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ABSTRACT

Summer cooling is one of the most direct consequences of explosive volcanic eruptions that
can affect ecosystems and human societies. Recent studies revealed a multi-year cooling impact
on hemispheric and global summer temperatures after tropical eruptions, yet, the volcanic
responses appear to vary on regional scales. Here, we revisit volcano-induced summer cooling in
Eastern Canada, Northern and Central Europe by applying superposed epoch analysis on CMIP6-
PMIP4 simulations and millennial temperature reconstructions based on tree-ring density. We then
examine potential causes modulating region-specific volcanic impact. While confirming that, on
average, tropical eruptions over the last millennium have induced a longer cooling (> 4 years) than
eruptions from extratropical Northern Hemisphere in all three North Atlantic regions, we show
that the peak magnitude of cooling is stronger in Eastern Canada. We also find that the detected
volcanic temperature anomalies can be strongly affected by the selection and number of volcanic
events and non-volcanic signals embedded in the climate time series. This study highlights the
risks of using highly noisy proxy records to investigate volcanic impacts, especially in regions
with strong unforced climate variability. The CMIP6-PMIP4 simulations generally agree with the
three reconstructions on the average response to tropical eruptions, but their performance is poorer
regarding the production of significant cooling after extratropical eruptions. Our results further
suggest that the particular sensitivity to tropical eruptions in Eastern Canada is likely related to
increased sea ice surrounding Quebec-Labrador associated with the positive Arctic Oscillation and
North Atlantic Oscillation formed during the first post-eruption winter.

1. Introduction

Explosive volcanic eruptions are a dominant driver of the Earth’s climate variability by
injecting sulfur dioxide into the stratosphere, which enhances the amount of stratospheric aerosol,
thus scattering incoming solar radiation and cooling surface summer temperatures (Robock 2000;
Sigl et al. 2015; Gautier et al. 2019; Huhtamaa et al. 2022; Marshall et al. 2022). Significant
temperature decreases caused by large eruptions can lead to tremendous environmental and
socioeconomic effects (Biintgen et al. 2016; Toohey et al. 2016; Guillet et al. 2017, 2020;
McConnell et al. 2020). For example, the 1815 Tambora eruption from Indonesia resulted in “the
year without a summer” in Europe and northeastern North America, with snowfalls observed in

June of 1816 CE in Albany and Quebec City (Oppenheimer 2003). The unusually cold conditions
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further led to severe food and health crisis for years in North Atlantic regions (Harington 1992;
Oppenheimer 2003) as well as in Eastern Asia (Gao et al. 2017; Kim 2023). However, the volcanic
temperature signal is difficult to distinguish from other external forcings as well as internal climate
variability when only examining one individual eruption (Fischer et al. 2007; Sjolte et al. 2021).
Thus, a better assessment of how large eruptions affect Earth’s climate and human societies must

rely on a sample of large volcanic events.

Superposed epoch analysis (SEA) has been widely employed to decipher volcanic imprints in
regional to global temperatures (Sear et al. 1987; Bradley 1988; Adams et al. 2003; Pisek and
Brazdil 2006; Esper et al. 2013; Gennaretti et al. 2014; Wilson et al. 2016; Neukom et al. 2018;
Buntgen et al. 2020; Tejedor et al. 2021; Zhu et al. 2022). The core idea of SEA is to generate a
composite response to a set of large volcanic eruptions by averaging out non-volcanic fluctuations
(Haurwitz and Brier 1981). According to documented volcanic events and observed climate data
since the beginning of the Industrial Era, large volcanic eruptions have been found to significantly
cool global and hemispheric summer temperatures for 1-2 years (Sear et al. 1987; Bradley 1988;
Robock and Mao 1995). However, these results are potentially biased by interference of the
anthropogenic warming trend (Birkel et al. 2018) and by a small number of large eruptions in the

observation period (Lough and Fritts 1987; Swingedouw et al. 2017).

High-resolution proxy records and climate model simulations have allowed extending the
analysis of volcanic responses to times prior to the industrial period, when more large eruptions
took place and anthropogenic impacts were less dominant (Schurer et al. 2013). Multiple lines of
evidence from millennium-long datasets revealed that significant cooling by large volcanic
eruptions (mainly tropical eruptions) lasted from five years to nearly a decade on the global and
Northern Hemispheric scales (Schneider et al. 2017; Neukom et al. 2018; Tejedor et al. 2021),
longer than inferred from instrumental data (Sear et al. 1987; Bradley 1988; Robock and Mao
1995). Yet, the magnitude and persistence of volcanic cooling is generally different between long-
term reconstructions and simulations (e.g., Coupled Model Intercomparison Project 5-
Paleoclimate Modelling Intercomparison Project Phase 3, (Schmidt et al. 2011); hereafter CMIP5-
PMIP3 simulations) (Masson-Delmotte et al. 2013; Hartl-Meier et al. 2017; Neukom et al. 2018;
Zhu et al. 2020). These discrepancies can be caused by seasonality and properties of different types
of proxy data (Hartl-Meier et al. 2017; Neukom et al. 2018; Lucke et al. 2019; Zhu et al. 2020),

model performance and configurations (Stevenson et al. 2017) as well as uncertainties in the
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volcanic forcing used in simulations (Sigl et al. 2015; Jungclaus et al. 2017; Toohey and Sigl 2017,
Dee and Steiger 2022).

Temperature-sensitive tree rings in cold environments are capable of precisely documenting
large volcanic events (Hartl-Meier et al. 2017; Schneider et al. 2015; 2017), thus providing a
unique opportunity to study volcanic cooling at annual resolution. Studies suggested that the data-
model disagreements regarding large-scale volcanic responses can be reconciled by using
maximum latewood density (MXD) of conifers growing in cold regions (Anchukaitis et al. 2012;
Zhu et al. 2020), the most robust proxy due to superior temperature sensitivity and weak biological
memory compared to other tree-ring parameters such as ring width (Bjorklund et al. 2019; Esper
et al. 2015; Schneider et al. 2015; Wang et al. 2020). In recent years, several simulations of the
last-millennium climate under the state-of-art Coupled Model Intercomparison Project 6-
Paleoclimate Modelling Intercomparison Project Phase 4 protocol are now available (Jungclaus et
al. 2017) (hereafter referred to as CMIP6-PMIP4 simulations), which use updated volcanic aerosol
forcing compared to CMIP5-PMIP3. Comparing these new simulations with high-precision MXD

data can better define the volcanic impacts and cooling mechanisms in the climate system.

