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ABSTRACT: We critically reexamine the question of whether volcanic eruptions cause surface warming over Eurasia in
winter, in the light of recent modeling studies that have suggested internal variability may overwhelm any forced volcanic
response, even for the very largest eruptions during the Common Era. Focusing on the last millennium, we combine model
output, instrumental observations, tree-ring records, and ice cores to build a new temperature reconstruction that specifi-
cally targets the boreal winter season. We focus on 20 eruptions over the last millennium with volcanic stratospheric sulfur
injections (VSSIs) larger than the 1991 Pinatubo eruption. We find that only 7 of these 20 large events are followed by
warm surface temperature anomalies over Eurasia in the first posteruption winter. Examining the 13 events that show cold
posteruption anomalies, we find no correlation between the amplitude of winter cooling and VSSI mass. We also find no
evidence that the North Atlantic Oscillation is correlated with VSSI in winter, a key element of the proposed mechanism
through which large, low-latitude eruptions might cause winter warming over Eurasia. Furthermore, by inspecting individ-
ual eruptions rather than combining events into a superposed epoch analysis, we are able to reconcile our findings with
those of previous studies. Analysis of two additional paleoclimatic datasets corroborates the lack of posteruption Eurasian
winter warming. Our findings, covering the entire last millennium, confirm the findings of most recent modeling studies
and offer important new evidence that large, low-latitude eruptions are not, in general, followed by significant surface
wintertime warming over Eurasia.

KEYWORDS: Volcanoes; Stratophere-troposphere coupling; Climate records; Tree rings; Climate variability;
North Atlantic Oscillation

1. Introduction

The idea that volcanic eruptions cause surface warming in
the boreal winter over the Eurasian continent originated from
several noteworthy papers that appeared in the years follow-
ing the Pinatubo eruption in June 1991. On the basis of a
dozen eruptions over the last two centuries, these papers prof-
fered observational (e.g., Robock and Mao 1992, 1995) and
modeling (e.g., Graft et al. 1993; Kirchner et al. 1999) evi-
dence showing that posteruption surface warming over the
northern continents could be a consequence of volcanic aero-
sols. While surprising at first, because one naïvely expects
cooling from reduced insolation in the presence of volcanic
aerosols, these early papers proved greatly influential, in large
part because their claims were based on a physically plausible
mechanism, which we refer to here as “the stratospheric
pathway” (e.g., Graft et al. 1993; Kodera 1994).

In a nutshell, the stratospheric pathway consists of the
following sequence of events: 1) volcanic aerosols from a low-
latitude eruption}being longwave absorbers}produce sig-
nificant warming in the tropical lower stratosphere; 2) through
thermal wind balance, the tropical stratospheric warming
results in a strengthening of the winter stratospheric polar
vortex; and 3) this strengthening causes a positive phase of
the North Atlantic Oscillation (NAO), which in turn induces
downstream warm surface temperature anomalies over Eurasia.
It is important to emphasize two sine qua non conditions for
this mechanism to be operative. First, the eruption needs to
occur at low latitudes, where the upwelling stratospheric cir-
culation allows the aerosols to remain in the stratosphere
for months following the eruption. Second, the surface effect
it induces would only exist in the winter months, as the
stratospheric polar vortex only exists between November and
March.

While the belief that low-latitude volcanic eruptions can
cause boreal winter warming, via the stratospheric pathway,
quickly became widely accepted, subsequent observational
and modeling studies reported surprising results. For instance,
Fischer et al. (2007)}the latest and most comprehensive
paleoclimatic study}analyzed 15 low-latitude eruptions after
the year 1500 using a temperature reconstruction over Europe
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(see the appendix) and found that the surface warming in
their dataset was actually stronger in the second, rather than
in the first, posteruption winter. This is difficult to reconcile
with the simple fact that the amount of aerosol left in the at-
mosphere 2 years after an eruption is considerably smaller
than in the first year and that the stratospheric circulation pos-
sesses no memory from 1 year to the next.

On the modeling side, the results reported in the last decade
have proven even more puzzling. With only a couple of excep-
tions (e.g., Zambri and Robock 2016), nearly all recent studies
have consistently found that state-of-the-art models simulate
no significant forced boreal winter warming following the
Pinatubo eruption. For instance, Bittner (2015) reported no
statistically significant forced Eurasian warming in the first
post-Pinatubo winter after averaging over 100 simulations1

from the Max Planck Institute Grand Ensemble (Maher et al.
2019). Similar conclusions were reported in Thomas et al.
(2009a,b), Driscoll et al. (2012), Toohey et al. (2014), and
Wunderlich and Mitchell (2017). The widespread disappear-
ance of the expected posteruption forced warming in the more
recent models even led some authors to “raise concern for the
ability of current climate models to simulate the response of a
major mode of global circulation variability to external for-
cings” (Driscoll et al. 2012).

A resolution to this conundrum was proposed by Polvani
et al. (2019). Analyzing three large ensembles of state-of-the-
art models, they first reported that no forced post-Pinatubo
warming in the Eurasian winter was present in those models,
in agreement with the findings of most previous studies. Sub-
sequently, examining individual members in each ensemble,
they noted that many members simulate Eurasian warming
comparable to and even larger than the one observed in the
first winter after the Pinatubo eruption; moreover, they noted
that many members simulate large posteruption winter cool-
ing when forced with identical aerosols. Polvani et al. (2019)
thus concluded that state-of-the-art models are perfectly capable
of capturing the winter warming that was observed following
the Pinatubo eruption and, more importantly, inferred that the
observed post-Pinatubo winter warming}in all likelihood}was
nothing more than internal (i.e., unforced) variability and was
not caused by the volcanic aerosols.

To explore the generality of that conclusion, Polvani and
Camargo (2020) then investigated the Krakatau eruption of
August 1883. That event is the only other large, low-latitude
eruption in the instrumental period, allowing the posteruption

Eurasian winter temperature anomalies to be estimated from
direct observations. Examining three different temperature
products derived from observations, Polvani and Camargo
(2020) showed that the Eurasian winter temperatures were
again anomalously warm in the first post-Krakatau boreal
winter but highlighted the fact that those anomalies only fell
between 1s and 2s of the unforced natural variability (as in
the case of Pinatubo). Hence, without the use of any models,
they argued that the first post-Krakatau boreal winter warm-
ing was unexceptional because many Eurasian winters in the
instrumental record exhibit larger warming without a preced-
ing summer eruption. Also, confirming the findings from the
1991 Pinatubo eruption, they found no statistically significant
forced boreal winter temperature response in the first post-
Krakatau winter in over 40 state-of-the-art models.

Taken together, these recent modeling studies cast consid-
erable doubt on the ability of large, low-latitude eruptions to
cause Eurasian winter warming anomalies that stand out from
internal variability. If indeed the stratospheric pathway is op-
erative at all, the next step is to consider eruptions larger than
Krakatau or Pinatubo. On the modeling front, two studies
have explored such events.

In the first study, Azoulay et al. (2021) performed and ana-
lyzed 100-member ensembles of simulations with a stratospheric-
resolving model, exploring stratospheric injection amplitudes
ranging2 from 2.5 to 20 Tg(S). First, they confirmed the absence
of any statistically significant Eurasian winter warming when
the model was forced with Pinatubo aerosols. Second, they re-
ported small, yet statistically significant, forced winter warm-
ing over some regions of northern Eurasia with sufficiently
large eruptions using synthetic aerosols from the Easy Volcanic
Aerosol (EVA) protocol (Toohey et al. 2016). They found the
threshold for significance3 to be at 10 Tg(S) and a forced
winter warming of about of 18C over Scandinavia and northern
Eurasia.

