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Abstract Teleconnection rainfall over North America may be systematically altered by tropical Pacific
mean state changes. Characterizing teleconnection changes to improve prediction requires many
realizations of ENSO events, but twentieth century data are temporally limited. To extend twentieth century
records, we evaluate ENSO events in a new last‐millennium paleoclimate data assimilation
reconstruction to deduce how mean state changes affect the magnitude/extent of ENSO‐driven rainfall in
the United States. Despite global cooling during the Little Ice Age, the central‐eastern tropical Pacific warms
relative to the Medieval Climate Anomaly, shifting teleconnections eastward and increasing rainfall
anomalies in the southwestern United States. Teleconnections strengthen independently of ENSO
amplitude; we thus suggest caution in using paleoclimate reconstructions of teleconnection rainfall as a
proxy for ENSO amplitude. We demonstrate teleconnection rainfall is sensitive to the pattern of tropical
Pacific mean SST changes, underscoring the importance of reducing uncertainties in future warming
patterns in the tropical Pacific.

Plain Language Summary As we accelerate into a future with higher greenhouse gas
concentrations, it is critical to constrain how the El Niño–Southern Oscillation (ENSO)—arguably the
most influential driver of weather and climate on Earth—will change. There are still large unknowns
surrounding how the tropical Pacific will respond to anthropogenic changes in greenhouse gas
concentrations, as well as its associated impacts on rainfall in midlatitude regions such as the United States.
Here, we investigate how ENSO and its relationship to rainfall respond to changes in Earth's “average”
climate in the past. We explore two key periods during the last millennium in data generated using a new
technique called paleoclimate data assimilation. This fuses the information in paleoclimate archives,
such as tree rings and corals, with the physics of the atmosphere and ocean represented in global climate
models. We examine annually resolved climate “snapshots” and find that changes in U.S. rainfall are acutely
sensitive to changing tropical Pacific sea surface temperature patterns. These patterns have important
similarities with predictions of global warming in 2100. Analogs from time periods in Earth's past with very
different mean climate highlight the importance of reducing uncertainties in future warming patterns in the
tropical Pacific for rainfall prediction.

1. Introduction

Year‐to‐year variations in sea surface temperatures (SSTs) over the tropical Pacific exert a large influence on
global weather and climate. These variations are driven by the El Niño–Southern Oscillation (ENSO) phe-
nomenon (Philander, 1989), which in turn impacts the global atmosphere by forcing stationary Rossby
waves and altering the zonal‐mean atmospheric circulation (Alexander et al., 2002; Trenberth et al.,
1998). The subtropical jet stream and associated storm tracks move southward during El Niño—the warm
phase of ENSO—and northward during La Niña—the cold phase. These circulation changes, also known
as “teleconnection” patterns, result in pronounced seasonal changes in U.S. rainfall. The characteristics
and dynamics of ENSO teleconnections are documented in both historical observations (Alexander et al.,
2002; Hoerling & Kumar, 1997; Hoerling et al., 1997; Horel & Wallace, 1981; Seager et al., 2003; Ting &
Hoerling, 1993; Trenberth et al., 1998, and many others) and model simulations (Deser et al., 2017; Hoell
et al., 2016; Lloyd et al., 2009, 2011, 2012).
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ENSO teleconnections may be sensitive to changes in mean climate. In the context of greenhouse gas (GHG)
forcing (e.g., Stevenson, 2012; Zheng et al., 2016), several studies have found that when the tropical Pacific
warms more in the east than in the west, tropical precipitation anomalies forcing stationary waves tend to
shift eastward (Bonfils et al., 2015; Zhou et al., 2014). Many climate models and some observational evidence
suggest a weakened Walker circulation and enhanced equatorial warming with a slight decrease in the
east‐west SST gradient in response to greenhouse gas forcing (e.g., Cai et al., 2015; Collins et al., 2010;
DiNezio et al., 2009; Held & Soden, 2006; Tierney et al., 2019; Tokinaga et al., 2012; Vecchi et al., 2006; Xie
et al., 2010), consistent with the multimodel mean response in the Coupled Model Intercomparison Project
(CMIP) Phases 3 and 5 (Cai et al., 2015; Collins et al., 2010; Stevenson et al., 2012). Additionally, while the
magnitude of El Niño events themselves show little to no change in climate model projections spanning
the 21st century, a mean eastward shift in ENSO teleconnection‐driven precipitation anomalies, particularly
over the United States, is observed in many CMIP class projections (Stevenson, 2012; Stevenson et al., 2012;
Zhou et al., 2014). However, this El Niño‐like mean state response of the tropical Pacific to GHG forcing is
still the subject of considerable debate due to uncertainties in observations, mechanisms, and climate model
simulations (e.g., Coats & Karnauskas, 2017; Deser et al., 2010; DiNezio et al., 2010; Karnauskas et al., 2009;
Seager et al., 2019; Solomon & Newman, 2012; Vecchi et al., 2008).

