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Supplementary Text 1: Cross-validation of the Last Millennium Reanalysis reconstructions

The Last Millennium Reanalysis (LMR)1, 2 reconstructions in this study show high skill compared to many other existing
reconstructions (Supplementary Fig. 1), yet they are performed with a calibration period over 1850-2000 CE, which overlaps
with the validation period (1881-2000 CE) and leads to concerns of potential overfitting.

To evaluate whether overfitting actually occurs, we repeat the LMR reconstructions described in the main text, LMR
(Corals), LMR (Li13b6), and LMR (Corals+Li13b6), with calibration period over 1881-1940 CE and 1941-2000 CE. For
comparison, we repeat the validation in Fig. 1 (main text) over 1881-1940 CE (Supplementary Fig. 2) and 1941-2000
CE (Supplementary Fig. 3) as baselines (tagged as Test I and II, respectively). The reconstruction with calibration period
over 1941-2000 CE is verified over validation period 1881-1940 CE (tagged as Test III) (Supplementary Fig. 4), and the
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reconstruction with calibration period over 1981-1940 CE is verified over validation period 1941-2000 CE (tagged as Test IV)
(Supplementary Fig. 5), so that the calibration and validation periods are disjoint.

The validation skill of the reconstructed Niño 3.4 is summarized in Supplementary Table 1. Comparing Test III with
Test I, the coefficient of determination (R2) drops by 0.01, 0.08, and 0.05 for LMR (Corals), LMR (Li13b6), and LMR
(Corals+Li13b6), respectively, while the coefficient of efficiency (CE)3 drops by -0.08, 0.10, and 0.05, respectively. Similarly,
comparing Test IV with Test II, R2 drops by 0.01, 0.08, and 0.03 for LMR (Corals), LMR (Li13b6), and LMR (Corals+Li13b6),
respectively, while CE drops by 0.09, 0.11, and 0.04, respectively. Overall, the skill degradation is at an acceptable level, and
we conclude that overfitting is not a major issue with the original reconstructions in the main text. It is also worth noting that
LMR (Corals+Li13b6) performs the best in all of the tests compared to LMR (Corals) and LMR (Li13b6), indicating that the
strategy of combining both tree-ring and coral archives is working as expected.
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Supplementary Fig. 1. Correlation coefficient between instrumental observations and reconstructions of December-February (DJF)
Niño 3.4 over timespan 1881-2000 CE. Data sources include: Extended Reconstructed Sea Surface Temperature, Version 5 (ERSSTv5)4,
Bunge and Clarke5 (denoted as BC09), Li et al.6 (denoted as Li13), the Paleo Hydrodynamics Data Assimilation product (PHYDA)7, and
the Last Millennium Reanalysis (LMR)1, 2 reconstructions of this study: LMR (Corals), LMR (Li13b6), and LMR (Corals+Li13b6). Note
that Li13 is a November-Januray (NDJ) reconstruction, and its correlation to NDJ ERSSTv5 and NDJ BC09 is 0.76 and 0.75, respectively.

Supplementary Table 1. Validation skill of the Last Millennium Reanalysis (LMR)1, 2 Niño 3.4 reconstructions.

Test Calibration period Validation period LMR (Corals) LMR (Li13b6) LMR (Corals+Li13b6)

I 1850-2000 1881-1940 R2 = 0.43, CE = 0.35 R2 = 0.62, CE = 0.62 R2 = 0.66, CE = 0.65
II 1850-2000 1941-2000 R2 = 0.53, CE = 0.52 R2 = 0.52, CE = 0.51 R2 = 0.65, CE = 0.64
III 1941-2000 1881-1940 R2 = 0.42, CE = 0.40 R2 = 0.54, CE = 0.52 R2 = 0.61, CE = 0.60
IV 1881-1940 1941-2000 R2 = 0.52, CE = 0.43 R2 = 0.44, CE = 0.40 R2 = 0.62, CE = 0.60
R2=coefficient of determination, CE=coefficient of efficiency3.
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Supplementary Fig. 2. Validation of the Last Millennium Reanalysis (LMR)1, 2 sea surface temperature reconstructions over
1881-1940 CE, with calibration period 1850-2000 CE. The labels LMR (Corals), LMR (Li13b6), and LMR (Corals+Li13b6) denote the
reconstructions assimilating corals reaching back before 1750 CE from the Ocean2k compilation8 updated with the latest Palmyra data9,
the six best predictors from Li et al.6 (denoted as Li13b6), and both data sources, respectively. (a-c) Spatial verification of the median field
of the reconstructed boreal winter (December-February, DJF) surface temperature. Validation is performed against the Extended
Reconstructed Sea Surface Temperature, Version 5 (ERSSTv5)4. The orange dots denote the location of the corals, the mint and blue
squares denote the location of the North American Drought Atlas (NADA) (Version 2a)10 and Monsoon Asia Drought Atlas (MADA)11