In the second study, DallaSanta and Polvani (2022) indepen-
dently confirmed these results. Using a different stratosphere-
resolving model, they performed and analyzed smaller
20-member ensembles with the same EVA aerosols, but ex-
plored a larger range of stratospheric injections, progressively
doubling the injection mass from 5 to 160 Tg(S). They also
found small yet statistically significant warming over parts of
Eurasia in the first posteruption winter in their model, with
the threshold at 20 Tg(S). However, they emphasized two
additional aspects. First, they noted that a large number of
eruptions is needed to establish statistical significance: for in-
stance, for a 40-Tg(S) injection}which is larger than all but
one of the eruptions that are known to have occurred in the
last millennium (LM; see Table 1)}eight or more eruptions

1 It is important to appreciate how the early model used by Graft
et al. (1993) compares with the more recent one used by Bittner
et al. (2016). The latter is a stratosphere-resolving atmospheric
model, with 47 vertical levels and a model top at 0.01 hPa, inter-
actively coupled to ocean, land, and sea ice components and forced
with realistic volcanic aerosol distributions that are then passed on
to the radiative transfer scheme. The former was an atmosphere-
only model, with only 19 vertical levels and a low model top at
10 hPa, run under perpetual January conditions (i.e., without a
seasonal cycle), with prescribed sea surface temperatures and sea
ice concentrations, and only forced with an externally computed
heating rate but without any actual volcanic aerosols in the model
itself.

2 As a point of reference, Pinatubo and Krakatau resulted in in-
jections of 8.78 and 9.34 Tg(S), respectively, according to the latest
estimate (TS17). See Table A1.

3 This threshold value is only a little larger than the Pinatubo
and Krakatau estimates of sulfur injection mass, but the EVA
aerosols produce a stronger forcing so that, with a 100-member en-
semble, a small but statistically significant surface response can be
established.
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are needed to establish significance (and many more for smaller
mass injections). Second, they reported that the forced winter
warming over Eurasia, for up to 80-Tg(S) eruptions, is smaller
than one standard deviation of the internal year-to-year vari-
ability of Eurasian winter temperatures. They thus concluded
that even for the very largest eruptions over the LM, any post-
eruption winter warming anomalies would be largely un-
remarkable over Eurasia.

These two modeling studies offer a hint that while Pinatubo
or Krakatau may not be sufficiently strong, perhaps even
larger low-latitude eruptions might be able to produce some
observable winter warming over Eurasia. Hence, the goal of
this paper is to reexamine the paleoclimatic record over the
LM in light of the most recent modeling work. Seeking evi-
dence for posteruption Eurasian winter warming (presumably
via the stratospheric pathway), we have produced a new tem-
perature reconstruction over the LM specifically designed for
this purpose by assimilating temperature observations and re-
taining only those proxies that have sensitivity in the winter
months [December–February (DJF)]. With this new recon-
struction, we then examine the largest 20 low-latitude erup-
tions of the LM. As detailed below, we find that 13 of those
20 events show Eurasian surface cooling in the first posterup-
tion winter, which stands in sharp contrast to the claims made
in most of the earlier literature, notably the study of Fischer
et al. (2007) who concluded that eruptions are followed by
winter warming over Europe.

The paper is laid out as follows: In section 2, we describe
how the new surface temperature reconstruction was obtained
and validated, how the analyzed eruptions were chosen, and
how the temperature anomalies were computed. The key
results are then presented in section 3, where the new

posteruption boreal winter temperature anomalies for each of
the LM events are individually shown in the context of the un-
forced variability over Eurasia. In section 4, we reexamine the
earlier literature, notably the seminal study of Robock and
Mao (1992), the study of Fischer et al. (2007), and the recent
reconstruction of Eurasian winters by Reichen et al. (2022).
We demonstrate how methodological issues and, in particular,
the widespread}and often inappropriate}averaging of large
and small eruptions, have been at the root of the earlier claims
of a forced posteruption winter warming, which we herein
show is not supported by paleoclimatic estimates. We conclude
with a summary and discussion.

2. Data and methods

a. The new Winter Temperature Eurasian Data
Assimilation (WinTEDA) reconstruction

Our new paleo data assimilation temperature reconstruction}
called WinTEDA}is based on the same methodology used for
the Paleo Hydrodynamics Data Assimilation (PHYDA) product
(Steiger et al. 2018) but with two key differences. First, in
WinTEDA, we also include instrumental observations in the
assimilation process. Second, in WinTEDA, we only include
proxies with DJF sensitivities.

WinTEDA was built as follows: We retrieved long instru-
mental data from the Berkeley Earth Observatory repository
(Rohde and Hausfather 2020) and individual stations and se-
lected only those stations (a total of 367) that contained data
prior to 1850 and at least 10 years of continuous data. We
combined that information with 365 Eurasian high-resolution
paleoclimatic proxy time series, comprising 340 tree-ring
series and 25 ice core records, shown in Fig. 1a. Even though

TABLE 1. The 20 tropical volcanic eruptions greater in magnitude than Pinatubo 1991, from the eVolv2k_v2 database (TS17),
ordered chronologically. The unknown month, day, or latitude (within the tropics) of the eruption is indicated as “}”. The symbol
“-/-” is used to indicate that there are no dating uncertainties in the year of the event. The s indicates the uncertainty. Asterisks
denote the eruptions occurring after 1500. This set of 20 eruptions is referred to as TVEev.

Name Year Year (s) Month Day VSSI (TgS) VSSI (s) Latitude (8)

*Krakatau 1883 -/- 8 27 9.34 1.91 26
*Cosigüina 1835 -/- 1 20 9.48 2.21 13
*Babuyan Claro 1831 61 } } 12.98 3.41 19.5
*Tambora 1815 -/- 4 10 28.08 4.49 28
*Unknown 1809 -/- } } 19.26 3.54 }

*Unknown 1695 61 } } 15.74 2.88 }

*Parker 1640 -/- w 26 18.68 4.28 6.1
*Huaynaputina 1600 -/- 2 17 18.95 4.03 216.6
*Nevado del Ruiz 1595 -/- 3 9 8.87 1.51 4.9
*Colima 1585 -/- 1 10 8.51 2.34 19.5
Unknown 1458 61 } } 32.98 4.8 }

Kuwae 1453 61 } } 9.97 3.07 }

Unknown 1345 -/- } } 15.11 2.86 }

Unknown 1286 61 } } 15.06 2.79 }

Unknown 1276 -/- } } 11.53 1.63 }

Samalas 1257 -/- 7 } 59.42 10.86 28.4
Unknown 1230 61 } } 23.78 5.24 }

Unknown 1191 -/- } } 8.53 1.49 }

Unknown 1171 61 } } 18.05 3.67 }

Unknown 1108 61 } } 19.16 4.71 }
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many more proxy records are available over Eurasia, we
selected only those proxies with DJF sensitivity, specifically
with a significant (p , 0.05) correlation with the Berkeley
Earth Observatory instrumental data in DJF over the 1920–
2000 calibration period. Additionally, following the applica-
tion of a dual detrending process to eliminate nonclimatic
signals from the trees, we rely on the resulting residual chro-
nology to examine year-to-year high-frequency variability,
which aligns with the specific focus of our study and avoids
the potential memory effect seen in tree-ring width records
(e.g., Tejedor et al. 2021a). The data assimilation method
was subsequently applied by including the physical con-
straints of an atmosphere–ocean climate model simulation
(in this case, we used the CESM-Last Millennium Ensemble
Project (CESM-LME) simulation number 10; Otto-Bliesner
et al. 2016) to develop the DJF temperature reconstruction.
The data assimilation approach is naturally probabilistic and
provides an ensemble of equally likely reconstructions. For
this paper, we analyze a random sampling of 100 members
from the original 998 (as in PHYDA). Because of the way in
which the reconstructions are done, the ensemble does not
necessarily provide the uncertainties in the traditional way.
Instead, it provides the mean of the spread across the differ-
ent members.

