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Abstract This study provides a comprehensive analysis of the climate response in Northern Hemisphere
(NH) winter to major volcanic eruptions of the past, using multi‐member ensembles of historical experiments of
15 models from the Coupled Model Intercomparison Project Phase 6 (CMIP6) and three reanalysis data sets.
Focusing on the two largest historical eruptions of Krakatoa and Pinatubo, the results highlight a large model
consensus on the strengthening of the polar vortex and an associated increase in surface temperatures over parts
of Northern Eurasia in the CMIP6 multi‐model mean in the first winter following the eruptions. This finding is
consistent with models simulating a positive phase of the North Atlantic Oscillation (NAO). The responses of
the surface temperatures and winds show hardly any dependence on the phase of the El Niño‐Southern
Oscillation (ENSO).

Plain Language Summary This study investigates how major volcanic eruptions influence winter
climate in the Northern Hemisphere. We analyzed results from 15 climate models and reconstructed weather
data to understand the typical changes following the eruptions of Pinatubo (1991) and Krakatoa (1883). The
findings show that in the winters following these eruptions, the polar vortex ‐ the strong westerly wind system
high in the atmosphere over the polar regions—becomes stronger. This change is linked to higher‐than‐usual
near‐surface air temperatures across Northern Eurasia and a shift in the large‐scale weather pattern over the
North Atlantic, known as the North Atlantic Oscillation, toward lower sea level pressure over Iceland and higher
pressure over the Azores, which favors stronger westerly surface winds and milder winters over Europe. These
changes hardly depend on teleconnections from El Niño and La Niña conditions in the equatorial Pacific Ocean.

1. Introduction
Explosive volcanic eruptions can cause surface cooling by releasing large amounts of sulfur dioxide into the
stratosphere, which forms sulfate aerosols that scatter sunlight back into space (Robock, 2000). Contrary to the
global surface cooling after major volcanic eruptions in the tropics, warmer winters over Europe and Asia have
been observed (Robock & Mao, 1992, 1995). Robock (2000) attributes this surface winter warming to the
strengthening of the NH polar vortex, which leads to a positive phase of the NAO and, therefore, higher surface
temperatures across Europe. The enhancement of the polar vortex results from an increased meridional tem-
perature gradient in the lower stratosphere due to the heating of the volcanic aerosols in the equatorial
stratosphere.

Following studies suggest more complex pathways and additional mechanisms of the polar vortex response.
Stenchikov et al. (2002) proposed that ozone depletion, as a consequence of the volcanic eruption in the polar
region, leads to additional cooling and, hence, to further strengthening of the polar vortex. In addition, they
propose a reduction of the meridional tropospheric temperature gradient leading to reduced planetary‐scale wave
activity and, thereby, a less disturbed polar vortex. Poberaj et al. (2011) and Toohey et al. (2014), however, found
enhanced planetary wave activity and, hence, dynamically disturbed polar vortices in the Southern and Northern
Hemispheres following the Pinatubo eruption.

Previous studies have analyzed the ability of climate models to reproduce the observations in historical exper-
iments across the different phases of CMIP. Models in CMIP3 show a weak enhancement of the NH polar vortex
and no winter warming over Europe (Stenchikov et al., 2006). Similarly, Driscoll et al. (2012), find no sufficient
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strengthening of the NH polar vortex and no shift toward a positive NAO phase in CMIP5 models. In addition,
Charlton‐Perez et al. (2013) find no difference in the response to volcanic eruption between high‐ and low‐top
models of CMIP5. The sensitivity of reproducing the polar vortex response after Pinatubo was examined in
MPI‐ESM‐LR by Toohey et al. (2014), showing that a strengthening of the polar vortex depends on the spatio‐
temporal structure of the forcing. Moreover, Paik et al. (2023) identify a positive annular mode after the eruptions
of Krakatoa 1883 and Pinatubo 1991 based on reanalyses and CMIP6 models.