However, volcanic cooling patterns revealed by tree-ring based climate reconstructions appear
to be variable at sub-continental scales. For example, a cooling effect was significant for 1-2 years
in Northern and Central Europe (Esper et al. 2013), Western United States (Heeter et al. 2021),
and Tibetan Plateau (Duan et al. 2018), but extended for longer periods in Central Asia (Davi et
al. 2021) and Eastern Canada (Gennaretti et al. 2014; Wang et al. 2022), especially after tropical
eruptions. These regional differences could in part result from specific feedbacks due to local
effects and circulation patterns (Pisek and Brazdil 2006; Fischer et al. 2007; D’ Arrigo et al. 2013;
Guillet et al. 2017). On the other hand, the results can be sensitive to noise in proxy records
(Christiansen and Ljungqvist 2017; Neukom et al. 2018), and selection of volcanic events (Rao et
al. 2019; Zhu et al. 2022). Efforts have been made to take into account uncertainties related to
eruption dates (Rao et al. 2019) and to investigate how biological memory affects volcanic signals
recorded in tree-ring width data (Esper et al. 2015; Gennaretti et al. 2018; Lucke et al. 2019; Zhu
et al. 2020). However, we should better understand how the precise detection of volcanic imprint
at sub-continental scale is impacted by the selection of volcanic events, unforced climate

variability, and proxy noise.
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Circum-North Atlantic regions are an ideal test bed for addressing the above issues because
they correspond to three main clusters of millennial temperature-sensitive MXD chronologies in
the global tree-ring network (Esper et al. 2016; Wang et al. 2022) and both sides of the ocean
appear to differ in the persistence of volcanic cooling in earlier studies (Esper et al. 2013;
Gennaretti et al. 2014; Wang et al. 2022). In this paper, we thus revisit imprints of large explosive
volcanism on land summer temperatures from three circum-North Atlantic regions during the last
millennium, including Eastern Canada (ECan), and Northern and Central Europe (NEuro and
CEuro). Our objectives are 1) to investigate factors (specific volcanic sensitivity, selection of
eruptions, strength of unforced variability and proxy noise) that have potentially caused the
variable volcanic responses of regional temperature reconstructions and 2) to assess the
performance of the state-of-art CMIP6-PMIP4 simulations to account for volcanic responses. We
first developed three millennial regional summer temperature reconstructions as a baseline to
investigate how the detection of volcanic imprints is affected by the event selection. Subsequently,
we performed a pseudoproxy experiment taking into account the internal climate variability and
proxy noise embedded in the regional reconstructions. Lastly, we compared volcanic imprints in
the reconstructions with those in five state-of-art CMIP6-PMIP4 millennial simulations, and

discussed possible mechanisms of region-specific volcanic responses.
2. Methods

a. Summer temperature reconstructions

We developed three millennial land summer temperature reconstructions using available
centennial-long MXD chronologies in ECan (4 sites), NEuro (6 sites), and CEuro (4 sites) (Fig.
1a, Table S1). As tree-ring data exhibit biological trends, standardization is needed to remove non-
climatic variations from MXD measurements (Cook et al. 1990). By comparing three
standardization methods (Wang et al. 2022; Table S2) including regional curve standardization
(RCS; Briffaetal. 1992), signal-free RCS (Melvin and Briffa 2008), and the regionally constrained
individual standardization (RSFi; Bjorklund et al. 2013), we finally applied the RSFi method in
order to optimize temperature signals for chronologies from sites where raw MXD measurements
are available (Table S1). For the remaining sites with unavailable raw MXD data for re-
standardization, we directly used the chronologies standardized in the original studies, basically
using RCS (Briffa et al. 1992). To be consistent with the published MXD chronologies, the RSFi
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chronologies were calculated using residuals between power transformed MXD series (Cook and
Peters 1997) and biological trends, and the Tukey’s bi-weight robust mean. A detailed RSFi
approach is described in (Wang et al. 2022). In fact, we found that volcanic signals in local
chronologies (raw data available) are little affected by the choice of these RCS-based variants,

which were developed to preserve long-term variability in tree-ring data (Supplementary Text S1).

Instrumental temperature targets for reconstructions were obtained from the CRU TS4.03 0.5°
gridded monthly temperature dataset (Harris et al. 2020). We first calculated monthly regional
temperatures by averaging data grids within three regions (land only), between 60—77°W and 50—
60°N for ECan, 12-30°E and 60-70°N for NEuro, and 0—15°E and 40-50°N for CEuro (Fig. 1a).
May to August (MJJA) mean temperatures of current year were chosen as the reconstruction target
for each region because of optimal responses of the local MXD chronologies during this season
(Fig. S1). The 1905-2000 common time period was used for calibrating most MXD chronologies,
except for the Boniface (1905-1989 CE) and Lauenen (1905-1976 CE) sites in northern Quebec
and the Swiss Alps due to limited data coverage, respectively. Reconstructions were developed
using a linear Bayesian model which allows weighting the confidence of each model from
individual MXD chronologies (Gennaretti et al. 2017). For each year, the final reconstructed
temperature value was the median of the posterior distribution of the model output. The spatial
domains of the three regional reconstructions were assessed by Pearson’s correlation coefficients
(hereafter Pearson’s r or r) with 1° gridded MJJA temperatures (CRU TS4.03, HadISST v1.1
(Rayner et al. 2003), and the 20" Century Reanalysis v3) during 1905-2000 CE, and were only
based on the 10-yr high-passed series to emphasize year-to-year coherence (Butterworth filter
using the “dpIR” R package; Bunn 2008). Statistical significance (i.e., P values) for correlations
in this study were adjusted to account for autocorrelation of time series using the method of Hu et
al. (2017).