We have confined our analysis to the period 1000–1900 CE,
as the proxy availability prior to 1000 CE is very limited (see
Fig. 1b). We specifically targeted the boreal winter season
(December–February) near-surface temperature, which
was reconstructed on a 28 latitude–longitude grid (following
the resolution of the model simulation). We calculated the
temperature anomalies in degrees Celsius with respect to
1000–1900 CE. Finally, we use the year of December month
to label the WinTEDA temperature reconstruction, e.g.,
the WinTEDA year 1600 temperature is the average of
December 1600 and January–February 1601.

To assess the quality of our reconstruction, we computed
several metrics for the verification period (1871–1919). For
each grid point, we first validated the reconstruction by
computing both the coefficient of efficiency (CE; Nash and
Sutcliffe 1970) and the point-by-point Pearson’s correlations
between each of the grid cells and the nearest station of
the Berkeley Earth Observatory instrumental data. The
WinTEDA skill is especially good for western Europe, including
CE values . 0.8 (not shown) and high Pearson’s correlations
(r . 0.7, p , 0.05; Fig. 1c), with easternmost Siberia displaying
the lowest estimates, although still presenting skillful metrics.
We then computed the continuous ranked probability score
(CRPS): this measures the difference between the WinTEDA
and the observed values. Then, we calculated the continuous

FIG. 1. The new data assimilation product (WinTEDA), targeting DJF temperature over Eurasia. (a) Network of
proxy and long instrumental records used in WinTEDA. (b) Data availability over the LM. (c) Pearson’s correlation
for each of the reconstructed grid points and the Berkeley Earth instrumental data for DJF temperature at 2 m over
the validation period (1871–1919, i.e., the calibration period 1920–2000 is not shown), including both the proxy and
the instrumental data. (d) As in (c), but for including only proxy data. (e),(f) As in (c),(d), but for the CRPSS.

J OURNAL OF CL IMATE VOLUME 375656

Brought to you by Columbia University | Unauthenticated | Downloaded 10/17/24 01:17 PM UTC



ranked probability skill score (CRPSS): this is the reconstructed
CRPS computed with respect to the CRPS of a reference distri-
bution (i.e., CRPSS ; 1 2 CRPSrec/CRPSref), here chosen to
be the initial uninformed CESM climate model simulation. We
use CRPSS instead of CRPS because CRPS has the reference-
less range of (0 to ‘), while CRPSS has the range (2‘ to 1).
Recall that a positive CRPSS indicates that the reconstruction
is more skillful than the uninformed prior. As shown in
Figs. 1c and 1e, WinTEDA shows overall good reconstruction
skill over Eurasia, with a mean CRPSS of ;0.8 over that region
for the validation period (1871–1919 CE). Such high skill meas-
ures are somewhat expected given that we included instrumental
records in the assimilation method. To address this consideration,
we present the performance of the reconstruction using only
proxies within the calibration period from 1920 to 2000 CE
(see Figs. 1d,f, where only the validation results over the period
1871–1919 CE are shown). While the reconstruction’s perfor-
mance is naturally reduced after dropping instrumental data,
Figs. 1d and 1f clearly indicate a skillful reconstruction, particu-
larly for the period prior to the mid-seventeenth century when in-
strumental data are unavailable.

Finally, it is important to note that WinTEDA was con-
structed as an offline data assimilation product. An important
implication of this approach is that while the model simula-
tion that was incorporated as the prior has explicit temporal
histories tied to the prescribed forcing in the model, the tem-
poral information is not incorporated in the data assimilation
methodology, i.e., the timing of climate events such as volca-
nic eruptions or trends over specific periods (e.g., twentieth
century warming) is not dictated by the prior. Consequently,
all temporal structure in WinTEDA is tied specifically to the
information contained in the assimilated observational and
proxy networks (Steiger et al. 2018; Tardif et al. 2019).

While we believe that WinTEDA is a reliable reconstruc-
tion that allows us to explore the climatic effects of large vol-
canic eruptions over the entire LM, in sections 4b and 4c, we
carefully compare WinTEDA to two other winter reconstruc-
tions. The first one was used in the Fischer et al. (2007, hereafter
F07) study that reported posteruption winter warming over
Europe (Luterbacher et al. 2004). The second, referred to as
EKF400_v2 (Valler et al. 2022), is a global data assimilation
product that includes proxies and observational instrumental
temperature and pressure data. As we show below, for the
boreal winters following large eruptions, WinTEDA is in good
agreement with these two other reconstructions.

b. Last millennium volcanic data

As reviewed in the introduction, two key ingredients are
important for an eruption to produce a detectable surface im-
pact over Eurasia via the stratospheric pathway: first, the
eruption must produce a large stratospheric injection and sec-
ond, that injection must occur at low latitudes. There is now
ample evidence that eruptions as large as Pinatubo (1991) are
simply not strong enough to produce a detectable surface im-
pact via the stratospheric pathway mechanism. We therefore
confine our analysis herein to those low-latitude eruptions
over the LM that are larger than Pinatubo.

To identify such events, we employ the most recent global
volcanic forcing reconstruction database, called eVolv2k_v3
[Toohey and Sigl 2017 (hereafter TS17), 2019], which is based
on a suite of ice core records from Greenland and Antarctica.
This database reports estimates of source latitude and magni-
tude [in terms of volcanic stratospheric sulfur injection (VSSI)]
for all major events from 500 BCE to 1900 CE. The eVolv2k_v3
database represents a significant advancement over prior esti-
mates that relied on volcanic forcing reconstructions with greater
chronological uncertainty (Crowley and Unterman 2013; Gao
et al. 2008). Accurately selected eruption dates are crucial for re-
solving subannual to annual volcanic responses in the proxy data
and for detecting the potential posteruption boreal winter warm-
ing over Eurasia (see Zhu et al. 2022 for a cautionary tale about
the importance of selecting events when the sample size is rela-
tively small).

In eVolv2k_v3, we find 20 low-latitude eruptions larger
than Pinatubo (i.e., with VSSI . 8.78 Tg S) over the period
covered by WinTEDA (1000–1900 CE). Their names (when
known) and properties are listed in Table 1; for consistency,
we will refer to this set as the “tropical volcanic events from
eVolv2K_v3” (TVEev). The largest event in this set is the
Samalas eruption of 1257, with a VSSI near 60 Tg(S), followed
by an unknown event in 1458 with a VSSI of 33 Tg(S),
followed by the well-documented Tambora eruption of 1815 at
28 Tg(S). Except for Samalas, these eruptions are at most a
few times as large as Pinatubo in terms of VSSI, but with a
total of 20 events, one would hope that TVEev should allow
detection of a winter surface impact over Eurasia if a robust
forced response exists.

c. Analysis methods

We focus our paper on the first DJF winter following each
eruption. There has been much confusion about this in the
earlier literature, with papers considering both the first and
the second winter (e.g., F07) or a mixture of the two (e.g.,
Robock and Mao 1992). In recent years, a consensus has
emerged that only the first posteruption winter should be ex-
amined (e.g., Zambri and Robock 2016; Polvani et al. 2019;
Azoulay et al. 2021), as there is no memory in the strato-
sphere that would persist beyond the first posteruption winter.
Nonetheless, due to uncertainties in the dating of several
eruptions in the LM, we also briefly examine the second post-
eruption winter to ensure that our conclusions are robust.

We define the surface temperature anomalies as the differ-
ence between a given boreal winter and the mean of the pre-
vious five winters (the reference period). This definition
follows Polvani et al. (2019) and has been shown to be robust
to the length of the averaging period (Polvani and Camargo
2020). In some earlier studies (Stenchikov et al. 2006; Driscoll
et al. 2012), reference periods of different lengths were chosen
for different eruptions. We believe this to be an inferior
choice, as the impact of different eruptions is thereby quanti-
fied with different metrics. We also note that the anomalies in
many modeling studies (e.g., Azoulay et al. 2021) are not de-
fined as we do here. Rather, they are defined as the difference
from a control integration with identical initial conditions but
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with no eruption. As shown in DallaSanta and Polvani (2022),
these two methods yield comparable answers. However, the
second method cannot be used to analyze observations or re-
constructions}hence our choice.