Thus, historical observations are inconclusive regarding the pattern of future mean SST changes and asso-
ciated shifts in ENSO teleconnections. Previous studies rely heavily on twentieth century observations,
which span approximately 22 La Niña and 26 El Niño events (NOAA, 2017) over the last 70 years (Coats
& Karnauskas, 2017; Deser et al., 2017; Frauen et al., 2014; Garfinkel et al., 2013; Hoerling et al., 2001;
Horel &Wallace, 1981). This paucity of historical data may not be sufficient to fully isolate the impact of tro-
pical SSTs onmidlatitude variability, andmodeling studies have previously shown that atmospheric telecon-
nections are highly variable (Coats et al., 2013; Coats & Karnauskas, 2017; Deser et al., 2017; Stevenson et al.,
2015). This highlights the need for additional data to extend the length of the observational record.

High‐resolution paleoclimate archives from the past 1,000 years (the Last Millennium, LM hereafter) are an
essential source of information to augment the instrumental record. Such data have previously been used to
assess ENSO teleconnection changes (Goosse et al., 2012; Kaufman et al., 2009). Of particular interest are the
Little Ice Age (LIA), thought to have relatively cold global temperatures, and theMedieval Climate Anomaly
(MCA), when North Atlantic temperatures were warmer. These periods have been used extensively as tar-
gets for LM climate field reconstruction (e.g., Wang et al., 2015), and climate changes from the MCA to
LIA are well documented (Emile‐Geay et al., 2013a; Graham et al., 2011; Henke et al., 2017; Hereid et al.,
2013; Lawman et al., 2019; Li et al., 2011; Loisel et al., 2017; Mann et al., 2009; McGregor et al., 2013;
Wang et al., 2015). Several LM reconstructions indicate a persistent “La Niña‐like” mean state during the
MCA with a strengthened tropical Pacific SST gradient (Cobb et al., 2003; Cook et al., 2010; Herweijer et al.,
2006, 2007; Mann et al., 2009; Newton et al., 2006; Rustic et al., 2015; Seager et al., 2007; Trouet et al., 2009),
invoking forcing via the dynamical thermostat mechanism (Clement et al., 1996). More recent literature sug-
gests that a cooler tropical Pacific mean state during the MCA results from internal variability, generating
multidecadal periods containing a relatively high number of La Niña events (Ault et al., 2018; Coats et al.,
2016, 2016; Steiger et al., 2019). The robustness of MCA‐LIA differences in proxy reconstructions has been
questioned in the past, with issues arising due internal variability and/or reconstruction methodology
(e.g., Emile‐Geay et al., 2013c; Henke et al., 2017; Smerdon et al., 2016; Wang et al., 2015). Nevertheless, data
spanning the LIA and MCA provide a useful test for the hypothesis that long‐term changes in mean climate
modulate ENSO teleconnections (Goosse et al., 2012; Kaufman et al., 2009; Masson‐Delmotte et al., 2013).

However, the limited spatial extent of paleoclimate reconstructions information limits their capacity to yield
dynamical inferences. Addressing this, the recent acceleration of research employing paleoclimate data
assimilation (DA) to reconstruct past climates has broadened existing climate field reconstruction techni-
ques by fusing the information contained in paleoclimate records with the dynamics of climate models
(Brönnimann et al., 2013; Franke et al., 2017, 2020; Goosse et al., 2010; Hakim et al., 2013; Steiger et al.,
2014, 2018; Widmann et al., 2010). Among these efforts is the Last Millennium Reanalysis, or LMR
(Hakim et al., 2016; Tardif et al., 2019), which yields temperature, precipitation, sea level pressure, and geo-
potential height anomalies during the full LM. This allows dynamical hypotheses regarding ENSO telecon-
nection changes to be more rigorously tested in a dynamically consistent framework constrained by
paleoclimate information.
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Here we present the first application of the LMR to variations in ENSO teleconnections over the past millen-
nium. In particular, we capitalize on the fact that there are subtle mean state changes in the tropical Pacific
during the LM that can be used to study how ENSO teleconnections respond to such small changes in mean
state. Future changes in Pacific mean state are also expected to be subtle, but their effect on teleconnections
remains uncertain. Furthermore, quantifying the sensitivity of ENSO teleconnections to changes in mean
state is likely to bolster our ability to assess the accuracy of future model projections.