Three potential reasons for different model results in previous studies are the impact of internal variability in the
NH winter stratosphere (Krüger et al., 2005; Labitzke, 1982; Labitzke & Van Loon, 1999), a dependency of
responses on the strength of the volcanic forcing (Metzner et al., 2014; Schmidt & Black, 2022), and study
differences in the data analysis (Azoulay et al., 2021; Polvani & Camargo, 2020). Bittner, Timmreck, et al. (2016)
find variability in the polar vortex response to volcanic eruptions with magnitudes like those of Pinatubo and
Krakatoa, but larger eruptions like Tambora 1815 significantly strengthened the polar vortex. In addition, only
such strong eruptions produced the vortex response with a surface winter warming pattern (Bittner, Timmreck,
et al., 2016; Zambri ∧ Robock, 2016). Using the 100‐member ensemble of historical experiments from MPI‐
ESM‐LR, Bittner, Schmidt, et al. (2016) indicate that more than 15 individual simulations are needed to sepa-
rate a forced strengthening of the polar vortex from its internal variability. Moreover, the role of modes of internal
variability in modulating the response to volcanic forcing is under discussion. Specifically, there are different
results for the role of the El Niño Southern Oscillation (ENSO) in modulating the NH winter response to volcanic
eruption. Coupe and Robock (2021) suggest the need for a co‐occurrence of El Niño to reproduce the higher
temperatures following volcanic eruptions across Europe. However, Dogar et al. (2024) find no dependency of the
winter temperature response across Europe to the ENSO phase. Both Polvani et al. (2019) and Polvani and
Camargo (2020) argue that the observed surface winter warming following the eruptions of Krakatoa and
Pinatubo is indistinguishable from the large internal variability of the NH polar vortex strength and surface
temperatures across Eurasia. The required strength of an idealized volcanic forcing in MPI‐ESM‐LR is 2.5–5 Tg
(S) (magnitude between Agung 1963 and El Chichon 1982) for the polar vortex response and more than 10 Tg(S)
(stronger than Pinatubo 1991‐Krakatoa 1883) for the surface winter warming over Northern Eurasia (Azoulay
et al., 2021). These studies have also used different areas for computing the temperature response, namely Eurasia
(Polvani & Camargo, 2020) and Northern parts of Eurasia only (Azoulay et al., 2021).

These ongoing discussions underscore the need to revisit the Northern Hemisphere and European winter climate
response to major volcanic eruptions. Both a sufficiently strong eruption and a large enough ensemble size to
account for the large atmospheric variability seem to be key for simulating a significant response. Therefore, this
work examines the response of the stratospheric polar vortex in the NH winter after the two largest volcanic
eruptions, Krakatoa and Pinatubo, across CMIP6 historical experiments with each at least 10 ensemble members
and three reanalyses to account for both model‐to‐model differences and internal variability of atmospheric
dynamics. The focus is on testing the hypothesis that the response to the stratospheric aerosols from volcanic
eruptions depends on the ENSO phase and favors a strengthened polar vortex, positive NAO index, and higher
winter temperatures across Northern Europe.

2. Data and Methods
We use monthly mean output from 15 CMIP6 models, which have at least 10 ensemble members for the historical
simulations for 1850–2014 with details listed in Table S1 of Supporting Information S1. The models use the
prescribed stratospheric aerosol data set for CMIP6 by Thomason et al. (2018). We assume no difference between
high‐top and low‐top models (simulated atmospheric height below 1 hPa) in our analysis, since Charlton‐Perez
et al. (2013) and Paik et al. (2023) show similar results for high‐ and low‐top models in CMIP. Further, three
Reanalysis Products (20CRv3 (Slivinski et al., 2019), ERA5 (Hersbach et al., 2020), and JRA‐55 (Kobayashi
et al., 2015)) are used to compare the climate impact of volcanic eruptions in the historical period (Table S2 in
Supporting Information S1).