Finally, we will present many maps of temperature anomalies
over the entire Northern Hemisphere, but in several figures, we
synthesize the results with a single number by averaging over a
simple latitude–longitude box covering the bulk of Eurasia.
Following Polvani et al. (2019), we use the region from 408 to
708N and from 08 to 1408E to define this box. While there is
some small sensitivity to the choice of the averaging region
(Azoulay et al. 2021; DallaSanta and Polvani 2022), the key
conclusions of our study are robust across a range of choices.

3. Posteruption Eurasian surface temperature anomalies
in the context of internal variability

a. Posteruption winter temperature anomalies

The key result of our study is presented in Fig. 2, where the
surface temperature anomalies in the first posteruption winter
over Eurasia are shown for each of the 20 events in TVEev

(Table 1). In contrast to the posteruption warming as reported

in much of the previous literature, we find that 13 out of 20 of the
selected events are followed by a winter cooling over the Eurasian
box. This cooling is especially prominent for the boreal winters of
1600/01, 1695/96, 1640/41, 1809/10, and 1286/87, with anomalies in
excess of 218C. Interestingly, we also find a number of posterup-
tion winters with warm anomalies: the largest of these is found to
be the boreal winter of 1883/84, immediately following the Kraka-
tau eruption of August 1883, with a Eurasian mean warming of
1.78C, in good agreement with the instrumental values reported
by Polvani and Camargo (2020; see their Fig. 3).

As Fig. 2 only shows the ensemble mean anomalies for
each event, in Fig. 3, we present the entire distribution of the
posteruption Eurasian wintertime anomalies across all 100
WinTEDA members, for each of the 20 eruptions in TVEev,
with blue/red filled boxplots (the green empty boxplots are
discussed later in section 4c). Note that these distributions
show the variance across ensemble members for each eruption,
which is not strictly the uncertainty, because much of the spread
of the ensemble has been removed by the compositing process.
Thus, the boxplot distributions tend to have larger variance
when more proxy and observational data inform the reconstruc-
tion (with decreasing information, the data assimilation process

FIG. 2. Ensemble mean surface temperature anomalies in the WinTEDA reconstruction, for the first winter (DJF) following the
20 eruptions in TVEev (see Table 1; the readers who fear a warming signal might be lurking in the second posteruption winter will be reas-
sured after consulting the appendix). The events are shown in order of decreasing VSSI. Asterisks denote events with dating uncertainties.
The box over Eurasia, as in Polvani et al. (2019), is used for computing the Eurasian mean values.
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tends to increasingly favor the prior ensemble and thus reduce
the reconstructed mean variance). This explains why the
spreads in Fig. 3 appear larger for the post-1800 eruptions than
for the earlier ones. The absence of instrumental data for the
oldest eruptions makes them appear less uncertain than the
most recent ones, but of course, this is unlikely to be the case.

With this in mind, it is instructive to note that some erup-
tions show a wide range of possible temperature anomalies.
Consider, for instance, the large Cosigüina eruption of 1835:
although the median value is approximately21.08C, some en-
semble members show a cooling as large as 22.88C, while
many members show a posteruption warming as large as
1.88C. Alternatively, consider the event with the largest me-
dian warming, the Krakatau eruption of 1883, and note that
some members of the reconstruction ensemble show cooling.
This is not a flaw in the WinTEDA reconstruction but reflects
intrinsic uncertainties associated with observational estimates
of the eruption response over Eurasia: Polvani and Camargo
(2020) analyzed that same eruption with a 56-member ensem-
ble of the twentieth century reanalysis (Compo 2011) and also
reported that while the ensemble mean showed warming, sev-
eral members of that reanalysis showed post-Krakatau cool-
ing. Most previous studies dealing with the climatic effect of
volcanic eruptions, however, have largely failed to highlight
the small value of the signal-to-noise ratio.

It is important to note that although we have plotted the
eruptions in decreasing order of amplitude (in terms of
VSSI), the cooling shown by the blue bars in Fig. 3 does not

monotonically decrease from left to right. In fact, the corre-
lation coefficient between posteruption winter Eurasian cool-
ing and VSSI is small and insignificant (r 5 20.19, p , 0.414).
Considering specific events, the third and fourth largest
events (1815 and 1230) show posteruption winter warming,
while the two largest events show cooling. Conversely, the
three coldest posteruption winters in WinTEDA}occurred
in 1600/01, 1695/96, and 1640/41}correspond to eruptions
with a VSSI of approximately 19, 16, and 19 Tg(S), which
are not the three largest eruptions of the LM, and are
barely twice the amplitude of the 1991 Pinatubo eruption.
These examples illustrate that the signal-to-noise challenge
is daunting.

With the above results in mind, we now ask: what can one
actually conclude from Fig. 3? We highlight several facts in
this regard. First, 13 of 20 eruptions show Eurasian winter
cooling in the ensemble mean, larger than 21.08C for seven
events. Second, in each of the events with an ensemble mean
warming, one or more ensemble members show cooling. In
contrast, for 10 of 13 events with ensemble mean cooling,
none of the ensemble members show warming. Third, lump-
ing all eruptions and all ensemble members in a single sample
(of size 2000), we find that over the LM, a large, low-latitude
eruption is followed by an anomalously cold Eurasian winter
68.4% of the time. Taken together, we claim that theWinTEDA
reconstruction leads us to conclude there is simply no evidence
that large, low-latitude volcanic eruptions cause winter warming
over Eurasia.

FIG. 3. Distributions of posteruption surface temperature anomalies in the first winter (DJF)
following each of the 20 eruptions in TVEev, averaged over the Eurasian box shown in Fig. 2.
For each event, labeled by the year of occurrence on the abscissa, a black box-and-whisker plot
summarizes the distribution of the 100 WinTEDA members. For the 7 events after 1600, green
boxplots plots show the EKF400_v2 anomalies (30 members). Filled boxplots are for WinTEDA,
and empty boxplots are for EKF400_v2. In each boxplot, the dark line shows the median, the
edges of the boxes are 25th and 75th percentiles, the whiskers extend to 1.5 standard deviations
above or below the median, and the outliers are shown in circles. Events are sorted, left to right,
by decreasing VSSI. Bold years highlight events with both datasets available.
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To corroborate this conclusion, we also examined whether
any evidence exists in support of the stratospheric pathway
mechanism. There are no observations of the state of the
stratosphere hundreds of years ago, but because the strato-
spheric polar vortex is known to impact surface conditions via
the NAO (e.g., Baldwin and Dunkerton 2001), we have ana-
lyzed one NAO reconstruction (Cook et al. 2019) seeking evi-
dence of the stratospheric pathway. First, we examined the
entire NAO time series over the LM and found a small but
statistically significant correlation between that NAO recon-
struction and the WinTEDA Eurasian winter surface temper-
ature (r 5 0.20, p , 0.01, n 5 1000). We then examined the
20 posteruption winters: as one can see in Fig. 4, there is no
correlation between the NAO anomalies and the VSSI in the
posteruption winter, nor is there one between the Eurasian
mean temperature and the NAO anomalies. Recall that most
recent modeling studies (Azoulay et al. 2021; DallaSanta and
Polvani 2022) have shown that 20 events may not be sufficient
to establish a statistically significant NAO response (should
one actually exist) to the volcanic aerosols. Our WinTEDA
analysis is consistent with these modeling results.

We also add that the lack of correlation between the ampli-
tude of the volcanic eruptions and the winter NAO seen in
Fig. 4a confirms the findings of Osman et al. (2021), who also
found no linkage between the North Atlantic jet and volcanic
eruptions over the past 1250 years. That study, incidentally,
contradicts the earlier findings of Ortega et al. (2015), who an-
alyzed a new NAO reconstruction over the LM and claimed
that a positive NAO anomaly emerges in the second poster-
uption winter. The very fact that two papers can be found in
the extant literature reporting diametrically opposite claims
speaks volumes as to the lack of robustness of the proposed
stratospheric pathway mechanism.

