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Abstract Large uncertainties exist in climate model projections of the Asian summer monsoon (ASM).
The El Nifio-Southern Oscillation (ENSO) is an important modulator of the ASM, but the ENSO-ASM
teleconnection is not stationary. Furthermore, teleconnections between ENSO and the East Asian versus South
Asian subcomponents of the ASM exhibit distinct characteristics. Therefore, understanding the variability of
the ENSO-ASM teleconnection is critical for anticipating future variations in ASM intensity. To this end, we
here use paleoclimate records to extend temporal coverage beyond the instrumental era by millennia. Recently,
data assimilation techniques have been applied for the last millennium, which facilitates physically consistent,
globally gridded climate reconstructions informed by paleoclimate observations. We use these novel data
assimilation products to investigate variations in the ENSO-ASM relationship over the last 1,000 years. We
find that correlations between ENSO and ASM indices are mostly negative in the last millennium, suggesting
that strong ASM years are often associated with La Nifia events. During periods of weak correlations between
ENSO and the East Asian summer monsoon, we observe an El Nifio-like sea surface temperature (SST) pattern
in the Pacific. Additionally, SST patterns associated with periods of weak correlations between ENSO and
South Asian summer monsoon rainfall are not consistent among data assimilation products. This underscores
the importance of developing more precipitation-sensitive paleoclimate proxies in the Indian subcontinental
realm over the last millennium. Our study serves as a baseline for future appraisals of paleoclimate assimilation
products and an example of informing our understanding of decadal-scale ENSO-ASM teleconnection
variability using paleoclimate data sets.

Plain Language Summary A large fraction of floods and droughts in Asia are associated with
extreme Asian summer monsoon (ASM) events, but unfortunately, the prediction of the ASM is still highly
uncertain. Scientists often use El Nifio—warm sea surface temperature (SST) events in the eastern Pacific
Ocean that occur before the ASM—as a basis to predict the ASM, but it does not work perfectly all the time.
In order to understand why El Nifio fails to predict the ASM sometimes, we looked at climate data spanning
the last 1,000 years. The data was based on paleoclimate reconstructions using archives including tree rings,
corals, speleothems, and ice cores. Scientists recently synthesized all these data together with climate model
simulations. We find that more intense summer monsoon rainfall in East and South Asia likely corresponds
to colder SSTs in the Eastern Pacific Ocean. Also, when El Nifio fails to predict the monsoon in East Asia,
the background SST in the eastern Pacific is warmer than normal. Our results could help better predict ASM
rainfall in the future and mitigate impacts of fire and flooding caused by extreme monsoon events.

1. Introduction

The Asian summer monsoon (ASM) supplies freshwater resources for nearly 4 billion people annually. Its
variations and related hydroclimate events cause floods and droughts, which have far-reaching social and
economic impacts, especially in countries that are heavily dependent on agriculture (Gadgil & Kumar, 2006; Loo
et al., 2015; Wang et al., 2022). Climate change is expected to change the characteristics of the ASM (Rajesh &
Goswami, 2022); dry and hot monsoon extremes are expected to occur more frequently alongside future warming
(Mishra et al., 2020), in addition to the increased risk of flash flooding (Almazroui et al., 2021). Given its soci-
etal and climatic importance, it is critical to constrain the future response of ASM variability to anthropogenic
forcing. Ensemble means of the Coupled Model Intercomparison Project Phase 3 (CMIP3), CMIP5, and CMIP6
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projections suggest a robust increase of ASM rainfall under increased greenhouse gas scenarios, but significant
spread in spatial extent and magnitude between these model simulations adds marked uncertainty to anticipating
future ASM variability (Ha et al., 2020; Katzenberger et al., 2021; Lee & Wang, 2014; Menon et al., 2013; Sooraj
et al., 2015).

Variations in sea surface temperature (SST) in the tropical Pacific Ocean play an outsized role in influencing
ASM fluctuations from year to year. Chiefly, the El Nifio-Southern Oscillation (ENSO) phenomenon is an impor-
tant predictor of the ASM: the amplitude or variance of ENSO can modulate the magnitude of the ASM via tele-
connections (Xie et al., 2016). The ASM has two major subsystems, the South Asian summer monsoon (SASM)
and the East Asian summer monsoon (EASM). Whereas the SASM is a tropical monsoon system, the EASM is a
subtropical monsoon system and is influenced by tropical circulation and midlatitude systems such as extratrop-
ical cyclones and westerly jet streams (Lau et al., 2000; Wang et al., 2001). Thus, the two subsystems respond to
ENSO differently. For example, typically during El Nifio events, rainfall generally decreases in the SASM realm
(Nanjundiah et al., 2013), whereas monsoon rainfall is enhanced in southern China (Dai & Wigley, 2000).

ENSO often influences the EASM and SASM by triggering SST responses in the Indian Ocean or by modulating
changes in the Walker Circulation (Zhou et al., 2021). ENSO peaks in boreal winter (December-January-Feb-
ruary; DJF), but the ENSO-monsoon teleconnection propagates into the following boreal summer season
(June-July-August; JJA). The Indian Ocean connects ENSO to the ASM via the Indian Ocean Basin mode (IOB)
and the Indian Ocean Dipole (IOD) (Cherchi et al., 2021; Liu & Duan, 2017; McMonigal & Larson, 2022). In
boreal autumn, El Nifio weakens the Walker circulation, and this triggers the positive phase of the IOD (Schott
et al., 2009). In winter, El Nifio induces a large-scale anomalous cyclone (AC) in the central Pacific and an
anomalous anticyclone (AAC) to the west (Wang et al., 2003). In the tropical Indian Ocean, the easterly wind
anomalies excite downwelling Rossby waves in the southern tropical Indian Ocean, resulting in warming in the
southwest Indian Ocean (Xie et al., 2002). This warming is maintained by air-sea interactions and transitions into
IOB warming through boreal summer following El Nifio (Du et al., 2009). In spring and summer, the IOB warm-
ing excites Kelvin waves in the lower atmosphere and thus strengthens the AAC over the northwestern Pacific,
weakening the SASM circulation and strengthening the EASM (Xie et al., 2009). In addition, the positive phase
of 10D triggered by El Nifio can induce convergence anomalies in India, reducing the ENSO-induced rainfall
deficit in India (Ashok et al., 2001).