sites, the green upward triangle denotes the location of the Kauri tree-ring composite12, and the green downward triangle denotes the
location of the South America Altiplano (SA Altiplano) tree-ring composite13. (d-f) Temporal verification of the median of the LMR
reconstructed DJF Niño 3.4 series (colored curves) against the ERSSTv5 derived Niño 3.4 (black solid curve). For each reconstruction,
dark shading denotes the interquartile range, and light shading denotes the central 95% region, from 2.5% to 97.5%. R2=coefficient of
determination, CE=coefficient of efficiency3.
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Supplementary Fig. 3. Validation of the Last Millennium Reanalysis (LMR)1, 2 sea surface temperature reconstructions over
1941-2000 CE, with calibration period 1850-2000 CE. The labels LMR (Corals), LMR (Li13b6), and LMR (Corals+Li13b6) denote the
reconstructions assimilating corals reaching back before 1750 CE from the Ocean2k compilation8 updated with the latest Palmyra data9,
the six best predictors from Li et al.6 (denoted as Li13b6), and both data sources, respectively. (a-c) Spatial verification of the median field
of the reconstructed boreal winter (December-February, DJF) surface temperature. Validation is performed against the Extended
Reconstructed Sea Surface Temperature, Version 5 (ERSSTv5)4. The orange dots denote the location of the corals, the mint and blue
squares denote the location of the North American Drought Atlas (NADA) (Version 2a)10 and Monsoon Asia Drought Atlas (MADA)11

sites, the green upward triangle denotes the location of the Kauri tree-ring composite12, and the green downward triangle denotes the
location of the South America Altiplano (SA Altiplano) tree-ring composite13. (d-f) Temporal verification of the median of the LMR
reconstructed DJF Niño 3.4 series (colored curves) against the ERSSTv5 derived Niño 3.4 (black solid curve). For each reconstruction,
dark shading denotes the interquartile range, and light shading denotes the central 95% region, from 2.5% to 97.5%. R2=coefficient of
determination, CE=coefficient of efficiency3.
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Supplementary Fig. 4. Validation of the Last Millennium Reanalysis (LMR)1, 2 sea surface temperature reconstructions over
1881-1940 CE, with calibration period 1941-2000 CE. The labels LMR (Corals), LMR (Li13b6), and LMR (Corals+Li13b6) denote the
reconstructions assimilating corals reaching back before 1750 CE from the Ocean2k compilation8 updated with the latest Palmyra data9,
the six best predictors from Li et al.6 (denoted as Li13b6), and both data sources, respectively. (a-c) Spatial verification of the median field
of the reconstructed boreal winter (December-February, DJF) surface temperature. Validation is performed against the Extended
Reconstructed Sea Surface Temperature, Version 5 (ERSSTv5)4. The orange dots denote the location of the corals, the mint and blue
squares denote the location of the North American Drought Atlas (NADA) (Version 2a)10 and Monsoon Asia Drought Atlas (MADA)11

sites, the green upward triangle denotes the location of the Kauri tree-ring composite12, and the green downward triangle denotes the
location of the South America Altiplano (SA Altiplano) tree-ring composite13. (d-f) Temporal verification of the median of the LMR
reconstructed DJF Niño 3.4 series (colored curves) against the ERSSTv5 derived Niño 3.4 (black solid curve). For each reconstruction,
dark shading denotes the interquartile range, and light shading denotes the central 95% region, from 2.5% to 97.5%. R2=coefficient of
determination, CE=coefficient of efficiency3.
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Supplementary Fig. 5. Validation of the Last Millennium Reanalysis (LMR)1, 2 sea surface temperature reconstructions over
1941-2000 CE, with calibration period 1881-1940 CE. The labels LMR (Corals), LMR (Li13b6), and LMR (Corals+Li13b6) denote the
reconstructions assimilating corals reaching back before 1750 CE from the Ocean2k compilation8 updated with the latest Palmyra data9,
the six best predictors from Li et al.6 (denoted as Li13b6), and both data sources, respectively. (a-c) Spatial verification of the median field
of the reconstructed boreal winter (December-February, DJF) surface temperature. Validation is performed against the Extended
Reconstructed Sea Surface Temperature, Version 5 (ERSSTv5)4. The orange dots denote the location of the corals, the mint and blue
squares denote the location of the North American Drought Atlas (NADA) (Version 2a)10 and Monsoon Asia Drought Atlas (MADA)11

sites, the green upward triangle denotes the location of the Kauri tree-ring composite12, and the green downward triangle denotes the
location of the South America Altiplano (SA Altiplano) tree-ring composite13. (d-f) Temporal verification of the median of the LMR
reconstructed DJF Niño 3.4 series (colored curves) against the ERSSTv5 derived Niño 3.4 (black solid curve). For each reconstruction,
dark shading denotes the interquartile range, and light shading denotes the central 95% region, from 2.5% to 97.5%. R2=coefficient of
determination, CE=coefficient of efficiency3.
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Supplementary Text 2: False positives in superposed epoch analysis