Finally, leaving aside the question of which specific physical
mechanism may or may not be responsible for the posterup-
tion anomalies, we ask a simpler}yet more important}
question: are the winters following the 20 largest, low-latitude

eruptions of the LM exceptional in some way? In other words,
are they noticeably different from the winters that do not fol-
low a large eruption? To answer that question, we examine
the posteruption winter temperature anomalies in the context
of all winter temperature anomalies over Eurasia in Fig. 5.

The boreal winter temperature distribution, computed
from the nearly 1000 WinTEDA winters at our disposal
(minus the 20 posteruption winters), is shown by the black
curve in Fig. 5. Note that the 2s range is approximately628C,
in good agreement with the values reported by Polvani and
Camargo (2020) over the shorter instrumental period (from
roughly 1850 to present). What is immediately clear from
Fig. 5 is that most of the surface temperature anomalies

FIG. 4. Scatterplots between (a) the NAO index and VSSI and (b) Eurasian surface temperature and the NAO in-
dex, in the first winter after the 20 volcanic eruptions in the LM (TVEev). Blue/red dots show the years with posterup-
tion Eurasian winter cooling/warming (averaged over the boxes shown in Fig. 3). Warmest (1883) and coolest (1600)
posteruption winters are highlighted. Regression lines are shown in black; associated Spearman’s rank correlation co-
efficients, and p values, are shown in the top-right corner of each panel.

FIG. 5. Winter (DJF) surface temperature anomalies averaged
over the Eurasian box shown in Fig. 2. Black line: distribution for
all winters over the preindustrial LM (1000–1900 CE) but exclud-
ing the 20 TVEev winters, with the black dashed lines showing the
61s and 62s ranges. A nonparametric kernel density estimator
was used to visualize the density distribution. Colored lines: the
20 posteruption winters, averaged over the 100-member WinTEDA
ensemble: blue for the anomalously cold winters and red for the
warm winters. Labels at the top indicate the warmest and coldest
winters following TVEev, respectively.
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following the 20 largest eruptions of the LM (the colored
bars) are within the 2s range of the all-winters distribution
and thus unremarkable. Specifically, only 3 of the 20 events
fall outside the 2s range (all cold anomalies) and only 10 of
20 fall outside the 1s range (all cold anomalies except for
one). The clear message from Fig. 5 is that, based on surface
temperature anomalies alone, one would be unable to distin-
guish the posteruption boreal winters from the rest.

b. Posteruption summer temperature anomalies

Although the stratospheric pathway is not operative in the
summer (June–August) months, as the polar vortex disap-
pears in the spring, it is nonetheless instructive to examine the
posteruption summer temperatures over Eurasia. To do this,
we analyze the original PHYDA reconstruction (Steiger et al.
2018) because it incorporates a much larger network of prox-
ies than WinTEDA and because it was created to target the
summer growing season. For each of the 20 eruptions in
TVEev, the 100-member ensemble of PHYDA anomalies in
JJA are shown in Fig. 6. For all 20 events, the ensemble
means show cooling. In fact, except for three members for the
1276 event and for an additional two members for the 1191
event, the remaining 1995 (of the total 2000) members across
all 20 eruptions show summer cooling.

More importantly, we emphasize that even in boreal summer,
the posteruption cooling anomalies need to be considered in the
context of those arising from internal variability alone. As for
the winter season, we find little correlation between the magni-
tude of the summer cooling and the VSSI (r 5 0.2), again indi-
cating a considerable role for internal variability, which obscures
the expected link between VSSI magnitude and surface cooling.
Nonetheless, as shown in Fig. 7, we find that 12 events exceed
the 2s range in summer, with two events larger than 4s: this is a

clear indication of a forced cooling response to the eruption
emerging in the boreal summer months.

4. Reconciling our finding with previous studies

The key finding of our study}the lack of evidence for a win-
ter warming in Eurasia following large, low-latitude volcanic
eruptions}is at odds with the findings reported by nearly all
previous studies on this subject, which have consistently argued
that such winters are anomalously warm. It is imperative,
therefore, that we explain how previous studies reached a
different conclusion. We have no room for an exhaustive dis-
cussion of all previous studies, so we have decided to focus pri-
marily on the most recent and comprehensive4 paleoclimatic
study (F07) to explain in detail how their conclusion was ar-
rived at and why it differs from ours. We also repeat our analy-
sis with another recent temperature reconstruction (Valler
et al. 2022; Reichen et al. 2022) to corroborate our findings. Be-
fore doing so, however, we briefly reexamine the seminal study
of Robock and Mao (1992) and other early studies to illustrate
the history of the postvolcanic boreal winter warming claim
and the weak foundations on which it was built.

a. Robock and Mao (1992) and other early studies

Following an early suggestion by Groisman (1992), Robock
and Mao (1992) first proposed the winter warming idea in the
wake of the large 1991 Mount Pinatubo eruption. Their analy-
sis focused on a dozen eruptions from 1883 to 1991, and we

FIG. 6. As in Fig. 4, but for summer (JJA) and using PHYDA (Steiger et al. 2018). Green empty
boxplots show the EKF400_v2. Bold years indicate events present in both datasets.

4 We here confine our discussion to observational studies alone,
i.e., those based on temperature reconstructions. There is a much
larger body of modeling studies. For a review of those, we refer
the reader to the discussion sections in Polvani et al. (2019) and
DallaSanta and Polvani (2022).
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highlight three issues that we find particularly problematic.
First, of the 12 eruptions examined by Robock and Mao
(1992), six occurred at midlatitudes: for those events, a strato-
spheric pathway is unlikely to be operative, as the volcanic
aerosols are unable to force an anomalous equator-to-pole
temperature gradient in the stratosphere. Second, the first
posteruption boreal winter was analyzed by Robock and Mao
(1992) for the low-latitude events, but for the high-latitude
eruptions, the second winter was used. There is no clear justi-
fication for this choice given that there is no memory in the
stratosphere5 from one winter to the next. Third, and most
importantly, other than 1991 Pinatubo and 1883 Krakatau
(and 1912 Katmai, at a latitude of 588N), all other eruptions
analyzed in Robock and Mao (1992) are associated with small
events (,8 Tg S). Given the relatively small expected magni-
tude of the forced responses and the very large internal
variability of midlatitude continental winter temperatures, av-
eraging a couple of large events with many smaller events
contaminates a possible small signal with a lot of noise.

A subsequent study by Robock and Mao (1995) suffers
from similar issues, which are aggravated by the addition of
two eruptions at high latitudes [Askja (in 1875) located at
658N and Mount Saint Helens (in 1980) located at 468N].
These two early studies were highly influential and were fol-
lowed by later efforts that, while attempting to provide addi-
tional evidence for a Eurasian posteruption winter warming,
in fact reached conclusions that were couched in very cautious
language. For instance, Kelly et al. (1996) analyzed only five
events and reported “a limited high latitude warming” adding,
however, that “the lack of statistical significance associated
with this finding is troubling.” Jones et al. (2003) analyzed 15
eruptions using temperature reconstructions going back to
the seventeenth century over three regions: central England,
Fennoscandia, and central Europe. Again, averaging across
high- and low-latitude eruptions and eruptions of different
magnitudes, they found no evidence of posteruption winter
warming over central England and central Europe; as for
Fennoscandia, they reported that their data “indicate slight

warming . . . but the significance level is not reached.” Finally,
Shindell et al. (2004) analyzed 18 eruptions dating back to
Huaynaputina (1600) and, again averaging over eruptions with
disparate magnitudes, reported that “warm anomalies occur
throughout northern Eurasia,” yet noted that “the interannual
variability is larger than the mean response to volcanic erup-
tions nearly everywhere.” Furthermore, rather than focusing
on DJF alone (when a strong polar vortex is present in the
stratosphere), Shindell et al. (2004) analyzed the surface
temperature averaged from October to March; this is a prob-
lematic choice because there is no stratosphere–troposphere
dynamical coupling in October, November, or March, as one
can see from Fig. 1a of Baldwin et al. (2003).