We interpolated the data for temperature, winds, and sea level pressure to a common horizontal grid with a
resolution of 192 × 96 grid cells in longitude and latitude. A second‐order conservative remapping in spherical
coordinates was applied (Jones, 1999). An ensemble mean across the realizations from each model was calculated
before averaging these 15 model means for the CMIP6 multi‐model mean. Our multi‐model means are therefore
multi‐model multi‐realization averages.
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The zonal and spatial anomalies for the first winter after the two volcanic eruptions were calculated relative to the
mean over the five NH winters (DJF) prior to the eruption, following earlier studies (e.g., Stenchikov et al., 2002;
Zambri & Robock, 2016). Specifically, the NH winter after the August 1883 eruption of Krakatoa, DJF 1883/84,
is compared against NH winter of 1878/79–1882/83, and the winter after the June 1991 Pinatubo eruption DJF
1991/92 is compared against NH winter of 1986/87–1990/91. The averaged anomalies across the two volcanic
eruptions were combined into a composite of the responses. To assess the winter surface warming over Eurasia,
the mean over two regions was computed, 40–70°N and 0–150°E as in Polvani and Camargo (2020), and 55–
80°N and 10–90°E as in Azoulay et al. (2021). The polar vortex strength was assessed at 60°N at 10 hPa as in
Polvani and Camargo (2020).

The principal‐component‐based NAO‐Index is calculated for each ensemble member for each NH winter using
the mean sea level pressure anomalies of the Atlantic region 20–80°N, 90°W–40°E (Hurrell et al., 2003). The
anomalies in NAO are calculated with respect to the 30‐year moving mean for each realization separately prior to
averaging across the multi‐model multi‐realization ensemble. The calculation of the Empirical orthogonal
function (EOF) is done by using the eofs‐Library (Dawson, 2016). Multi‐realization averages of EOF1 per model
are shown in Figure S1 of Supporting Information S1. For the ENSO phase, we computed the Oceanic Niño Index
(ONI) (NOAA classification; www.climate.gov/news‐features/understanding‐climate/climate‐variability‐oceani
c‐nino‐index, last access: 24 September 2025) following Vecchi and Soden (2007) and Khodri et al. (2017) based
on relative sea surface temperature (rSST). To eliminate the mean volcanic cooling after the eruption, we subtract
the tropical mean, computed as spatial average of SSTs between 20°S and 20°N, at each grid point prior to
computing ONI. The ONI is the rolling 3‐month average temperature anomaly of these residual rSSTs over the
Niño 3.4 region covering 5°N–5°S and 170–120°W. ONI of+0.5 or higher indicate El Niño and − 0.5 or lower La
Niña.

3. Results and Discussion
3.1. Global Mean

The CMIP6 multi‐model mean reproduces the expected climate responses in the global mean following major
volcanic eruptions between 1850 and 2014. Volcanic eruptions lead to an increase of the global mean aerosol
optical depth of 0.1–0.2 (Figure 1). Averaged across the models, we quantify a consistent increase in the global
means of the top‐of‐atmosphere outgoing shortwave radiation of 1–3 Wm− 2 and of the lower‐stratosphere
temperature of 1 K–3 K, while the global mean surface temperature decreases by up to 0.27 K, which is
similar in CMIP3 (Stenchikov et al., 2006) and CMIP5 (Driscoll et al., 2012). The magnitude of the global mean
cooling following the eruption of Pinatubo in the CMIP6 mean of − 0.18 K agrees well with the three reanalysis
data set assessed here (Figure 1d), consistent with Pauling et al. (2023).