Superposed epoch analysis (SEA) is widely used for the analysis of ENSO response to volcanism6, 9, 14, yet the sample size is
usually small due to the infrequent nature of explosive eruptions. Therefore type I error (the probability of false positives) is
potentially a risk of the analysis, and translates to accidentally identifying significant ENSO responses when they are in fact
due to other factors (e.g. internal variability).

We assess this risk utilizing a 4000 year long simulation of the GFDL CM2.1 model15, 16. The run employs stationary
boundary conditions, and is therefore free of volcanic influences. Following the procedure of SEA described in the Methods
section of the main text, we calculate the boreal winter (DJF) Niño 3.4 timeseries from the simulation, and convert it to year 1
Niño 3.4 anomaly, which is defined as the original value at each year 1 with the mean of three years prior to year 0 removed.

We define a positive event as the year when the composite of pre-defined volcanic years is larger than a certain quantile
(80%, 90%, or 95%) of the composites of randomly drawn non-volcanic years, which is approximately the same quantile of
all years, as we test only with a small number of “volcanic” years compared to the whole sample (4000 years). Since the
simulation is free of volcanic forcing, there could be no causal relationship between volcanism and ENSO events, and any
positive event is hence a misattribution.

In practice, we test the cases with n = 3,5,10,15,20 “event” years. For instance, when n = 20, we randomly draw 20 years
as “event” years 10,000 times (with replacement). Each time, we calculate the composite of year 1 Niño 3.4 anomaly over
volcanic years, compare it to the (80%, 90%, or 95%) quantiles of the composites of all years, and flag the event as positive
when the composite value of volcanic years is larger than the (80%, 90%, or 95%) percentiles of all years. Then we compute
the false positive rate (FPR) as the number of positive events divided by 10,000.

Supplementary Table 2. Probability of accidentally identifying significant ENSO response.

Sample size FPR (80%) FPR (90%) FPR (95%)

n = 3 10.55% 1.6% 4×10−4

n = 5 5.49% 0.33% < 1×10−4

n = 10 1.21% 2×10−4 < 1×10−4

n = 15 0.25% < 1×10−4 < 1×10−4

n = 20 7×10−4 < 1×10−4 < 1×10−4

FPR=false positive rate

Supplementary Table 2 shows the probability of accidentally identifying significant ENSO response in such a SEA setting.
It can be seen that for the 95% level, the FPR is close to 0 even for a tiny sample size n = 3. For the permissive 80% level, the
FPR is non-ignorable when n ≤ 5, and but becomes acceptably small (close to 1%) when n ≥ 10. Based on the results above,
we conclude that SEA is overall robust to type I error; that is, the small sample size is not likely to cause a false detection
of significant event in the composite. It is worth noting, however, that this does not imply that SEA is robust regarding other
uncertainties, as discussed in the main text.
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Supplementary Text 3: The ENSO response to volcanism in PMIP3 and CESM-LME simulations

Previous modeling studies have suggested overall significant ENSO response to volcanism17, 18. Here we investigate the ENSO
response to volcanism in Paleoclimate Modelling Intercomparison Project Phase III (PMIP3)19 and Community Earth System
Model Last Millennium Ensemble (CESM-LME) simulations20 with SEA. Since two different volcanic forcing sources21, 22

are applied in these simulations (Supplementary Table 3), we compare these forcing sources with eVolv2k v323 that we used
for the analysis for reconstructions, and select eruption events that are in agreement but only with small temporal offsets
for our analysis (Supplementary Fig. 6). The results of SEA applied on SST based Niño 3.4 anomaly values are shown in
Supplementary Fig. 7, 8, and the same analyses applied on relative sea surface temperature (RSST)24 based Niño 3.4 anomaly
values are shown in Supplementary Fig. 9, 10. The difference between SST and RSST in individual simulations are shown in
Supplementary Fig. 11.

Comparing the SST based and RSST based results, we confirm the impact of the RSST conversion on the analyses as
suggested in previous studies24, 25, which overall boosts the significance of ENSO response to volcanism. This impact is not
obvious in our reconstruction (Supplementary Fig. 12) due to the sparse geographical coverage of the proxies, as discussed
in the main text. However, we note that, even with the RSST conversion, insignificant year 1 responses are still observed in
simulations such as BCC, FGOALS, IPSL, and MIROC in SEA.