b. Fischer et al. (2007)

One common trait of the above studies is a technique
known as superposed epoch analysis (SEA; Hegerl et al.
2003), which is very common in the study of the climatic im-
pact of volcanic eruptions. SEA characterizes volcanic im-
pacts by compositing over a set of eruptions and referencing
them all to their eruption year as the common year zero. This
compositing is done for eruptions based on different criteria,
but it is often done for eruptions with vastly different magni-
tudes. SEA has proven useful in documenting the long-term
hydroclimatic (see e.g., Rao et al. 2017; Tejedor et al. 2021a;
Anchukaitis et al. 2010) or temperature (e.g., Stoffel et al.
2015; Tejedor et al. 2021b) impacts of volcanic eruptions,
which might involve oceanic feedbacks (for example). This
technique may be misleading,6 however, when addressing the
specific issue of Eurasian winter warming, for which the
signal-to-noise ratio is likely to be small. As highlighted in
Polvani et al. (2019), the volcanic impact we are seeking to
characterize is a forced response to an external agent; thus,
the amplitude of the response is expected to grow with the
amplitude of the forcing. Averaging large eruptions, such as
Samalas or Tambora, together with much smaller eruptions,
as in SEA applications, may therefore significantly obscure
the nature of the forced response over specific regions be-
cause of the high levels of internal variability. In other words,
since the signal-to-noise ratio is small, averaging over erup-
tions of different sizes dilutes the strong signal of the larger
events while adding noise from the smaller ones, hence pro-
ducing a nonrobust result. We illustrate this explicitly below,
as we contrast our findings with those of F07.

Recall that F07 focused on 15 large, low-latitude eruptions
over the last half millennium using the Luterbacher et al.
(2004, hereafter LUT04) reconstruction. For clarity and re-
producibility, those 15 eruptions are listed in Table A1; they
include many that we have analyzed in WinTEDA and sev-
eral smaller ones. Averaging over their 15 eruptions, F07 re-
ported that “in the Northern Hemisphere, winter volcanic
forcing induces . . . a significant overall warm anomaly and
wetter conditions over Northern Europe.” Surprisingly, this
warming}which F07 interpreted as the response to volcanic

FIG. 7. As in Fig. 5, but for summer (JJA).

5 We wish to highlight that all recent modeling studies have con-
fined their analysis to the first posteruption winter only. See, for
instance, the reasoning of Zambri and Robock (2016).

6 For a critique of SEA, in the context of solar cycle impacts, see
Haurwitz and Brier (1981).
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aerosols}was found to be larger in the second posteruption
winters (see their Fig. 2), which is at odds with a stratospheric
polar vortex impacting the NAO. Because we are aware of no
physically plausible reason for expecting a circulation-driven
temperature response in the second posteruption winter, our
attempts to reconcile our results with those of F07 will now
focus exclusively on the first posteruption winters.

We start by examining the average posteruption Win-
TEDA temperature anomalies for our 20 TVEev events, over
the same Eurasian region used by F07. This SEA average,
shown in Fig. 8a, reveals a statistically significant winter cool-
ing in northern Europe, especially over Scandinavia and west-
ern Russia, as one might expect from the individual events
shown in Fig. 2. This directly contradicts the winter warming
shown in Fig. 2a of F07.

We bridge the gap between the F07 results and those in
Fig. 8a in three steps. First, we limit our SEA to cover the same
time period as F07, i.e., the last half millennium. Averaging solely

over the 10 TVEev events in the period 1500–1900 (those marked
with an asterisk in Table 1), yields a strong Eurasian cooling in
WinTEDA, shown in Fig. 8b. Second, using the same set of
10 events (all larger than Pinatubo), we repeat the SEA but with
the LUT04 reconstruction used in F07. We find no posteruption
warming in LUT04 from those 10 events (see Fig. 2c), all larger
than Pinatubo. Third, using the same LUT04 reconstruction, we
swap the 10 TVEev eruptions with the 15 eruptions in F07 (listed
in Table A1). This yields a strong winter warming over northern
Europe (seen in Fig. 8e), just as reported in Fig. 2a, F07.

Having independently reproduced the winter warming re-
sult in F07, we can now explain its origin. Before doing so, we
close the loop by taking the same 15 events in F07 and
performing an SEA using WinTEDA. The resulting average,
plotted in Fig. 8d, shows no significant winter warming over
central Europe and a much-reduced cooling over northern
Europe. Obviously, the conclusion one reaches is very sensi-
tive to the events included in the SEA and the reconstruction

FIG. 8. SEA of European surface temperature anomalies in the first posteruption winter (DJF), over the area ana-
lyzed by F07. (a) The average of 20 eruptions larger than Pinatubo from 1500 to 2000 CE (TVEev; Table 1), using
WinTEDA. Stippling indicates significant values at the 95% confidence level. (b) As in (a), but for the 10 eruptions
between 1500 and 1900. (c) As in (b), but for using the LUT04 reconstruction. (d) As in (b), but for the 15 eruptions
in F07. (e) As in (d), but for using the LUT04 dataset.
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used. Such sensitivity is typical of a very weak forced signal}
an important conclusion, which confirms what many of the early
studies repeatedly reported.

Next, we address three questions. First, contrasting in
Figs. 8b and 8c, we ask: how do we explain the absence
of strong cooling over northern Europe as we go from
WinTEDA to LUT04? Second, contrasting in Figs. 8c and 8e,
we ask: what causes the strong warming as we go from the
10 large events in TVEev to the 15 events in F07? Third, con-
trasting in Figs. 8b and 8d, we ask: why is the posteruption

cooling over Northern Europe greatly reduced when smaller
eruptions are included in WinTEDA? We answer each in
turn by comparing the temperature anomalies in WinTEDA
and LUT04 for individual events.

First, to explain the differences between Figs. 8b and 8c, we
divide the 10 larger-than-Pinatubo events over 1500–1900
(starred in Table 1) into two groups: five eruptions in the
nineteenth century and the remaining five in the sixteenth
and seventeenth centuries. For the former, shown in Fig. 9,
with WinTEDA in the left column and LUT04 in the middle

FIG. 9. First posteruption winter temperature anomalies for the nineteenth century TVEev events (see Table 1). (left) WinTEDA,
(middle) LUT04, and (right) EKF400_v2.
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column, the anomalies are in overall agreement, except for
1815/167 over southern Europe. For the latter, shown in
Fig. 10, multiple considerable discrepancies can be seen,

notably the winters 1695/96, 1640/41, and 1595/96, where
LUT04 anomalies (middle column) show large warming,
while WinTEDA anomalies (left column) show cooling. With-
out entering into the detailed merits8 of each reconstruction,
these large differences explain the muted cooling over north-
ern Europe in Fig. 8c compared to Fig. 8b. The key point,
however, is that if F07 had restricted their analysis to the 10
eruptions larger than Pinatubo, they would have reported a
posteruption boreal winter cooling, not a warming.

FIG. 10. As in Fig. 9, but for the seventeenth and sixteenth century TVEev events (see Table 1).

7 Notably, we find a different response for the Iberian Peninsula
and Italy, with warming in LUT04 and cooling WinTEDA. Since
the LUT04 reconstruction, many efforts have been made to re-
trieve additional early instrumental data from European cities.
Such is the case of the city of Barcelona (Prohom et al. 2012)
which now has a long instrumental temperature series starting in
1780 (included in WinTEDA). By looking at the Tambora winter
with respect to the five previous years’ mean, we detect a cooling
response (20.648C), which is in line with our study. We also find a
cooling response of 21.788C for the city of Milano (Maugeri et al.
2002).