Broadly, multiple hypotheses explaining the variation of the ENSO-monsoon relationship have been proposed
which draw from this mechanism, including atmospheric/oceanic wave propagation and air-sea interactions.
However, the ENSO-monsoon relationship is not inherently stable and exhibits substantial decadal variability
(Kumar et al., 2006; Kumar, Kleeman, et al., 1999; Torrence & Webster, 1999; Wang, 2002; Wu & Wang, 2002).
Indeed, the variation of the ENSO-monsoon relationship is likely modulated by external forcings such as solar
irradiance (Mehta & Lau, 1997; Misios et al., 2019), insolation (Wen et al., 2022), greenhouse gases (GHGs)
(Ashrit et al., 2001; Li & Ting, 2015), and aerosols (Khodri et al., 2017; Singh et al., 2020). ENSO-monsoon
teleconnections are also modulated by internal modes of climate variability such as the Pacific Decadal Oscil-
lation (PDO) (Chan & Zhou, 2005; Dong et al., 2018; Krishnamurthy & Krishnamurthy, 2014) and the Atlantic
Multidecadal Oscillation (AMO) (Kucharski et al., 2009; Lu et al., 2006). Other work suggests that decadal vari-
ability of the ENSO-monsoon relationship is simply caused by stochastic perturbations rather than low-frequency
deterministic processes (Cash et al., 2017; Gershunov et al., 2001; Yun & Timmermann, 2018), and that inter-
nal modes such as PDO are induced by stochastic processes (Newman et al., 2016). Exacerbating the lack of
constraints on the ENSO-monsoon relationship, there are only 3—4 full cycles of decadal variability with which
to characterize the ENSO-monsoon relationship over the instrumental period.

Over the instrumental period, strong El Nifio events usually coincide with the failure of the SASM (i.e., drought
events in the core monsoon zone of India). Given that ENSO events modulate SASM activity during JJA of
the following year—well after they peak in DJF—ENSO indices have been used as predictors for the monsoon
(Nanjundiah et al., 2013). The super El Nifio event in 1997/1998 seems to be an outlier: it features an extremely
warm SST anomaly in the central and eastern Pacific but corresponds to a slight increase of SASM rainfall.
Several hypotheses have been raised to explain this anomalous event: Kumar, Rajagopalan, & Cane (1999)
suggested that the ENSO-monsoon teleconnection has weakened in recent decades such that the slight increase in
SASM rainfall following the 1997/1998 El Nifio event could represent this decoupling. Nanjundiah et al. (2013)
suggested that central equatorial Indian Ocean SSTs may be another important factor, and they are not always
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in phase with ENSO. Nevertheless, there are only three super El Nifio events in 1952-2010 (defined as events
with the Nino3 index exceeding two standard deviations, i.e., events in 1972/1973, 1982/1983, and 1997/1998)
(Hong et al., 2014); thus, we lack the sample space to robustly characterize the ENSO-SASM relationship. For
EASM rainfall, evidence exists for a shift in its relationship with ENSO from 1960s to 1990s (Wang, 2002; Wu &
Wang, 2002). Although several factors including the North Atlantic Oscillation (Wu, Li, Jiang, He, & Zhu, 2012),
Tibetan Plateau snow cover (Wu, Li, Jiang, & Ma, 2012), PDO (Chan & Zhou, 2005), and AMO (Lu et al., 2006)
have been invoked as possibly responsible for the decadal shift of the ENSO-EASM teleconnection, understand-
ing the mechanisms for this are still challenging due to the brevity of the instrumental period.

Paleoclimate records extend the temporal coverage afforded by the instrumental era, and several studies have
investigated the ENSO-monsoon relationship spanning the last millennium and the Holocene (Abram et al., 2007,
Berkelhammer et al., 2014; Eroglu et al., 2016; Liu et al., 2018; Tejavath et al., 2019; Yan et al., 2015; Zhang
et al., 2018). Many of these studies highlight decadal-to-centennial-scale variability of the ENSO-monsoon rela-
tionship (e.g., difference between the Little Ice Age and the Medieval Warm Period) and the important roles of
the PDO and AMO. However, most of these studies are generally based on one or a few paleoclimate records
or sites, limiting ability to capture the spatial heterogeneity of the ASM's response to ENSO. Accordingly, vali-
dation of model-specific spatial heterogeneity, which may be sizable across models (Liu et al., 2018; Tejavath
et al., 2019; Zhang et al., 2018), necessitates quantitative information of climate evolution afforded by pale-
oclimate records. Addressing these limitations, recent efforts to amalgamate and standardize global paleocli-
mate data sets have advanced paleoclimate synthesis (Hakim et al., 2016; Steiger et al., 2018). The past two
millennia emerge as a promising period of study due to well-constrained global climatic forcing factors (Schmidt
et al., 2011) and good coverage of proxy information (Steiger et al., 2018; Tardif et al., 2019a). As such, a
number of recent paleoclimate data assimilation products have focused on the last two thousand years (1-2000
C.E.; Last2k) to provide model-blended global reconstructions of surface temperature and precipitation (Hakim
et al., 2016; Steiger et al., 2018). Such paleoclimate data assimilation techniques facilitate physically consistent,
globally gridded climate reconstructions informed by paleoclimate observations within the dynamical constraints
of climate models.

To improve understanding of the dynamics of the ASM, here, we focus on the relationship between ENSO and the
ASM over the last 1,000 years. We use two state-of-the-art data assimilation-based paleoclimate reconstructions,
the Last Millennium Reanalysis (LMR) (Tardif et al., 2019a) and the Paleo-Hydrodynamics Data Assimilation
(PHYDA) (Steiger et al., 2018), which both contain information surrounding ENSO and hydroclimate in the
ASM core regions. We address three key questions: (a) How does the ENSO-ASM relationship change over the
last millennium? (b) Do historically observed ENSO-monsoon teleconnection relationships hold in the past? and
(c) What are the dynamics associated with periods of strong and weak ENSO-ASM teleconnections? We discuss
the utility of these results to form testbeds for numerical models, and to better understand the background climate
states associated with periods of strong and weak ENSO-ASM teleconnections.

