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Abstract

The El Niflo-Southern Oscillation (ENSO) is the Earth’s dominant mode of interannual climate
variability. It alternates between warm (El Nifio) and cold (La Nifia) states, with global impacts on
climate and society. This study provides new ENSO reconstructions based on a large, updated
collection of proxy records. We use a novel reconstruction approach that employs running principal
components, which allows us to take covariance changes between proxy records into account and
thereby identify periods of likely teleconnection changes. Using different implementations of the
principal component analysis enables us to identify periods within the last millennium when
quantifications of ENSO are most robust. These periods range from 1580 to the end of the 17"
century and from 1825 to present. We incorporate an assessment of consistency among our new and
existing ENSO reconstructions leading to five short phases of low agreement among the
reconstructions between 1700-1786. We find a consistent spatial pattern of proxy covariance during
these four phases, differing from the structure seen over the instrumental period. This pattern points
towards changes in teleconnections in the west Pacific/Australasian region, compared to the present
state. Using our new reconstructions, we find a significant response of ENSO towards more La Nifa-
like conditions 3-5 years after major volcanic events. We further show that our new reconstructions
and existing reconstructions largely agree on the state of ENSO during volcanic eruptions in the years
1695 and 1784, which helps put into perspective the climatic response to these events. During all
other large volcanic eruptions of the last 1000 years, there is no reconstruction coherency with

regards to the state of ENSO.
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1 Introduction

The El Niflo-Southern Oscillation (ENSO) is one of the most important modes of climate variability
(McPhaden, Zebiak, & Glantz, 2006). ENSO variability originates in the equatorial Pacific region
(McPhaden et al., 2006; Neelin et al., 1998) and has global impacts on climate and society (Bradley,
Diaz, Kiladis, & Eischeid, 1987; Bronnimann, 2007; Yeh et al., 2018 and references therein). ENSO
involves a coupled phenomenon between atmospheric and oceanic processes (Neelin et al., 1998)
alternating on 2-7 year periods between warm El Nifio and cold La Nifia states (McPhaden et al.,
2006). Long-term knowledge of ENSO is crucial to assess potential teleconnection changes in relation
to increased anthropogenic forcing (Yeh et al., 2018) and to quantify relationships between the state
of ENSO and the climatic response to volcanic events (lles & Hegerl, 2015; Lehner, Schurer, Hegerl,

Deser, & Frolicher, 2016).

Many ENSO reconstructions covering the last centuries exist already (Braganza, Gergis, Power,
Risbey, & Fowler, 2009; Cook, D’Arrigo, & Anchukaitis, 2008; D'Arrigo, Cook, Wilson, Allan, & Mann,
2005; Emile-Geay, Cobb, Mann, & Wittenberg, 2013; Gergis & Fowler, 2009; Li et al., 2011; Li et al.,
2013; Mann et al., 2009; McGregor, Timmermann, & Timm, 2010; Stahle et al., 1998; Wilson et al.,
2010; Yan et al., 2011). Comparison of these reconstructions reveals substantial differences over the
pre-instrumental period (Emile-Geay et al., 2013; McGregor et al., 2010; McGregor, Timmermann,
England, Elison Timm, & Wittenberg, 2013). These disagreements strongly hamper analyses and
data-model comparisons of ENSO variability over the past centuries. Possible causes for the
disagreements between reconstructions include the use of different proxy archives and proxy
records with varying spatial coverage, the use of different reconstruction targets and seasons, as well

as local noise and uncertainties in the proxy records. Changing teleconnection patterns influencing
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remote proxy records may also explain some of the differences seen in ENSO reconstructions (e.g.,
Batehup, McGregor, & Gallant, 2015; van Oldenborgh & Burgers, 2005; Wilson et al., 2010; cf. Wahl,
Diaz, Smerdon, & Ammann, 2014). A systematic assessment of the temporal agreement of existing
ENSO reconstructions is important, but currently missing. Consequently, relatively little is known

about the causes for the discrepancies among ENSO reconstructions.

The state of ENSO is thought to strongly influence the global climatic response to volcanic eruptions
(lles & Hegerl, 2015; Lehner et al., 2016; cf. Wahl et al., 2014). Knowledge of the state of ENSO at the
time of eruptions during the past 1000 years is therefore important for data-model comparisons, in
order to assess the capability of models to adequately simulate the climatic response to volcanic
forcing. It is also required to correctly interpret the regional to global cooling caused by past
eruptions, and to potentially explain weak or lacking signals in large-scale temperature
reconstructions for some events (Neukom et al., 2014; PAGES 2k-PMIP3 group, 2015; Raible et al.,

2016; Wahl et al., 2014).