8 We simply note here that several recent advances, not known
at the time F07 was published, have now resulted in accurate dat-
ing of several events, notably 1586 (now 1585 with no uncertainty)
and 1641 (now December 1640).
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FIG. 11. As in Fig. 9, but for Pinatubo 1991 and five other smaller eruptions included in the F07 averaging, but not present in
TVEev. Years with an * indicate that F07 subjectively selected the second winter after the eruption instead of the first.
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This leads us to the second question: what causes the strong
warming in Fig. 8e that is not seen in Fig. 8c? The answer lies in
the small eruptions included in the SEA analysis in F07; these
eruptions are illustrated in Fig. 11. Notice that, except for the
winter of 1673, all of these events show considerable warming,
in both reconstructions (in spite of some dating readjustment).
The crucial point is this: if indeed volcanic aerosols cause winter
warming, why would there bemore warming when weaker erup-
tions are added to the SEA? If the SEA averaging is indeed cap-
turing a forced response, Fig. 8d should show more warming
than Fig. 8e because it includes larger eruptions. Because the op-
posite happens, we conclude that the SEA is actually adding a
lot of noise and a very little signal, resulting in a larger warming
that is not the forced response.

This is confirmed by addressing the third question. If, as
Fig. 2 suggests, large eruptions are mostly followed by winter
cooling over Eurasia, we would expect a smaller cooling when
the smaller eruptions are included in the SEA averaging. This
is indeed the case, as one can see comparing Fig. 8b with
Fig. 8d, which both use the same WinTEDA reconstruction
and only differ in the eruptions used.

c. Reichen et al. (2022)

The key point of the above discussion is that the original
claim of F07}of a posteruption winter warming}simply can-
not be reproduced with the WinTEDA dataset (as seen by
comparing the two bottom panels in Fig. 8). At this point,
then, the reader may wonder which dataset to believe. Fortu-
nately, a third winter reconstruction is available: it is referred to
as EKF400_v2 (Valler et al. 2022; Reichen et al. 2022), and we
analyze it next. Since that dataset only extends back to 1600,
only two of the five eruptions in Fig. 10 are available. Nonethe-
less, temperature anomalies for a total of seven eruptions in
TVEev can be computed (Figs. 9 and 10), plus an additional six
smaller eruptions included not in TVEev but in F07 (Fig. 11).
We draw the reader’s attention to several interesting points.

First, a visual comparison over Europe of EKF400_v2 and
WinTEDA}contrast the right and left columns of Figs. 9–11}
reveals an excellent agreement between the posteruption
Eurasian winter anomalies in the two datasets. The only ex-
ception appears to be the Cosigüina eruption of 1835 (Fig. 9,
second row), with cold anomalies in WinTEDA but warm
anomalies in EKF400_v2. The temperature anomalies are
otherwise very similar, providing mutual support to the robust-
ness of both datasets.

Second, we notice a few large differences between the
LUT04 dataset (which formed the basis of the F07 analysis)
and EKF400_v2. In particular, the clear warming in northern
Europe following the Parker eruption in 1640 is absent in
EKF400_v2 (and in WinTEDA). Also, the 1815 Tambora
eruption is followed by anomalous winter cooling in EKF400_v2
(and WinTEDA), but that cooling is largely absent in LUT04.
These discrepancies likely contributed to the warming signal re-
ported in F07, which is absent in the later reconstructions.

Third, enlarging the comparison to the entire Eurasian con-
tinent, let us consider the green boxplots in Fig. 3 that show
the EKF400_v2 anomalies and compare them to the black

boxplots that show WinTEDA. Of the seven events common
to WinTEDA and EKF400_v2, four have the same-signed
anomalies in the two reconstructions (1640, 1883, 1831, and
1835). For the three remaining events (1695, 1809, and 1815),
we limit ourselves to highlighting the large uncertainties
across the members of each reconstruction. We summarize
the EKF400_v2 results in Fig. 12: four posteruption winters
have shown warm anomalies and three posteruption winters
have shown cool anomalies. For the same eruptions in
WinTEDA, three posteruption winters have shown warm
anomalies and four posteruption winters have shown cool
anomalies. Taking these results together, we conclude that
there is no evidence for a posteruption winter warming from
these large, low-latitude eruptions.

That same conclusion, as it happens, can also be reached
from scrutinizing the supplemental material of a recent paper
(Reichen et al. 2022), which made use of the same EKF400_v2
reconstruction discussed herein. In their Fig. S6, one finds the
extended cold season (October–March) Eurasian posteruption
surface temperature anomalies for the low-latitude volcanic erup-
tions in Sigl et al. (2015) over the period 1701–1905. Unsurpris-
ingly, averaging over such eruptions, one finds cold anomalies
over Eurasia, just as one would obtain by averaging the panels in
Fig. 3 (which we deliberately avoid doing, as explained above).

5. Summary and discussion

We have built a new temperature reconstruction (WinTEDA)
over the last millennium, specifically designed to determine
whether anomalous surface warming over Eurasia can be seen
in boreal winters following low-latitude eruptions with large
stratospheric sulfur injections. We have examined 20 eruptions
larger than the 1991 Pinatubo event in WinTEDA (which incor-
porates temperature observations and only proxies with signals
maximized in the winter months), and we have found no evi-
dence of a forced warming signal over Eurasia in the first9 winter

FIG. 12. As in Fig. 5, but for the EKF400_v2 reconstruction (Valler
et al. 2022).

9 The curious reader will find the second posteruption winter
anomalies in Fig. A1 and note the unsurprising absence of a warm-
ing signal in that winter as well.

T E J E DOR E T AL . 56671 NOVEMBER 2024

Brought to you by Columbia University | Unauthenticated | Downloaded 10/17/24 01:17 PM UTC



following each event. This is the first important conclusion of
our study.

Our conclusion differs from much of the previous literature
because we have deliberately refrained from averaging
together low- and high-latitude eruptions, first and second

posteruption winters, and, most importantly, large and small
eruptions. None of these procedures can be firmly justified,
and we have explicitly shown how earlier reports of a poster-
uption Eurasian winter warming were a consequence of com-
bining incongruent events in the SEA average. Hence, the

FIG. 13. Temperature anomalies in the first winter following the 1883 Krakatau eruption from modified versions of the
WinTEDA reconstruction. (a)–(e) No instrumental data are used in the reconstructions, and only proxies dating back to
the twelfth to the sixteenth century, respectively, are included (the number of proxies is given in parentheses). (f) Anoma-
lies are computed from reconstructions with all available proxies only. (g) Anomalies in the full WinTEDA product, i.e., all
proxies and instrumental data. (h) As a reference, we show the 20CR reanalysis (Compo et al. 2011) for the same winter.
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second important conclusion of our study is that the widely
used SEA method can be misleading when trying to identify
the response to volcanic eruptions over small geographic re-
gions, where the signal-to-noise ratio is likely to be small. We
therefore suggest that future studies on the impact of volcanic
eruptions on surface climate examine individual events and
carefully test the robustness of any SEA averaging that in-
cludes both large and small eruptions.

The third important conclusion of our study is that}even
for large eruptions, such as those we have considered herein}the
volcanic signal needs to be examined and evaluated in the context
of internal variability. Our analysis has shown that, in the winter
months, the posteruption temperature anomalies over Eurasia for
the 20 largest eruptions in the LM are, in most cases, less than 2s
of the internal variability. If confirmed by future studies, this im-
plies that posteruption winters are unremarkable and thus difficult
to distinguish from other winters over Eurasia. This is not the
case for the posteruption summers, for which 12 of the 20 events
fall outside the 2s range and two events are outside the 4s range.

