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Abstract. Large volcanic eruptions can have significant im-
pacts on climate. Due to their unpredictable nature, when
a major volcanic eruption occurs, decadal forecasts issued
prior to the eruption will be inaccurate. Consequently, new
decadal forecasts including updated estimates of the strato-
spheric sulfate aerosol evolution must be produced. To
rapidly generate such volcanic forcing once the initial erup-
tion characteristics are known, the Easy Volcanic Aerosol
(EVA) forcing generator, and its updated version EVA_H,
can be used. Comparing the volcanic forcings generated with
these tools and the one from Coupled Model Intercompari-
son Project phase 6 for the recent eruptions of Mount Agung
(1963), El Chichón (1982) and Mount Pinatubo (1991), we
identify some differences in the magnitude and latitudinal
structure, particularly for the eruptions of Mount Agung and
El Chichón. Using these forcings, we conduct a set of ret-
rospective prediction experiments for these eruptions with
the Barcelona Supercomputing Center decadal forecast sys-
tem, following a specifically designed protocol. The predic-
tions driven by the three forcing datasets show similar post-
eruption radiative responses, with particularly good agree-
ment for the eruption of Mount Pinatubo. The global mean
top-of-atmosphere flux and global mean surface tempera-
ture responses in the hindcast experiments are indistinguish-
able across the three forcing sets and three eruptions. How-
ever, we find differences in the zonal mean and regional re-
sponses due to the latitudinally-varying structure of the vol-
canic forcings, particularly for the eruptions of Mount Agung
and El Chichón. Significant differences among the datasets
are found in the global mean lower stratospheric warming,
where the responses are strongest. Comparing the predicted

anomalies in these hindcasts with observations we show that
overall there is better agreement when volcanic forcing is in-
cluded, highlighting its importance to accurate predictions.
Our study suggests that either EVA and EVA_H forcings
can be used for predicting the post-volcanic radiative re-
sponse, although the generated forcing datasets and simula-
tions should be interpreted with care given the limitations of
these reduced-complexity empirical models.

1 Introduction

Decadal climate prediction systems have become a useful
tool for forecasting the climate of the next few years out
to several decades (e.g. Hermanson et al., 2022). Part of
the predictability in decadal forecasts arises from initialis-
ing the model from the observed state. Initialization is key to
take advantage of the slowly evolving components of the cli-
mate system (i.e., the ocean), which can be predictable, and
phases the model’s internal climate variability with the ob-
served one (e.g. Doblas-Reyes et al., 2013). The other main
source of predictability is the use of accurate estimates of
external radiative forcings, which can be of natural (e.g., so-
lar irradiance and volcanic aerosols) or anthropogenic (e.g.,
greenhouse gas concentrations, land use changes and anthro-
pogenic aerosols) origin. Among the natural forcings, vol-
canic stratospheric sulphate aerosols are one of the main
drivers of seasonal to centennial climate variability (e.g. Sigl
et al., 2015) and are thus critical for predictability.

Explosive volcanic eruptions inject large quantities of sul-
phur dioxide into the stratosphere, where sulphate aerosols
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are formed and transported globally by the atmospheric cir-
culation. The primary effect of the aerosols is to scatter part
of the incoming solar radiation back into space, causing a
negative radiative forcing that cools the Earth’s surface, an
effect that may last for several years until the aerosols are
transported to the troposphere where they are washed out
within weeks (e.g. Robock, 2000). These aerosols also ab-
sorb infrared radiation which leads to a local warming of
the stratosphere. These temperature adjustments may lead to
other climate impacts such as changes in the atmospheric
and oceanic dynamics, which modulate climate variability
and the global cooling response to volcanic eruptions (see
Marshall et al., 2022 and references therein). Studies have
shown that volcanic impacts on climate have a high predic-
tive potential on seasonal-to-decadal timescales (e.g. Timm-
reck et al., 2016; Ménégoz et al., 2018; Hermanson et al.,
2020; Bilbao et al., 2024). Therefore, including the volcanic
forcing in operational climate forecasts is necessary to pro-
duce accurate predictions whenever an explosive volcanic
eruption occurs.

Acknowledging the potential for a major volcanic erup-
tion at any time, the steering group of the Decadal Climate
Prediction Project (DCPP) – which leads decadal predic-
tion activities under the World Climate Research Programme
(WCRP) – developed guidelines to ensure that decadal pre-
diction centers can produce updated forecasts in a timely
and coordinated manner. Sospedra-Alfonso et al. (2024) de-
scribed these guidelines (see their Fig. 1) and conduct a
community exercise simulating a response to a hypothetical
large eruption occurring in April 2022. In current operational
decadal prediction systems, stratospheric sulfate aerosols are
typically prescribed as boundary conditions. This volcanic
forcing could be generated with the Easy Volcanic Aerosol
(EVA) model (Toohey et al., 2016), as in Sospedra-Alfonso
et al. (2024), or its more recent version, EVA_H (Aubry
et al., 2020). These reduced-complexity models are designed
to reconstruct the spatiotemporal evolution of stratospheric
aerosol optical properties based on input parameters describ-
ing the eruption characteristics. In a real-time case, these pa-
rameters would be provided by the WCRP’s Volcanic Re-
sponse (VolRes) initiative – a group within the Stratospheric
Sulfur and its Role in Climate (SSiRC), part of the At-
mospheric Processes And their Role in Climate (APARC)
project – using data from multiple satellite observation plat-
forms. This procedure is illustrated in Vernier et al. (2024)
through the case of the 2019 Raikoke eruption, for which an
initial estimate of the volcanic forcing was produced just one
week after the event using EVA_H. Volcanic aerosol optical
properties from EVA or EVA_H can then be formatted and
incorporated into climate models, enabling the generation of
updated forecasts that account for the eruption’s impact.