2. Data and Methodology
2.1. Paleoclimate Data Assimilation Reconstructions

The Last Millennium Reanalysis (LMR) project v2.0 (Tardif et al., 2019a) uses offline Data Assimilation (DA)
with a climate model prior derived from simulations spanning the last millennium (Landrum et al., 2013) in
combination with annually resolved paleoclimate archives from the PAGES2k database (Emile-Geay et al., 2017)
(with later additions from Anderson et al. (2019) and Tardif et al. (2019a)). The DA employs an ensemble Kalman
filter to reconstruct annual climate states which minimize the offset between model fields (the model “prior”)
and observations (Hakim et al., 2016; Steiger et al., 2014; Tardif et al., 2019a). The result is an annually resolved
reconstruction of fields including (but not limited to) SST, surface air temperature, precipitation, the Palmer
Drought Severity Index (PDSI), and geopotential height. The LMR has a spatial resolution of 2° X 2°, covering
the period 1-2000 C.E., and reconstructs climate averaging over the calendar year beginning in January and
ending in December.

The Paleo-Hydrodynamics Data Assimilation product (PHYDA) combines 2,978 proxy time series with
the physical constraints of climate models, using a similar DA framework to the LMR (Steiger et al., 2018).
PHYDA returns climate state variables at seasonal to annual resolution including two-dimensional fields PDSI,
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Standardized Precipitation Evapotranspiration Index (SPEI), and surface temperature. Climate indices for the
AMO, NAO, ENSO, and several others are also provided in the reconstruction. Note that PHYDA does not
reconstruct precipitation. PHYDA has a spatial resolution of 1.875° (latitude) X 2.5°(longitude), and covers the
period 1-2000 C.E. Unlike the LMR, PHYDA's annual reconstructions average over the water year, from April to
March. PHYDA employs proxy records from the PAGES2k proxy database (Emile-Geay et al., 2017), but screens
for and includes only hydroclimate-sensitive proxy archives such as tree-ring width, as described in Steiger
et al. (2018). The available reconstructions of climate modes and their hydroclimatic impact from PHYDA facil-
itate the investigation of the past influences and interactions between ENSO and the ASM.

Both LMR and PHYDA employ data assimilation techniques to combine the information in paleoclimate prox-
ies with the dynamical constraint of a climate model, so LMR and PHYDA provide physically coherent global
climate variables relevant to this analysis, including SST, air temperature, precipitation, and sea level pressure
spanning the last 2000 years at annual resolution. These products provide a complement to direct measurements
from paleoclimate archives, as they effectively fuse information contained in the high-resolution paleoclimate
record with the dynamical constraints of a climate model (Dee et al., 2016; Steiger et al., 2014); PHYDA and
LMR thus “fill in the gaps” in time and space where data points are lacking in paleoclimate records (Hakim
et al., 2016; Tardif et al., 2019a).

The proxy network and data assimilation techniques employed in the LMR and PHYDA house similarities, but
there are also important differences. First, the two products use different climate model priors. PHYDA used
the Community Earth System Model Last Millennium Ensemble (CESM-LME) (Otto-Bliesner et al., 2016),
whereas the LMR used the Last Millennium simulation from the Community Climate System Model version 4
(CCSM4) (Landrum et al., 2013). Furthermore, the prior used in PHYDA (CESM-LME) was bias-corrected to
observations, whereas the LMR framework applied no bias-correction. In terms of the proxy network, though
both LMR and PHYDA assimilate the PAGES 2k proxy data collection (Emile-Geay et al., 2017), PHYDA also
includes the tree-ring width collection of Breitenmoser et al. (2014) and other 59 publicly available proxy records
including ice cores, speleothems, and lake sediments (Steiger et al., 2018). Therefore, the LMR and PHYDA are
structurally dissimilar; the evaluation of both data assimilation products in this study is geared toward identifying
robust ENSO teleconnection signals that emerge no matter the choice of proxy network or model prior. Finally,
as a cross-check of the PHYDA and LMR results against the model priors, we performed similar analyses with
the CESM-LME simulations.

We note proxy data availability for the first 1,000 years of the Common Era is limited, and therefore we analyze
only the data over the last millennium (1,000-2,000 C.E.) from the LMR and PHYDA in this study.

2.2. Validation Data

We validate the spatial patterns of PDSI in the LMR and PHYDA against the observation-derived PDSI produced
by Dai (2011). The data set from Dai (2011) (“Dai data set” in the text that follows) reconstructs PDSI based on
observed monthly precipitation and temperature globally on a 2.5° latitude/longitude grid from 1850 to 2018. We
also use precipitation from the Global Precipitation Climatology Center (GPCC) (Becker et al., 2013) to validate
precipitation in the LMR. The GPCC data set provides gridded gauge-analysis precipitation products derived
from quality-controlled station data with a 2.5° latitude/longitude grid from 1891 to the present.

2.3. ENSO and ASM Definitions

We obtain time series of both ENSO and the intensity of the East Asian and South Asian summer monsoons using
SST, precipitation, and PDSI in the DA products.

To calculate the intensity of the Asian monsoon in the past, we employ a suite of published monsoon indices.
While some index methods place emphasis on circulation patterns (Wang et al., 2008; Wang & Fan, 1999), others
focus on metrics of rainfall intensity (Goswami et al., 2006; Tao & Chen, 1987). In the paleoclimate realm,
high-resolution, well-dated proxies such as tree rings and speleothems often are sensitive to moisture availabil-
ity or rainfall, but there are few high-resolution proxies for wind; thus, we focus on indices employing rainfall
amount. For the EASM, the index is defined as the summer rainfall between 27°N and 35°N and 105°-125°E
(Wang et al., 2008). The index for the SASM is defined by the summer rainfall between 18°N and 25°N and
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Figure 1. Time series of the East Asian (a) and South Asian (b) precipitation anomalies from 1900 to 2000, calculated from the Global Precipitation Climatology
Center (GPCC) (green) and Last Millennium Reanalysis (LMR) (magenta) data sets. The correlations between the GPCC and LMR time series together with
corresponding p values are annotated at the bottom of each panel.

65°—88°E (Rani et al., 2021) (Figure S1 in Supporting Information S1). Because PHYDA uses calendar years
beginning in April and ending in March, we calculate averages using April-March monthly intervals in corre-
sponding observational data when conducting validation for PHYDA.