b. Pseudoproxy experiment

To shed light on how strengths of unforced climate variability and proxy noise can affect
volcanic imprints in climate reconstructions, we designed a pseudoproxy experiment only focusing
on the response to tropical eruptions. The pseudoproxy experiment was based on the output of a
2D energy balance model (EBM) (Ziegler and Rehfeld 2021), which does not feature internal
variability (Hegerl and Zwiers 2011). The employed EBM produces externally forced monthly
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temperature variations on a T42 Gaussian (~2.8°) grid according to input radiative forcing and
grid-specific heat capacity, albedo, thermal conductivity, and outgoing radiation. We first ran one
full-forcing simulation for the 850-2000 CE period using time-varying solar, volcanic and
greenhouse-gas forcings compiled by PAGES 2k Consortium (2019) and orbital parameters
calculated from Berger (1978). We then generated regional MJJA temperatures from area-
weighted means (land only) for the ECan, NEuro, and CEuro regions (Fig. 1a; Fig. S2a). The
period 1000-1930 CE was retained for the subsequent pseudoproxy experiment to exclude the
strong recent warming trend. We additionally ran a volcanic-only simulation forced by time-
varying volcanic aerosols but with constant greenhouse gases (279 ppm), solar irradiation (1362
W m™2), and orbital parameters to study potential temperature perturbations caused only by

volcanic eruptions (but not used for the pseudoproxy experiment).

We then added unforced components to the full-forcing regional MJJA temperature series to
produce “full” regional temperatures (hereafter “full” temperatures). According to the real-world
estimations and climate model simulations showing low autocorrelation in the unforced
temperature variability (Supplementary Text S2), it was represented by a random stochastic
process (white noise) in ECan, NEuro, and CEuro. In each region we considered three scenarios,
the LOW-unforced, MED-unforced and HIGH-unforced scenarios, where the ratios between
standard deviations of unforced and fully forced MJJA temperatures were 0.5, 1, and 2 during
1000-1930 CE, respectively. Year-to-year variations of the regional unforced variability were set
identical to ensure that only the amplitude would change among scenarios. Thus, we first generated
one random white-noise time series with zero mean and unit variance and then adjusted its variance
to form regional “full” temperatures in different scenarios. In total, we produced 100 sets of “full”
temperatures per scenario in each region with different initial random white-noise time series
(Figs. S2b—d).

Proxy noise was then added to one set of “full” temperatures randomly selected from the 100
sets produced above (Fig. S3). Proxy data are imperfect records of climate (Christiansen and
Ljungqvist 2017) due to unexplained non-climatic variations (i.e., noise unrelated to the targeted
reconstruction signal; Esper et al. 2015). The three MXD millennial temperature reconstructions
showed relatively weak and similar autocorrelation structures (Fig. S4). Thus, we assumed that
this proxy noise is a temporally stable white noise and that observational temperatures (CRU data)

are noise free. For each region, we added noise with specific strength to the corresponding regional
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“full” temperatures. The strength was set according to the correlation coefficient between the real-
world MXD reconstruction and the May—August temperature target through signal-to-noise ratio
(SNR) in each region (Smerdon 2012):

2

Ofull __ r
- 2
Onoise 1-r

SNR =

),

where oru and onoise denote standard deviations of the “full” temperature and proxy noise,
respectively. Here we used the correlation (r) between the 10-year high-passed rather than the
unfiltered MXD-based reconstruction and corresponding instrumental temperature target (1905—
2000 CE) as the common warming trend in the unfiltered time series tends to downgrade the level
of estimated noise. Finally, we generated a set of 100 pseudoproxy series per site and per scenario
(Fig. S3). These pseudoproxy series were then calibrated against the corresponding regional “full”
temperatures during 1000-1930 CE to mimic the necessary climate reconstruction process. Since
each pseudo-reconstruction was based on a single pseudoproxy series, the linear-scaling approach
(Esper et al. 2005), which forces the variances and means of the pseudoproxy series to equal that
of the corresponding temperature target, is sufficient to produce results very similar to those using

the above Bayesian method and was thus used for the calibration here.

c. CMIP6-PMIP4 climate model simulations

We used five CMIP6 millennial simulations of monthly near-surface temperature, sea-level
pressure, and sea-ice concentration (Table 1) to investigate data-model agreement and potential
mechanisms of region-specific volcanic responses. In general, each millennial simulation (CMIP6-
PMIP4) consisted of a PMIP4 past1000 or past2k run (Jungclaus et al. 2017) and the corresponding
CMIP6 historical run to cover the entire last millennium (also see Supplementary Text S3). The
CMIP6-PMIP4 past1000 and past2k runs employed a state-of-art reconstruction of volcanic
stratospheric sulfur injections based on synchronized bipolar ice cores before 1850 CE (i.e., the
eVolv2k dataset), with dating uncertainty assumed to be smaller than +2 years during the last 1500
years (Toohey and Sigl 2017), so their performance was expected to be better than CMIP5-PMIP3
simulations. All simulations were remapped to a T42 Gaussian grid using a conservative
interpolation method provided by Climate Data Operators (Schulzweida 2019) and the monthly

climate variables were aggregated to seasonal climate for each grid cell (MJJA and December—
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February, DJF). We then generated simulated MJJA temperature series for ECan, NEuro, and

CEuro using area-weighted mean.

Past + Historical

Code Model . Reference

experiment ID
CESM CESM1 trans1-850AD Zhong et al. (2018)
MIROC MIROC-ES2L rlilp1f2 + r1i1000p1f2 Ohgaito et al. (2021)
MRI MRI-ESM2.0 rlilplfl + r1i1000p1fl Yukimoto et al. (2019)
MPIO MPI-ESM1-2-LR run0 + r1i2000p1fl van Dijk et al. (2022)
MPI1 MPI-ESM1-2-LR rlilplfl + r1i2000p1fl van Dijk et al. (2022)

Table 1. CMIP6-PMIP4 millennial simulations used in this study.

d. Superposed epoch analysis (SEA)

