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Abstract Our understanding of pre-modern El Nifio Southern Oscillation (ENSO) variability is reliant on
proxy records, often distant from the center of ENSO activity in the equatorial Pacific Ocean. Here, we assess
the relationship between reconstructed soil moisture in four distant ENSO-influenced regions over the past
400 years. A major breakdown in the teleconnection of regional drought conditions in Asia, Eastern Australia,
and North America is identified around 1700 CE. The statistically significant decline in inter-series correlations
(p < 0.01) represents a previously unknown aspect of global hydroclimate dynamics. We hypothesize that the
disruption was driven by ENSO weakening and/or by a large-scale multi-decadal reconfiguration of ocean-
atmosphere circulation. Data assimilation estimates of soil moisture from the same regions fail to produce
results of the same magnitude, potentially due to an overreliance of ENSO influence on the boundaries of spatial
covariance in the underlying climate models.

Plain Language Summary The El Nifio Southern Oscillation (ENSO) is a recurring change in sea
surface temperatures in the tropical Pacific Ocean that affects climate across much of the globe. ENSO can
influence drought conditions on land, all around the Pacific Ocean and beyond. Here, we use tree-ring estimates
of drought to see how coherent dryness and wetness in these regions have been over the past 400 years. Overall,
the four regions we study are in agreement but there is a breakdown in the relationship around 1700 CE. During
this period, drought conditions in inner Eurasia, eastern Australia, southeast Asia, and southwest North America
were unconnected. Climate models for the past millennium highlight how rare such an event is. The breakdown
in drought teleconnection we describe may represent an important component of ENSO that so far is not fully
understood.

1. Introduction

The El Nifio Southern Oscillation (ENSO) is one of the strongest drivers of interannual climate variability at the
global scale (Sarachik & Cane, 2010). Warm (EI Nifio) and cold (La Nifia) sea surface conditions in the equatorial
Pacific not only orchestrate precipitation and temperature over large parts of the Americas (Cai et al., 2020;
Stagge et al., 2023), southeastern Asia (Nguyen-Thanh et al., 2023), and Australasia (Liguori et al., 2022), but
also beyond the Pacific Ocean (Cai et al., 2018; Yeh et al., 2018), including the Horn of Africa (Gebre et al., 2023)
and southern Africa (Meque & Abiodun, 2015). Considerable consequences of ENSO-related weather extremes
on society have been described for many regions (IPCC, 2021; McGregor & Ebi, 2018).

The magnitude of ENSO influences is evident in global mean temperatures, with El Nifio years appearing as
extreme anomalies superimposed to the recent anthropogenic warming trend (Esper et al., 2024; Raghuraman
et al., 2024). Global warming may in itself also influence the oscillation (Cai et al., 2015; Yeh et al., 2018). It has
been suggested that recent decades have experienced an increase in ENSO variability (Cai et al., 2021), but output
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from climate models show varying degrees of change to ENSO, with little inter-model agreement (Heede &
Fedorov, 2023; Yeh et al., 2018). Although changes in teleconnections driven by ENSO may be even more
difficult to predict (Cai et al., 2018), it has been argued that inter-regional drought may worsen (Singh
et al., 2022). Regardless, the future state of ENSO-climate relationships will have considerable impact on how
societies prepare to adapt or mitigate to associated climate conditions.

As studies explore the state of future ENSO variability and its teleconnection with regional hydroclimate, it is
apparent that additional information regarding past behavior will benefit our knowledge on this complex ocean-
atmospheric coupling (Scroxton & McKay, 2024; Wittenberg, 2009). Proxy records have been highlighted as a
key source for understanding long-term ENSO variability and stability (Rosenthal & Broccoli, 2004). However,
only a few proxy records with annual resolution and absolute dating precision exist for the Pacific Ocean and
reflect direct ENSO signals. One major exception is the isotopic composition of living and subfossil corals that
have been collected from various atolls, including Tarawa (Cole et al., 1993) and Palmyra (Cobb et al., 2001).
Although reconstructions have been produced (e.g., Cobb et al., 2003; Freund et al., 2019), such records are rare
and may further be limited by issues of replication, temporal coverage, and resolution (Tierney et al., 2015).