Internal variability strongly affects simulated anomalies in the surface temperature and atmospheric circulation
patterns to volcanic forcings. In Figures 1e–1g, the average across CMIP6 for each winter is marked for zonal
winds surrounding the polar vortex (60°N at 10 hPa), NAO indices, and surface temperature across Northern
Europe. In the CMIP6 multi‐model mean, a strengthened polar vortex in the winter after volcanic eruptions can be
seen, especially for the strong eruptions of Pinatubo and Krakatoa (Figure 1e). This tendency is also reflected in a
mean positive NAO‐Index (Figure 1f), although the mean NAO‐Index is negative in the winter after the eruption
of Agung and has values of similar magnitude in some winters without preceding volcanic activity, for example,
in the 1940s. For the spatially averaged wintertime surface warming in Northern Europe (Figure 1g), the CMIP6
mean shows a strong response for the strongest volcanic eruption of Krakatoa. The eruption of Pinatubo and
smaller eruptions induce magnitudes of the mean surface warming in winter that fall within the variability for
wintertime temperature anomalies across the historical period. A strengthened polar vortex, therefore, does not
necessarily lead to surface warming in post‐eruption winters in Northern Europe, due to the internal variability of
atmospheric dynamics. This variability in the post‐eruption winters is also apparent for the polar vortex strength
and surface temperature in Northern Europe in individual CMIP6 models with some showing increases while
other ones decreases after volcanic eruptions (see Figure 4). Moreover, the time series reveal that the largest
response to volcanic forcings occurs in the first winter after the eruptions and is most pronounced for Krakatoa
and Pinatubo, for example, consistent with Bittner, Schmidt, et al. (2016), Zambri and Robock (2016). In the
following analyses, we therefore focus on the response in the first winter after these two eruptions.
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Figure 1. Time series of spatially averaged responses as simulated by the CMIP6 historical experiments. Shown are (a) stratospheric AOD of CMIP6 forcing data in
orange (Thomason et al., 2018), (b–d): multi‐model means of (b) top‐of‐atmosphere (TOA) Outgoing Shortwave Radiation, (c) Temperature anomaly at 50 hPa, and
(d) Temperature anomaly at the surface. (b–d): Shading in panels (b–d) marks twice the standard deviation between the means of individual models, black is the CMIP6
multi‐model mean, and colors following the legend in c are different reanalysis products. Values in panels (a–d) are deseasonalized and detrended using a 30‐year
moving median and shown as 12‐month running means. Panels (e–g): the CMIP6 multi‐model mean for NH winter (December to February) of (e) zonal wind anomalies
Δu in the polar vortex (60°N at 10 hPa), (f) NAO‐Index and (g) ΔT over Northern Europe (55–80°N and 10–90°E). Values for the winters are computed with a 30‐year
moving median such that the time axis covers 1865–1999. Shaded areas in panels (e–g) mark the 5th to 95th‐percentile range of the mean across winters in the CMIP6
historical experiments for 1865–1999 inclusive. Vertical gray lines in panels (a–g) mark the time of volcanic eruptions with names listed in panel (a).
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3.2. Spatial Patterns

The CMIP6 multi‐model mean for the first winter following the two strongest eruptions exhibits the expected
anomaly patterns for zonal wind, temperature, surface temperature, and sea level pressure with model consensus
at some but not all latitudes and heights (Figure 2). Specifically, the warming of the tropical lower stratosphere is
consistent for most CMIP6 models, with an average heating of up to 5.2 K (Figure 2a). For most of the tropo-
sphere, a cooling occurs, especially in the tropics, maximizing up to − 0.8 K near the surface with large model
consensus (Figure 2c). Toward high latitudes, CMIP6 model consensus appears for a lower stratospheric cooling
paired with stratospheric warming aloft. Northern Eurasia shows the expected surface winter warming pattern
with an average warming of up to 1.25 K in the CMIP6 multi‐model mean (Figure 2c), although not all models
agree on the sign of temperature responses to volcanic forcing in the mid‐latitudes.

The strengthening of the NH polar vortex is largely consistent across CMIP6 models with an increase in zonally
averaged zonal winds of up to 5.23 ms− 1 in the CMIP6 mean at 60°N around 10 hPa (Figure 2b). Model consensus
is also seen for the reduction of the SH summer easterlies in the tropical stratosphere of up to 8.2 m− 1 and the
subtropical jet in the NH of up to 2.8 m− 1 is simulated, similar to the response in Toohey et al. (2014).
Consistently, the mean‐sea level pressure response shows the pattern of a positive NAO phase, with an increase in
the pressure difference between the Icelandic low and the Azores high of around 3 hPa (Figure 2d).