2. Data and Methods
2.1. Paleoclimate and Model Data

This study relies on the Last Millennium Reanalysis Project V2.0 (see Hakim et al., 2016; Tardif et al., 2019,
for a full description of the data product) (supporting information sections S1 and S2). The LMR uses offline
DA using a prior derived from climate model simulations spanning the last millennium (Landrum et al.,
2013) and annually resolved paleoclimate archives from the PAGES2k database (PAGES2K Consortium,
2013) (with later additions from (Anderson et al., 2019; Tardif et al., 2019)). 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., 2013; Tardif et al., 2019). The result is
an annually resolved reconstruction of fields including (but not limited to) SST, surface temperature, preci-
pitation, the Palmer Drought Severity Index (PDSI), and geopotential height. All fields are reconstructed as
annual anomalies from the 1951–1980 mean. The characteristics of ENSO in the LMR are validated in sup-
porting information section S2 (Figures S1 and S2 Kennedy et al., 2011; Percival & Walden, 1993).

We note that paleoclimate proxies assimilated into the LMR contain seasonal biases, dating errors, and that
the data availability decreases back in time, causing variance loss in the reconstruction mean (Hakim et al.,
2016; Tardif et al., 2019). The LMR also reconstructs calendar year anomalies (January–December), which
likely splits the peak seasonal ENSO impact across calendar years, and restricts our ability to assess monthly
seasonal scale rainfall variability. Nonetheless, the LMR provides a complement to direct measurements
from paleoclimate archives, as it effectively fuses information contained in the high‐resolution paleoclimate
record with the dynamical constraints of a climate model (Dee et al., 2016; Steiger et al., 2013); the LMR thus
“fills in the gaps” in time and space where data points are lacking in the paleoclimate record (Hakim et al.,
2016; Tardif et al., 2019). The output contains 20 Monte Carlo (MC) iterations generated via randomly sam-
pling 75% of the available proxy data and using different draws from the climate model ensemble priors in
the assimilation (see supporting information sections S1, and S9 for an evaluation of the impact of the LMR
model prior on our analysis). We focus on the ensemble andMonte Carlo iteration mean, using the spread in
the MC iterations for uncertainty quantification.

2.2. Definitions

We adopt the methodology employed in Seager et al. (2008) to select the MCA and LIA as key time periods in
the LM. TheMCA is defined here as the period from 950 to 1350 CE, and the LIA is defined as 1400–1800 CE.

These periods are chosen due to the high volume of research into both the timing of and climatic forcings
causing these two large mean state changes in global temperature, potentially affecting ENSO teleconnec-
tions (Clement et al., 1996; Cobb et al., 2003; Emile‐Geay et al., 2013b, 2013c; Graham et al., 2011; Henke
et al., 2017; Lawman et al., 2019; Mann et al., 2009; McGregor et al., 2013; Phipps et al., 2013; Wang et al.,
2013).

El Niño and La Niña events are defined independently in the LMR via averaging the reconstructed SST field
over the NINO3.4 region (5°N to 5°S, 170–120°W) during both the MCA and LIA. We extract El Niño and La
Niña events as departures exceeding ±1σ of NINO3.4 SST anomalies (defined as deviations from SST clima-
tology for the reference period, LIA or MCA). This yields approximately 120 ENSO events, ∼60 El Niño and
∼60 La Niña for both the LIA and MCA, with an average return period of 7 years. Teleconnection patterns
are computed by compositing departures from the LIA and MCA climatology for the variable of interest (in
this case, precipitation or PDSI) for all El Niño and La Niña events during the respective periods (as in
Rasmusson & Carpenter, 1982; Rasmusson & Wallace, 1983; Ropelewski & Halpert, 1986). Precipitation is
normalized by the standard deviation (1σ) of the NINO34 index over the period of interest (i.e., LIA and
MCA) to remove the impact of ENSO amplitude (following the methodology of Stevenson, 2012). This
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treatment captures changes in moisture supply in teleconnected regions during ENSO events in different
mean climates. ENSO amplitude is defined as the value of the standard deviation of the relevant index
(NINO3, NINO4, or NINO3.4).