Proxy records from ENSO teleconnection regions are more plentiful and exploratory reconstructions based on
tree-ring chronologies have been produced since the 1980s (D’ Arrigo et al., 2005; Lough & Fritts 1985; Stahle &
Cleaveland, 1993; Stahle et al., 1998). More recently, networks of tree-ring chronologies covering the larger
Pacific Ocean region (Cook & Cane, 2024; Li et al., 2013), as well as multi-proxy data sets (Liu et al., 2024), have
been used to estimate past changes in ENSO. Similarly, pre-instrumental ENSO estimates are available in data
assimilation products that combine proxy data and model simulations (Luo et al., 2024; Zhu et al., 2022). The
relationship between ENSO and remote climate variability is, however, likely non-linear (An & Jin, 2004; Tang
et al., 2024) and unstable over space and time (Cole & Cook, 1998). The stability of the ENSO imprint on tree-
ring chronologies may likewise fluctuate in time and space (Torbenson et al., 2019). Such changes can influence
the robustness of past ENSO estimates that rely on proxies from teleconnection regions (Wilson et al., 2009).

Here, we assess the temporal stability of drought agreement between four regions of strong ENSO-influence:
Inner Eurasia, Southeast Asia, Eastern Australia, and the TexMex region of North America. Regional soil
moisture averages from tree ring-based reconstructions are compared from 1600 CE to present. Relative changes
in correlation between regional pairs of past conditions are quantified throughout the past four centuries, and
model-driven estimates of the same hydroclimatic variables are further explored for comparison.

2. Data and Methods
2.1. ENSO Index and Instrumental Climate Data

The extended multivariate ENSO index (eMEI; Wolter & Timlin, 2011), available from 1871 CE, was used to
assess ENSO influence on large-scale drought conditions derived from the self-calibrated Palmer Drought
Severity Index (scPDSI; Wells et al., 2004) from the Climate Research Unit (CRU TS v4.07; Harris et al., 2020).
For the instrumental comparison, we restricted the window to 1950-2005. The 2005 end date represents the final
common year of the reconstructed data (see below). Although the CRU data begin in 1901 across the gridded
network, a later start date was chosen as the underlying instrumental station network is poorly replicated during
the early 20th century, including northern Mexico (e.g., Stahle et al., 2016a).

2.2. Drought Atlases, Data Assimilation Estimates, and Climate Model Data

Several “drought atlases” based on tree-ring chronologies have been produced since the 1990s (Burnette, 2021;
Smerdon et al., 2023). The North American Drought Atlas (NADA) was the first to reconstruct interannual
variability of PDSI for a spatial grid, using point-by-point regression (Cook et al., 1999). The NADA was fol-
lowed by several efforts for other continents and regions, such as eastern Australia-New Zealand (ANZDA;
Palmer et al., 2015a), Eurasia (GEDA; Cook et al., 2024), Mexico (MXDA; Stahle et al., 2016a), and South
America (SADA; Morales et al., 2020a). These reconstructions represent state-of-the-art estimates of hydro-
climatic variability for varying timespans. Here, a common period of 1600-2005 CE is used to test drought
agreement among regions that contain a robust teleconnection with equatorial Pacific conditions. Pearson's
correlation coefficients were calculated, with degrees of freedom corrected for first-order autocorrelation (Cook
& Jacoby, 1977), between the gridded network of reconstructed PDSI and eMEI for 1871-2005. The regional

TORBENSON ET AL.

20f 12

85U SUOWILLIOD 8AIERID 8|qeal|dde au Aq peusenob aJe SajoiLe YO ‘88N JO Sa|nJ Joj ARid18ulUQO 8|1/, UO (SUOTIPUCD-PUE-SWIS) 0D A8 |IM"Akeq 1 jpul [UO//:SdNL) SUONIPUOD PUe SWiB | 8Y) 89S *[GZ0z/20/TT] Uo Akeiqiauljuo A8|IM ‘009STT 195202/620T 0T/10p/wod A3 |1m Arelqpuluo 'sgndnfe//:sdny wouy pepeojumod ‘vT ‘5202 ‘L008YY6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL115600

averages of tree-ring reconstructed PDSI (Figure S1 in Supporting Information S1) were produced for areas that
displayed significant correlations (p < 0.01) with eMEI over the longest possible overlap (1871-2005).