SEA was used to investigate volcanic imprints in various climate time series (MXD
reconstructions, chronologies, pseudo-reconstructions, simulations, and the 20" Century
Reanalysis). We selected volcanic eruptions based on the stratospheric aerosol optical depth
averaged between 30-90°N (SAODnweT) from the eVVolv2k (Toohey and Sigl 2017) plus CMIP6
datasets, the same volcanic forcing as used in the EBM and CMIP6-PMIP4 simulations. While our
previous study showed that a peak SAODnrHeT value of 0.03 is a proper criterion for screening
eruptions that potentially resulted in significant climate changes (Wang et al. 2022), here, we
selected stronger events with peak SAODnrHeT > 0.05, roughly representing half of the magnitude
of the 1991 Pinatubo eruption (SAODnHer = 0.098). In total, 17 tropical and 12 Northern
Hemisphere extratropical (NHET) eruptions between 1050 and 1960 CE were retained (hereafter
referred to as SAOD events; Table S3). For SEAs on real-world time series (i.e., MXD
chronologies, reconstructions, and reanalysis data), we accounted for a typical 1-year lag between
unidentified tropical eruptions and sulfur depositions in ice cores according to the adjustment by
Toohey et al. (2019), which can maximize the 3-year cooling in Northern Hemisphere temperature
reconstructions. In contrast, the volcanic dates of the eVolv2k dataset were used for SEAs with
pseudo-reconstructions and CMIP6-PMIP4 time series because these simulations were directly
forced by the eVolv2k plus CMIP6 datasets. Though different eruption years were used for real-
world and simulated climate, the same events were targeted. It is noteworthy that CMIP6-PMIP4
simulations assumed January as the eruption month for unidentified events in eVolv2k (Toohey
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and Sigl 2017), which resulted in some data-model inconsistencies. A detailed SEA approach can

be found in the Supplementary Text S4.

We additionally considered historic eruptions from the Global VVolcano Program (2023) based
only on a volcanic explosivity index (Newhall and Self 1982) > 5 (hereafter the VEI events; Table
S4) for SEA. The selected eruption events were only used to investigate how responses of the three
reconstructions differ if we consider VEI events in place of SAOD events. VEI events are known
to be less tightly related to climate forcing than ice-core-based events (Robock 2000), thus we used
them to investigate the impact of potential uncertainties in the volcanic forcing.

We also carried out an experiment to study how the selection of volcanic events influences the
result of SEA. First, N events were randomly sampled 100 times from the aforementioned SAOD
eruptions without replacement, with N varying from 5-15 for tropical events. For NHET eruptions,
N was set between five and nine so that more than 100 unique subsets can be randomly generated
from a total number of 12 events. In each iteration, the selected N events were used in the SEA
algorithm. In addition to the random resampling approach, we included only the largest N (same
range as the above experiment) events for each type of eruption to account for a more common

way to screen events for SEA.
3. Results

a. MXD-based reconstructions

The three MXD-based summer temperature reconstructions are highly and significantly
correlated to regional MJJA mean temperatures (1905-2000 CE) and thus capture a large fraction
of MJJA temperature variances in ECan (49%), NEuro (59%), and CEuro (40%), respectively. For
each reconstruction, moving correlations with temperature targets in a 31-year window are
significant (P < 0.05) through time since 1901 CE, with some variability in strength (Fig. S5).
Although the three regional reconstructions show similar long-term warm and cold epochs during
the last millennium, the year-to-year variance is the strongest in ECan, followed by NEuro and
then CEuro (Fig. 1b). The CEuro reconstruction shows the lowest correlation between high-
frequency (10-year high-passed) data and CRU temperatures (Fig. 1b), suggesting a higher level
of non-temperature noise in the high-frequency domain. Field correlations of reconstructions

resemble those of the observational regional temperatures (both CRU plus HadISST, and 20™
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Century Reanalysis) in ECan and NEuro, but the spatial domain of the CEuro reconstruction is

much weaker compared to that of the observed regional mean temperature (Fig. 1c; Fig. S6).
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(c) with observational MJJA temperatures (CRU plus HadISST datasets). In (a), rectangles
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the areas used to calculate regional MJJA temperature targets over 1905-2000 CE (land

only). Background colors show MJJA mean temperatures calculated from the CRU dataset. In
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of (b), Pearson’s r values are for raw reconstructions and regional temperature targets

during the 1905-2000 period and 10-year high-passed series, orderly. 95% CI: the 95% confidence
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1951-1980 CE. In (c), Pearson’s r is based on 10-yr high-passed (Butterworth filter) data over
1905-2000 CE to avoid influence of long-term warming trend. Black dots: significant correlations

(P < 0.05).

Gray shading: Pearson’s r unavailable due to missing values in the observational data.

b. Volcanic responses of regional reconstructions
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SEAs based on eruptions with SAODn+eT values > 0.05 reveal that large tropical eruptions
resulted in more persistent significant summer cooling than NHET eruptions across the three
circum-North Atlantic regions. In Eastern Canada, the reconstructed MJJA temperature dropped
on average by 1.36°C one year after tropical eruptions and persisted around —0.5°C from year t +
2 until the 9™ post-eruption year (Fig. 2a). Volcanic cooling in Europe is not as prominent as in
ECan (—0.78°C and —0.39°C at the year t + 1), and remained significant for 5 and 4 years in NEuro
and CEuro, respectively, with a recovery to the pre-eruption level during a few additional years
(Figs. 2b, c). In contrast, NHET eruptions only produced a short temperature decrease in ECan
(=0.90°C) and CEuro (—0.40°C) at the year of eruption, and at the year t + 1 in NEuro (—0.39°C)
(Figs. 2e—g). SEAs on normalized reconstructions (Fig. S7; normalized to have the same mean and
variance) further confirm that volcanic eruptions have induced stronger summer cooling in the
northwestern than eastern North Atlantic side during the last millennium (Figs. 2d, h), a
phenomenon unrelated to the fact that the variance is the largest in the ECan reconstruction (Fig.
1b).

Compared to SAOD events, VEI events tended to have less coherent results among the three
regional reconstructions, especially in terms of the duration of cooling after tropical eruptions. As
shown in Fig. 2 (light curves), the significant cooling impacts are also generally weaker after both

tropical and NHET volcanic eruptions.
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Fig. 2. Responses of the last-millennium reconstructed regional May—August temperatures to
tropical (a—c) and NHET (e—g) volcanic eruptions. In (a)—(c) and (e)—(g) responses to SAOD and
VEI events are shown in dark and light colors, respectively, with solid and open points indicating
significant cooling (= 0.05; see Supplementary Text S4). In (d) and (h), only responses to SAOD
events are presented, and the responses are based on normalized temperatures (z-scores relative to
the 1000-2000 period; Fig. S7) in order to avoid the influence of region-specific temperature
variance.