Supplementary Table 3. Volcanic forcing applied in Paleoclimate Modelling Intercomparison Project Phase III (PMIP3)19 and
Community Earth System Model Last Millennium Ensemble (CESM-LME) simulations20.

Model BCC CCSM4 MRI CESM FGOALS IPSL GISS CISRO HadCM3 MIROC MPI

Forcing GRA GRA GRA GRA GRA GRA GRA CEA CEA CEA CEA
GRA = Gao et al. (2008)21; CEA = Crowley et al. (2008)22.

1100 1200 1300 1400 1500 1600 1700 1800
0

20

40

60

To
oh

ey
 e

t a
l. 

(2
01

7) 1230 1257 1286 1458 15851600 1640 1695 1783 180918151835

1100 1200 1300 1400 1500 1600 1700 1800
0

100

200

300

G
ao

 e
t a

l. 
(2

00
8) 1227 1258 1284 1459 15841600 1641 1693 1783 180918151835

1100 1200 1300 1400 1500 1600 1700 1800
Year (CE)

0

10

20

C
ro

w
le

y 
et

 a
l. 

(2
00

8) 1228 1257 1285 1456 15851600 1641 1694 1784 180918151836

Supplementary Fig. 6. The three volcanic forcing sources in timeseries: Toohey et al. (2017)23, Gao et al. (2008)21, and Crowley et
al. (2008)22. Vertical grey curves denote the years with relative large forcing values (> 6, > 20, > 2, respectively), among which the
consistent events (with small temporal offsets) detected in all of the three sources are labeled with the year. The quantities of the three
sources are global volcanic stratospheric sulfur injection of eruption, global total stratospheric sulfate aerosol injection, and averaged
extratropical aerosol optical depth, respectively.
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Supplementary Fig. 7. Superposed epoch analysis (SEA) of the sea surface temperature (SST) based Niño 3.4 model simulations
with Gao et al. (2008)21 volcanic forcing applied. Solid curves with dark dots denote the composite mean, and the light dots denote the
Niño 3.4 anomaly at each year for each individual event. The light grey dashed curves denote the 1%, 5%, 10%, 90%, 95%, and 99%
quantiles of the composite means from 1000 bootstrap draws from non-volcanic years (see Methods for the details).
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Supplementary Fig. 8. Superposed epoch analysis (SEA) of the sea surface temperature (SST) based Niño 3.4 model simulations
with Crowley et al. (2008)22 volcanic forcing applied. Solid curves with dark dots denote the composite mean, and the light dots denote
the Niño 3.4 anomaly at each year for each individual event. The light grey dashed curves denote the 1%, 5%, 10%, 90%, 95%, and 99%
quantiles of the composite means from 1000 bootstrap draws from non-volcanic years (see Methods for the details).
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Supplementary Fig. 9. Superposed epoch analysis (SEA) of the relative sea surface temperature (RSST) based Niño 3.4 model
simulations with Gao et al. (2008)21 volcanic forcing applied. Solid curves with dark dots denote the composite mean, and the light dots
denote the Niño 3.4 anomaly at each year for each individual event. The light grey dashed curves denote the 1%, 5%, 10%, 90%, 95%, and
99% quantiles of the composite means from 1000 bootstrap draws from non-volcanic years (see Methods for the details).
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Supplementary Fig. 10. Superposed epoch analysis (SEA) of the relative sea surface temperature (RSST) based Niño 3.4 model
simulations with Crowley et al. (2008)22 volcanic forcing applied. Solid curves with dark dots denote the composite mean, and the light
dots denote the Niño 3.4 anomaly at each year for each individual event. The light grey dashed curves denote the 1%, 5%, 10%, 90%, 95%,
and 99% quantiles of the composite means from 1000 bootstrap draws from non-volcanic years (see Methods for the details).
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Supplementary Fig. 11. Tropical average temperature [the difference between sea surface temperature (SST) and relative sea surface
temperature (RSST)] in PMIP3 and CESM-LME simulations.

1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Year (CE)

4

3

2

1

0

1

2

3

4

Te
m

p.
 a

no
m

. [
K

]

LMR (Ocn2kCorals+Li13b6)

Tropical average (20S to 20N)
Niño 3.4 (SST)
Niño 3.4 (RSST)

Supplementary Fig. 12. The timeseries of tropical average (20S-20N) temperature anomaly, sea surface temperature (SST) based
Niño 3.4, and relative sea surface temperature (RSST)24 based Niño 3.4 in the Last Millennium Reanalysis (LMR) reconstruction.
LMR (Ocn2kCorals+Li13b6) denotes the reconstruction assimilating the whole coral collection in Ocean2k8, 26 and the six best ENSO
predictors from Li et al.6. We assimilate the whole coral collection here to better reconstruct the tropical Pacific region so that the tropical
average temperature anomaly can be better estimated, at least over the instrumental era.
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Supplementary Text 4: Sensitivity to reconstruction season in the Last Millennium Reanalysis