In addition, PDSI estimates from the Paleo Hydrodynamics Data Assimilation product (PHYDA v2; Steiger
et al., 2018) for the four regions identified in the drought atlases were also averaged. The PHYDA utilizes a large
network of annually resolved proxies (including tree rings, corals, ice cores, speleothems, and lake sediments),
together with climate states from the Community Earth System Model Last Millennium Ensemble (CESM-LME,
Landrum et al., 2013; Otto-Bliesner et al., 2016). The data assimilation approach simulates coupled climate and
ocean-atmospheric variability, allowing the study of possible drivers of local climatic change. Here, we use the
PHYDA ensemble mean. PDSI estimates from nine CESM-LME ensemble members were also analyzed. These
time-series span 850-1848 CE and are described by Tejedor et al. (2021). PDSI for both the PHYDA and the
CESM-LME output was calculated using the MATLAB code of Jacobi et al. (2013) and is not the self-calibrated
version of the index (Dai, 2011), which is used for some of the drought atlases.

2.3. Time Series Analyses

Correlations between gridded PDSI estimates and eMEI were calculated for respective common periods (1871—
2005 for the drought atlases and 1871-2000 for the PHYDA). Regionally averaged PDSI estimates from the
drought atlases, PHYDA, and CESM-LME members were correlated for 40- to 60-year moving windows. The
spectral properties of the eMEI were assessed through calculating periodograms from a discrete Fourier transform
(Bloomfield, 2000) and the agreement between regional reconstruction averages across temporal frequencies was
tested using bootstrapped coherence analysis (Percival & Constantine, 2006), considering standard Gaussian
noise to assess the periodogram similarity significance. Additionally, wavelet coherence (Cook et al., 2016;
Grinsted et al., 2004) between pairings of the four regional estimates of PDSI was assessed over the 1600-2005
CE common period. A principal component (PC) analysis (Jolliffe, 2002) was performed on the estimates and
PCs were compared to the eMEI, and the 3—7-year waveforms of each PDSI series were extracted through
bandpass filtering (Cook et al., 1997).

To assess the statistical significance of changes in reconstructed PDSI agreement across the four regions, the
mean regional timeseries were phase-scrambled (Theiler & Prichard, 1996) to produce synthetic versions that
retain the individual spectral characteristics and long-term correlations between all pairs of estimates (Cook
etal., 2011). As for the drought atlas estimates, moving correlations over 50-year windows were calculated for the
six combinations and an average was likewise calculated (representing the mean inter-regional drought rela-
tionship). The lowest and highest averaged correlations were retained, and the procedure repeated 10,000 times.
Percentiles of a kernel distribution fitted to these extremes were calculated, representing confidence intervals of
correlations occurring by chance in a data set of similar internal structure and with similar spectral properties to
that of the reconstructed regional PDSI series.

3. Results
3.1. ENSO Imprint on Proxy-Based Drought Estimates, 1871-2005

December-to-March (DJFM) eMEI displays statistically significant correlations (p < 0.01) with reconstructed
PDSI in several regions of existing drought atlases for 1871-2005 (Figure 1a). Negative correlations are strongest
in the Philippines, Thailand, Vietnam, and Myanmar in southeast Asia/SeA), as well as in eastern Australia (EA).
Positive correlations are strongest in western Kyrgyzstan and nearby grid points over inner Eurasia iEU), and for
the TexMex region of northcentral Mexico and southwestern United States (TxMx). This spatial pattern does not
change considerably when limiting the analysis to 1871-1978 (Figure S2a in Supporting Information S1), rep-
resenting the earliest end date of tree-ring chronologies used in the drought atlases. The correlating regions are
well-established in the literature as being strongly influenced by Pacific SSTs (Dai & Wigley, 2000), and the same
relationship is validated when comparing the eMEI time-series to a shorter period of instrumental PDSI data
(Figure S2b in Supporting Information S1).

The four regionally averaged PDSI series display extreme individual years and extended periods of drought and
pluvial conditions, often independent from each other (Figure S1 in Supporting Information S1). However, the
correlations between regions are statistically significant since 1600 CE (Table 1), including that of iEU and TxMx
—two regions over 12,000 km apart. The agreement is strongest in the 3—7-year frequency bands (Figure S3 in
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Figure 1. Spatial relationship between ENSO and drought conditions. (a) Correlations between DJFM extended MEI and
reconstructed PDSI over the 18712005 common period. The four regions representing robust teleconnections are
highlighted in red. Gray color indicates space without drought atlas coverage. (b) The same but for PDSI estimates from the
PHYDA, over the 1871-2000 common period.