3. Results
3.1. ENSO and Mean State Changes

We first examine changes in the mean state and ENSO amplitude between the MCA and LIA. Table S1 and
Figure S3 compare the mean ENSO amplitude for the NINO3, NINO34, and NINO4 regions during these
periods for the LMR, as well as the mean SST anomaly in each region. To test for statistical significance,
we evaluated the 1σ spread for the 20‐member MC reconstruction output. ENSO amplitude is not signifi-
cantly different (two‐tailed Student's t test) during the LIA compared to the MCA in the NINO3.4 or
NINO3 region; in the NINO4 region, further west, variance is higher during the MCA (0.26°C) compared
to the LIA (0.21°C) (significantly different at the 95% confidence level). In general, we observe minimal
changes in ENSO amplitude, with differences in 1σ values on the order of 0.01–0.05 K. Much larger changes
on centennial timescales are known to be possible given internal variability (Stevenson et al., 2012;
Wittenberg, 2009). We therefore conclude that there is a lack of robust evidence for a significant change
in ENSO amplitude between the MCA and LIA.

The changes in tropical climate during the LIA relative to theMCA show features characteristic of an altered
east‐west SST gradient, associated shifts in tropical rainfall, and extra tropical changes over North America.
Mean temperatures in both the central and eastern equatorial Pacific are warmer during the LIA compared
to the MCA (Figure 1a and Table S1, mean SST anomalies). This “El Niño‐like” warming pattern is

Figure 1. LMR mean state differences, LIA minus MCA. (a) surface temperatures (K), (b) sea level pressure (Pa), (c)
precipitation rate (mm/day), and (d) 500 hPa geopotential height (m). Stippling and shading indicates insignificant
(p>0.05) result of two‐tailed t test on the MC runs.
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consistent with previous work suggesting radiatively forced “La Niña‐like”mean state changes in the MCA
relative to the LIA (Cobb et al., 2003; Cook et al., 2010; Herweijer et al., 2006, 2007; Mann et al., 2009;
Newton et al., 2006; Rustic et al., 2015; Seager et al., 2007; Trouet et al., 2009). The center of maximum
SST variance shifts eastward in the tropical Pacific during the LIA, coupled with reduced SST variance in
the western tropical Pacific (Figure S4). This is also evident in the NINO4 changes in MCA versus LIA
variance, which is significantly reduced in the western tropical Pacific during the LIA. LIA minus MCA
changes in precipitation exhibit an El Niño‐like pattern with increased central and eastern tropical Pacific
rainfall anomalies, accompanied by a deepening of the Aleutian low (Figures 1c and 1d).

Overall, Figures 1 and S4 are suggestive of a change in ENSO driven by MCA‐LIA mean climate differences,
despite the lack of significant change in ENSO amplitude. Figure 2 shows the MCA and LIA El Niño and La
Niña SST anomaly composites, indicative of a change in ENSO diversity between the two periods. El Niño
events show an eastward shift of warm SST anomalies during the LIA (Figure 2e). However, these
LIA‐MCA changes across the tropics are not significant (two‐tailed t test, p>0.05). Finally, while the pattern
of extratropical SST anomalies does not change substantially between the LIA and MCA, the amplitude is
increased during LIA.

Figure 2. Change in El Niño and La Niña SST for the LIA and MCA in the LMR (a) MCA El Niño SST, (b) MCA La Niña
SST, (c) LIA El Niño SST, (d) LIA La Niña SST, (e) LIA minus MCA El Niño, and (f) La Niña SST anomalies
(temperature, Kelvin); stippling indicates SST changes are not significant (p>0.05, two‐tailed t test of the 20‐member
LMR MC iterations). Note that the color bar scale is different in the bottom two panels showing the SST anomaly
differences (LIA‐MCA) rather than the composite anomalies.
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3.2. ENSO Teleconnection Changes

We next analyzed the spatial signature of changes in El Niño and La Niña hydroclimate anomalies. Figure 3
shows the precipitation, sea level pressure (SLP), and Palmer Drought Severity Index (PDSI) anomalies for
El Niño and La Niña events during the MCA and LIA.