We evaluate the degree of consensus of CMIP6 simulated responses by computing the number of models that
agree on a significant response of temperatures and zonal winds (Figure 3). Almost all models show a significant
warming of the tropical lower stratosphere, cooling across the tropical troposphere, reductions of the SH summer
easterlies in the stratosphere and of the subtropical jet in the NH in the winter after the two eruptions (Figures 3a
and 3b). Moreover, 11 of 15 models show a significant strengthening of the polar vortex (Figure 3b). The model
consensus on significant responses is typically smaller at surface level compared to higher altitudes, for example,
only some models show significant changes in the sea level pressure pattern in the North Atlantic and in the
surface winter warming in parts of Eurasia (Figures 3c and 3d).

Past analyses of the CMIP5 models concluded that models do not reproduce a strengthening of the polar vortex
(Charlton‐Perez et al., 2013; Driscoll et al., 2012), but assessing the response in the first winter after strong
volcanic eruptions might be important to separate the forced response from internal variability (Bittner,
Timmreck, et al., 2016; Zambri & Robock, 2016). Indeed, the CMIP6 multi‐model mean using at least ten‐
member ensembles of individual historical experiments shows the Eurasian surface warming response in the
first winter after the volcanic eruptions assessed here (Figures 3c and 3d). The simulated anomaly in sea level
pressure captures the observed and expected patterns and, compared to the CMIP5 model mean by Zambri and
Robock (2016), the pressure in the Azores High increases in the CMIP6 mean. Hence, our analysis also shows a
positive NAO in winters after eruptions, which is independent of the individual CMIP6 models in line with Paik
et al. (2023).

3.3. Internal Variability

Internal variability influences the NH stratospheric polar vortex and the surface temperature across Europe. For
illustrating the influence in attributing the climate response to volcanic forcing, we examine the response in
individual CMIP6 historical experiments in Figure 4. For the two strong volcanic eruptions in the historical
period, the variability of the polar vortex strength is clearly evident with most models indicating stronger westerly
winds in the polar vortex (at 10 hPa, 60°N). The multi‐model means indicate that the wind speed in the polar
vortex scales with the strength of the eruption, with stronger winds following the Krakatoa eruption compared to
Pinatubo (Figures 4a–4d).

Differences among the analyzed models are apparent, with varying numbers of models showing significant
regional anomalies. While the forced heating of the lower tropical stratosphere in the first winter after the volcanic
eruptions is captured in almost all models, the strengthening of stratospheric zonal mean wind in the NH is
simulated by fewer models, and associated changes in sea level pressure and surface temperatures in Eurasia in
even less models (compare Figures 3a–3d). Due to the influence of large internal variability during NHwinter, we
do not expect the forced near‐surface warm anomaly to occur over the same Euroasian domain in all individual
model realizations and in reanalysis data (compare Figure S2 in Supporting Information S1). For the same reason
the location of the surface winter warm anomaly can differ between observational data and models (Graf

Geophysical Research Letters 10.1029/2025GL120522

WEBER ET AL. 5 of 11

 19448007, 2026, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025G

L
120522 by K

arlsruher Institut Fur T
echnologie, W

iley O
nline L

ibrary on [08/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



et al., 2014; Paik et al., 2023), quite apart from potential simulation biases in processes like the stratospheric polar
vortex (Rao et al., 2022) and tropospheric dynamics, for example, mid‐latitude storm tracks (Schemm, 2023), that
both impact near‐surface weather.