Supporting Information S1), which largely overlaps with the highest power periodicity of the ENSO time-series
(An & Jin 2004; Sarachik & Cane, 2010). This result shows that the relationship between regional drought
conditions is largely driven by ENSO-like variability, most likely with ENSO as the common driver. Similarly,
the first principal component of the four regional PDSI reconstructions displays highly significant (r = 0.72,
p < 0.001) correlation with the instrumental DJFM eMEI from 1871 to 2005 CE (Table S1 in Supporting
Information S1).

The correlation patterns are highly similar for the PHYDA over the 1871-2000 CE common period (Figure 1b;
Table 1). Over the full study period from 1600 to 2000 CE, the four regions selected based on the drought atlases
comparison all display statistically significant correlations (p < 0.05) with DJFM eMEI. Statistical significance is
reached also for EA, but this may be driven in part by trends in PHYDA PDSI over the past 400 years (Figure S4
in Supporting Information S1). Differences are present outside of these four regions, including various parts of
Eurasia as well as notably higher correlations over Florida.

3.2. Temporal Changes in the Relationship Between Regional Soil Moisture

Running correlations between the six possible combinations of regional tree-ring based drought estimates display
periods of high and low agreement, of varying magnitudes and timings (Figures 2a—2h). Only for a single period is
there a consistent absolute decrease across all combinations—the early 18th century. Running correlations for
many of the regions reach their lowest point around this time, including the two pairings that display positive
correlations iIEU-TxMx and SeA-EA; Figure 2be). The cooccurring drop is even more distinct when averaging
correlations for all regional comparisons (Figure 2g), with the lowest absolute value for the 50-year window
present in 1715 CE. The bootstrap simulation of phase-scrambled reconstructions indicates that the drop is
statistically significant (p < 0.01; Figure S5 in Supporting Information S1). Concurrent with the drop in running
correlations is an overall lower agreement between pairs in the 2—8-year band of the wavelet coherence (Figure S6
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Table 1 in Supporting Information S1). Furthermore, the waveforms for the 3—7-year

Correlation Matrices for Regional PDSI Estimates for the Full Periods of filtering indicate an out-of-phase period around 1700 (Figure S7 in Sup-

1871-2005 and 1600-2005

porting Information S1).

1871-2005 (2000) Agreement between regional soil moisture estimates in the PHYDA also

Proxy iEU

SeA EA TxMx indicate a drop after 1700 (Figure S8 in Supporting Information S1), but it is
—036 0.41 not of the largest magnitude over the past 400+ years. Rather, two other

iEU —0.57

SeA 045 ~0.39 departures in the 19th century CE stand out—one in the 1810s and one in the
o —027 031 1880s. An increase then follows, in part driven by sign-shared trend over the
second half of the 20th century (Figure S4 in Supporting Information S1),
TxMx 0-24 —0.32 == evident in the higher 50-year running correlations toward the present.
1600-2005 (2000) Conversely, the mean 50-year running correlations display higher agreement

Proxy iEU SeA EA TxMx  for the TxMx comparisons than for the full period (Table 1).
iEU —0.53 —046 0.39 The output from nine CESM-LME ensemble members show the same sign
SeA 047 —0.36  relationship between PDSI for all possible pairings as the PHYDA and
EA —-0.21 0.29 drought atlases (Table 1). Magnitudes of correlation are similar to those of the
TxMx 0.18 —027 —0.3 PHYDA. The ensemble members display similar distributions of 50-year
running correlations between each other (Figure 3a). However, for the over
850-1848 8,500 years of modeled data, there are very few instances (four of the nine
CESM-LME iEU SeA EA TxMx models have no such recordings) of a breakdown in the average relationship
iEU —0.58 —0.27 041 between regions that match the level of the early 1700s proxy-based
SeA 0.31 disruption (p < 0.005). The models display high variability in terms of
EA —0.21 regional and global temperature during the lowest points of inter-regional
TxMx 031 agreement, but hardly any shared patterns (Figure S9b in Supporting Infor-

mation S1). Six of the nine models display lower DJEM Nifio 3.4 variance in

Note. Correlation coefficients for the drought atlases are on the left side. For the 50 years prior to the lowest point of agreement (Figure $9a in Supporting

the PHYDA comparison (in gray; right side), the end date is 2000. Bottom
row represents correlations between regional PDSI estimates from nine
CESM-LME, with values on the left side representing the lowest magnitude

Information S1), however, only one falls below the 5th percentile of model
variance. Of the nine models, six also show their lowest inter-regional cor-

correlations of any ensemble member over 998 years (8511848 CE) and the relation within 20 years following of one of the 10 largest tropical volcanic
right side (gray) the highest magnitude correlations. events (as defined by volumes of volcanic stratospheric sulfur injection; Table

S2 in Supporting Information S1; Toohey & Sigl, 2017) of the CESM-LME
period (850-1848 CE).