We use the NINO3.4 index to evaluate ENSO variability in these products, as its relationship with the ASM over
the instrumental era is well studied (see Section 1). The NINO3.4 index is calculated as the averaged SST anom-
aly between 5°S—5°N and 170°—120°W.

We calculate the correlation between ENSO and the Asian monsoon indices using a 30-year moving window for
all years across the last millennium. We opt for a 30-year window size, which strikes a balance between ample
degrees of freedom and capturing interannual variability rather than decadal variability. (Note that as shown in
Section 3.3, the choice of window size does not influence our results). Variation in this correlation highlights
periods where the ENSO-monsoon relationship is robust (statistically significant) or when the relationship is
weak (insignificant). Weak ENSO-monsoon teleconnection periods are defined as years when the absolute values
of the correlation coefficients (R) are smaller than the tenth percentile of the absolute value of all correlation
coefficients (i.e., 0 < IRl < tenth percentile (IRl)); strong ENSO-monsoon teleconnection periods are defined as
years when the correlation coefficient R is less than the tenth percentile of all correlation coefficients (R < tenth
percentile (R)), highlighting years when the correlation is strongly negative. Finally, we examine the periodicities
associated with high ENSO-monsoon correlations.

3. Results
3.1. Paleoclimate Data Assimilation Product Validation

We first compare the statistics of rainfall in PHYDA and LMR to observations from the 20th-century instrumental
period to (a) determine whether these two products accurately capture ASM rainfall, and (b) in order to quantify
biases. Figure 1 shows the time series of regionally-averaged East (Figure 1a) and South (Figure 1b) Asian precip-
itation from 1901 to 2000 for the LMR and the GPCC data set. The correlations between the assimilation product
LMR and observed GPCC precipitation over the Asian monsoon regions are significant at the 95% level. Similarly,
correlations between PDSI reconstructed in the LMR and PHYDA and observation-derived PDSI (Dai, 2011) are
significant at the 95% level (Figure 2). Figure 2 indicates that correlation coefficients (data assimilation reconstruc-
tion vs. observations) are higher for the LMR in all cases compared to PHYDA (R values are annotated in Figures 1
and 2). Since PHYDA PDSI is averaged over April-March (the water year), we also recalculated the Dai PDSI index
over April-March water years, and confirmed the correlation coefficients are similar (Figure S2 in Supporting Infor-
mation S1). We note that correlations for South Asian precipitation and PDSI are smaller than those reconstructed
for East Asia. This difference likely arises from the sparseness of paleoclimate records from India in both the LMR
and PHYDA data sets; in comparison, proxy coverage in East Asia is relatively more robust. Finally, both precipita-
tion and PDSI show large decadal variability over the last 100 years; both data assimilation products capture similar
decadal variability, which may be associated with AMO and PDO (Figures 2b and 2d) (Dong & Dai, 2015).

To further validate LMR and PHYDA reconstruction hydroclimate patterns, we compare PDSI from each to a
previously published reanalysis soil moisture data set (Dai, 2011) (introduced in Section 2.2). Figure 3 provides
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Figure 2. Time series of the East Asian (a) and South Asian (b) Palmer Drought Severity Index (PDSI) from 1900 to 2000, calculated from the Dai PDSI index
(green), the Last Millennium Reanalysis (LMR) (magenta), and Paleo-Hydrodynamics Data Assimilation (PHYDA) (blue) data sets. The correlations between the Dai
PDSI index and LMR/PHYDA time series together with the corresponding p values are annotated at the bottom of each panel. Please note that the Dai PDSI indices are
averaged over January-December calendar years.

correlation maps for LMR/PHYDA PDSI and the observation-derived PDSI. Correlations are significant across
northern and central China (dotted), but insignificant across much of India and southern China. Overall, the
results support the use of the LMR and PHYDA PDSI to study the Asian monsoon, albeit with some spatial
heterogeneity in the biases between products in the 20th century.

Since this study focuses on the ENSO-ASM teleconnection, we assess the ability of the LMR and PHYDA to repli-
cate this relationship during the instrumental period. We examined the correlations between the Nino 3.4 index
and PDSI using the LMR and observational data (averaged over January-December calendar years, Figure S3 in
Supporting Information S1). For PHYDA, observations are averaged over April-March calendar years (Figure
S4 in Supporting Information S1). Our results demonstrate that both DA products exhibit significant correlations
between Nino 3.4 and PDSI that are comparable to those observed in the 20th century. Specifically, warm SSTs in
the Nino 3.4 region correspond to dry conditions in East and South Asia. Furthermore, a comparison of Figures
S3b and S4b in Supporting Information S1 suggests that the correlations between ENSO and PDSI averaged over
January-December calendar years are consistent with those averaged over April-March calendar years.

3.2. Variation of the ENSO-Monsoon Relationship Over the Last 1,000 Years

We investigate the variation of the relationship between ENSO and ASM by computing the 30-year window
moving correlations between East/South Asian PDSI and ENSO indices for LMR and PHYDA (Figure 4).

Correlation between Dai and LMR/PHYDA PDSI (1950-2000)

(a) LMR vs. Dai (b) PHYDA vs. Dai

-0.54 -0.36 -0.18 0.00 0.18 0.36 0.54
Correlation

Figure 3. Correlation between the Palmer Drought Severity Index (PDSI) from Dai (2011) and (a) PDSI from the Last
Millennium Reanalysis (LMR); (b) PDSI from Paleo-Hydrodynamics Data Assimilation (PHYDA) during 1950-2000 CE.
The dotted regions indicate passing the 95% confidence level of the Student's #-test.
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Figure 4. Thirty-year window moving correlation coefficients between El Nifio-Southern Oscillation (ENSO) (Nino 3.4 index) and the East Asian monsoon (a,

¢; Palmer Drought Severity Index (PDSI) index) and the South Asian monsoon (b, d; PDSI index), 1000-2000 CE. The dashed line indicates the mean value of all
correlations. Weak ENSO-monsoon teleconnection periods are defined as years when the absolute values of the correlation coefficients (R) are smaller than the tenth
percentile of the absolute value of all correlation coefficients (i.e., 0 < IRl < tenth percentile (IRl)), highlighted in orange). Strong ENSO-monsoon teleconnection
periods are defined as years when the correlation coefficient R is less than the tenth percentile of all correlation coefficients (R < tenth percentile (R)), highlighting
years when the correlation is strongly negative (highlighted in purple). PDSI and Nino 3.4 index are calculated from (a, b) the Last Millennium Reanalysis (LMR) and
(c, d) Paleo-Hydrodynamics Data Assimilation (PHYDA) data sets.

