PDO
phases and all El Nifio events, (d, h) La Nifa events under negative PDO phases and all La Nifa events for 851-1950 C.E., calculated from (a—d) LMRv2.0, and (e-h)
PHYDA. Dotted areas denote significant differences at the 95% confidence level using the Student's r-test.

resulting precipitation anomalies in the ASM regions do not significantly differ from the average precipitation
anomalies of all El Nifio and La Nifia events (Figures S7-S14 in Supporting Information S1).

Based on the Paleo-DA reconstructions, we find that the PDO exerts a stronger influence on the ASM compared
to the AMO. Furthermore, the PDO has a more pronounced impact on the ISM compared to the EASM. To
further validate this result, we constructed linear regression models using the regionally-averaged PDSI over
the EASM and ISM regions as the dependent variables and NINO3.4, PDO, and AMO indices as predictor
variables (Figure 7). A comparison of the goodness of fit of different regression models, measured by the adjusted
R-squared values, indicates that adding the AMO as a predictive factor beyond the NINO3.4 index does not meas-
urably improve the prediction skill for the EASM and ISM (Figures 7a and 7b). However, incorporating the PDO
significantly improves the prediction skill for the ISM (Figure 7b). It should be noted that the adjusted R-squared
values of these linear regression models are too small to be used for practical monsoon predictions. Here, our
main objective is to distinguish the relative importance of the PDO and AMO on the East Asian and Indian
monsoons by comparing the adjusted R-squared values of different regression models. From the perspective of
partial regression correlations, the PDO contributes even more significantly to the variability of the ISM than
ENSO variability in the multiple linear regression (Figure 7c). This aligns with our current understanding of the
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Figure 6. Same as in Figure 5, but for the compound impacts of AMO and ENSO on the ASM relative to the average impacts of ENSO.

WANG ET AL. 10 of 21

[umod ‘T “¥Z0T ‘9668691T

:sdny woxy pap

9SULOIT SUOWIWO)) dANEaI)) d[qearjdde ayy Aq paurdA0 a1 SA[O1IE () aSN JO SI[NI 10] ATRIQIT SUI[UQ) AJ[IA\ UO (SUONIPUOD-PUB-SULIA) W0 A3[IM"KIeIqI[aur[uo//:sd)y) Suonipuo) pue suLd [, 3y} 39S *[Z0g/10/£0] U0 A1eIqrT aurjuQ ASJIA * Te[ewniry [, yqrisnesy AqQ 8€96£0ALET0T/6T01 0 1/10p/wod Aaim A.



AN | .
A\ Journal of Geophysical Research: Atmospheres 10.1029/2023JD039638
AR
(a) EASM (b) ISM
NINO3.4 NINO3.4
NINO3.4+PDO NINO3.4+PDO
NINO3.4+AMO NINO3.4+AMO
NINO3.4+PDO+AMO NINO3.4+PDO+AMO
O.IOO 0.I03 O.:)S O.:)S OAI12 OAI15 0.I18 O.IOO O.I10 OAI20 0.;30 0.4
Adjusted R? Adjusted R?
s | MRv2.0 s PHYDA s | MRv2.0 s PHYDA

(c) Partial regression coefficients

EASM ISM
LMRv2.0 | PHYDA | LMRv2.0 [ PHYDA
NINO3.4 | -0.09** | -0.17** [ -0.001 0.03

PDO -0.03** | 0.12** | -0.09** -0.37*
AMO -0.004 0.07** 0.04** -0.07*

Figure 7. Regression of the regional mean PDSI on NINO3.4, PDO, and AMO indices. (a, b) Adjusted R-squared values for
the linear regression models of regional mean PDSI over the (a) EASM and (b) ISM regions using different predictive factors.
A larger adjusted R-squared value indicates a better fit of the regression model to the data. (c) Partial regression coefficients
of the multivariable linear regression model of EASM and ISM using the standardized NINO3.4, PDO, and AMO indices as
predictive factors, which measure the individual contribution of each predictive factor to the regression model. ** denotes
statistical significance at the 99% confidence level using the Student's r-test.

PDO as a product of multiple processes, encompassing both remote tropical forcing and local ocean—atmosphere
interactions in the midlatitudes (Newman et al., 2016).