SEAs using subsets of SAOD tropical events indicate that the duration of significant cooling
detected from the three MXD-based temperature reconstructions lengthens with the number of
eruptions included in the analysis (Figs. 3a—c). Although these trends can be partially related to
the fact that the bootstrapped confidence intervals shrink with a greater N, a similar result was
observed if highlighting the first post-eruption year when the temperature anomalies exceeded the
pre-eruption level (Figs. S8a—c), a method independent of the significance test. Moreover, smaller
N generally resulted in less persistent cooling after tropical eruptions even if the largest events
were targeted, despite larger events resulted in a stronger cooling peak in the composite response
(Fig. S9). These results underscore the impact of number of selected events on the detection of
volcanic cooling signal. In addition, for a given number of events, the cooling effect tends to last
longer in ECan as compared to the two reconstructions from the eastern North Atlantic area (Figs.
3a—c). The effect of N on the cooling persistence is less evident following NHET eruptions (Figs.
3d-f; Figs. S8d-f, S9) since the cooling is ephemeral in nature and the average forcing is relatively
weak (Table S3).
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Fig.3. Years of significant cooling (a = 0.05) according to the number of selected SAOD events
(N) in SEAs. Volcanic events were randomly sampled 100 times without replacement from the full
event list of each eruption type.

c. Effect of unforced variability and proxy noise

In the pseudoproxy experiment, we find that unforced temperature variability alters the
apparent persistence of volcanic cooling and its magnitude. Although the shapes of the composite
volcanic responses for “full” temperatures are similar among the three scenarios (LOW-unforced,
MED-unforced and HIGH-unforced, see Methods), time periods of significant cooling become
shorter with increasing unforced variability (Fig. 4; Fig. S10), due to the widening confidence
interval of the significance test. The cooling peak (at year t + 1) of the “full” temperatures selected
for the proxy noise experiment remains little changed from the LOW-unforced to HIGH-unforced
scenario (Fig. 4). However, this pattern depends strongly on the overall effect of unforced

variability. The 100 sets of “full” temperatures show that the cooling peak can increase, decrease
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or remain unchanged with the strengthening unforced variability (Fig. S10), suggesting the

importance of the local feedback mechanism in response to volcanic eruptions.
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Fig. 4. Superposed epoch analyses of pseudoproxy series. Bars summarize the percentage of
significant cooling ( = 0.05) out of 100 pseudo-reconstruction series (thin blue curves) in each
year. Red points indicate significant cooling years (a = 0.05) for “full” temperatures (red curve).
Note that the cooling magnitude of pseudoproxy series differs from that of the density-based
reconstructions and CMIP6-PMIP4 simulations.

In contrast, proxy noise can substantially degrade volcanic cooling through climate
reconstruction approaches. For the three scenarios, the peak cooling was on average decreased by

~30% and ~25% in ECan and NEuro, respectively (Fig. 4). In CEuro the median cooling reduced
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by as much as ~50% relative to that of the corresponding “full” temperatures due to the largest
amount of proxy noise (section 2b). Furthermore, the cooling (P < 0.05) in pseudo-reconstructions
was less persistent. For the LOW-unforced scenario, about half of the pseudo-reconstructions
showed a significant cooling for only 4 years or less in CEuro, compared to a 7-year significant
cooling revealed by the “full” temperatures (Fig. 4c). More than 25% of the HIGH-unforced
scenario in CEuro pseudo-reconstructions did not show any significant cooling, representing the
most distorted case (Fig. 41). This is because both strong unforced variability and proxy noise have
muted the volcanic signal (degradation of the signal and of the power of the statistical test), even

if the volcanic imprints persist in these synthetic pseudo-reconstruction time series.

d. Data-model comparison

The timing of the post-eruption cooling peak often differed by £ 1 year between CMIP6-PMIP4
simulations and MXD-based reconstructions (Figs. S11, S12). These inconsistencies can be related
to the variability in model realizations and initial conditions, along with the fact that January was
assigned as the eruption month for unidentified events in the CMIP6-PMIP4 volcanic forcing.
However, the magnitude and duration of significant cooling following tropical eruptions agreed
almost perfectly between the multimodel mean and temperature reconstructions in ECan and
NEuro (Figs. 5a, b). The regional multimodel mean simulations are also consistent with the
reconstructions in regard to the stronger temperature response in Eastern Canada compared to
Europe (Figs. 5a-c). By contrast, the reconstruction displayed a much weaker peak volcanic
response compared to simulations in CEuro (a cooling peak of —0.39°C versus ~—0.80°C, and 4-
year versus ~10-year significant cooling; Fig. 5¢). This mismatch most likely resulted from a large
amount of proxy noise in the CEuro reconstruction as shown by our pseudoproxy experiment (see

above).

Similar to MXD-based reconstructions, CMIP6-PMIP4 simulations displayed shorter cooling
episodes after the sampled NHET eruptions compared to tropical eruptions (Fig. 5). However,
individual simulations diverged significantly from reconstructions in their responses to NHET
eruptions. For example, compared to a typical 1-year significant cooling in reconstructions, the
MIROC simulation did not produce any significant cooling during summers in the three regions

after major NHET eruptions, and some simulations produced a longer significant cooling (P <

16

Accepted for publication in JOUH&F of Clithate DOT 101 1 75/JCLIED 23-0 10714070ed 06/15/23 12:21 Pt UTC



0.05) in CEuro (Figs. 5d-f). Furthermore, after NHET eruptions, the multimodel mean disagreed
with the reconstructions on the timing and magnitude of cooling peaks in ECan and NEuro, and
the cooling in ECan is not stronger than that in Europe as suggested by the reconstructions. The
multimodel mean’s agreement with the reconstruction in CEuro may not imply a “perfect” data-
model consistency given that the CEuro reconstruction is potentially affected by very strong proxy
noise. Our results thus suggest that the CMIP6-PMIP4 models used in this study might have poorer
performance in producing summer cooling after NHET than tropical eruptions and that the proxy
network in CEuro should be improved.
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Fig. 5. Responses of the last-millennium reconstructed and CMIP6-PMIP4 simulated regional
MJJA temperatures to tropical (a—c) and NHET (d—f) volcanic eruptions (SAOD events). Colored
points indicate significant cooling years (« = 0.05) detected from corresponding temperature
series.