Figure 3. Changes in El Niño and La Niña precipitation (color scale) and SLP (contours) for the LIA and MCA based on
the LMR. El Niño precipitation (mm/day·K−1) (shading; scaled to NINO3.4 1σ for the respective time period); and SLP
(contours at intervals of 20 Pa) anomalies during (a) MCA, (c) LIA, and (e) and their difference (LIA minus MCA).
(b, d, f) As in (a), (c), and (e) but for La Niña. (g, h) As in (e) and (f) but for PDSI anomalies (unitless) over
North America. Note that the color bar scale is different in the bottom four panels (e)–(h), which show
difference maps (LIA‐MCA) as opposed to ENSO composites in (a)–(d).
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During the LIA, ENSO teleconnections over North America are strengthened: El Niño‐driven rainfall is
enhanced in the Southwest, with wetter conditions stretching from California throughout the Southwest
andMexico (and see Figure S5 same results, zoomed in over the United States). Moisture supply is enhanced
during El Niño and reduced during La Niña; the magnitude of moisture supply changes rather than the rain-
fall patterns as evidenced by the consistent patterns shown in Figure S5. During the LIA, La Niña events
exhibit drier anomalies (Figures 3f and 3h), especially across the Southwest and Central Plains. A
two‐tailed t test across the MC iterations of the ensemble indicates western U.S. and east coast changes
are significant at the 95% level. Changes in PDSI (LIA minus MCA) are also significant at the 95% level
for most areas of the United States, with the exception of Texas and parts of the central Rocky Mountains
(Figures 3g and 3h).

We next analyzed probability density functions for the U.S. Southwest (30°N to 43°N, 245°E to 253°E) and
California (33°N to 42°N, 122°W to 115°W) rainfall and PDSI during La Niña and El Niño events for both
the MCA and LIA (Figures S6 and S7). Both regions have recently experienced severe drought and unpre-
dictable heavy rainfall events (Hoell et al., 2016). For the LMR, in both regions, El Niño PDSI is higher (indi-
cating wetter conditions) during the LIA than during the MCA. Consistent with the rainfall anomalies in
Figure 3, in both regions, La Niña PDSI decreases during the LIA compared to the MCA. Taken together,
the LMR reconstruction results suggest the North American ENSO teleconnection was stronger during
the LIA than during the MCA.

Both El Niño and La Niña precipitation anomalies are enhanced over the central‐eastern equatorial Pacific
during the LIA. The enhancement is likely due to the eastward shift of El Niño and La Niña SST anomalies
(Figures 2e and 2f) and increased mean SST/convection in the central eastern equatorial Pacific (Figures 1a
and 1c.) during the LIA. Eastern Pacific warming may increase the sensitivity of precipitation to ENSO SST
anomalies, as described in Bonfils et al. (2015), Johnson and Xie (2010), and Power et al. (2013). The mean
state warming pattern shown in Figure 1a. likely plays a more important role than ENSO SST changes,
which are not statistically significant (Figures 2e and 2f, stippled pattern). The enhanced equatorial precipi-
tation anomalies are likely to force stronger ENSO teleconnection and enhance atmospheric circulation
anomalies over the eastern North Pacific in Figure 3, and these changes in the ENSO teleconnection occur
in absence of significant changes in ENSO amplitude.

The intensification of hydroclimate teleconnections during the LIA is reflected in circulation anomaly
changes as well. Figure 3 indicates amplified low pressure anomalies in the eastern North Pacific during
the LIA El Niño (Figure 3e), which likely enhance subtropical westerly moisture transport to the U.S.
Southwest. The LIA SLP anomalies show enhanced high pressure anomalies over the North Pacific during
La Niña events (Figure 3f), known to exacerbate dry conditions across the U.S. Southwest.