ENSO itself may also be influenced by volcanic eruptions (Adams, Mann, & Ammann, 2003; D’Arrigo,
Wilson, & Tudhope, 2009; Emile-Geay, Seager, Cane, Cook, & Haug, 2008; Li et al., 2013; Liu et al.,
2018; McGregor & Timmermann, 2010; Wabhl et al., 2014). Previous ENSO reconstructions suggest an
El Nifio-like response in the year following an eruption (Adams et al., 2003; Li et al., 2013; Wilson et
al., 2010; cf. Wahl et al., 2014 where this response is present in a more muted way). Liu et al. (2018)
found a La-Nifa like response when only including Southern Hemisphere (SH) eruptions. Other
studies found La-Nifia-like response in the year of the eruption (Li et al., 2013) and/or three to seven
years after the event (Wahl et al., 2014; Wilson et al., 2010). Evaluating climate models, Emile-Geay

et al. (2008) found that only eruptions larger than that of the 1991 Mt. Pinatubo eruption have
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enough impact to significantly increase chances of an El Nifio event following the eruption (cf. Wahl
et al.,, 2014). However, climate models still struggle to correctly represent the responses seen in
proxy-based ENSO reconstructions and offer different explanations for the underlying mechanism
(Liu et al., 2018; McGregor & Timmermann, 2010; Ohba, Shiogama, Yokohata, & Watanabe, 2013;

Stevenson, Fasullo, Otto-Bliesner, Tomas, & Gao, 2017).

Further insight is needed into how ENSO and volcanic eruptions are co-related. The debate
concerning how ENSO responds to volcanic events cannot be resolved by recourse to instrumental
data due to the lack of large eruptions in the 20" century, and is then amplified by the inconsistent
evidence in existing reconstructions. Systematic assessment of the differences seen in existing
reconstructions, and the sources of these differences (e.g., changing teleconnections), would lead to

improved understanding of the interaction of ENSO variability with volcanic eruptions.

In this study, we first evaluate the consistency of ENSO reconstructions during the last millennium
and then assess the effect that teleconnection patterns and proxy network have on ENSO
reconstructions. We apply a simple but efficient method based on Principal Component Analysis
(PCA) to quantify ENSO and the changing importance of input proxy data over time. This approach
and a new large collection of paleoclimate observations allows us to identify periods within the last
millennium when quantifications of ENSO are most robust, and also to detect less robust intervals
when teleconnection patterns may have changed. We then incorporate an assessment of consistency
among our new and existing ENSO reconstructions to more rigorously assess the role of large

volcanic eruptions on ENSO during the years following these events.
2 Data and Methods

2.1 Data
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Our reconstruction target is the NINO3.4 index, defined as the area average sea surface temperature
(SST) anomaly from 5°N-5°S and 170°-120°W (Barnston, Chelliah, & Goldenberg, 1997). We calculate
the NINO3.4 index using the ERSSTv5 (Extended Reconstructed Sea Surface Temperature, Version 5)
instrumental data set (Huang et al., 2017). The monthly data values were annualised by calculating

calendar year (January to December), equally-weighted averages.

Our proxy dataset is a large collection of records combined from different data sources. They consist
of the new PAGES 2k global temperature database (Data Citation 1), a collection of SH proxy records
including non-temperature sensitive records (Data Citation 2), a recent collection of Antarctic ice
core isotope records (Data Citation 3), and additional hydroclimate records from the Northern
Hemisphere (NH) that were used in recent ENSO reconstructions (Data Citation 4; Data Citation 5).
Most of the proxy records in these data sources are annually resolved. Where records have sub-
annual resolution (corals), we use an April-March average to generate annual resolution data
(Tierney et al., 2015), which reflects the “tropical year” and does not interrupt the most important
growing/response seasons in the SH and the tropics (in contrast to a calendar year window). This
annual window also accounts for the lagged response time of temperature and hydroclimate to
ENSO (which is averaged herein over calendar years), typically spanning a few months (Su, Neelin, &
Meyerson, 2005). In addition, using the calendar year average for the target ENSO index, in contrast
to April-March means, yields higher performance values in our reconstructions, and averaging over

12 months takes the strong seasonally varying response of proxy records into account.

To be able to quantify ENSO changes over the last centuries, we select only proxy records that are
significantly related to our target ENSO index at a statistical level of p < 0.05, taking lag-one

autocorrelation into account (Santer et al., 2000). This analysis is carried out over the reference
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period 1930-1990, which reflects a compromise between having as many years as possible and
excluding periods when the coverage of instrumental data (at the beginning of the period) and proxy

data (towards present) is sparse.

Of the whole proxy record collection (743 proxy records), we first select only those 726 proxy records
(Figure 1, red and black dots together) with a data gap no longer than 30 years in the period 1930-
1990. 81 records significantly correlate (p < 0.05) with ENSO over the 1930-1990 reference period
(red dots in Figure 1). Missing values (1.8%) in the reference period were infilled using the
Composite-Plus-Scale (CPS) method (Neukom et al., 2014), which estimates the missing values of
each proxy by a correlation-based weighted average of all other proxies. The selected proxy records
are distributed globally, with clusters in the Australasian region and the western North and South
American coastlineg, i.e. around the Pacific domain. Further details about the proxy data can be found

in the supplementary material (SM) Table S1.