4. Discussion

a. Revised volcanic responses and factors affecting detection of volcanic imprints
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In this study, we found that tropical eruptions with large stratospheric sulfur injections induced
prominent summer cooling for multiple years in northeastern North America, as well as in Europe,
where pulse-like volcanic cooling was previously reported (Esper et al. 2013). In contrast, cooling
caused by NHET eruptions was only significant for one year in the three regions because their
aerosols mostly propagate in the Northern Hemisphere with a larger land mass that responds more
rapidly to radiative forcing than ocean (Wang et al. 2022) and their average forcing is weaker than
tropical eruptions (Table S3). These results are well reproduced by CMIP6-PMIP4 simulations
(Fig. 5), suggesting they are robust. Results from the volcano-only EBM simulation (Figs. S13a—
c), which excluded the effects of other forcing agents and internal climate variability, further
indicates that the more persistent cooling caused by tropical eruptions is directly related to the
Earth’s energy balance, rather than a result due to closely spaced events (Figs. S13d-f).
Consequently, the consistent regional volcanic responses highlight that tropical eruptions have the
potential to shape multi-year temperature variations (Wang et al. 2022) and cause multi-year
impacts on ecosystems (Gennaretti et al. 2018) and human society (Bintgen et al. 2020) in a vast

region surrounding the North Atlantic Ocean.

However, several important factors need to be carefully considered to ensure the robustness of
SEA when investigating imprints of explosive volcanic eruptions. First, volcanic events must be
selected from informative data sources. The eVolv2k volcanic dataset identified from bipolar ice-
core records (Toohey and Sigl 2017) has already allowed for an improved investigation of volcanic
impacts, because ice-core volcanic index is directly related to stratospheric sulfur that drives
Earth’s climate variability (Robock 2000; Sigl et al. 2015). Conversely, the VEI scores are less
directly associated with climate impacts (Newhall and Self 1982; Schmidt and Black 2022). The
observation of the 1980 CE eruption of Mount St. Helens (VEI = 5) demonstrated that a large VEI
does not necessarily corresponds to massive stratospheric sulfurs injection (Robock 2000). Thus,
it is not surprising to observe inconsistent and short-term volcanic responses in our three circum-
North Atlantic regions (Fig. 2) when using events with VEI > 5. SAOD rather than VVEI should be

used to screen events for investigation of volcanic impacts on the climate system.

Second, the number and combination of volcanic events plays a critical role in SEA results as
suggested by Zhu et al. (2022). Apparent volcanic responses were strongly dependent on the
selected events when the number of events is small. Sufficient number of volcanic events can

maximize the volcanic signal (Fischer et al. 2007; Swingedouw et al. 2017) and result in a less
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biased composite response, especially regarding the cooling persistence of tropical eruptions (Figs.
3a—c). The resampling experiment suggested that the probability to detect a reliable volcanic
response is higher than 50% when more than 10 large events are used for SEA (Fig. 3). On the
other hand, the magnitude of events included in SEA should be large enough to induce regional to
large-scale climate changes. Although multiple SAOD criteria have been used in different studies
(Rao et al. 2019; Higgins et al. 2022), a peak SAOD value greater than 0.03 or 0.05 appears to be
a suitable criterion to account for both forcing magnitude and number of events for a more robust
SEA detection according to our experiments in the circum-North Atlantic regions (this study and
Wang et al. 2022). In addition, mixing tropical and NHET eruptions potentially biases the
understanding of cooling behaviors for specific eruption types. Combining a small proportion of
NHET events with tropical events might lead to a changed response from which the cooling effect
of NHET events can be misinterpreted (Wilson et al. 2016). Similar caution is needed for volcanic
eruptions from the extratropical Southern Hemisphere, whose cooling behavior is poorly known

due to the lack of long and robust proxy records (Neukom et al. 2014; Higgins et al. 2022).

Third, volcanic cooling can be underestimated due to inevitable noise in proxy records
(Christiansen and Ljungqgvist 2017; Neukom et al. 2018). The phenomenon is a direct result of the
necessary reconstruction approach that “scales” proxy data (both noise and real climate) relative
to climate observations (Lee et al. 2008). In fact, the “loss of variance” that would result from
(ordinary least-square) regression-based reconstruction methods (Lee et al. 2008) has been
partially mitigated by using the linear-scaling method for our pseudo-reconstructions. The volcanic
cooling magnitude and duration can still be potentially reduced by as much as half in
reconstructions with a correlation of 0.53 with the high-frequency domain of temperatures (i.e.,
CEuro in Fig. 4). Moreover, although a climate correlation of ~0.5 is a lower bound for MXD, it
generally represents an average climate sensitivity for the more widely used tree-ring-width data
(Anchukaitis et al. 2017). In addition, ring-width data include stronger biological memory that
attenuates, lags, and extends apparent volcanic cooling over time (Esper et al. 2015; Licke et al.
2019; Zhu et al. 2020). Thus, noisy ring-width data (Esper et al. 2015) and even MXD in regions
where tree growth is less limited by temperatures are less suitable for studying volcanic effects.