For completeness, we repeated our analysis using an alternative teleconnection definition, and computed
one‐sided regression maps (Hoerling et al., 2001) for NINO34 SSTs and the dynamical fields of interest (pre-
cipitation and geopotential height) (e.g., Wallace & Gutzler, 1981 and many others). Our results are consis-
tent across both teleconnection definitions; the regression coefficients for positive NINO34 index
(Figure S8) and negative NINO34 index (Figure S9) events and rainfall strengthen during the LIA over the
U.S. Southwest (Figures S8c and S9c). Furthermore, Figures S8 and S9 show the geopotential height regres-
sion coefficients increase (in absolute value) during the LIA, especially over the North Pacific and northern
North America, indicative of increased teleconnection amplitude. This intensified teleconnection pattern
amplifies both ElNiño and LaNiña hydroclimate anomalies (Figure 3), though the effect ismore pronounced
for El Niño events. Spatial patterns in rainfall remain consistent, ruling out a spatial shift in the teleconnec-
tion (Figure S5). These results confirm precipitation is more sensitive to changes in NINO34 SSTs during
the LIA.

As a final sensitivity test, we performed the same analysis on a DA reconstruction which uses a fixed proxy
network spanning 850–2000 CE (see Parsons & Hakim, 2019) (section S6). As described in Emile‐Geay et al.
(2017) and Hakim et al. (2016), the number of proxy records assimilated into the reconstruction varies over
the last 2000 years, with proxy density increasing over time. Changing data availability with time can lead to
spurious changes in either mean or variance in the reconstructions. Testing for this directly, Figure S10
shows that the enhanced teleconnection rainfall result holds for a sensitivity test which uses fixed proxy
availability for 850 CE. We conclude that the teleconnection response pattern is robust to changes in
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proxy availability over time, albeit with changes in the significance of the result due to a smaller
ensemble size.

3.3. Comparison to Tree Ring Reconstructions

To check the LMR‐based estimates of changes in ENSO teleconnection rainfall against a complementary
data source derived from paleoclimate proxies alone (without the use of DA), we evaluated PDSI reconstruc-
tions from the North American Drought Atlas (NADA) (Cook et al., 2004, 2014), which relies exclusively on
tree ring widths. Specifically, we evaluated changes in the first principal component (PC1) of the NADA
from Li, Xie, et al. (2011), which primarily isolates hydroclimate changes in the Southwest United States;
the record is also highly correlated to ENSO over the instrumental period.

Figure 4a shows the PDFs for PC1 excursions exceeding ±1σ, interpreted as hydroclimate variance due to
ENSO teleconnection rainfall. Changes in hydroclimate are compared for the MCA and LIA; here, for con-
sistency we use El Niño and La Niña to label the wet versus dry periods, respectively. The variance in the
NADA PC1 is slightly reduced during the MCA (0.92) compared to the LIA (1.0). Similarly to the LMR,
the NADA PC1 indicates a shift toward wetter conditions for El Niño events during the LIA (red curve),
and drier conditions during La Niña (navy curve) compared to the MCA (orange, light blue curves).
Changes for both ENSO phases significant at the 90% confidence level. Taken together, this suggests a
strengthened teleconnection alongside increased hydroclimate variability during the LIA in NADA.

A number of paleoclimate reconstruction studies have historically related the strength of the midlatitude
hydroclimate variabilty to ENSO amplitude (e.g., D'Arrigo et al., 2005; Li, Nakatsuka, et al., 2011; Li, Xie,
et al., 2011; Loisel et al., 2017, and many others). While the pattern of SST variance changes (as mentioned
above, Figure S4c), features enhanced variance in the east and reduced variance in the west, Table S1 and
Figure 4b confirm that there is no significant change in NINO3.4 or NINO3 SST amplitudes for the LIA ver-
sus the MCA (and see Figure S3). Moreover, NINO4 amplitudes are reduced during the LIA. These findings
suggest that directly tying teleconnection strength to ENSO amplitude may be misleading: teleconnection
strength can change independently of ENSO variability, and the centroid of that variability matters. The
NADA PC1 is a record of changes in moisture supply, but does not necessarily reflect ENSO variability.