2.2 Methods

Because the number of proxy records decreases back in time, we perform our analyses over five
different subsets of the proxy database covering different temporal windows: 1000-1990, 1400-1990,
1600-1990, 1800-1990 and 1854-1990. Henceforth we call them the 1000 subset, 1400 subset, 1600
subset, 1800 subset and 1854 subset, respectively. For each of these subsets we select those proxy
records covering the respective time period. We allow for no more than 20% of missing values in
each proxy record over the respective period and replace missing values with the CPS method. This
yields a collection of 8 records for the 1000 subset, 18 for the 1400 subset, 32 for the 1600 subset, 51
for the 1800 subset and 60 for the 1854 subset. The distribution of the proxy records on the world

map for the respective subsets is shown in Figures S1-S5 in the SM.
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Instead of choosing a classical calibration approach to quantify ENSO based on our proxy data
collection, we use the first principal component (PC1) of all proxy records that were selected as
described above (e.g., Braganza et al., 2009; McGregor et al., 2010). In a spatially well-distributed
proxy collection, the first few leading principal components (PCs) will contain information that is
coherent across the whole set of proxy records, whereas non-coherent factors such as local climate
effects, proxy archive-specific noise (e.g., caused by biological factors), or noise unrelated to climate
will be represented by higher order PCs (Braganza et al., 2009). Given the strong influence of ENSO
on interannual climate variability over much of the globe and because we have selected the records
based on their correlation with the ENSO index, we expect a strong ENSO signal in the first PC of the
selected proxies (Braganza et al., 2009). This simple approach to extract the ENSO signal from the
proxy data has a key advantage over the calibration approaches typically used in climate
reconstructions: it is independent from the target dataset and instead relies on the common signal
among a set of records that all demonstrate a significant relationship to ENSO in the instrumental
period. This means that the PCs can be calculated over any time period and are not restricted to the
overlap period with instrumental data. Details on how we make use of this PCA approach to quantify

ENSO back in time are provided in the following section.

2.2.1 Reconstructions

We use three different PCA-based approaches to reconstruct ENSO over the past millennium. For the
first approach, we apply a running PCA over the entire reconstruction period. The key strength of this
approach is that it overcomes one of the main caveats of calibration-based reconstructions: it is not
bound by the assumption that the relationship between the proxies and the target variable is

constant over time. The strength of each proxy record’s contribution to PC1 (the loadings) may
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change over time. If this is the case, the reconstruction based on running PC1 may be different from
a reconstruction based on classical calibration. If the loadings show a distinct spatial pattern, then
temporal changes in loading patterns may reveal changing teleconnections. Alternatively, changes in
individual records that are caused by local climate or non-climatic factors may also lead to temporal

variations in the loading factors, particularly if the number of records is low.

The running PCA approach for reconstructing ENSO requires that PC1 continuously shares a large
fraction of variance with the ENSO index. To meet this requirement, our proxy network needs to fulfil
two conditions: First, the records need to lie within the domain where ENSO influences local climate.
Second, the records need to be sufficiently well distributed in space, such that the regional signal
from one part of the domain does not explain more common variance in the dataset than ENSO
itself. We assume that these criteria are fulfilled if PC1 skilfully captures ENSO variability, which is

tested using verification statistics as described below.

We calculate the running PC1 reconstruction as follows: The running PCA is carried out using an 80-
year window, with linearly detrended and standardised proxy records over the 80-year intervals. The
resulting reconstruction is not sensitive to the choice of the window width. Sensitivity tests with 60-
and 100-year windows yield reconstructions that correlate with the 80-year window values at r =
0.98 and r = 0.96, respectively. The running PCA approach has the consequence that fluctuations at
time scales longer than 80 years are not captured by our reconstructions, meaning that we
reconstruct ENSO variability up to multi-decadal time scales, but not longer, centennial scale trends.
The window of the analysis is shifted backwards by one year starting with 1911-1990 until the
earliest 80-year period covered by each proxy subset is reached. We use the prcomp() function in R

to calculate the PCA (Becker, Chambers, & Wilks, 1988; Mardia, Kent, & Bibby, 1979; Venables &
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Ripley, 2002). For each year, we obtain the running PC1 series by taking the mean of all overlapping
standardised 80-year PC1 time series. Note that by taking means the variance in the reconstructed
PC1 time series is reduced, especially in the case of fewer and noisy proxy records (similar to classical
regression where variance is diminished with more noise in the predictors). Depending on the subset,

we call the resulting time series Running PC1 1000, 1400, 1600, 1800 or 1854.

The signs of the loadings and PCs are produced randomly by the prcomp() function. Therefore, the
signs may need to be reversed before generating the mean running PC1 time series to ensure
consistency with the signs of neighbouring time windows. This sign correction was achieved by
ensuring that each PC1 slice has a positive correlation during the periods of overlap with the means
of the more recent running PC1 slices. That is, going from present to past, if the correlation between
the overlap of PC1 of the first and second time window is negative, the second PC1 time window and
the corresponding loadings are multiplied by minus one. Then, the mean of those two PC1 time
windows is taken and the correlation with the PC1 of the third time window over the overlapping
time period is calculated. If negative the third PC1 time series and corresponding loadings are
multiplied by minus one. Again the mean over the overlapping period of this third PC1 time series
with the previous two PC1 time series is taken, and so forth. This procedure is continued until the last
PC1 time window is processed resulting in a suite of sliding 80-year PC1 time series and proxy

loadings of consistent sign.

The second approach mimics a classical calibration procedure where the proxy PC1 is calculated only
over the reference period when an overlap with instrumental data exists. The proxy records are

standardised over the full reconstruction period of each subset prior to calculating the PCA. The
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resultant loadings of the proxies on PC1 over the reference period are then multiplied with the

complete time series of the proxy records to get a “classic” reconstruction of the PC1.