At the same time, proxy noise exists in more complicated forms in the real world than our
assumption of white noise. In tree-ring series, proxy noise can be time-varying (see Fig. S5 for

time-varying temperature sensitivity) and introduced by various factors such as variable sample
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replication, heterogenous sample types (Esper et al. 2016), disturbance during tree growth (Rydval
et al. 2018), as well as tree-ring standardization (Helama et al. 2017) and reconstruction methods
(Lee et al. 2008). Accordingly, individual proxy records may fail to accurately capture volcanic
cooling even if they show a high correlation with climate during the calibration period, as shown
by some local chronologies in CEuro and NEuro (see Fig. S14 and Table S1). In our study, local
MXD chronologies are less strongly correlated with summer temperatures than the regional
reconstructions (Table S1; Fig 1b) and they showed variable responses even within the same region
(Fig. S14). The highly diverse volcanic responses in CEuro also indicated that the noise can be
related to species-specific effects (e.g., larch budmoth frequently affected MXD of larch at the site
Lots over the last millennium, Esper et al. 2007), seasonality (Fig. S1), as well as spatial
representation of proxy (most CEuro sites are from high-elevation Alps and Pyrenees). All these
factors have contributed to the strongly biased volcanic responses in the CEuro reconstruction,
which was actually calibrated using temperatures covering a large spatial domain (Methods).
Currently, proxy noise issues in the CEuro reconstruction have hampered a straightforward
assessment of regional volcanic imprints in spite of the relatively consistent responses to tropical
eruptions among CMIP6-PMIP4 simulations (Fig. 5c). Incorporating multiple high-quality proxy
series unaffected by insect and fire disturbances with improved spatial coverage would offer a
feasible way to further mitigate the proxy noise and thus lead to a more robust understanding of

volcanic impact on the regional scale, such as in CEuro.

In addition, the significance of SEA is reduced by unforced variability, a major component of
the Earth’s climate variability that occurs on all spatial and temporal scales (Hegerl et al. 2007).
As a non-volcanic “noise”, unforced variability can dilute the volcanic signal, reduce the statistical
power of SEA to identify significant cooling, and even alter the cooling magnitude depending on
feedback mechanism of local climate in response to eruptions. Because unforced variability is
much stronger on the regional than hemispheric scale (Fig. S15), extracting unbiased volcanic
imprints from regional climate reconstructions with both strong unforced variability and proxy

noise is a great challenge.

b. Performance of CMIP6-PMIP4 models

Climate system responses to volcanic eruptions can be further studied comparing simulations

of general circulation models (GCMSs) and proxy-based reconstructions, yet the performance of
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GCM simulations needs to be evaluated. According to our results, the mean of the five simulations
adequately reproduced the average response of summer temperatures to large tropical eruptions in
the three circum-North Atlantic regions (Figs. 5a—c), though the lack of precise eruption month for
unidentified events is a potential bias as eruption season can affect the responses of climate models
(Toohey et al. 2011, 2019; Stevenson et al. 2017; Zhuo et al. 2021). On the other hand, regional
responses tend to vary among individual simulations (Figs. 5a-c), despite the agreement on the
hemispheric scale (Fig. S16a). This, along with inconsistent timing of cooling for single eruptions
(Figs. S11, S12), indicates that the simulated unforced (internal) variability depends highly on the
CMIP6 model (Table 1) (Pausata et al. 2015, 2016; Zanchettin et al. 2022). Ensemble simulations
from multiple GCMs and multiple simulations per model are needed to study climate responses to
volcanic eruptions, particularly when investigating regional scales (Pausata et al. 2015; Sjolte et
al. 2021).

In contrast, the CMIP6-PMIP4 models appear to be less capable of simulating the response to
NHET eruptions on regional scales (Figs. 5d-f). Even at the hemispheric scale, individual CMIP6-
PMIP4 simulations show less consistent responses to NHET than to tropical eruptions (Fig. S16).
This relatively poor performance may in part stem from large uncertainties in the reconstruction
of volcanic aerosols after NHET eruptions, since the general rules for extratropical eruptions are
not well understood (Crowley and Unterman 2013). First, unlike reconstructions of volcanic
forcing for tropical eruptions having transfer functions based on a nuclear bomb test and Pinatubo
observations (1991 CE), the transfer functions for extratropical events have frequently relied on
model simulations of the Laki (1783 CE) and Novarupta (1912 CE) eruptions due to a lack of
observations (Gao et al. 2007). Second, estimating the forcing of Icelandic eruptions is problematic
because a large proportion of sulfate flux recorded in Greenland ice cores came from the
troposphere rather than the stratosphere (Crowley and Unterman 2013; Toohey and Sigl 2017).
Third, the simulated aerosol properties and forcing of NHET eruptions are strongly dependent on
the eruption season and sulfur injection height (Toohey et al. 2019). The much weaker simulated
than reconstructed cooling in ECan further suggests that the CMIP6-PMIP4 volcanic forcing for
extratropical eruptions does not appear to be a strong overestimate, a result contrary to a model
study (Aubry et al. 2020). More precise reconstructions of volcanic forcing for extratropical
eruptions would be needed to better study how GCMs respond to different types of volcanic

eruptions.

21

Accepted for publication in JOUH&F of Clithate DOT 101 1 75/JCLIED 23-0 10714070ed 06/15/23 12:21 Pt UTC



c. Why is Eastern Canada more sensitive to large volcanic eruptions?

Our data-model comparison additionally reveals that large tropical eruptions on average have
a more pronounced cooling effect on the western than the eastern North Atlantic regions, a pattern
in line with the 20" Century Reanalysis (Fig. S17) and the EKF400 paleo-reanalysis (Bronnimann
et al. 2019). The SEAs based on gridded and normalized multimodel mean (Fig. S18) also confirm
that this phenomenon is related neither to different areas used to produce three regional averages
(Methods) nor to the different variances of regional temperatures series. To investigate what could
have caused a stronger summer cooling in ECan, we compared region-specific volcanic response
of the five CMIP6-PMIP4 and the full-forcing EBM simulations, concentrating on the maximum
cooling at the year t + 1. The EBM simulation showed that the volcanic forcing alone is insufficient
to induce a stronger cooling in ECan than in NEuro and CEuro (Fig. S19), although the EBM only
accounts for a simplified radiation budget (Hegerl and Zwiers 2011; Ziegler and Rehfeld 2021).
This points out that some positive feedback after large tropical eruptions most likely enhanced the

summer cooling in the western North Atlantic region.

In fact, three out of the five CMIP6-PMIP4 simulations captured extremely cold episodes in
ECan one year after tropical eruptions (MIROC, MPI0, and MPI1; see Fig. S19), all associated
with a significant increase in sea-ice cover over the Labrador Sea and Hudson Bay regions during
May-July (the left panel in Fig. 6). Sea ice growth in these regions can increase the average albedo
(Ziegler and Rehfeld 2021), reflecting more solar radiation into space and thus cooling down
regional temperatures. Post-eruption summers in ECan can be further cooled by potential
atmosphere-ocean heat exchange with colder-than-normal sea waters surrounding the Quebec-
Labrador Peninsula (see strong correlations between MJJA temperatures in ECan and the adjacent

seas in Fig. S6).