Figure 4. Comparison of NADA to LMR LM Teleconnections. (a) PDFs of the NADA PC1 (Li et al., 2011) for wetter
(interpreted as El Niño) and drier (interpreted as La Niña) event composites during MCA (orange and light blue,
dashed curves) and LIA (red and dark blue, solid curves). Wet (El Niño) and dry (La Niña) events are defined by PC1
excursions exceeding ±1σ, where σ is time period dependent. The means of the distributions are shown in the figure
legend. The distributions for dry events are significantly different at the 90% confidence level (p=0.06) per a
two‐tailed t test, and for wet events, significantly different at the 95% confidence level (p=0.002). The
number of events for each PDF: LIA El Niño = 63, MCA El Niño = 62; LIA La Niña = 65, MCA
La Niña =66. (b) Reconstructed ENSO amplitude (1σ) for the NINO34 index in the LMR. The PDF
represents the spread in the standard deviation (σ) for the 20 MC iterations of the LMR. The full
ensemble mean values for all indices are given in Table S1. The 1σ values for the ensemble of
MC realizations are shown for the LIA (blue line) and MCA (red line).
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Such a conclusion would require a stable teleconnection with the tropical Pacific, but we assert the telecon-
nection is not stable over the full LM, and depends acutely on the pattern of SST change over time. ENSO
rainfall may be altered by the pattern of tropical Pacific warming, and these patterns are not necessarily tied
to ENSO amplitude.

4. Discussion and Conclusions

This study demonstrates that changes in tropical Pacific mean state can drive shifts in ENSO rainfall pat-
terns, in the absence of changes in ENSO amplitude. The LIA minus MCA SST changes in the LMR agree
with previous work suggesting a “La Niña‐like,” radiatively forced mean state change during the MCA rela-
tive to the LIA (Cobb et al., 2003; Cook et al., 2010; Herweijer et al., 2006, 2007; Mann et al., 2009; Newton
et al., 2006; Rustic et al., 2015; Seager et al., 2007; Trouet et al., 2009). We find that ENSO teleconnections
strengthened during the LIA relative to the MCA, likely due to warmer mean SSTs in the central and eastern
tropical Pacific shifting the locus of tropical Pacific convection anomalies to the east, enhancing rainfall over
North America. This result holds for both El Niño and La Niña events: there is less drying in the Southwest
duringMCA La Niña events. However, there is little evidence for a change in the amplitude of ENSO‐related
SST anomalies; rather, we find that moisture supply is sensitive to changes in the pattern of SST warming
during the LIA. The use of proxies from ENSO‐teleconnected regions to reconstruct ENSO amplitude thus
houses considerable uncertainties. The analysis of the NADA in this context serves as a complementary ana-
lysis, and we suggest caution interpreting teleconnection changes as a direct proxy for tropical Pacific SST
variance. While the LMR is not a perfect representation of reality, it does provide a dynamically consistent,
spatiotemporally gridded field housing both SST and rainfall, yielding insight into the patterns and dynamics
operating in the LM in a way that other paleoclimate data products cannot. Expanding high‐fidelity paleo-
climate archives of SST changes (e.g., from coral oxygen isotopic records) would bolster ENSO amplitude
reconstructions over the last several centuries (Cobb et al., 2003; Dee et al., 2020; Russon et al., 2015;
Stevenson et al., 2012; Tierney et al., 2015).

Our results highlight large uncertainties in reconstructing both ENSO amplitude and teleconnection pat-
terns from proxies in teleconnected regions, in agreement with recent studies (e.g., Abram et al., 2020). A
primary advantage here is that the LMR does not house assumptions surrounding teleconnection stationar-
ity common to regression‐based CFR methods. However, we acknowledge the LMR explicitly relies on tele-
connections via covariance assumptions supplied by the model, instead of defined covariance patterns in a
calibration interval. Thus, because the enhanced ENSO teleconnection during LIA observed in the LMR is
constrained by tree ring records, it is difficult to deduce the skill in the reconstruction for both ENSO ampli-
tude and the pattern of ENSO during the MCA and LIA. While a number of rich, highly resolved coral
records are assimilated across the tropical Pacific, few coral records span both the MCA and LIA in full,
and are not assimilated to the LMR. We acknowledge that these uncertainties may affect our results, given
that the proxy availability during the MCA and LIA is not identical. To address this, we confirmed that our
results are robust to changes in proxy availability (Figure S10) by assimilating a subset of proxy records,
rather than the full PAGES2k data set.

Finally, there are significant LIA‐MCA differences in midlatitude (e.g., North Pacific) SST anomalies during
El Niño and La Niña (Figures 2e and 2f), which likely result from different tropical forcing, but may in turn
alter the ENSO teleconnection downstream (e.g., Smirnov et al., 2015). Additional model experiments would
be needed to confirm the relative influence of these different processes (e.g., Zhou et al., 2014).