For consistency with the running PC1 approach, we remove low-frequency fluctuations in the
second-approach reconstructions by subtracting an 80-year high pass Butterworth filtered time
series from each reconstruction. This process removes longer than 80-year trends but retains
interannual variability and is henceforth referred to as 80-year trend removal. Depending on the

subset, we call the resulting time series Overlap Period PC1 1000, 1400, 1600, 1800 or 1854.

For the third approach, we run a PCA over the entire time period covered by each subset. This
approach mimics the hypothetical situation in which the full reconstruction period can be used for
calibration. Comparison of the results with the Overlap Period PC1 allows testing the sensitivity of the
reconstructions to the choice and length of the calibration period. The PCA uses standardised proxy
records with 80-year trends removed as described for the second approach. Depending on the

subset, we call the resulting PC1 time series Full Period PC1 1000, 1400, 1600, 1800 or 1854.

Hence, we obtain three different ENSO reconstructions for each subset. Our final three ENSO
reconstructions, referred to as Running PC1, Overlap Period PC1 and Full Period PC1, are obtained by
patching together all five reconstructions in respective temporal order: such that for each year we
use the data of the most replicated available subset. Thus, data from the 1000-1990 subset are used
for 1000-1399; data from the 1400-1990 subset are used for 1400-1599; data from the 1600-1990
subset are used for 1600-1799; data from the 1800-1990 subset are used for 1800-1853; and data
from the 1854-1990 subset are used for 1854-1990. In order to account for changes in variance, the
reconstructions are scaled to the variance between 1930-1990 of the target ENSO index over 1000-

1399 (for reconstructions based on the 1000 subset), 1400-1599 (for reconstructions based on the
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1400 subset), 1600-1799 (for reconstructions based on the 1600 subset), 1800-1853 (for
reconstructions based on the 1800 subset) and 1854-1990 (for reconstructions based on the 1854

subset) before patching together to make full-length time series.

To estimate reconstruction uncertainty, an approximation of the 95% confidence range is calculated.
Two augmented standard deviations (SDyesqug) Of the residuals between a reconstruction and the
target ENSO index over the reference period 1930-1990 (SD,.;) are added and subtracted to the

respective reconstruction. The formula is as follows:

1
SDres.aug = SDresz * (1 + E)

The augmentation is derived from the classical formula for the standard error of prediction of an
individual fitted value in regression. It results in slightly wider confidence ranges by a factor related
to the inverse of the sample size (n), in effect non-linearly penalising smaller samples relative to large

ones ("Standard Error of Prediction and Confidence Limits," 2018).

The three approaches we use to reconstruct ENSO variability over the past millennium capture
fundamentally different temporal aspects. Applying the running PCA provides the opportunity to
detect and quantify the (possibly) changing importance of proxy records to the shared signal over
time, contrasting the other two methods where such temporal changes are assumed to be
insignificant. Either, they get averaged out by computing PCs over the entire respective subsets or
the reconstruction uses only the information of the proxy-ENSO relationship over the reference
period. Hence, possible differences in the Overlap Period PC1 reconstruction in comparison to the
Full Period PC1 reconstruction would imply that the proxy records with the highest loadings on PC1

over the reference period have a smaller contribution to PC1 over the entire subset and vice versa.
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The Running PC1 approach allows us to assess these changes in the importance of proxy records over

time by analysing the time series of the loadings of the individual proxy records.

We therefore consider the Running PC1 as our main reconstruction. It dynamically captures changes

in the PC1 and its loadings over time, which might be caused by changing teleconnection patterns.

2.2.2 Validation

All three reconstruction approaches are based on the assumption that the proxy PC1 represents
ENSO throughout the last millennium. The capability of the temporal proxy subsets to represent
ENSO is assessed by comparing the reconstruction and target ENSO time series over the instrumental
reference period (1930-1990). We test this for all subsets. For example, PC1 of the proxy records
available in the 1000 subset is compared to the ENSO index over 1930-1990 to estimate the
performance of our reconstruction for the period 1000-1399. We proceed accordingly for the other

subsets.

To quantify reconstruction skill, we use standard validation metrics over the overlap period of proxy
data with the instrumental target ENSO index. They involve reduction of error (RE), r* and coefficient
of efficiency (CE) (Cook, Briffa, & Jones, 1994). Although we do not perform a calibration of the proxy
data with the target, we also calculate validation statistics over 1901-1929, a period independent

from the 1930-1990 reference period that was used to select the proxy records.
2.2.3 Loadings on PC1

For each time step in the running PCA, the resultant loadings reflect the importance of each proxy
record to the common signal at that specific 80-year long time interval. The greater the absolute

value of the loading of a specific proxy record on the first PC1, the stronger its influence in the
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reconstruction. The loadings over each 80-year period are assigned to the year in the middle of this
80-year window. Hence, we are able to compare the influence of the proxy records at any point, or
over any period in time, by calculating the mean of the loadings corresponding to the respective
years in the desired time period. Since we base our analysis on the assumption that PC1 continuously
reflects ENSO, a higher loading of a specific proxy record is interpreted as a stronger relation of that
proxy to ENSO over the given time period. To facilitate comparison of the spatial loading patterns
over any period to the most recent state, we adjust the sign of each proxy record’s time series of
loadings to be positive over the most recent time interval. On a world map, we show positive
loadings in red, negative loadings in blue. Hence, when plotting the loadings over a specific time
period, any blue coloured proxy record has changed the sign of its loading on PC1 compared to its

most recent state.