In the main text, the reconstruction season is December-February (DJF), when the ENSO signal is most strongly expressed27.
Yet, a recent modeling study28 has suggested that the ENSO response to volcanism is rather weak during DJF, but could be
strong during January-September (JAS) and/or October-December (OND). Therefore, we repeat our reconstruction experi-
ments for these two seasons along with the SEA to test the sensitivity of our conclusion to the choice of the reconstruction
season. First, we evaluate the correlation between the best six predictors in Li et al.6 (Li13b6) and the Niño 3.4 signal in the
Extended Reconstructed Sea Surface Temperature v5 (ERSSTv5)4. Supplementary Fig. 13 presents a benchmark against the
DJF Niño 3.4 signal, while Supplementary Fig. 14 and Supplementary Fig. 15 show evaluation against the JAS and OND
Niño 3.4 signals, respectively. It can be seen that OND is overall a better target season than JAS, although the correlation
skill with the JAS target is still acceptable. Therefore, we may treat Li13b6 as reliable predictors for both the JAS and OND
ENSO signal. In addition, since most coral records used for the reconstruction are monthly resolved, they can be processed to
reconstruct the JAS and OND seasons without seasonal bias.

Supplementary Fig. 16 and Supplementary Fig. 17 indicate that the reconstruction skill for the JAS and OND seasons
is comparable to that with a DJF reconstruction season. Specifically, the skill for the JAS reconstruction is slightly weaker
due to the worse correlation between Li13b6 and the JAS ENSO signal (Supplementary Fig. 14), while the skill for the OND
reconstruction is slightly better than that with a DJF target due to the slightly better correlation between Li13b6 and the OND
ENSO signal (Supplementary Fig. 15). Therefore, the reconstructions for those three seasons are comparably successful.

With the SEA on LMR (Corals+Li13b6) using the JAS and OND target seasons (Supplementary Fig. 18), we see an overall
similar pattern, but weaker post-eruption responses compared to the DJF reconstruction, with a backward 1-year shift, leaving
the year 1 response peaking. This is because the labeling of the time axis of the reconstructed Niño 3.4 series follows the year
of January for the DJF reconstruction, while for the JAS/OND reconstructions, the labeling follows the year of July/October.
This result indicates two points:

• Our conclusion is insensitive to the choice of the reconstruction season

• As discussed in the main text, the SEA method is sensitive to the dating uncertainty in either the reconstruction or the
volcanic forcing, calling for caution on such analysis.
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Supplementary Fig. 13. The six best ENSO predictors from Li et al.6 against the the December-February (DJF) seasonally
averaged Extended Reconstructed Sea Surface Temperature v5 (ERSSTv5)4. (a-f) Timeseries of the six best predictors from Li et al.6,
including the first two princile components of NADA and MADA, the Kauri tree-ring composite12, as well as the South American
Altiplano tree-ring composite13, over the past millennium (1100-2000 CE). (g-l) Same as in (a-f), but over the instrumental period
(1881-2000 CE). Validation is performed against the December-February (DJF) seasonally averaged Niño 3.4 calculated from Extended
Reconstructed Sea Surface Temperature, Version 5 (ERSSTv5)4 over the instrumental period (1881-2000 CE). R2=coefficient of
determination.
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Supplementary Fig. 14. The six best ENSO predictors from Li et al.6 against the the July-September (JAS) seasonally averaged
Extended Reconstructed Sea Surface Temperature v5 (ERSSTv5)4. (a-f) Timeseries of the six best predictors from Li et al.6, including
the first two princile components of NADA and MADA, the Kauri tree-ring composite12, as well as the South American Altiplano tree-ring
composite13, over the past millennium (1100-2000 CE). (g-l) Same as in (a-f), but over the instrumental period (1881-2000 CE). Validation
is performed against the December-February (DJF) seasonally averaged Niño 3.4 calculated from Extended Reconstructed Sea Surface
Temperature, Version 5 (ERSSTv5)4 over the instrumental period (1881-2000 CE). R2=coefficient of determination.
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Supplementary Fig. 15. The six best ENSO predictors from Li et al.6 against the the October-December (OND) seasonally averaged
Extended Reconstructed Sea Surface Temperature v5 (ERSSTv5)4. (a-f) Timeseries of the six best predictors from Li et al.6, including
the first two princile components of NADA and MADA, the Kauri tree-ring composite12, as well as the South American Altiplano tree-ring
composite13, over the past millennium (1100-2000 CE). (g-l) Same as in (a-f), but over the instrumental period (1881-2000 CE). Validation
is performed against the December-February (DJF) seasonally averaged Niño 3.4 calculated from Extended Reconstructed Sea Surface
Temperature, Version 5 (ERSSTv5)4 over the instrumental period (1881-2000 CE). R2=coefficient of determination.