According to the MIROC and MPI0 simulations, the anomalous May-July sea-ice growth and
enhanced summer cooling in the eastern Canadian subarctic are most likely associated with
intensified sea ice near Quebec-Labrador and the positive Arctic Oscillation (AO) and the North
Atlantic Oscillation (NAO) in the first winter after tropical eruptions (Figs. 6¢, d). During the
positive winter NAO, representing lower sea-level pressure near Iceland and higher-than-normal
pressure near the Azores Islands, cold conditions with more sea ice can occur across Eastern
Canada (Figs. 6¢, d; Wallace and Gutzler 1981; Boucher et al. 2017). Thus, more sea ice is
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expected to remain until the next summer which further cools temperatures in this region (an
additive effect to the cooling directly forced by volcanic aerosols). Although the positive NAO is
also in conjunction with warmer-than-normal winter in Northern Eurasia (Wallace and Gutzler
1981; Fischer et al. 2007), the surrounding winter and summer sea ice is not decreased significantly
after tropical eruptions in most CMIP6-PMIP4 simulations (Fig. 6). This suggests that the stronger
cooling in ECan is less likely due to the damped summer cooling in Europe. Indeed, the NAO
feedback mechanism is consistent with multiple lines of evidence from instrumental and reanalysis
data (Fig. S17) (Mysak et al. 1996; Robock 2000; Christiansen 2008; Wunderlich and Mitchell
2017), climate reconstructions (Fischer et al. 2007; Ortega et al. 2015; Sjolte et al. 2021), and
model studies (Zambri and Robock 2016; Swingedouw et al. 2017; Paik and Min 2018), which
reported the intensification of polar vortex and the occurrence of positive NAO after large volcanic
eruptions (Robock and Mao 1995; Robock 2000). Notably, the MRI simulation also produced a
weak positive AO- and NAO-like structure (Fig. 6b). However, the associated winter cooling
around Quebec-Labrador is not significantly colder than non-eruption years and the summer
cooling is not stronger in ECan than in Europe in this simulation (Fig. S19).

Our analyses also underline that not all the five CMIP6-PMIP4 simulations produced
consistent dynamical responses such as the positive winter AO and NAO. A particular interest
regarding the model-specific response comes from the MPI0 and MPI1 runs (Figs. 6d, ) from the
same model (van Dijk et al. 2022). Although both simulations showed stronger summer cooling
along with sea ice growth in Eastern Canada than Europe after tropical eruptions, they displayed
different NAO patterns, again suggesting the potential role of variable initial conditions and
modelled unforced variability for GCM simulations.

Contrary to tropical eruptions, a recent study revealed that NHET ones can induce a negative
phase of NAO in post-eruption winters and summers (Sjolte et al. 2021). Applying these
assumptions to our study, then the summers in Eastern Canada may not be more sensitive to NHET
eruptions than in Europe. However, we did observe contrarily a more pronounced cooling in the
ECan reconstruction, although the CMIP6-PMIP4 simulations did not capture this feature (Figs.
5d-f). More robust proxy and model evidence is needed to investigate region-specific response to

NHET eruptions in the North Atlantic region.
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Fig. 6. SEA responses of CMIP6-PMIP4 simulated seasonal climate variables to tropical
eruptions. Only the responses for Year t + 1 are shown. MJJ SIC: May-July sea-ice concentration;
DJF SIC: December—February sea-ice concentration; DJF Temp: December—February surface air
temperature at 2m; DJF SLP: December—February sea-level pressure. Note the January was set the
reference year for the DJF variables. Thus, DJF shown here is the season before the MJJ season.
The black dots indicate significant changes (« = 0.1) compared to 5 pre-eruption years calculated
using the random bootstrapping significance test (Supplementary Text S4). Gray shading:
unavailable sea ice coverage.
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5. Conclusion

This study re-examined the impacts of tropical and NHET eruptions on the last-millennium
land summer temperatures in three regions surrounding the North Atlantic Ocean (ECan, NEuro,
and CEuro). While confirming that strong tropical eruptions had a more persistent cooling impact,
on average, than the relatively weaker NHET eruptions in all three regions, we emphasize that the
results of SEA depend strongly on the selection of volcanic events as well as proxy noise, and
unforced climate variability. Developing more high-quality, annually resolved proxy records
covering a wide spatial domain, in particular, the highly temperature-sensitive MXD data, is still
demanded to potentially mitigate proxy-related noise for a more accurate investigation of volcanic

imprints, especially in regions with very strong unforced climate variability.

In this study, we also assessed for the first time the performance of the state-of-art CMIP6-
PMIP4 models to simulate volcanic responses. These new last-millennium simulations have shown
a good performance in reproducing the average response of summer temperatures to tropical
eruptions on regional and hemispheric scales. But the skill to simulate the significant response to
NHET eruptions is generally poorer in terms of both cooling magnitude and persistence, likely due
to potential uncertainties in estimating the forcing of NHET eruptions, and model sensitivity. A
more comprehensive assessment of the CMIP6-PMIP4 last-millennium simulations requires a
larger ensemble, but its generation has lagged behind other CMIP6-PMIP4 experiments (see
https://pcmdi.linl.gov/CMIP6/ArchiveStatistics/esgf _data_holdings/PMIP/index.html). In

addition, dating uncertainty in the volcanic forcing leads to some disagreement between
simulations and the real-world proxy data. Efforts to improve dating precision in volcanic

reconstructions may further improve model-proxy comparisons over the last millennium.

We also found that the western North Atlantic is the most sensitive to tropical eruptions among
the three studied circum-North Atlantic regions. Tropical eruptions may have produced positive
phases of AO and NAO and amplified the colder-than-normal conditions in the first post-eruption
winter near Quebec-Labrador, associated with sea ice growth. Accordingly, volcanic cooling in
the following summer can be sustained by the increased sea ice. It, however, remains a question
whether NHET eruptions could also lead to a colder summer in western than eastern North Atlantic

as suggested by the three regional MXD-based reconstructions.
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