2.2.4 Comparison with existing ENSO reconstructions

There are a multitude of existing ENSO reconstructions. They differ in length, target index (e.g.
NINO3, NINO3.4, NINO4 or SOI), target season, proxy record selection and reconstruction method.
For the analysis of existing ENSO reconstructions and for comparison with our new reconstructions,
we consider the reconstructions of Braganza et al. (2009); Cook et al. (2008); D'Arrigo et al. (2005);
Emile-Geay et al. (2013); Li et al. (2013); McGregor et al. (2010); Stahle et al. (1998) and Wilson et al.
(2010). Other datasets, such as the reconstructions of Mann et al. (2009) and Yan et al. (2011) are
not used, since they are not annually resolved and the Yan et al. (2011) reconstruction ends in 1955.
In their work, Braganza et al. (2009), Cook et al. (2008) and Emile-Geay et al. (2013) each present
more than one ENSO reconstruction, which are highly correlated. For this reason we only use one

time series from each: the longest from Braganza et al. (2009), NINO3.4 from Cook et al. (2008), and
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the reconstruction based on the ERSSTv3 instrumental target from Emile-Geay et al. (2013). From
Wilson et al. (2010), we use both reconstructions (COA and TEL), resulting in a comparison dataset of

nine previous ENSO reconstructions.

Paired 11-year running correlations are used to temporally investigate phases of agreement or
disagreement among different ENSO reconstructions. An 11-year period was chosen since longer
window widths can mask important features of a relatively high frequency phenomenon such as
ENSO. The overall agreement is summarised by averaging these running correlations. First, this is
done for the nine existing reconstructions. Second, we calculate the mean correlation between our
three new reconstructions. Third, to compare our new results with the existing ENSO
reconstructions, we calculate running correlations between the Running PC1 reconstruction and each

existing reconstruction and then take the mean of these running correlation time series.

Next, we identify periods of low coherence among ENSO reconstructions. To assess the influence of
varying input data and reconstruction methodologies, we use the average running correlations
among the existing reconstructions. To test the influence of temporal changes in proxy-covariance,
we use the mean running correlation among our three new ENSO reconstructions (Running PC1,
Overlap Period PC1 and Full Period PC1). We then also identify periods of simultaneous low
agreement across these two averaged running correlations. For each averaged running correlation
time series, the first quartile is calculated. If both averaged running correlation time series drop
below their respective first quartiles simultaneously for at least four consecutive years, we consider
this a period of low agreement among all (existing and new) ENSO reconstructions. For the identified
periods we compare the corresponding spatial pattern of loadings on PCl from our new

reconstructions, to investigate if a consistent pattern indicative of changing teleconnection patterns
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can be observed. Note that the years of the identified periods correspond to the 11-year intervals

centred at these dates.

For reference, plots with 31-year running correlations are included in the SM Figure S9. The main
spatial pattern of loadings on PC1, corresponding to periods of simultaneous low coherence, remains
the same when using 31-year running correlations as when using 11-year running periods, and hence
does not depend upon the choice of the window width (SM Figure S10). In addition, the results are

robust to alternative methods to define phases of low agreement (SM Section 4.1, Figures S11-S14).

2.2.5 Response to volcanic forcing

The response of our Running PC1 reconstruction to volcanic forcing is assessed by applying a
superposed epoch analysis (SEA, Bradley et al., 1987; Haurwitz & Brier, 1981; McGraw, Barnes, &
Deser, 2016; Sear, Kelly, Jones, & Goodess, 1987) using the eVolv2k volcanic forcing data set (Sigl et
al., 2015; Toohey & Sigl, 2017). The reconstructed aerosol optical depth (AOD) can be used as a
measure of the size of a volcanic event. In our analysis we include the 13 eruptions over the last
millennium with an AOD larger than 0.15. We choose the 14-year intervals spanning from 5 years
prior to 9 years after each event. The linear trend is removed from the reconstructed ENSO index
over this interval and anomalies are calculated relative to the mean of the years 5 to 1 before the
eruption (Datwyler et al., 2018). Finally, the common response is assessed by taking the mean of
these ENSO reconstruction sections aligned across the 13 eruptions. A significance threshold is
estimated by applying the same procedure (detrending and centring) to all 14-year long time series

around years with no volcanic event. From these, the 90% confidence interval is calculated.

We also analyse the state of ENSO in our new and existing reconstructions in the years before, during

and after volcanic eruptions. For this, we transform the reconstructions to anomalies with respect to
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a 1961-1990 climatological reference period and check whether the state of ENSO was positive or

negative for each year in the time window from -5 to 9 years after an eruption.

3 Results

3.1 ENSO index reconstructions

Performing a PCA over the reference period 1930-1990 using all 81 significantly correlating proxy
records over this period yields a PC1 which correlates at r = 0.92 with the target ENSO index, i.e.
explaining about 85% of ENSO variance. Removing linear trends over the reference period from the
proxy records and target ENSO index prior to the analysis yields an identical result (r = 0.92). This
good agreement holds true in the presence of strong large-scale forcing during years after volcanic
eruptions (Figures S6-S8), indicating that volcanic forcing peaks do not weaken the ENSO signal in
PC1 of the proxy matrix. Calculating the PCs using the proxy records of the five temporal subsets
(Section 2.2) yields a correlation between PC1 and the target ENSO index of 0.90 (detrended, 0.90),
0.86 (0.87), 0.83 (0.84), 0.72 (0.72) and 0.67 (0.68) for the 1854, 1800, 1600, 1400 and 1000 subsets,
respectively. All correlations are highly significant (p << 0.01) and they remain significant if another

overlap window is chosen (SM Table S2).