4. Discussion

Reconstructed summer PDSI from tree-ring records in four ENSO-dependent regions display statistically sig-
nificant relationships over the past 400+ years of reconstructed data. These relationships are also present in
instrumental data (Figure S2b in Supporting Information S1). Several thousand kilometers separate the regions
and there is a very limited overlap of predictors (i.e., the only instance is a small number of tree-ring chronologies
from Java were used in both the ANZDA and the GEDA, Palmer et al., 2015a; Cook et al., 2024). The significant
relationship between soil moisture in distant parts of the planet is a distinct example of the importance of the
Pacific Ocean on large-scale climate at interannual scales (Cai et al., 2015; Sarachik & Cane, 2010).

The strong teleconnection patterns of regional soil moisture is the underlying mechanism that allows for tree-ring
based reconstructions of ENSO (e.g., Stahle et al., 1998; Wilson et al., 2009). Although ENSO is mainly driving
climate variability outside of the growing season in the Northern Hemisphere, precipitation in the winter months
is a strong driver of summer conditions in regions such as northern Mexico and southwestern US—allowing for
tree-ring data to record the teleconnection. The estimates of past ENSO variability from terrestrial proxy records
are unavoidably tied to the stability of such teleconnections. Uncertainty in reconstructions of oceanic indices can
have a significant impact on pre-instrumental estimates (Batehup et al., 2015; Kipfmueller et al., 2012), and any
non-stochastic fluctuations must be understood for robust interpretations to be made. The stability of ocean-
atmosphere teleconnections has been studied for some regions (e.g., Coats et al., 2013; Cole & Cook, 1998;
Luo etal., 2024; Scholz et al., 2021), but the results presented here indicate a previously unknown episode of non-
analogous conditions.
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Figure 2. Inter-relationships between regional tree ring-based soil moisture estimates from the drought atlases, and other proxy records. (a—f) Absolute running 40-
(light) to 60-year (dark) correlations between reconstructed PDSI of the four ENSO-influenced regions. 50-year correlations in bold black. Purple colors indicate
positive correlations, orange colors negative. Red lines highlight the year 1715. (g) Sign-adjusted inter-series correlation between regional PDSI estimates for 40- to 60-
year running windows, with the 50-year window highlighted in black. Dotted (dashed) lines indicate the 1/99th (5/95th) percentiles from Monte Carlo-based
significance testing for a 50-year window. Solid line indicates the mean of 50-year window for the 406-year period. (h) Running 20-year standard deviations of the Cook
& Cane (2024) R15 equatorial Pacific Ocean SST reconstruction. (i) Running 31-year standard deviations of the Wilson et al. (2009) COA-reconstructed ENSO (black)
and the Braganza et al. (2009) R5 multi-proxy ENSO reconstruction (gray). (j) Running 31-year standard deviations of warm pool (black) and cold tongue (gray) ENSO
reconstructions of Freund et al. (2019). (k) Running 20-year mean of Northern Hemisphere June-August temperature reconstruction of Biintgen et al. (2021; solid
black); and interannual (gray) and running 20-year mean (dashed black) of oak 14C measurements associated with sunspot activity (Brehm et al., 2021).
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Figure 3. Relationship between regional drought in CESM-LME output. Distributions of running 50-year correlations in nine
CESM-LME members for the pre-instrumental period 850-1848 CE, with the dotted black line representing a kernel fit to the
data from all members. The vertical lines indicate the mean (black) and lowest (red) levels of inter-regional correlation
recorded in the drought atlases around 1700 CE.

4.1. Breakdown of the Relationship Between Soil Moisture in ENSO-Affected Regions

The relationship between individual regional reconstructions varies greatly over the 400-year study period
(Figures 2a-2f). Such fluctuations are, of course, expected due to the relatively large non-shared variance.
However, the sharp decline in inter-regional correlations recorded in the early 18" century CE is the only sta-
tistically significant event since 1600 CE, as estimated from the Monte Carlo simulation based on the long-term
relationship between regions. These significance thresholds are supported by CESM-LME model comparisons
(Figure 3). Although the PHYDA-based estimates record a small dip in correlation during the same period (Figure
S8g in Supporting Information S1), the magnitude of decline is not significant, and other periods display lower
values. The skill of the PHYDA estimates must be considered, however, as the EA region only displays similar
correlations as the instrumental PDSI during the latter half of the 20th century.