The area for quantifying the spatial mean is particularly relevant for the Eurasian temperature response to the
extent that choosing a different regional average ‐ as was done in past studies ‐ can suppress the temperature
response from CMIP6 (see Figures 4a–4d). Using the Eurasian box, as defined by Polvani et al. (2019), no clear
surface winter warming signal is seen. Using the box across Northern Eurasia as in Azoulay et al. (2021) shows a
surface warming in the CMIP6 multi‐model mean. Nevertheless, the surface temperature response is variable
across individual historical experiment underlining the need for large ensembles to quantify the response. Many
ten‐member ensembles of individual models show the stronger polar vortex paired with a winter near‐surface
warming in Eurasia, with only few exceptions like INM‐CM5‐0 and MIROC‐ES2L (see Figure S3 in Support-
ing Information S1).

A positive NAO‐Index after the two eruptions is visible in many historical experiments (color‐coded in
Figures 4a–4d). Half of the individual ensemble members have a positive NAO‐Index of more than 0.5 for the
winter after the Krakatoa eruption paired with a stronger polar vortex and Eurasian near‐surface warming, seen as
model responses in the upper right quadrants of Figures 4a–4d. Most but not all individual model realizations tend
to a positive NAO in post‐eruption winters that fall at the upper end of the distribution of NAO indices arising
from internal variability of the atmosphere (Figure S4–S5 in Supporting Information S1). Our NAO results are
consistent with the stratospheric pathway for the dynamics response to volcanic forcing (Bittner, Timmreck,
et al., 2016; Robock, 2000; Stenchikov et al., 2002), namely an enhanced meridional temperature gradient in the
lower stratosphere leading to a stronger polar vortex, and pressure changes in the troposphere that are charac-
teristic for a positive NAO. Polvani et al. (2019), Polvani and Camargo (2020) questioned the relationship be-
tween the observed winter anomalies and the role of the volcanic eruptions, as the large variability of the NH

Figure 2. Composite CMIP6 multi‐model mean for NH winter after the Krakatoa and Pinatubo eruptions. Shown are mean
anomalies of (a) zonal temperature, (b) zonal wind, (c) surface temperature, and (d) sea level pressure averaged across all
models and the two eruptions in shading. Areas with less than 70% of the models agreeing on the sign of the anomaly are
hatched. Gray contours are isolines for the mean over the five winters before the eruptions with (a) 15 K, (b) 15 m− 1, (c) 10 K,
(d) 6 hPa increments. The mean topopause height from CNRM‐ESM2‐1, IPSL‐CM6A‐LR, UKESM1‐0‐LL, GISS‐E2‐1‐G and
CESM2 for NH winter 1986–1991 is marked with a thick gray line in panels (a, b).
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winter atmosphere masks the volcanic signal. The analysis of the large ensemble of the CMIP6 historical
experiment and the variability between the individual ensemble members suggests that the observed and
postulated stratospheric pathway is reproduced in the CMIP6 models for the two strongest eruptions in the
historical period. However, the large NH winter variability in temperatures and winds also allows for results that
are weaker or opposite to those observed in the 20th century. Large numbers of simulations and care about the
choice for spatial averaging are required to separate the forced volcanic response from internal variability.

In contrast to the NAO‐phase, we find no dependence on ENSO for the winter response to volcanic forcing
(Figures 4e–4h). In addition, the CMIP6 output shows no clear dependence of the response to volcanic forcing on
the ENSO phase before the eruption (Figure S6 in Supporting Information S1). Coupe and Robock (2021)
suggested that the coexistence for a positive ENSO phase is needed in order to simulate the surface winter
warming in Europe, whereas Dogar et al. (2024) found no need for a positive ENSO phase to simulate the positive
NAO phase for one model. Correspondingly, the CMIP6 multi‐model mean responses of the near‐surface tem-
perature in Europe and the polar vortex strength are independent of the ENSO phase during both the preceding
and the following post‐eruption winters (Figure 4 and Figure S3 in Supporting Information S1). This is not
surprising given the large variability of observed ENSO with stratospheric polar winter and spring responses after
volcanic eruptions (Domeisen et al., 2019; Garfinkel et al., 2012; Labitzke & Loon, 1989; Van Loon &
Labitzke, 1987). Also the quasi‐biennial oscillation (QBO) may impact the volcanic aerosol forcing and climate
response (Labitzke & Loon, 1989; Thomas, Giorgetta, et al., 2009; Thomas, Timmreck, et al., 2009; Van Loon &
Labitzke, 1987; Zhuo et al., 2024). As Butchart et al. (2023) pointed out, the QBO‐phase is synchronized across
historical experiments due to the CMIP6 prescribed ozone forcings, inhibiting an analysis of the influence of the
QBO on the volcanically induced climate responses in the historical experiments. It might be interesting to
analyse the role of modes of climate variability and responses in other world regions with other model experi-
ments, for example, in the context of VolMIP (Zanchettin et al., 2016, 2022).