We acknowledge ENSO's interaction with decadal variability (e.g., via volcanic forcing Stevenson et al.,
2018) and the Pacific Decadal Oscillation (PDO) inevitably plays a role modulating LM ENSO variability
in the LMR (e.g., Newman et al., 2003). Preliminary analysis suggests our results are consistent (teleconnec-
tions are enhanced in the LIA) after filtering out decadal variability (applying a 2–8 year bandpass filter,
Figure S11). Given that recent work indicates the PDO may become less predictable in a warming climate
(Li et al., 2020), a more complete evaluation of the role of decadal variability in the LMR is needed in
future work.

The LM and 21st century differ greatly in their mean state responses to radiative forcing. Our results suggest
that ENSO teleconnections can strengthen given an El Niño‐like mean state change, even in a cooler
global‐mean climate (as during the LIA). This provides an interesting analog for 21st century projections,
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which show that a warmer mean climate enhances such teleconnections (Fasullo et al., 2018). In the
Community Earth System Model (CESM) RCP8.5 Large Ensemble (Kay et al., 2015), mean El Niño rainfall
anomalies intensify, resulting in an altered rainfall pattern comparable to LIA‐MCA teleconnection changes
(Figure S12). Similar to the LIA changes in rainfall observed in the LMR, CESM shows much wetter El Niño
conditions in California and the Southwest by 2100, while changes in La Niña event composites are less con-
clusive. Eastern tropical Pacific warming and enhanced U.S. Southwest teleconnections may occur as a
result of very different climate forcings. The causes for this different mean state/teleconnection relationship
remain unclear: In the RCP8.5 case, greenhouse gas‐induced global warming dominates by the end of the
21st century, but the LIA is a known period of relative global cooling due to increased volcanic activity
(Brönnimann et al., 2019; Miller et al., 2012; Slawinska & Robock, 2018). It is possible that the intensification
of El Niño teleconnections may be primarily driven by eastern tropical Pacific warming (regardless of the
cause of that warming) rather than a direct response to mean global temperature change (Bonfils et al.,
2015; Cai et al., 2014; Fasullo et al., 2018; Power et al., 2013), though additional idealized forcing simulations
are needed to confirm this.

The strength and spatial expression of teleconnection rainfall may change in the future over North America,
and could shift independently of changes in ENSO as a result of anthropogenic warming in the tropical Pacific
(e.g., Bonfils et al., 2015; Power et al., 2013; Stevenson et al., 2012; Zheng et al., 2016). Teleconnections are
predicted to strengthen (Fasullo et al., 2018) and change faster than changes in ENSO amplitude in simula-
tions of the late 21st century (Stevenson, 2012). These shifts are important for understanding climate
changes unique to the United States that occur on human timescales. Further, model projections suggest
that Western North America in particular will experience drier conditions moving into the 21st century
(Cook et al., 2015), but little attention has been paid to the superposition of ENSO teleconnection rainfall
changes on predicted mean state changes. Overall, our results suggest that changes in the specific pattern
of SST anomalies (rather than changes in global mean T) are highly relevant for future rainfall and extreme
climate prediction, in agreement with recent work (e.g., Patricola et al., 2019; Zhao et al., 2020). If telecon-
nection strength and spatial expression (rainfall and temperature anomalies) shift with background warm-
ing in the tropical Pacific, impacts will include changes in the spatial structure and recurrence heavy rainfall
in the southwest and southeast United States, accompanied by changes in flooding regimes in the
Mississippi and Ohio River Basins (Munoz & Dee, 2017; Simon Wang et al., 2015). This work is a first step
toward constraining the sign and spatial extent of these changes across the United States, enhancing their
predictability. Our results underscore the importance of reducing uncertainties in the global warming pat-
tern and mean temperature changes in the tropical Pacific (Patricola et al., 2019), and harbor implications
for the predictability of teleconnection rainfall in the United States.

Data Availability Statement

All of the data used in this analysis are publicly available via the LMR website (https://atmos.uw.edu/∼
hakim/lmr/LMRv2/index.html Tardif et al., 2019) and the Earth System Grid (www.earthsystemgrid.org).
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