The sharp decrease in correlations in the early 1700s coincides with low variance in the SST reconstruction by
Cook & Cane (2024), which displays its lowest running standard deviations around the same time (Figure 2h).
Due to a shared pool of tree-ring predictors between (a) the drought atlases and (b) SST reconstruction, it is
difficult to assess the independence of cooccurring anomalies. The changing variance in the multi-proxy ENSO
reconstruction by Braganza et al. (2009; Figure 2i) also displays agreement with the running averaged drought
atlas teleconnections (Figure 2g), not just for the period of breakdown. A coral-based reconstruction from the
“center of action” (COA), starting in 1607 CE, displays its lowest point of variance during the early 1700s
(Figure 2i; Wilson et al., 2009). However, it should be noted that the COA record is poorly replicated during this
period, an issue that is characteristic of the coral record from the central Pacific (Tierney et al., 2015). The
Palmyra coral record, which is not continuous and has a gap following the early 18th century, displays a peak in
580 around this time—higher than any annual value recorded for the modern corals that start in 1887 (Dee, Cobb,
et al., 2020). Freund et al. (2019) presented two spatially separate Pacific SST reconstructions, both showing
lower variance during the period of interest (Figure 2j). The multi-proxy reconstruction of ENSO variability by
McGregor et al. (2010) displays its lowest point in the early 18th century—although only using tree-ring chro-
nologies from TxMx. The reconstruction of Liu et al. (2024), combining stable isotopes from Pacific-adjacent tree
rings and speleothems, also shows a strong decline in variance around 1700. The nine CESM-LME ensemble
members do not display statistically significant departures of ENSO variability during the lowest point of inter-
regional correlations (Figure S9a in Supporting Information S1). Regardless of associated uncertainties, the
overall proxy record for the late 17th and early 18th centuries indicates an anomaly that is unparalleled in the
following centuries. Climate models, which may struggle to fully emulate ENSO teleconnections (Weare, 2013),
and climate model-driven products fail to capture the extent of this exceptional teleconnection disruption.
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4.2. The Role of Temperature and Volcanic Activity in Drought Teleconnections

The disruption of teleconnections herein identified in the drought atlases coincides with what is thought to be one
of the coldest periods in the past 1,000 years (Biintgen et al., 2021; Esper et al., 2024) and more so for the study
period (Figure 2k). The Maunder minimum—a period of low solar activity (Brehm et al., 2021; Figure 2k) that has
been linked to changes in regional and global climate (Shindell et al., 2001)—is generally placed in the mid 1600s
with a firm end date of 1715 (Usoskin et al., 2015). Lower temperatures have been suggested to have a negative
effect on ENSO variability (Thirumalai et al., 2024) but cooling at a global level would also impact the relative
influence of precipitation on drought conditions. With lower evapotranspiration demands, ENSO-driven pre-
cipitation variability is arguably less important in producing extreme drought. It is notable that the same rela-
tionship, but for the opposite sign, has recently been suggested for the second half of the 7th and first half of the
8th centuries CE. Jiang et al. (2023), using coral data from the South China Sea, propose a distinct phase of
increased ENSO activity, which is in part attributed to high solar activity. Conversely, the lower temperatures of
the Little Ice Age (LIA) may have enhanced the ENSO teleconnection to North America (Dee, Okumura,
et al., 2020)—and the spatial extent of the TxMx-ENSO signal reached its 350-year maximum in the decades
around 1700 (Torbenson et al., 2019). Any changes (be it strengthened or weakened) to ENSO influence that is
not equal across our regions of interest is likely to negatively affect the inter-regional coherence.

The Maunder solar minimum is concurrent with the height of the LIA, but volcanic eruptions may have played a
greater role in the cooling (Owens et al., 2017). A string of large volcanic eruptions occurred within the Pacific
Rim in the second half of the 17th century (Gabriel et al., 2025). Four VEI 5 eruptions were recorded between
1663 and 1680 (including Gamkonora in 1673 and Tongkoko in 1680; Briffa et al., 1998; Sigl et al., 2015), in
addition to the VEI 6 Long Island eruption of the early 1660s (Blong et al., 2018). The eruption of 1695 of
unknown tropical origin (D’Arrigo et al., 2020) qualifies as one of the 10 eruptions compared for the longer
model-driven comparison (Table S2 in Supporting Information S1). Although the tropospheric sulfur injections
from all these eruptions may not have driven global cooling, Northern Hemisphere temperature reconstructions
nonetheless record some of the coolest years of our study period in the 1690s (Briffa et al., 1998; Biintgen
et al., 2021).