3.4. Influence of the PDO/AMO on the ENSO-Monsoon Relationship

We also examine the impact of the PDO/AMO on the strength of the teleconnection between ENSO and the ASM.
For both subsystems of the ASM, the EASM and ISM, we calculate the 21-year moving correlations between the
regional average PDSI and the NINO3.4 index in both monsoon regions (the time series of the moving correlation
provided in Figure S3 in Supporting Information S1). We use these moving correlation coefficients to character-
ize changes in the ENSO-ASM relationship. As shown in the probability density function (PDF) of the moving
correlations during 851-1950 C.E. (Figure 8), the ENSO-ASM relationship is non-stationary, but in most cases
(over 70% of the correlations), average PDSI in both the EASM and ISM regions is negatively correlated with
the NINO3.4 index. However, we note the proportion of significant negative correlations is less than 30% or even
lower (see Table 1).

We determine the overall impact of the PDO/AMO on the ENSO-ASM teleconnection by comparing the PDF
and means of the moving correlations during the whole period of 851-1950 C.E. with those during all the posi-
tive and negative phases of the PDO/AMO. Using 851-1950 C.E. as a reference period, the results of LMRv2.0
show that the mean ENSO-EASM and ENSO-ISM relationships are slightly weaker (stronger) during posi-
tive (negative) PDO phases (Figures 8a and 8b). Our findings are consistent with the recent studies that the
weak ENSO-EASM correlations are associated with the El Nifio-like sea surface temperature anomalies (Hu
et al., 2023). However, the composite differences in correlations between positive and negative PDO phases
are smaller than 0.05, and statistically insignificant. PHYDA indicates minimal changes (correlation changes
smaller than 0.03, and statistically insignificant) in the mean moving correlations between positive and negative
PDO phases for both the ENSO-EASM and ENSO-ISM relationship (Figures 8c and 8d). Similarly, the phase
changes in AMO have an insignificant impact on the mean moving correlation coefficients of the ENSO-EASM
and ENSO-ISM in both LMRv2.0 and PHYDA (Figure 9). It is worth noting that, regarding the ENSO-EASM
relationship, LMRv2.0 exhibits an increased proportion of significant negative correlations during the negative
(positive) phase of the PDO (AMO), whereas PHYDA shows the opposite (Figures 8 and 9, also Table 1). It is
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Figure 8. Changes in the ENSO-EASM and ENSO-ISM relationship between positive and negative PDO phases.
Probability density function (PDF) of the 21-year moving correlation coefficients between the NINO3.4 index and regional
mean PDSI over the (a, ¢) EASM regions, and (b, d) ISM regions during positive PDO (red), negative PDO (blue) phases,
and all available years (gray, as the reference) for 851-1950 C.E., as calculated from (a, b) LMRv2.0, and (c, d) PHYDA.

The mean values of the moving correlation coefficients are shown in the upper right corner. Changes in the mean moving
correlations between positive and negative PDO phases lack statistical significance. Dash lines indicate the negative critical
value for the 21-year correlation coefficient estimated by the averaged effective sample sizes over the past millennium given a
95% significance level.

thus not surprising that the two data sets show contrasting results regarding the PDO/AMO influence on the
ENSO-monsoon covariability, since neither of them exhibits statistical significance.

The 21-year moving correlations between ENSO and the EASM in the CESM-LME are insignificant for the
majority of the past millennium (Figures S15 and S17 in Supporting Information S1). Negative correlations
between ENSO and the ISM are observed in most cases, with significant negative correlations detected in about
one-third to half of the pool of correlation coefficients (Figures S16 and S18 in Supporting Information S1).
However, the influence of PDO or AMO phase changes on the mean intensity of the ENSO-EASM and/or the
ENSO-ISM teleconnection is insignificant in all ensemble members. Overall, LMRv2.0, PHYDA, and CESM-
LME ensemble members consistently suggest the average influence of the PDO/AMO on the ENSO-ASM rela-
tionship over the last millennium is insignificant.