While the lack of posteruption winter warming over Eur-
asia in three independently derived reconstructions leads us
to conclude that large, low-latitude eruptions do not in fact
cause Eurasian winter warming, one could object10 that such
a conclusion is invalid and merely betrays “impatience with
ambiguity” on the grounds that “the absence of evidence is
not evidence of absence,” as famously noted by Sagan (1997).
Or, more simply, since most trees do not grow in winter, it is
possible that present-day reconstructions are simply incapable
of capturing any winter warming although it may actually ex-
ist. To refute this objection, we offer the 1883 Krakatau erup-
tion as evidence to the contrary.

Recall that the winter of 1883/84 was anomalously warm
over Eurasia (Polvani and Camargo 2020), while the preced-
ing summer was anomalously cold. Still focusing on the same
domain as in Figs. 8–11, which is common to all the datasets
we have analyzed here, in Fig. 13, we show the post-Krakatau
winter temperature anomalies in a series of modified WinTEDA
reconstructions with a progressively increasing number of proxies,
from the oldest to the most recent century. In Fig. 13a, the recon-
struction is based on assimilated proxies dating back to the twelfth
century, while excluding instrumental data. In Fig. 13b, we did the
same but with the thirteenth century proxies only; in Fig. 13c, we
did the same with the fourteenth century proxies only; and so on
until Fig. 13f, where all the proxies are included. In all these figure
panels, a clear warming pattern emerges although no instrumental
data are used. The warming becomes stronger once the instru-
mental data are added (Fig. 13g), and WinTEDA agrees with re-
analysis (Fig. 13h). But the key point of Fig. 13 is that no
instrumental data are needed to capture the warming that did oc-
cur in the first boreal winter after the 1883 Krakatau eruption.
The absence of evidence does amount to evidence of absence
here: we find no warming in the reconstruction because the
eruptions did not cause any observable warming. While it is
not unconceivable that uncertainties in the current datasets
and dating of the eruptions may mask a tiny warming signal,

at this time, no dataset shows a consistent posteruption warm-
ing, hence our conclusion.

Some readers may wonder how we can reconcile the ab-
sence of Eurasian posteruption winter warming in reconstruc-
tions, with the findings of the two most recent modeling
studies (Azoulay et al. 2021; DallaSanta and Polvani 2022)
that have reported statistically significant posteruption winter
Eurasian warming for large eruptions in their simulations.
Avoiding any speculation as to why models may be unrealisti-
cally simulating the impact of volcanic eruptions on climate,
the apparent inconsistency is easily resolved by appreciating
two key findings of these studies. First, even for the largest
eruptions of the last millennium, the forced warming in those
models was found to be, at most, comparable to the internal
variability. Second, statistical significance was obtained with
large ensembles of simulations (as the signal-to-noise ratio
can be made arbitrarily large by enlarging the ensemble). Hence,
it is entirely plausible that with only twenty events, many of which
were much smaller than the 1257 Samalas eruption, a small forced
signal is simply overwhelmed by the noise in the reconstructions,
leaving us with no evidence of a winter warming.

One might also wonder whether El Niño–Southern Oscilla-
tion (ENSO) may possibly impact the Eurasian winter
temperature response to large eruptions. In a recent paper,
Coupe and Robock (2021) have claimed that the presence
of El Niño conditions over the tropical Pacific is crucial
to produce postvolcanic winter warming, while two earlier
studies reported that El Niño does not affect the posteruption
Eurasian winter response (Christiansen 2008; Thomas et al.
2009b). Furthermore, El Niño conditions have been linked to
a negative phase of the NAO (Li and Lau 2012), which would
lead to Eurasian cooling, not warming. Regardless of these
findings in the literature, given the present confusion as to
whether ENSO affects the posteruption Eurasian winter tem-
peratures, we have examined the Niño-3.4 index before and

FIG. 14. The Niño-3.4 index, across the 20 TVEev events, from
3 years before to 3 years after the volcanic event (year 0) in the
DJF season of the PHYDA ensemble mean (Steiger et al. 2018).
The dark center line in each boxplot is the median, the edges of the
boxes are 25th and 75th percentiles, and the whiskers extend to 1.5
standard deviations above or below the median. Thin horizontal
dashed lines indicate the thresholds above or below which El Niño
(positive) or La Niña (negative) events occur, respectively.

10 We are grateful to one of the referees for proffering this objection.
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after the 20 TVEev events larger than Pinatubo in the LM.
We computed the index using the PHYDA ENSO reconstruc-
tion following the standard definition (Trenberth 1997). As
one can see in Fig. 14s, the median Niño-3.4 index is neither
consistently positive nor negative before, during, or after the
20 largest eruptions of the LM. This implies that ENSO is not a
major player in the posteruption Eurasian winter temperature
response. It also suggests that these very large eruptions
do not cause an anomalous ENSO, confirming the findings
of a number of previous studies (see, e.g., Dee et al. 2020;
Dee and Steiger 2022; and Zhu et al. 2022, for the latest on
this subject).

Finally, looking back at Figs. 2 and 3, one may be tempted to
conclude that posteruption Eurasian winters are}on average}
anomalously cold, as reported in Reichen et al. (2022). However,
as already noted, we find no correlation between the strato-
spheric injection mass and the winter cooling anomalies, and this
makes it difficult to suggest that the posteruption cooling is
caused by the preceding eruption. For this reason, we have
decided to limit our claim to a null result: the absence of a robust
posteruption Eurasian winter warming. This null result, nonethe-
less, challenges the original claim of Robock and Mao (1992) and
of much of the subsequent literature. It is therefore important that
future studies}using new temperature reconstructions, improved
dating techniques, and increased proxy networks}independently
corroborate (or invalidate) our findings. For the time being,
our results suggest a much simpler story than the complex strato-
spheric pathway mechanism: namely, that large, low-latitude
eruptions cause a small surface cooling}not only globally but
even in winter over Eurasia}as one would naively expect.
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APPENDIX

Miscellanea

a. Eruptions analyzed by F07

For completeness, we append here the list of 15 eruptions
analyzed in F07. The ones marked with an asterisk are those
not included in our 20 TVEev set and shown in Fig. 11.

b. Second posteruption winter temperature anomalies

At the suggestion of two reviewers, we have computed
the second posteruption winter anomalies in WinTEDA for
the 20 large eruptions in TEVev (see Table 1). As can be
seen in Fig. A1, of the 20 eruptions, 14 are anomalously
cold and 6 are anomalously warm, when averaging over the
Eurasian box, in the second winter. There is, again, no evi-
dence of warming in this second posteruption winter.

TABLE A1. Tropical volcanic eruptions used by F07 and the
dating they used. We have used TS17 for the dating of our
TVEev events. The symbol “-/-” indicates that there is no
difference in dating between F07 and TS17. The VSSI estimate
and uncertainty (s) are from TS17. Asterisks highlight the
smaller eruptions included in the SEA averaging in F07 but not
in our main analysis.

Name
CE
year

DJF
year

TS17
dating VSSI VSSI (s)

*Pinatubo 1991 1992 -/- 8.78 2.23
*El Chichon 1982 1983 -/- 2.65 0.90
*Agung 1963 1964 -/- 5.22
*Santa Maria 1902 1904 -/- 3.14 0.78
Krakatoa 1883 1884 -/- 9.34 1.91
Cosiguina 1835 1836 -/- 9.48 2.21
Babuyan Claro 1831 1831 -/- 12.98 3.41
*Galunggung 1822 1824 -/- 2.02 0.79
Tambora 1815 1816 -/- 28.08 4.49
Unknown 1809 1810 -/- 19.26 3.54
*Gamkonora 1673 1674 -/- 4.67 0.82
Parker 1641 1642 1640 18.68 4.28
Huaynaputina 1600 1601 -/- 18.95 4.03
Nevado del Ruiz 1595 1597 -/- 8.87 1.51
Kelut 1586 1587 1585 8.51 2.34
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