The influence of volcanism on ENSO has been a frequent topic of paleoclimatic discussion, not always with
consensus (Brad Adams et al., 2003; Dee, Cobb, et al., 2020; McGregor et al., 2020; Wilson et al., 2009; Zhu
et al., 2022). However, the influence on ENSO is not necessarily the direct interest here—but rather the resulting
strength of teleconnections between regions due to ENSO. The PHYDA displays the strongest negative anomalies
in regional agreement following some of the largest eruptions of the 1600-2000 CE study period: Tambora in
1815 and Krakatau in 1884 (Figure S8 in Supporting Information S1). Previous analyses of the PHYDA have
shown that the strongest response of winter PDSI to volcanic forcings is present over inner Eurasia (Tejedor
et al., 2021). However, the change recorded in the PHYDA is not statistically significant and the relationship
between regional summer PDSI in the drought atlases does not display any disruption around these 19th century
eruptions. Thus, we do not attribute the disruption of teleconnections to any specific forcing beyond noting the
apparent coincidence of concurrent cooling.

4.3. Implications and Directions for Future Work

Although both proxy-only and data assimilation approaches have various limitations associated, data assimilation
products and climate models are becoming increasingly important for our understanding of past climate vari-
ability (Cai et al., 2021; Zhu et al., 2022). Although neither the CESM-LME nor the PHYDA ensembles
reproduce a breakdown of comparable magnitude, PHYDA's assimilation of proxy data nevertheless records a
negative departure coincident with that of the drought atlases (albeit without reaching statistical significance).
This alignment underscores the crucial role of proxy records in constraining reconstruction variance: by injecting
real-world signals into the model prior, data assimilation products like PHYDA can reveal transient climate
anomalies that purely model-driven approaches may underestimate or entirely miss. Further investigation, for
example, of other data assimilation products, may provide additional insights on potential drivers and model
restraints. Climate models already have difficulties in capturing observational trends (Jiang et al., 2024; Seager
et al., 2019), and the varying response of ENSO to volcanic forcings may partly be caused by initial stage
conditions (Predybaylo et al., 2020). It is worth noting that many of the CESM-LME ensemble members show the
lowest inter-regional correlation following major eruptions (Table S2 in Supporting Information S1).
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Our results also highlight the need for proxy records in regions impacted by ENSO variability but that are not
represented in the analysis, such as the Amazon basin and eastern and southern Africa (Figure S2b in Supporting
Information S1). The analysis presented here is limited to four regions for which we have robust reconstructions
of hydroclimatic variability over the past 400 years. Analyses of tree rings in northern Brazil suggest that a strong
relationship does exist with TxMx tree-ring chronologies (and sign-aligned with the ENSO teleconnection), but
the tropical records do not start until the mid 1700s (Stahle et al., 2020). Increased ENSO variability has also been
suggested to synchronize tree growth outside of these traditional ENSO-influenced regions, such as in south-
eastern China (Su et al., 2024). Finally, many of the tree-ring records in ENSO teleconnection regions end in the
early 2000s or earlier (Cook & Cane, 2024) and we therefore miss the critical years of recent warming that may be
key for our understanding of this phenomenon.

5. Conclusions

We describe an unusual breakdown in the teleconnection of drought conditions between remote ENSO-related
regions in Asia, Eastern Australia, and North America during the early 18" century CE. Although the rela-
tionship between tree-ring based PDSI reconstructions for any regional pairing varied greatly over the past 400+
years, the disruption of combined correlation pairs following 1700 is the only statistically significant event and
represents a considerable departure from the modern teleconnection pattern captured by a dense network of
meteorological stations. Although temporal coincidence with the well-known Maunder solar minimum is notable,
we do not suggest causation. What we describe as a disruption event could, in fact, be part of natural variability.
The period may, nonetheless, be of interest for climate model studies as it represents a mechanistically puzzling
ocean-atmosphere dynamic previously undetected. Future work should attempt to attribute the breakdown to
physical processes and explore other periods of potential change, including recent decades.
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