Having demonstrated good relationships between our proxy PC1 and ENSO, we below display the
correlation results from our reconstructions obtained using the three different methods and five

subsets (Table 1).

Although we do not perform a calibration of the proxy data with the target, we calculate validation
statistics over 1901-1929, a period independent from the 1930-1990 window used to select the

proxies. We find correlations above r = 0.5 with the target index for all reconstructions except the
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Overlap Period PC1 1000 and the Full Period PC1 1400. All RE and CE are positive, with the exception
of Overlap Period PC1 1600, 1400 and 1000 and the Full Period PC1 1400. The results are shown in

Table S3.

To quantify the agreement among the reconstructions we use Pearson’s product-moment correlation
coefficient. The agreement among the Running PC1 reconstructions using the five different subsets is
between r = 0.97 and 0.43 over 1854-1990 and highly significant (p << 0.01) over most of the
instrumental period (Figure 2). The agreement remains high back to around 1650, with the exception

of the late 19" century (SM Figure 517).

A comparison of our main Running PC1 with the other two ENSO reconstructions (Overlap Period PC1

in blue and Full Period PC1 in green) is shown in Figure 3.

For assessing the periods of simultaneous low agreement across ENSO reconstructions, we only
consider periods after 1600, since we have reduced agreement among our reconstructions before
1600 due to the low number of proxy records contributing to the reconstruction (top half, Figure 4).
In addition, low verification statistics (particularly in the 1400 subsets) indicate limited reconstruction

skill prior to 1600 (see Table S4).

In general we see good agreement in the running correlations between our three different
reconstruction methods after 1580, especially in the 17" century and from 1825 onwards, including
the whole instrumental period (Figure 4). The earliest period 1000-1400, where only 8 proxy records
contributed to the reconstructions shows a diverse picture: a good matching early half (1000-1200
and a late half where there is reduced consensus among the reconstructions (1200-1400). After 1400
there are some time periods where the correlation between our reconstructions breaks down (e.g.

during the second half of the 15" century, centred around 1475, and several times for short periods
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during the 18" century and at the start of the 19" century until 1825). However, the agreement
remains nearly always positive, except for some short periods (e.g., before 1500 or shortly after
1800). These observations are best seen in Figure 4 with the 11-year filter, since some of these

features get masked in Figure 3 due to the longer 31-year filter.
3.2 Comparison with existing ENSO reconstructions

Differences in existing ENSO reconstructions (Figure 4) can be seen particularly over the pre-
instrumental period. Back to around 1870, the agreement is good (r = 0.66 on average over 1870-
2000) and then drops rapidly to an average of r = 0.39 over the period 1806-1869. Nonetheless, there

are several other periods (around 1800, 1600, 1460, 1360 and 1310) of high agreement.

Analysing the temporal evolution of simultaneous consistency in our final three reconstructions and
the existing reconstructions yields five phases of simultaneous low agreement, where the averaged
running correlations are below the first quartile (correlations centred at 1700-1703, 1710-1713,
1730-1738, 1760-1764 and 1773-1786; Figure 4, green vertical lines). The correlations between our
main (Running PC1) and the existing reconstructions also fall below 0 during four of these five phases

(black line in Figure 4).

The average loadings obtained by the running PCA over the five phases of particularly poor
reconstruction agreement are shown in Figure 5 (a-e). Negative (i.e. reversed) loadings prevail in the
west Pacific/Australasian region during all these periods of low agreement between the
reconstructions. That is, the dominant shared pattern of loadings on PC1 over these periods, is not
consistent with the observed ENSO-response during the instrumental period. This indicates a change
in teleconnection patterns to the western Pacific region during these intervals, all falling within the

18" century.
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Loadings for a period of low and high agreement among our new reconstructions, respectively are

shown in the SM (Figures S15 and S16).

3.3 Response to volcanic forcing

Superposed epoch analysis of the 13 largest eruptions during the last millennium, all of which are
stronger than that of Mt. Pinatubo, yields significant negative NINO3.4 anomalies in our Running PC1
reconstruction at years three, four and five after eruption time (Figure 6). The strongest negative
response occurs four years after the event. The short-term response (year 1) is highly inconsistent,
with some eruptions followed by a strong El Nifio-like response and others with an apparent La Niiia

signal.

Figure 7 shows the agreement of the state of ENSO in our new and the existing reconstructions from
5 years before to 9 years after large volcanic eruptions. Our three reconstructions agree on the state
of ENSO during the 1109, 1257, 1345, 1695 and 1784 eruptions (bold numbers on the y-axis in Figure
7 and dark-coloured boxes at year 0). For the eruption in 1345 and all following events, with the
exception of 1815, at least two thirds of existing reconstructions agree on the state of ENSO at
eruption time. However, only two eruptions remain for which the new and existing records show a
consistent sign of the state of ENSO during the eruption: 1695 and 1784 (both El Nifio phase), as

indicated by bold green numbers in Figure 7.