Correlations between ENSO and PDSIs in the monsoon regions are mostly negative (below the solid black
lines in Figure 4), but exhibit decadal-to-centennial scale variability. There are also key periods in both LMR
(Figures 4a and 4b) and PHYDA (Figures 4c and 4d), and for both the East Asian and South Asian monsoon,
where the correlation coefficient is briefly positive, flipping the sign of the teleconnection relationship. The
periodicities of the correlation time series are confirmed by spectral analysis. Figure 5 shows that the spectra of
the ENSO-EASM and ENSO-SASM correlations have evident peaks around 100-150 years and 30-50 years, the
spectra of which exceed an AR1 red noise spectrum at the 95% level.

To relate average SST patterns in the tropical Pacific to the correlation time series shown in Figure 4, we regressed
tropical global SST onto both East Asian and South Asian PDSI for the entire last millennium (Figure 6). For the
ENSO-EASM teleconnection, the regression maps (Figures 6a and 6¢) resemble the SST patterns of La Nifia.
Negative regression coefficients across the central and eastern tropical Pacific suggest that, when EASM rainfall/
PDSI is positive-wet (negative-dry), tropical Pacific SSTs are cool (warm). The regression maps of the ENSO-
SASM regression pattern (Figures 6b and 6d) also suggest a link with the PDO (Mantua & Hare, 2002; Newman
et al., 2016). Specifically, positive regression coefficients over the northwestern Pacific and negative coefficients
over the tropical eastern Pacific suggest that when SASM rainfall/PDSI is positive-wet (negative-dry), the Pacific
SST pattern resembles the positive phase of PDO.

3.3. SST and Atmospheric Patterns During Periods of Strong and Weak ENSO-East Asian Summer
Monsoon Teleconnection

Figure 4 shows mostly negative correlations between ENSO and the ASM; thus, we next investigate why the
ENSO-monsoon correlation is consistently negative during most of the last millennium, but weak or even positive
during other periods. Since the correlations are mostly negative over the last millennium, in the following text, the
phrase strong ENSO-monsoon teleconnection refers to strong negative correlations between ENSO and monsoon
indices. Strong ENSO-monsoon teleconnection periods are defined as years when the correlation coefficient (R)
in Figure 4 is less than the tenth percentile of all correlation coefficients (R < tenth percentile (R)), highlighting
years when the correlation is strongly negative. Weak ENSO-monsoon teleconnection periods are defined as
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Figure 5. The spectra of the 30-year window moving correlation coefficients between El Nifio-Southern Oscillation (ENSO) (Nino 3.4 index) and Palmer Drought
Severity Index (PDSI) in the East Asian monsoon region (a, ¢) and PDSI in the South Asian monsoon region (b, d) indices shown in Figure 4. The PDSI and Nino 3.4
index are calculated from (a, b) the Last Millennium Reanalysis (LMR) and (c, d) Paleo-Hydrodynamics Data Assimilation (PHYDA) data sets. The red dashed lines
represent simulated AR(1) benchmark at the 95% level. The calculation and visualization of the spectra are processed using the Python package Pyleoclim (Khider

et al., 2022).

years when the absolute values of the correlation coefficients (R) are smaller than the tenth percentile of the
absolute value of all correlation coefficients in Figure 4 (i.e., 0 < IRl < tenth percentile (IRl)). We label these as
strong and weak ENSO-monsoon teleconnection periods in purple and orange colors in Figure 4, respectively.
Note that the strong (weak) ENSO-monsoon teleconnection periods apply to both phases of ENSO. The duration

Regression coefficients over the last millennium
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(c) East Asian PDSI vs. SST (PHYDA)
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Figure 6. Regression coefficients (unit: K) of sea surface temperature (SST) onto (a, ¢) East Asian Palmer Drought Severity Index (PDSI) and (b, d) South Asian PDSI
over 1000-2000 CE. The PDSI indices are calculated from (a, b) the Last Millennium Reanalysis (LMR) and (c, d) Paleo-Hydrodynamics Data Assimilation (PHYDA)

data sets.
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Figure 7. Difference between composites of sea surface temperature (units: K) in periods of weak and strong El Nifio-Southern Oscillation-Palmer Drought Severity
Index (ENSO-PDSI) correlations. Weak and strong correlation periods are highlighted in orange and purple colors in Figure 4. (a) The sea surface temperature (SST)
composites for the ENSO-East Asian PDSI relationship. (b) Shows SST composites for the ENSO-South Asian PDSI relationship. SST and PDSI data are retrieved
from (a, b) the Last Millennium Reanalysis (LMR) and (c, d) Paleo-Hydrodynamics Data Assimilation (PHYDA) data sets. Black dots indicate the difference is
significant at the 95% confidence level of the Student's #-test, considering the impact of autocorrelation on the effective degrees of freedom (Hu et al., 2017).

of these periods is from decades to one century. Using these labeled years, we computed the differences between
the weak and strong ENSO-monsoon teleconnection periods for SSTs, geopotential height at 500 hPa, and PDSI
to reveal the dynamics governing the ENSO-monsoon teleconnection.

During periods of weak correlations between ENSO and the East Asian summer monsoon, we observe an
SST pattern in the Pacific that resembles interannual El Nifio events in both LMR and PHYDA (Figures 7a
and 7c¢). This also suggests that, during periods of strong correlations between ENSO and the East Asian summer
monsoon, SST patterns are La Nifia-like. For the South Asian monsoon, both LMR and PHYDA show warm SST
anomalies in the northeastern Pacific, but SST anomalies in PHYDA are not significant (Figures 7b and 7d). In
other regions, SST patterns in LMR and PHYDA are not consistent: LMR shows warm SST anomalies across the
western Pacific and Indian Ocean, while PHYDA shows cool SST anomalies across the North and South Pacific.
This underscores the uncertainties housed in reconstructed PDSI data in the Indian monsoon region due to the
lack of paleoclimate proxies included in both LMR and PHYDA from the Indian subcontinent. The inconsist-
ency between LMR and PHYDA might also be due to their different annualization methods. As mentioned in
Section 2, the LMR uses a January-December calendar year, while PHYDA uses an April-March calendar year.
However, we believe that the primary reason for this inconsistency is the lack of paleoclimate proxies in India.
This is in contrast to East Asia, where paleoclimate proxy distribution is relatively denser, potentially yielding a
more consistent SST reconstruction between LMR and PHYDA for the EASM.