15/28



a LMR (Corals)

b LMR (Li13b6)

c LMR (Corals+Li13b6)

Corals NADA MADA Kauri SA Altiplano

0.0 0.2 0.4 0.6 0.8 1.0
R2 (vs. ERSSTv5)

1880 1900 1920 1940 1960 1980 2000
4

2

0

2

4

N
iñ

o 
3.

4 
[K

]

R2=0.53, CE=0.49

d LMR (Corals)

1880 1900 1920 1940 1960 1980 2000
4

2

0

2

4

N
iñ

o 
3.

4 
[K

]

R2=0.44, CE=0.41

e LMR (Li13b6)

1880 1900 1920 1940 1960 1980 2000
Year (CE)

4

2

0

2

4

N
iñ

o 
3.

4 
[K

]

R2=0.55, CE=0.50

f LMR (Corals+Li13b6)

median
ERSSTv5

interquartile
2.5%-97.5%

Season JAS

Supplementary Fig. 16. Validation of the Last Millennium Reanalysis (LMR)1, 2 July-September (JAS) sea surface temperature
reconstructions over the instrumental period (1881-2000 CE). The labels LMR (Corals), LMR (Li13b6), and LMR (Corals+Li13b6)
denote the reconstructions assimilating corals reaching back before 1750 CE from the Ocean2k compilation8 updated with the latest
Palmyra data9, the six best predictors from Li et al.6 (denoted as Li13b6), and both data sources, respectively. (a-c) Spatial verification of
the median field of the reconstructed July-September (JAS) surface temperature. Validation is performed against the Extended
Reconstructed Sea Surface Temperature, Version 5 (ERSSTv5)4. The orange dots denote the location of the corals, the mint and blue
squares denote the location of the North American Drought Atlas (NADA) (Version 2a)10 and Monsoon Asia Drought Atlas (MADA)11

sites, the green upward triangle denotes the location of the Kauri tree-ring composite12, and the green downward triangle denotes the
location of the South America Altiplano (SA Altiplano) tree-ring composite13. (d-f) Temporal verification of the median of the LMR
reconstructed JAS Niño 3.4 series (colored curves) against the ERSSTv5 derived Niño 3.4 (black solid curve). For each reconstruction,
dark shading denotes the interquartile range, and light shading denotes the central 95% region, from 2.5% to 97.5%. R2=coefficient of
determination, CE=coefficient of efficiency3.
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Supplementary Fig. 17. Validation of the Last Millennium Reanalysis (LMR)1, 2 October-December (OND) sea surface
temperature reconstructions over the instrumental period (1881-2000 CE). The labels LMR (Corals), LMR (Li13b6), and LMR
(Corals+Li13b6) denote the reconstructions assimilating corals reaching back before 1750 CE from the Ocean2k compilation8 updated
with the latest Palmyra data9, the six best predictors from Li et al.6 (denoted as Li13b6), and both data sources, respectively. (a-c) Spatial
verification of the median field of the reconstructed October-December (OND) surface temperature. Validation is performed against the
Extended Reconstructed Sea Surface Temperature, Version 5 (ERSSTv5)4. The orange dots denote the location of the corals, the mint and
blue squares denote the location of the North American Drought Atlas (NADA) (Version 2a)10 and Monsoon Asia Drought Atlas
(MADA)11 sites, the green upward triangle denotes the location of the Kauri tree-ring composite12, and the green downward triangle
denotes the location of the South America Altiplano (SA Altiplano) tree-ring composite13. (d-f) Temporal verification of the median of the
LMR reconstructed OND Niño 3.4 series (colored curves) against the ERSSTv5 derived Niño 3.4 (black solid curve). For each
reconstruction, dark shading denotes the interquartile range, and light shading denotes the central 95% region, from 2.5% to 97.5%.
R2=coefficient of determination, CE=coefficient of efficiency3.
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Supplementary Fig. 18. A superposed epoch analysis (SEA) of the Last Millennium Reanalysis (LMR)1, 2 July-September (JAS)
and October-December (OND) Niño 3.4 reconstructions. The reconstruction is denoted as LMR (Corals+Li13b6), assimilating both
corals and the six best predictors from Li et al.6. The SEA is regarding all the 22 events over the past millennium.