To interrogate this further, we conducted additional moving correlation analyses, connecting the 21-year moving
correlation between the NINO3.4 and PDSI with the PDO and AMO indices on a longer sliding window of
101 years (Figure 10). For LMRv2.0, the period from 1000 C.E. to 1200 C.E. reveals noteworthy positive corre-
lations between PDO and the 21-year moving correlation of ENSO-EASM (Figure 10a). Given the inverse
ENSO-EASM relationships within this period (Figure S3 in Supporting Information S1), this suggests that when
PDO transitions from negative to positive phases, the ENSO-EASM relationship weakens. However, during
the period of 1250-1350 C.E., the correlation between PDO and the ENSO-EASM moving correlation turns
negative, indicating that the transition of PDO from negative to positive phases strengthens the ENSO-EASM
relationship. In the remaining periods throughout the past millennium in LMRV2.0, the association between
PDO and ENSO-EASM covariability lacks statistical significance. Similarly, the relationship between PDO and
the ENSO-ISM moving correlation also varies over time, with significant negative correlations occurring only
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olx v loly = 573 du.ring the period of 1640-1740 C.E (Figure IOC): For PHYPA, a significant positive (negative) corre-
S~ S| =8 lation between PDO and the ENSO-EASM moving correlation appears between 1170 and 1300 C.E.
<i: R <F BN & -E § (1480-1600 C.E.); a significant negative correlation between PDO and the ENSO-ISM moving corre-
o ) 3 lation is limited to between 1110 and 1210 C.E. (Figures 10b and 10d).

(2}

;’ é The relationship between AMO and the moving correlation of ENSO-ASM also exhibits temporal vari-
§ '%D g ations and disparities across data sets (Figures 10e—10h). In LMRv2.0, the relationship between AMO
g _— o 5 % and the ENSO-EASM moving correlation is statistically insignificant throughout the past millen-
%O % 3 % % ~ © E g nium. Significant negative (positive) correlations between AMO and the ENSO-ISM are observed
o) ff_ § "% jE g § g = during 1140-1240 C.E. (1470-1610 C.E.) in LMRv2.0. On the other hand, in PHYDA, a significant
§ < © E % positive correlation between AMO and the ENSO-EASM moving correlation only appears during
§ é ;6/ 1240-1340 C.E., and a significant positive correlation between AMO and ENSO-ISM is observed
% % C: during 950-1050 C.E.; significant negative correlations are observed during 1100-1200 C.E. and
35 2 .§ 1300-1400 C.E.

v

§ % § The centennial-scale sliding window applied suggests that significant impacts of the PDO and AMO on
= g § g the ENSO-ASM relationship have only manifested during a brief period within the past thousand years,
LZ g '§ é and the occurrence does not exhibit clear regularity in terms of timing. This finding helps to explain the
LQ)' o % B - SN E §° = small difference in mean values of the ENSO-ASM moving correlations between all positive and nega-
= 8 O - '%o g E tive phases of the PDO/AMO. The non-stationarity of the PDO/AMO modulating on the ENSO-ASM
I s @ ' % é - &3 relationship is notable: while previous studies have indicated the potential influence of the PDO on the
g': § -go 1‘5 ENSO-monsoon covariability (Hau et al., 2023; Shi & Wang, 2019), few have been able to explore the
% é “2 ;.j non-stationarity over many centuries as we can with the Paleo-DA products.