In addition, we note that while the LMR and PHYDA show similar responses, the magnitudes and locations of
warming/cooling centers in these two products are not the same: the center of most intense SST warming during
weak ENSO-EASM teleconnection periods is closer to the central tropical Pacific in the LMR compared to
PHYDA, and the magnitude of SST cooling over the Pacific during weak ENSO-SASM teleconnection periods
is larger in the LMR compared to PHYDA. Considering the similarity of the SST proxy networks in the LMR
and PHYDA, the differences between the LMR and PHYDA are likely due to differences in the model priors.

The window sizes chosen for the moving correlations have little effect on our results. We performed similar anal-
yses using window sizes of 20 and 50 years, and the results were comparable (Figures S5 and S6 in Supporting
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Figure 8. Difference between composites of 500 hPa geopotential height (units: m) in periods of weak and strong El Nifio-Southern Oscillation-Palmer Drought Severity
Index (ENSO-PDSI) relationship. Weak and strong correlation periods are highlighted in orange and purple colors in Figure 4. (a) The geopotential height composites for
the ENSO-East Asian PDSI relationship. (b) The geopotential height composites for the ENSO-South Asian PDSI relationship. SST and PDSI data are retrieved from the
Last Millennium Reanalysis (LMR) data sets. Black dots indicate the difference is significant at the 95% confidence level of the Student's ¢ test.

Information S1). To determine the impact of decadal variability on our findings, we applied a 2-9 years band-
pass filter to the SST and PDSI fields. The resulting moving correlation time series was largely comparable to our
original results (Figure S7 in Supporting Information S1); the correlation between the correlation time series in
Figure S7 in Supporting Information S1 and Figure 4 ranged between 0.7 and 0.8, surpassing the 95% level of the
Student's 7 test, considering the impact of autocorrelation on the effective degrees of freedom (Hu et al., 2017).

To confirm that the similarity in SST patterns exhibited in the LMR and PHYDA shown in Figure 7a (a) is not
due to their shared model prior, and (b) that the prior does not have an outsized influence on the ENSO-ASM tele-
connection results analyzed here, we conducted a comparative analysis of the SST composite differences using an
ensemble member of the CESM-LME data (Figure S8 in Supporting Information S1). The results obtained using
the model prior, CESM-LME, are markedly different from those of the LMR and PHYDA. Specifically, for the
East Asian monsoon, the largest SST response occurs in the northeastern Pacific instead of the central Pacific.
For the South Asian monsoon, the largest SST response occurs over the Warm Pool region and the northwestern
Pacific, rather than the North Pacific and Atlantic. Therefore, we assert that the ENSO-monsoon teleconnection
signals observed in the LMR and PHYDA mainly originate from information derived from the paleoclimate
proxies, rather than their model priors.

Geopotential height patterns for weak minus strong correlation periods (Figure 8) indicate that periods of weak
correlation between ENSO and the East Asian summer monsoon are associated with an atmospheric circula-
tion pattern typical during canonical El Nifio events: anomalously high geopotential height over the tropical
Pacific and anomalously low geopotential height over the midlatitude Pacific (Figure 8a). In contrast, during
weak correlations for the SASM, anomalously high geopotential height is observed north of 30°N (Figure 8b),
which explains the warm SST anomalies in the northeastern Pacific in Figure 7d.

Finally, we examined PDSI patterns during the periods of weak versus strong correlations between ENSO and
the East and South Asian summer monsoons. The PDSI patterns are consistent in both LMR and PHYDA for
the ENSO-EASM relationship. Specifically, both products reconstruct decreased precipitation in East China and
increased precipitation in central Asia (Figures 9a and 9c) during periods of weak ENSO-EASM teleconnec-
tions. However, the PDSI patterns for weak ENSO-SASM correlation periods are not consistent between LMR
and PHYDA (Figures 9b and 9d). LMR shows decreased precipitation in India but PHYDA shows the opposite.

To zoom in on the differences in ENSO teleconnection-related precipitation for weak versus strong ENSO-
EASM and ENSO-SASM teleconnection periods, we calculated the composite differences (weak minus strong
teleconnection periods) for PDSI comparing El Nifio and La Nifia years (Figure 10). El Nifio (La Nifia) years
in both weak and strong teleconnection periods are selected if the Nino 3.4 index is above (below) one standard
deviation of the Nino 3.4 index in the last 1,000 years Figure 10 shows the difference in PDSI between El Nifio
and La Nifla years during weak and strong teleconnection periods. We find that during strong ENSO-EASM
teleconnection periods, PDSI is more negative (brown color) in El Nifio years when compared to La Nifia years
in East Asia (Figures 10b and 10d). In contrast, during weak ENSO-EASM teleconnection periods, PDSI is more
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Figure 9. Difference between composites of PDSI in periods of weak and strong El Nifio-Southern Oscillation-Palmer Drought Severity Index (ENSO-PDSI)
relationship. Weak and strong correlation periods are highlighted in orange and purple colors in Figure 4. (a) PDSI composites for the ENSO-East Asian PDSI
relationship. (b) PDSI composites for the ENSO-South Asian PDSI relationship. PDSI data are retrieved from (a, b) the Last Millennium Reanalysis (LMR) and (c, d)
Paleo-Hydrodynamics Data Assimilation (PHYDA) data sets. Black dots indicate the difference is significant at the 95% confidence level of the Student's 7 test.

positive (wetter conditions) during El Nifio years compared to La Nifia years in the Yangtze River Valley region
(Figures 10a and 10c). We also note PHYDA data shows that PDSI is more positive in the Philippines during
strong ENSO-EASM teleconnection periods, while it is more negative in weak ENSO-EASM teleconnection
periods, but this opposite response is not shown in the LMR data. A similar analysis for the South Asian monsoon
shows that PDSI is more negative in El Nifio years compared to La Nifia years during strong ENSO-SASM tele-
connection periods in South Asia (Figures 11b and 11d). During weak ENSO-SASM teleconnection periods,
there is increased PDSI during El Nifio years compared to La Nifia years in northeast India (Figures 11a and 11c¢).
These results are consistent in both LMR and PHYDA. We note that there are large differences between the LMR
and PHYDA in the composite difference maps during weak ENSO-SASM teleconnection periods (Figures 11a
and 11c¢). The large differences in eastern China are likely due to the sparseness of proxy records in both LMR and
PHYDA in this region, causing the reconstructions to rely more heavily on their different GCM priors.