Figure 7 also confirms the negative NINO3.4 anomalies during years 3 to 5 for most eruptions (grey
shading). Both the new and existing reconstructions largely agree on negative anomalies, with the
exception of 1109 (year 5), 1345 (year 4), 1458 (years 3 and 4) and 1641 (years 4 and 5), 1695 and

1809 (year 5) for the existing reconstructions.
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4 Discussion

4.1 New reconstructions

Performing PCA with our five different sets of proxy records yields significant correlations with the
target ENSO index over the reference period 1930-1990, for all subsets. Correlations are particularly
high for the three most recent subsets. Conditional on this reference period information, these
results confirm our initial assumption that the first principal component is a good representation of
ENSO back to 1600, and is still reasonable for the 1400 and 1000 subsets. In this respect, despite not
performing a formal calibration, our reconstructions perform very well, with equally high or even
higher r and r” values than reported in the literature for existing reconstruction (see SM Table $3 and
S5). The validation statistics (Table S4) for our new reconstructions also demonstrate comparable
performance with existing reconstructions. Especially for our most replicated subset (1854 subset) all
skill measures (r?, CE, RE) outperform those reported in previous studies (SM Tables $3, $4 and S5),
except for the COA reconstruction in Wilson et al. (2010), which scores an equally high calibration r°

value for their most replicated nest.

Validation statistics and agreement between our three new reconstructions weaken prior to 1600.
The main reason for the lower validation statistics is the low number (n = 18) of proxy records prior
to 1600 (n = 8 prior to 1400). With such a limited amount of input data, the PC1 approach is more
likely to be biased by individual records and may become less skilful than a classical calibration
approach. The low number of records also leads to non-climatic fluctuations in the running loadings
(SM Section 9, Figures S18-S22) pointing towards a limitation of our method when the number of

input datasets is low.
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Our reconstructions since 1600 are generally robust against the choice of method and yield high
performance statistics back to 1600. Due to this good agreement among our three different
reconstructions, we hypothesise that ENSO teleconnections are likely to have been stationary over
most of the last 400 years, given the large network of proxy records we use. From 1600 on, with 32
proxy records, the network appears generally large enough to compensate for local to regional
effects, changes in teleconnections and/or effects of changing amount of noise in the proxy records
over time, even if no records from the centre of action of ENSO (the central and eastern tropical
Pacific) are available (e.g., Batehup et al., 2015). Hence we consider the value of around 30 records
to be a good estimate of the minimum number of (teleconnected) records to obtain reliable ENSO

reconstructions.

4.2 Comparison with existing reconstructions

The existing reconstructions show reduced agreement prior to the instrumental period. The
differences stem from various possible sources: a) the use of different reconstruction targets and
seasons, b) the use of different proxy archives and records, c) local climate or biologically caused
noise, and d) uncertainties in the proxy records or changing teleconnections (Batehup et al., 2015;
Gergis & Fowler, 2009; McGregor et al.,, 2010; van Oldenborgh & Burgers, 2005). We identify five
phases (1700-1703, 1710-1713, 1730-1738, 1760-1764 and 1773-1786) of simultaneous low
agreement across our new and the existing reconstructions. During all these periods we find a
consistent teleconnection pattern that is different to the teleconnections of ENSO in the
instrumental period. These differences are mainly in the west Pacific/Australasian domain where the
sign of the common climate response is opposite to expected from ENSO today, suggesting that

there was a change in ENSO teleconnections around these intervals (Figure 5). Possible causes for
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this changed response pattern include changes in ENSO flavours (Johnson, 2013), changes in the
interplay and relative strength of ENSO with other forms of climate variability such as the Indian
Ocean Dipole or the Asian-Australasian monsoon system (Ham, Choi, & Kug, 2017; Luo et al., 2010),
or shifts in the position or strength of the South Pacific Convergence Zone (SPCZ, Juillet-Leclerc et al.,
2006; Linsley et al., 2006; McGregor, Timmermann, Schneider, Stuecker, & England, 2012; Saint-Lu,

Braconnot, Leloup, Lengaigne, & Marti, 2015).

4.3 Response to volcanic forcing

Our assessment of new and existing ENSO reconstructions provides a basis for re-evaluating the
connection of ENSO variability with volcanic eruptions during the last millennium. Using a SEA, we
show that 3 to 5 years after major volcanic events the ENSO index responds with a significant
tendency towards more La Nifia-like conditions. This is consistent with several previous studies. Wahl
et al. (2014) evaluated late boreal winter temperature responses to strong volcanic eruptions in
western North America. They found a La Nina-like response in post-event years 3-5, with year 3
having the most spatially significant and coherent response. Furthermore, D’Arrigo et al. (2009), who
differentiate between low- and high latitude eruptions, also found a cooling signature persisting for
several years after the event. Liu et al. (2018) distinguish between NH, tropical and SH eruptions.
They showed that NH and tropical eruptions can provoke El Nifio-like responses within 2 years after
the event, whereas SH eruptions are more likely to cause La Nina-like responses delayed by 3 years.
In contrast to our results, which are not clear about post-eruption year 1, Emile-Geay et al. (2008)
demonstrated an increased likelihood of El Nifio events in the year following volcanic eruptions
larger than that of Mt. Pinatubo, using model results. Based on two paleoclimate reconstructions