E E :: :z 3.5. Mechanisms of the PDO and AMO Impacts on the Asian Summer Monsoon

é £ % é To elucidate the dynamics giving rise to PDO and AMO modulations of the ASM in the Paleo-DA, we
?s § 8 § perform composite analyses of SST, sea level pressure (SLP), and 500-hPa geopotential height fields
Slol& = ISERSS % oy ED provided in the Paleo-DA products. Note that PHYDA does not reconstruct geopotential height or
§ a ; ; 8 Qﬁ Xi '2 8 § other dynamical fields, and thus the circulation-related analysis is restricted to LMR 2.0. The results
§o il -G & [Zé:i g '% % g from Figures 11 and 12 support the interpretation that the PDO alters the impact of ENSO on the ASM
E Tg 'g f because the spatial patterns of SST and circulation anomalies caused by these two modes of climate
é §D 8 OO variability exhibit a high degree of consistency, despite differences in their time scales. For exam-
= £ 2 e ple, during El Nifio events and positive PDO phases, warm SST anomalies occur in the central and
i g iﬁ g eastern equatorial Pacific, whereas cold SST anomalies persist in the western Pacific and the Indian
'~§ § i % Ocean. Accordingly, the SLP in the central and eastern equatorial Pacific decreases, and SLP in the
T = 8 5 tropical western Pacific and over the Marine Continents increases. Previous studies indicate that this
NE & % g zonal SLP contrast causes the climatological mean Indo-Pacific Walker circulation to shift eastward,
§ _ § 155 S 8 % § resulting in anomalous upward motions over the western Indian Ocean which stimulates anomalous
Ts < 8 § 2% ‘: % E § descending motions and reduced precipitation in the ASM regions (Krishnamurthy & Goswami, 2000;
S N E § g % 3 Lau & Nath, 2003). Supporting this, the 500-hPa geopotential height field from LMRv2.0 (Figure 12)
% E g § indicates that both positive PDO phases and El Nifio events correspond to an anomalous anticyclonic
Q' % .5 "§o circulation in the ASM region, consistent with a reduction of monsoon rainfall. Thus, when El Nifio (La
E § ‘g § Nifia) occurs with a positive (negative) PDO phase, the SST and circulation anomalies will be ampli-
= QI E .§ fied, further strengthening the teleconnection and enhancing ASM precipitation anomalies. Conversely,
§ 2 % “§ when El Nifio (La Nifia) occurs with a negative (positive) PDO phase, the SST and circulation anoma-
E % :‘é Eo lies will be neutralized, reducing the magnitude of precipitation anomalies.

=)

g' ‘; g § The SST patterns associated with the positive phase of the AMO are characterized by large-scale
LYZ.] 2 g g,n warming over the North Atlantic and eastern tropical Pacific (Figures 11c and 11f). From the recon-
2 i - structed geopotential height field (Figure 12f), the warm SST anomalies in the North Atlantic trigger
5" s % :E: E a circumglobal teleconnection (Ding & Wang, 2005; Wu, 2002), which propagates from the west-
=| £ - E - 5 f: -% ern North Atlantic to Asia. Anomalous cyclonic circulation occurs in the ASM regions, which favors
< § E ol g g ol g ﬁ E % increased precipitation. Consistent with the sea level pressure field (Figure 12c), warm SST anomalies
g ;5‘ % % E % % E § f% E in the eastern tropical Pacific result in an El Nifio-like SLP gradient between the Indo-Pacific and east-
[OI=

ern Pacific, leading to decreased precipitation in the ASM regions. It is evident that the warm anomalies
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Figure 9. Same as in Figure 8, but for changes in the ENSO-EASM and ENSO-ISM relationship between positive and
negative AMO phases. Changes in the mean moving correlations between positive and negative AMO phases lack statistical
significance.

in the North Atlantic and the eastern tropical Pacific counterbalance each other in terms of precipitation anoma-
lies, which helps to elucidate why the influence of the AMO phase change on the ASM is not significant in the
paleo-data assimilations.

4. Discussion and Conclusions

This study used two paleoclimate data assimilation reconstructions, LMRv2.0 and PHYDA, to investigate how
modes of (multi-)decadal climate variability modulate the ENSO-ASM relationship over the past millennium
(851-1950 C.E.); specifically, we focused on (a) the compound effects of the PDO/AMO and ENSO on the ASM
variability (Section 3.3) and (b) the influence of the PDO/AMO on the strength of the ENSO-ASM relationship
(Section 3.4).

Both LMRv2.0 and PHYDA consistently show an overall inverse relationship between ENSO and the ASM
during the past millennium (Figure 3). ENSO transitions from La Nifia to El Nifio events are associated with
drier conditions over most of the ASM regions, including India, Southeast Asia, and northern China. The spatial
pattern of the ASM response to the PDO resembles those of ENSO (Figure 4). When an El Nifio occurs under
a positive PDO phase, or a La Nifia occurs under a negative PDO phase, the ASM anomalies caused by ENSO
will be intensified, particularly in the ISM regions and Southeast Asia (Figure 5). Conversely, when an El Nifio
occurs under a negative PDO phase, or a La Nifia occurs under a positive PDO phase, the ASM anomalies caused
by ENSO will be weakened. In contrast, the phase changes of the AMO have little impact on the ASM (Figure 4),
and the superposition of El Nifio or La Nifia events on the AMO does not result in significant changes in the
ENSO-ASM teleconnection (Figure 6).