Supplementary Text 5: A comparison of historical SST analyses

In our reconstructions, a spatially completed version of HadCRUT4.629 leveraging the GraphEM30 algorithm is used as the
target for calibration, and the Extended Reconstructed Sea Surface Temperature v5 (ERSSTv5)4 is used for validation. We
compare them along with the NASA Goddard Institute for Space Studies (GISS) Surface Temperature Analysis (GISTEMP)31,
which is used as the default calibration target in the official LMR products1, 2. Supplementary Fig. 19 shows that the long term
trend of the DJF Niño 3.4 signal in the three products are slightly different, while the high-frequency signal is very consistent.
The fact that we use different targets for calibration and validation and still obtain reconstructions with remarkably high skill
suggests that reconstructions are robust to these differences.
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Supplementary Fig. 19. Historical SST analyses products of December-February (DJF) Niño 3.4. The products include a spatially
completed version of HadCRUT4.629 leveraging the GraphEM30 algorithm, the Extended Reconstructed Sea Surface Temperature v5
(ERSSTv5)4, and the NASA Goddard Institute for Space Studies (GISS) Surface Temperature Analysis (GISTEMP)31.
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Supplementary Text 6: Investigating nonstationarity
We conduct a list of pseudoproxy experiments (PPEs) to investigate the nonstationarity we observe in our reconstruction and
the Li13 reconstruction (Supplementary Fig. 20), and the results are presented in Supplementary Fig. 21.

In the PPEs, we utilize the isotope-enabled CESM simulation (iCESM)32, 33 as our “nature run” (the simulated truth),
since it is expected to exhibit a strong climate response to volcanism32, 33. We then generate several versions of pseudoproxies
following a simple linear relationship pk = Tk +wk, where pk denotes the k-th pseudoproxy value, Tk the iCESM simulated
surface temperature at the gridcell nearest to the target proxy, and wk the white noise with certain signal-to-noise ratio (SNR).
The experimental design includes:

(i) nearly noiseless pseudoproxies (SNR = 100), with realistic spatial availability but constant temporal availability (no
gaps);

(ii) same as (i), but with realistic temporal availability;

(iii) same as (ii), but with SNR = 1;

(iv) same as (iii), but the pseudoproxies are temporally perturbed over the pre-instrumental era using a probabilistic model
of age errors in layer-counted chronologies (BAM)34;

(v) Same as (iv), but the pseudoproxies are generated from another realization of the BAM perturbation.

Comparing the result of (ii) against that of (i) (Supplementary Fig. 21b,g against Supplementary Fig. 21a,f), we see that
the realistic temporal availability alone is not a major cause of the non-stationarity we observe in the reconstructions. The
reason is that the Palmyra coral record is located near the edge of the Niño 3.4 region, and the tree-ring based predictors are
treated as ENSO proxies and are put at the center of the Niño 3.4 region. Both sources are at least annually resolved, so the
essential composition of the assimilated proxy database is not as temporally heterogeneous as the whole database, hence not
a severe issue.

Comparing the result of (iii) against that of (ii) (Supplementary Fig. 21c,h against Supplementary Fig. 21b,g), we see that
the additional proxy noise with SNR=1 has little impact on the non-stationarity, but can help reduce the significance level of
the year 1 response by around 5%. Yet, we note that the exact reduction value is a variable dependent on the SNR in practice.

Comparing the result of (iv) against that of (iii) (Supplementary Fig. 21d,i against Supplementary Fig. 21c,h), we see that
even minor age uncertainties can create similar non-stationarity as observed in our reconstructions while keeping a similar
SEA significance level, even with SNR=1. However, in other cases such as another realization of the BAM perturbation, the
year 1 ENSO response vanishes (Supplementary Fig. 21e,j).

In addition, we test the impact of non-stationarity by stabilizing our reconstruction LMR (Corals+Li13b6). We inflate the
timeseries by 1.5 times over the timespan 1100-1850 CE so as to achieve a more heterogeneous variability across the whole
timespan 1100-2000 CE (Supplementary Fig. 22b), yet we see that the significance level of the post-eruption responses in
SEA is essentially not affected (Supplementary Fig. 22c against Supplementary Fig. 22d).