4. Discussion and Conclusions

The East and South Asian Summer Monsoon systems modulate water supply to billions of people, and are highly
variable. Part of this variability is driven by ENSO, which can enhance or dampen Asian monsoon rainfall.
To better characterize the behavior of the ASM and extend the 20th century record, this study examined the
evolution of the ENSO-ASM teleconnection over the last 1,000 years using two paleoclimate data assimila-
tion reconstructions, LMR and PHYDA. The reconstruction of the ASM was validated in both products using
observationally-derived PDSI, and while biases indeed exist, the agreement between both LMR and PHYDA
and observations of the EASM and SASM over the 20th century is significant (Figures 1-3). Overall, validation
statistics show the LMR/PHYDA reconstructed PDSI is more reliable in northern and central China than in
southeast China and northern India. In addition, the LMR correlates with PDSI data sets better than PHYDA in
East Asia.

A regression analysis relating SSTs to the ASM over the last 1,000 years suggests that tropical Pacific SSTs exert
an influence on the EASM such that cooler La Nifia-like surface-ocean patterns enhance rainfall, whereas warmer
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Figure 10. Composite difference of Asian Palmer Drought Severity Index (PDSI) (unit = 1) between El Niflo years and La Nifia years during weak (a, ¢) and strong
(b, d) El Nifio-Southern Oscillation (ENSO)-East Asian summer monsoon teleconnection periods highlighted in Figure 4. The PDSI data are retrieved from the Last
Millennium Reanalysis (LMR) (a, b) and Paleo-Hydrodynamics Data Assimilation (PHYDA) (c, d).

SSTs in the central Pacific suppress rainfall (Figures 6a and 6c). By contrast, the SASM regression reveals a
pattern resembling the canonical PDO pattern (Figures 6b and 6d), suggesting sensitivity to decadal processes in
the Pacific Ocean; a positive (negative) phase of the PDO leads to wetter (drier) SASM (Section 3.2) (Midhun
et al., 2022).

Previous work has focused on the significance and variability of the ENSO-ASM relationship over the 20th
century (Kumar et al., 2006; Kumar, Kleeman, et al., 1999; Torrence & Webster, 1999; Wang, 2002; Wu &
Wang, 2002). Our work suggests that the strength of the ENSO-ASM teleconnection in the 20th century is
not unique. There are other periods of time with significant ENSO-monsoon correlations (e.g., 1000-1100 CE,
1300-1400 CE for the East Asian monsoon and 1000-1100 CE, 1300-1400 CE for the South Asian monsoon)
(Figure 4). Indeed, the ENSO-ASM relationship is nonstationary (Figure 4), and ranges widely between periods
exhibiting significant positive correlations, no correlation, and significant negative correlations; the relationship
also exhibits robust decadal-centennial variability (Figure 5). However, our analysis suggests that on average over
the last millennium, there is a negative correlation between the NINO3.4 index (central Pacific SSTs) and both
EA and SA monsoon rainfall intensity (Section 3.2).

To evaluate the dynamics controlling the strength of the ENSO-ASM teleconnection, we additionally produced
composite SST and geopotential height fields for periods of weak and strong ENSO-ASM correlations (as
highlighted in Figures 7-9, Section 3.3). Broadly, when the teleconnection between ENSO and the East Asian
summer monsoon is weak (strong), SSTs in the eastern Pacific are warmer (cooler) than normal, though we
note that the SST warming center in the tropical Pacific based on the LMR is closer to the central Pacific, while
the warming center from PHYDA is closer to the eastern Pacific. When the teleconnection between ENSO and
the South Asian summer monsoon is weak, SST patterns are not consistent between the LMR and PHYDA.
Uncertainties housed in reconstructed PDSI data in the Indian monsoon region are likely driven by a lack of
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Figure 11. Composite difference of Asian Palmer Drought Severity Index (PDSI) (unit = 1) between El Niflo years and La Nifia years during weak (a, ¢) and strong
(b, d) El Nifio-Southern Oscillation (ENSO)-South Asian summer monsoon teleconnection periods highlighted in Figure 4. The PDSI data are retrieved from the Last
Millennium Reanalysis (LMR) (a, b) and Paleo-Hydrodynamics Data Assimilation (PHYDA) (c, d).

paleoclimate proxies included in both LMR and PHYDA from the Indian subcontinent. Critically, a great many
more hydroclimate proxies from this region are needed to improve data assimilation reconstruction skill, and to
better study the interannual-interdecadal variability of the SASM. In addition, the composite differences of Asian
PDSI between El Nifio and La Niiia years (Figures 10 and 11) indicate that the Yangtze River Valley and north-
eastern India are critical regions where the variation of the ENSO-ASM teleconnection exerts a strong influence
on seasonal rainfall. When the ENSO-ASM teleconnection is weak, the Yangtze River Valley and northeastern
India are wet instead of dry during strong ENSO-ASM teleconnection periods.

Data spanning the 20th century are consistent: when strong El Nifio events occur, boreal summer monsoon rainfall
over Asia decreases. Our analyses extend this conclusion to decadal-centennial scales over the last millennium
and suggest cool (warm) tropical Pacific conditions typically dominate during wet (dry) monsoon years. There
are notable exceptions, as highlighted in (Nanjundiah et al., 2013): the 97-98 event, one of the strongest Eastern
Pacific El Nifio events on record, occurred alongside a strong summer monsoon. Understanding these “outlier”
events is crucial for the prediction of the ASM; paleoclimate archives documenting such events may lend insight
into why the relationship occasionally flips signs. Figure 4 suggests there are periods over the last 1,000 years
where the ENSO-ASM correlation is positive (e.g., a strong monsoon occurs alongside El Nifio-like conditions).
During periods where the ENSO-EASM correlation is positive, SSTs in the central-eastern Pacific are warmer
than normal, and eastern Indian Ocean SSTs are cooler (resembling a positive phase of the IOD) (Figure 7). This
is consistent with previous studies, suggesting that the Indian Ocean acts as an “capacitor,” storing the El Nifio
signal by changing the SST pattern to a positive phase of 10D through weakening the Walker Circulation in
spring and summer, extending and strengthening the influence of ENSO in winter (Zhang et al., 2022).