Figure 3. Number of Models showing a significant anomaly to the Pinatubo + Krakatoa eruption. Shown are the numbers of
models with a significant increase (orange) or decrease (purple) in winter after the Krakatoa and Pinatubo eruption for
(a) mean zonal temperature, (b) zonal mean zonal wind, (c) mean surface temperature, and (d) mean sea level pressure. Areas
with less than three models showing a significant anomaly are white. The significance is computed with a one‐sided t‐test at a
95% level. The contours show the composite means for the five winters before the eruption with (a) 15K, (b) 15 m− 1, (c) 10K,
(d) 6 hPa increments. The mean topopause height from CNRM‐ESM2‐1, IPSL‐CM6A‐LR, UKESM1‐0‐LL, GISS‐E2‐1‐G and
CESM2 for NH winter 1986–1991 is marked with a thick gray line in panels (a, b).
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Figure 4. Response of the zonal wind (Δu) in the polar vortex against surface temperature (ΔT) during the first winter (DJF) following the volcanic eruptions relative to
the mean over the five winters before the eruption. Each dot refers to the response simulated by an individual model experiment and is color‐coded by the (a–d) NAO‐
Index and (e–h) ENSO‐Index (Oceanic Niño Index) during the post‐eruption winter computed on relative SST anomalies. Larger circles mark the multi‐model CMIP6
means. Results are for (a, b, e, f) ΔT in the region 55–80°N and 10–90°E (Azoulay et al., 2021) and (c, d, g, h) in Eurasia for 40–70°N and 0–150°E (Polvani &
Camargo, 2020).
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4. Conclusion
We address the climate response in NH winter after the two largest volcanic eruptions in the historical period,
Krakatoa 1883 and Pinatubo 1991. Our analysis uses historical experiments from 15 CMIP6 models with more
than 10 individual simulations each and three reanalysis data sets. In the CMIP6 multi‐model mean, the post‐
eruption winters show stronger winds in the polar vortex and near‐surface warming across Northern Eurasia.
Internal variability strongly affects these responses, underlining the need for large ensembles to study the
response of dynamical processes to forcing.

We identify also a positive NAO independent of ENSO in the CMIP6 mean over the simulated post‐eruption
winter, with large variability across individual historical experiment. Moreover, the magnitude of the near‐
surface temperature response in Eurasia is sensitive to the region for spatial averaging. These results explain
some disagreements between previous studies on addressing the climate responses to volcanic forcing. A different
spatial pattern in reanalysis data or even the absence of a strong surface warming in single model realizations is no
contradiction to the fact that strong low‐latitude volcanic forcing favors a near‐surface winter warming, as shown
by the CMIP6 multi‐model mean in our results. Any model differences in surface winter warming patterns and
strengths following major volcanic eruptions rather supports the finding that the large interannual variability in
the NH influences and potentially suppresses marked surface signatures following even the strongest volcanic
eruptions witnessed between 1850 and today. Separating the forced response from internal variability for volcanic
eruptions therefore requires a strong volcanic forcing and a large number of simulations in addition to carefully
designed data analyses for the dynamical processes at play.
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