CESM-LME simulations exhibit general agreement with the Paleo-DA products regarding the ASM response to
ENSO and PDO. For most of the CESM-LME ensemble members, the ASM precipitation anomalies associated
with the compound effects of ENSO and the PDO or AMO are not significantly distinct from those induced
by ENSO on average. Thus, while climate models show little distinction between the combined effects of the
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Figure 10. 101-year moving correlation between the PDO/AMO and the ENSO-ASM teleconnection. (a, b) Moving correlation between the PDO index and the
ENSO-EASM teleconnection, (c, d) between the PDO index and the ENSO-ISM teleconnection, (e, f) between the AMO index and the ENSO-EASM teleconnection,
(g, h) between the AMO index and the ENSO-ISM teleconnection for 851-1950 C.E. The left column is calculated from LMRv2.0, and the right column is from
PHYDA. The ENSO-EASM and ENSO-ISM teleconnection is measured by the 21-year moving correlation between the NINO3.4 index and regional mean PDSI

over the EASM and ISM regions. The dashed lines represent critical values for 101-year moving correlations. These values are estimated based on the averaged
effective sample sizes over the past millennium, ensuring a 95% significance level according to the Student's #-test. The red (blue) crosses in the panel bottom indicate a
significant positive (negative) correlation over a 101-year period centered on that year.

PDO/AMO and ENSO and the average effects of ENSO on the ASM, both Paleo-DA products incorporating
proxy records confirm that when PDO occurs as the background of El Nifio or La Nifia, it can either enhance or
weaken the impact of ENSO on the ISM.

Our analyses provide additional support for studies on the compound effects of PDO and ENSO on the
ASM conducted using data spanning the instrumental period (Chan & Zhou, 2005; Krishnamurthy &
Krishnamurthy, 2014). Notably, our study extends this work many hundreds of years into the past, providing
a much larger sample of ENSO, PDO, and AMO events than the instrumental data alone. With the increased
data pool afforded by the last millennium reconstructions, we can better disentangle the effects of the PDO and
AMO by excluding the years when both PDO and AMO are strong and overlapping. We found that the individual
influence of the PDO on ASM variability is much stronger than that of the AMO. This work thus underscores the
power of utilizing Paleo-DA to shed light on the robust impact of (multi-)decadal-scale climate modes.
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Figure 11. Sea surface temperature patterns related to ENSO, PDO, and AMO. Differences in sea surface temperature composites between (a, d) El Nifio and La Nifia
events, (b, e) positive and negative PDO phases, and (c, f) positive and negative AMO phases for 851-1950 C.E., calculated from (a—c) LMRv2.0, and (d—f) PHYDA.
Stippled areas denote significant differences at the 95% confidence level using the Student's -test.

While the interdependence of PDO and ENSO phases is still an ongoing debate (Chen & Wallace, 2016; Newman
et al., 2016; Vimont, 2005; Wills et al., 2018), we found that incorporating PDO in addition to ENSO cycles can
remarkably enhance the prediction of the ISM in both data sets, but not the EASM in LMRv2.0 (Figure 7). The
improvement in predicting the ISM is evident even when decadal-scale variability in ENSO cycles is not factored
out. Our findings support a significant influence of extratropical variability on the ASM, as PDO results from
multiple processes, encompassing both remote tropical forcing and local air-sea interactions in mid-latitudes
(Newman et al., 2016).