We acknowledge important limitations of this work. First, the paleoclimate data assimilation products used
here lack critical dynamical fields, specifically winds. We are limited to temperature and hydroclimate patterns,
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though the LMR does reconstruct geopotential height. Extension work evaluating model simulations spanning
the last 1,000 years is underway in companion work, and will enhance our analysis of the dynamics underly-
ing the ENSO-ASM teleconnection. Both the LMR and PHYDA contain important uncertainties. Uncertainties
stem from measurement errors, age uncertainties, interpretations of proxy data, and the model prior. The products
suffer from variance loss during the earlier parts of the reconstructions as a function of proxy availability (Steiger
et al., 2018). In particular, the DA reconstruction in the areas without sufficient coverage of proxy records is
likely largely dependent on the model prior. Revisiting the proxy coverage of both LMR and PHYDA, we note
that PDSI data in India may have larger uncertainties than in other Asian monsoon areas due to the sparse proxy
coverage. As mentioned above, this underscores the importance of developing more paleoclimate proxies in the
Indian subcontinent. As shown in Figures 1 and 2, correlations between precipitation and PDSI in PHYDA and
LMR and instrumental observations over the ASM regions are approximately 0.3—-0.4; while these correlations
are statistically significant, they capture only a small fraction of the variations in instrumental records. While the
LMR and PHYDA arguably are the “state-of-the-art” in terms of available data products we can use to look at
the long-term variations of the ENSO-ASM teleconnection, their reliability is inherently limited by proxy avail-
ability. Enhancing the proxy network used in the DA reconstructions with historical written documents is one
option for bolstering existing reconstructions (Hao et al., 2016; Zhang, 1991); such improvements are underway
amongst the authors of this work.

In general, all paleoclimate data assimilation products are dependent on the climate patterns of their model
prior, and these climate models contain biases (Amrhein et al., 2020; Parsons & Hakim, 2019) which impact the
spatial patterns of SST and PDSI evaluated here. For example, the CESM-LME forms the climate model prior
for PHYDA, and thus the hydroclimate and SST patterns reconstructed in PHYDA are necessarily based on the
air-sea relationships in CESM, a model known to have an amplified representation of ENSO and its teleconnec-
tion (Deser et al., 2012). Model grid scale and spatial resolution may also limit the accurate simulation of hydro-
logical cycle variables such as precipitation and PDSI (Kumar et al., 2022; Muetzelfeldt et al., 2021). PHYDA
uses a bias-correction technique to nudge the reconstruction toward observations, however (Steiger et al., 2019),
partially resolving these issues.

We note that there are nontrivial differences between the results based on the LMR and PHYDA, including
the precipitation time series (Figure 1), the moving correlation time series (Figure 4) and the teleconnection
patterns (Figures 7-9). The differences are likely due to the differences in proxy networks and the model prior
(as discussed in Section 2a). PHYDA used the CESM Last Millennium Ensemble simulations (Otto-Bliesner
et al., 2016), while the LMR used the CMIP5 Last Millennium simulation of CCSM4 (Landrum et al., 2013).
Furthermore, the CESM-LME used in PHYDA was bias-corrected to observations, whereas the LMR framework
applied no bias-correction (Steiger et al., 2018). In addition, the LMR and PHYDA used different approaches
to generate their respective model priors. The model prior used in the LMR is the same in all years over the last
millennium; PHYDA used the transient evolution of climate states, so the LMR does not contain time-specific
information about climate events. Despite the differences between the LMR and PHYDA, the fact that these two
products exhibit similar spatial patterns bolsters our conclusions and lends confidence toward the fact that the
proxy signals are strong and coherent between different products in the ASM region.

In summary, we investigated the variation of the ENSO-ASM teleconnections in the last 1,000 years with data
assimilation products. We first demonstrated the quality of two data assimilation products, LMR and PHYDA,
which are both sufficient in terms of their reconstructions of SST and PDSI for studying the Asian monsoon
over the last 1,000 years. We posed three key questions in Section 1: (a) How does the ENSO-ASM relation-
ship change over the last millennium? (b) Do historically observed ENSO-monsoon teleconnection relationships
hold in the past? and (c) What are the dynamics associated with periods of strong and weak ENSO-ASM tele-
connections? Our results show that (a) the ENSO teleconnections to the Asian summer monsoon have evident
decadal-to-centennial scale variability, but with strong asymmetry in the last 1,000 years. During most of the
last 1,000 years, El Nifio tends to be associated with weak ASMs. (b) Consistent with previous studies based
on instrumental data, variation of the ENSO-ASM teleconnections is related to SST pattern changes. (c) Weak
ENSO-East Asian summer monsoon teleconnection is associated with SST anomalies resembling El Nifio events.

In closing, climate model ensemble simulations suggest large changes to the global hydrological cycle. Hydro-
climate extremes driven by the ASM are no exception and may change in a warming climate (Rajesh &
Goswami, 2022; Saranya et al., 2022; Sarkar & Maity, 2022). Both strong and weak monsoons have the potential
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to critically disrupt agriculture, damage infrastructure via flooding, and impact water supply (Wang et al., 2022).
Generating a more robust understanding of future hydroclimate extremes in the ASM region depends on accu-
rate statistics surrounding the role of natural variability in modulating rainfall. To this end, paleoclimate recon-
structions yield thousands of years of SST and PDSI patterns at annual resolution and can provide long-term
constraints on the ENSO-ASM relationship and the climatic controls on ASM strength. A robust understanding
of the ENSO-ASM relationship is sorely needed for risk assessment and regional adaptation strategies in a chang-
ing climate. This work is a first step in documenting how modes of tropical Pacific variability will modulate the
ASM, a signal which will compound with climate change; we hope this and future work may advance our knowl-
edge of future climate risks in Asia.
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