Adams et al. (2003) also showed a multi-year El Nifio-like response of ENSO to explosive tropical
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volcanic eruptions, along with significant La Nifia-like responses in years 4-6. This shift towards
negative SSTs was also found by Wilson et al. (2010) at years 4 and 7. Using the CESM (Community
Earth System Model), Sun et al. (2018) also found a transition from El Nifio-like to a significant La
Nifia-like state after large tropical eruptions; however, the significant La Nifia-like state already
occurred two years after the eruptions. The apparent discrepancies in the literature on the response
of ENSO to volcanic forcing, illustrate that there is no consensus yet. Proxy-based ENSO
reconstructions provide little agreement on a common ENSO response to volcanic eruptions, and
climate models offer various explanations for the underlying mechanisms (Liu et al., 2018; McGregor
& Timmermann, 2010; Ohba et al.,, 2013; Stevenson et al., 2017). Possible factors that may
contribute to the heterogeneous picture in the literature on the relationship between volcanic
forcing and ENSO include the fact that the (often unknown) season and prevailing ocean-atmospheric
conditions, in combination with the geographic location of the eruption, have impacts on the way
that volcanic aerosols get distributed and the climatic effects they have (Hegerl, Crowley, Hyde, &
Frame, 2006; Kravitz & Robock, 2011; Toohey, Kriiger, Niemeier, & Timmreck, 2011, cf. Wahl et al.,

2014).

Knowledge of the state of ENSO at the time of volcanic events may be crucial to help explaining over-
or under-estimation of climatic responses to volcanic eruptions in climate models. Lehner et al.
(2016) showed that the state of ENSO strongly influences the global temperature response to
volcanic eruptions, since all large eruptions they considered since 1951 happened to fall together
with El Nifio events (cf. Wahl et al., 2014 for energy-balance consideration of how the initial state of
ENSO can modulate the effect of volcanic forcing on the climate system). Our analysis compiles the
paleoclimate information in new and existing ENSO reconstructions and reveals that, with high

likelihood, there were El Nifio-like conditions prevailing during the 1695 and 1784 eruptions. For
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these years we suggest that robust analyses of the influence of ENSO state on global and regional
temperature and hydroclimate response are possible, as is data-model comparison. For all other

events, the state of ENSO during the eruptions remains uncertain.
5 Conclusions and Outlook

Our new ENSO reconstructions are based on a large, updated collection of proxy records and use the
simple but efficient PCA method. They agree highly with the target ENSO index over the instrumental
period and show high reconstruction skill during the period with sufficient proxy data coverage (post-
1600). We have shown that the analysis with sliding time windows allows us to dynamically capture
variations over time that are potentially caused by changes in teleconnections. We are able to
provide particularly robust estimates of ENSO from 1580 to the end of the 17" century and from
1825 to present. Further work is needed to identify the causes of reduced coherence in the various
ENSO reconstructions in the intervals identified herein (particularly during the 18" century) and
during volcanic eruptions. This may be achieved by pseudoproxy experiments (Smerdon, 2012),
which allow for examining dynamical changes in the model world that can lead to changing
teleconnection patterns. Pseudoproxy experiments can additionally be used to test the influence of
proxy noise and reconstruction method on reconstructed teleconnection stability and reconstruction
robustness (Neukom, Schurer, Steiger, & Hegerl, 2018). Finally, pseudoproxy experiments can open
up the possibility to improve estimates of minimum proxy numbers and spatial distribution for robust

and stationary ENSO reconstructions.
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ENSO variability, teleconnection changes and responses to large volcanic eruptions since AD 1000

Christoph Datwyler*, Nerilie J. Abram, Martin Grosjean, Eugene R. Wahl and Raphael Neukom

1.5
Subset period

1.0

0.5
I

Scaled ENSO index value
0.0
|
T
———
——
_;_—f =
R -
————
—_——
N
= el
L —
=——
==

-1.0

© Running PC1 Overlap Period PC1
- Full Period PC1 Target ENSO index
[ [ [ [ [ [

1000 1200 1400 1600 1800 2000

Years

This study provides new ENSO reconstructions based on a large, updated collection of proxy records.
We identify the periods from 1580 to the end of the 17" century and from 1825 to present as most
robust to quantify ENSO within the last millennium, and reveal disagreement among various ENSO
reconstructions during five periods within 1700-1786, possibly related to teleconnection changes in
the west Pacific domain. We find a significant response of ENSO towards more La Nifa-like

conditions 3-5 years after major volcanic events.
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Table 1 Correlation (r) between the target instrumental ENSO index (with 80-year trends removed)
and the reconstructions over the reference period 1930-1990 for the five subsets and three methods.

All correlations are significant (p < 0.05)

Reconstruction r Reconstruction r Reconstruction r

Running PC1 1854 0.90 Overlap Period PC1 1854 0.90 Full Period PC1 1854 0.91
Running PC1 1800 0.87 Overlap Period PC1 1800 0.86 Full Period PC1 1800 0.86
Running PC1 1600 0.82 Overlap Period PC1 1600 0.78 Full Period PC1 1600 0.64
Running PC1 1400 0.61 Overlap Period PC1 1400 0.48 Full Period PC1 1400 0.64
Running PC1 1000 0.33 Overlap Period PC1 1000 0.51 Full Period PC1 1000 0.43
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