The relationship between ENSO and the ASM (i.e., the strength of the teleconnection), as measured by the
moving correlations between the NINO3.4 index and the regional mean PDSI over the ASM regions, was
highly non-stationary over the last millennium. Through a comparison of the average ENSO-ASM relationships
between all positive and negative phases of the PDO/AMO, we determined that the distinctions between positive
and negative PDO/AMO phases are statistically insignificant (Figures 8 and 9). This lack of significance can
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Figure 12. Sea level pressure and 500-hPa geopotential height patterns related to ENSO, PDO, and AMO. Differences in (a—c) sea level pressure and (d—f) 500-hPa
geopotential height composites between (a, d) El Nifio and La Nifia events, (b, e) positive and negative PDO phases, and (c, f) positive and negative AMO phases for
851-1950 C.E., calculated from LMRv2.0 only. Stippled areas denote significant differences at the 95% confidence level using the Student's 7-test.
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be attributed to the fact that the impact of the PDO/AMO on the ENSO-ASM teleconnection also changes on
centennial timescales, with notable influences only emerging during limited periods within the past millennium
(Figure 10).

We acknowledge a few important caveats of this work. First, the method we use to define the AMO index is just
one amongst various alternatives. Many previous studies subtract the global mean temperature when calculating
the AMO index to remove the climate change signal for the instrumental era (Frajka-Williams et al., 2017; Si
et al., 2021; Trenberth & Shea, 2006). We found that after defining the AMO index in this way, Paleo-DA prod-
ucts show negative SST anomalies in the tropical Pacific when the AMO is in a positive phase (Figures S19a
and S19c in Supporting Information S1). This tends to trigger circulation patterns similar to La Nifia events
and results in increased rainfall in the EASM and ISM regions (Figures S19b and S19d in Supporting Informa-
tion S1), which is consistent with conclusions based on observational data and model simulations (Krishnamurthy
& Krishnamurthy, 2016; Li et al., 2008; Lu et al., 2006). Although different definitions of the AMO index can
cause differences in the response of the ASM, the main conclusions of this study regarding the minimal impact
of the AMO on the ENSO-ASM teleconnection remains robust.

While this study focuses on documenting the impact of (multi-)decadal-scale modes of climate variability on
the ENSO-monsoon variation, it is crucial to acknowledge the significant impacts from external forcings. For
instance, recent studies indicate that external forcings substantially influence the multidecadal-scale variability
among the Atlantic sea surface temperatures, precipitation, and hurricane activity in surrounding regions (He
et al., 2023). During the past millennium, solar radiation can modulate the impact of PDO on precipitation in
eastern China (Xue et al., 2023). Furthermore, tropical volcanic eruptions can also affect the coupling between
ENSO and the EASM on decadal scales (Zhu et al., 2022).

In addition, the Paleo-DA products only provide hydrological climate and SST reconstructions at an annual reso-
lution. However, the ENSO-ASM relationships are seasonal and ENSO phase-dependent. For example, Wang
et al. (2020) mentioned that the patterns of ENSO-induced rainfall anomalies in Asia vary across seasons. Addi-
tionally, the response of the EASM differs between the developing and decaying summers of El Nifio. Thus, the
dependence of the ASM response on different types of El Nifio events, as well as the seasonal timing of those
events, deserves further examination. Moreover, unfortunately, compared to North America and Europe, the avail-
able proxy records used for the data assimilation performed by both LMRv2.0 and PHYDA over Asia are very
limited, which increases uncertainty in our study of variability of the East Asian monsoon using Paleo-DA to
some extent. Future work must build paleoclimate data sets with higher temporal resolution and larger spatial
coverage from this region; such work is sorely needed to help us better understand causes of changes in the
ENSO-ASM relationship. Still, the additional information about past climate states at annual resolution afforded
by the Paleo-DA products is critical for understanding the long-term behavior of the ASM in a warming climate.

This study takes a first step toward using paleoclimate reconstructions as a potential avenue for enhancing
decadal-scale predictability of the ASM by analyzing the influence of both the AMO and PDO on the ENSO—
ASM relationship. Past and future changes in the ASM have and will continue to impart severe consequences
on agriculture, water resources, and natural disasters such as floods and droughts, affecting the livelihoods of
billions of people. Studies such as this which can provide a larger sample size of coupled events linking modes of
natural variability to better understand how climate modes will compound with anthropogenic forcing are critical
for improving estimates of interannual variability in ASM rainfall. As decadal climate prediction continues to
advance (Meehl et al., 2021; Smith et al., 2012, 2019), it is our hope that by clarifying the complex relationships
between ENSO, the ASM, the PDO and AMO, this work may inform decision-making and mitigation of future
ASM-related hazards and variability.
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