We therefore would argue that the observed non-stationarity in our reconstruction can be a combination effect of multiple
factors such as proxy error and proxy dating uncertainty, yet its impact on the post-eruption ENSO responses is not systematic,
and it is unlikely to be the leading cause of weak post-eruption ENSO responses in our reconstructions.
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Supplementary Fig. 20. Nonstationarity in the Last Millennium Reanalysis (LMR)1, 2 reconstruction and the Li et al.
reconstruction6. (a) The ensemble median series of LMR (Corals+Li13b6) along with its 50-year rolling standard deviation. (b) The Li et
al.6 reconstruction (denoted as Li13) along with its 50-year rolling standard deviation.
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Supplementary Fig. 21. Analysis of the pseudoproxy experiments (PPEs). The isotope-enabled CESM simulation (iCESM)32, 33 is
used as the nature run of the PPEs. The left column shows the ensemble median series along with the 50-year rolling standard deviation of
each reconstruction assimilating different pseudoproxies, and the right column shows the corresponding SEA regarding 21 large eruptions
(1167, 1176, 1195, 1227, 1258, 1275, 1284, 1341, 1452, 1459, 1584, 1600, 1641, 1693, 1719, 1783, 1809, 1815, 1835, 1883, 1991)
selected based on Gao et al.21. (a, f) The case in which the pseudoproxies are almost noiseless, with the signal-to-noise ratio (SNR) equals
to 100, and the pseudoproxies have full annual temporal availability over 1100-2000 CE. (b, g) Same as (a, f) but the pseudoproxies have
realistic temporal availability. (c, h) Same as (b, g), but the pseudoproxies have SNR=1. (d, i) Same as (c, h), but he pseudoproxies are
temporally perturbed over pre-instrumental period using a probabilistic model of age errors in layer-counted chronologies (BAM)34. (e, j)
Same as (d, i), but the pseudoproxies are generated from another ensemble member of BAM.
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Supplementary Fig. 22. A test of the impact of scaling the Last Millennium Reanalysis (LMR)1, 2 reconstructed Niño 3.4 series on
superposed epoch analysis (SEA). (a,b) The ensemble median series of LMR (Corals+Li13b6) along with its scaled series. The
amplitude of the scaled series is scaled by 1.5 times of that of the original series over the timespan 1100-1850 CE so as to alleviate the
non-stationarity. (c,d) The SEA on LMR (Coral+Li13b6) and its scaled series regarding the large eruption events selected based on VSS>6
over the timespan 1100-1900 CE.
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Supplementary Text 7: Exploring discrepancies

A recent review35 argued that most current-era GCMs, as well as a majority of published reconstructions, agree on a significant
ENSO response to volcanism (year 0 or 1). Yet our analysis finds a much weaker connection, and one that tends to emerge
only in year 1 or 2 following an eruption. One possibility is, again, that the study used a different selection of events. We
thus repeat our analysis on the most recent set of reconstructions used by these authors, as well as the Paleo Hydrodynamics
Data Assimilation product (PHYDA)7 (Supplementary Fig. 23), using the “Agreed Event Years” from their Table 12.2. The
result is shown in Supplementary Fig. 24, suggesting that none of the reconstructions show significant post-eruption ENSO
responses. In addition, we applied the SEA using the event years based on our criterion used in the main text (VSSI>6),
and the same conclusion is obtained as shown in Supplementary Fig. 25. Note that these reconstructions are not independent:
many use a number of common predictors, and one (McGregor et al.17, M10 hereafter) is itself a composite of several previous
reconstructions, potentially counting common predictors multiple times.

The lack of a robust connection between explosive volcanism and our reconstructed Niño 3.4 index is also at odds with
results from climate model simulations of the past millennium, some of which show a significant year 1 response (Supplemen-
tary Fig. 7,8, Supplementary Text 3), particularly when using relative sea surface temperature (RSST)24 (Supplementary Fig.
9,10). This behavior, however, is not universal in this set of models: even with the RSST conversion, SEA still produces incon-
sistent ENSO responses (see Supplementary Text 3 for details), as pointed out in D20. It remains to be seen whether analyses
of the more recent PMIP4 “past2k” simulations, which employ the eVolv2k forcing23, display more coherent responses.
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Supplementary Fig. 23. A showcase of the Last Millennium Reanalysis (LMR)1, 2 reconstruction along with previous ENSO
reconstructions. (a) The timeseries over 1100-2000 CE. The previous ENSO reconstructions include Li et al. (Li13)6, Emile-Geay et al.
(EG13)36, Wilson et al. (W10)37, McGregor et al. (M10)17, and PHYDA7. (b) Same as (a) but over the 1880-2000 CE period, along with
the ERSSTv5 (Extended Reconstructed Sea Surface Temperature v5) instrumental estimate of Niño 3.44.
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Supplementary Fig. 24. Superposed epoch analysis (SEA) of the ENSO reconstructions in Supplementary Fig. 23. (a, c-i) SEA of
the reconstructions regarding the event years listed in (b) covered by the timespan of each reconstruction. (b) The agreed event years listed
in Table 12.2 of McGregor et al.35.
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Supplementary Fig. 25. Superposed epoch analysis (SEA) of the ENSO reconstructions in Supplementary Fig. 23. (a, c-i) SEA of
the reconstructions regarding the event years listed in (b) covered by the timespan of each reconstruction. (b) The event years based on the
volcanic stratospheric sulfur injection (VSSI) greater than 6 according to eVolv2k version 323 and Toohey et al.38.
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