While EVA and EVA_H, particularly EVA, have been used
widely for a variety of studies to investigate the impact of
volcanic eruptions on climate, the realism and the underly-
ing uncertainty in climate predictions associated with the vol-

canic forcings remains unexplored. The objective of this pa-
per is to evaluate the radiative response to the volcanic forc-
ings produced with EVA and EVA_H using decadal hindcasts
for the recent eruptions of Mount Agung (1963), El Chichón
(1982) and Mount Pinatubo (1991), which may inform the
expected uncertainty if used in real-time forecasts. The paper
is structured as follows. Section 2 describes how the EVA and
EVA_H forcings are produced and the decadal hindcast run
with the Barcelona Supercomputing Center (BSC) decadal
forecast system (Bilbao et al., 2021). Section 3 compares the
EVA and EVA_H forcings with the CMIP6 historical vol-
canic forcing and evaluates the simulated climate response
to these forcings. Section 4 summarises and discusses the re-
sults in the context of operational forecasts.

2 Methods

2.1 EVA and EVA_H stratospheric aerosol forcings.

Toohey et al. (2016) developed EVA based on a parame-
terized three-box model of stratospheric transport and sim-
ple scaling relationships used to produce aerosol optical
properties for climate model simulations based on the sul-
fur emissions of eruptions. EVA was calibrated against
the Chemistry-Climate Model Initiative (CCMI, Eyring and
Lamarque, 2012) satellite dataset for the 1991 Pinatubo erup-
tion. To address some of the limitations in EVA, Aubry et al.
(2020) developed an extension named EVA_H (the H stands
for height) with the following improvements: (i) making the
forcing magnitude and its time evolution dependent on the
injection altitude as well as latitude; (ii) making the verti-
cal structure of the aerosol optical properties and its time
evolution dependent on the injection altitude; (iii) calibrat-
ing the model against the more recent Global Space-based
Stratospheric Aerosol Climatology (GloSSAC) observation-
based dataset (Thomason et al., 2018) for the full 1979–2015
period. Despite the improvements implemented in EVA_H,
one lingering limitation affecting both models is a too slow
decay of the aerosol forcing for eruptions that inject 1 Tg
SO2 or less into the stratosphere (Vernier et al., 2024). EVA
and EVA_H are both publicly available on github (https:
//github.com/matthew2e/easy-volcanic-aerosol, last access:
12 September 2025, and https://github.com/thomasaubry/
EVA_H, last access: 12 September 2025).

Both EVA and EVA_H output stratospheric aerosol op-
tical properties as a function of time, latitude, height, and
wavelength based on several parameters which describe the
eruption characteristics, termed eruption source parameters.
EVA uses the mass of sulphur injected, timing of the eruption
and an optional hemispheric asymmetry parameter (indicat-
ing the degree of asymmetry in the transport of aerosol to the
Northern Hemisphere and Southern Hemisphere). EVA_H
additionally requires the tropopause altitude at the volcano
location and the altitude of the SO2 injection, and does not in-
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clude an asymmetry parameter. Further parameters to gener-
ate the forcings are required, such as the time span of forcing
files and the model wavelengths. In the case of EC-Earth3,
we calculate 14 shortwave and 16 long wave bands, as used
in the IFS radiation scheme. While model parameters such
as aerosol loss timescales can be adjusted for both EVA and
EVA_H, we use the default recommended parameter values.

EVA and EVA_H produce monthly values of the aerosol
extinction (EXT), single scattering albedo (SSA) and scat-
tering asymmetry factor (AF) as a function of time, altitude
(up to 40 km), latitude and wavelength, as well as providing
the altitude and latitude values. These variables are produced
on a standard set of levels and therefore were interpolated to
the Integrated Forecast System (IFS; atmospheric model of
EC-Earth3) vertical levels (91 vertical levels). The monthly
variation of the altitude values is taken into account consid-
ering a climatology of the IFS layers height. Values above
40 km height were masked as they can be unrealistically dis-
torted due to the vertical extrapolation. The latitudinal in-
terpolation is directly performed online by EC-Earth3. With
these variables, the aerosol optical depth (AOD), aerosol ab-
sorption optical depth (AAOD) and the scattering part of the
aerosol optical depth (REFAOD) as a function of the waves
bands, time, latitude and altitude, are derived and the EC-
Earth3 input forcing files generated.

In this work, we produce historical volcanic forcings with
both EVA and EVA_H for the period 1962–2005 including
only the 1963 eruption of Mount Agung, the 1982 eruption
of El Chichón and the 1991 eruption of Mount Pinatubo. The
eruption source parameters used for EVA are those in Toohey
et al. (2016) (Table S1 in the Supplement). We include the
hemispheric asymmetry for these eruptions as derived from
observations, therefore this forcing is considered a best es-
timate. In a real-time context, the asymmetric transport for
a tropical eruptions could only be assessed after sufficiently
long observations of the dispersing cloud, or using interac-
tive stratospheric aerosol model simulations although these
models are also subject to strong transport biases (Dhomse
et al., 2020; Quaglia et al., 2023).

For EVA_H, the source parameters for Mount Agung were
taken from Niemeier et al. (2019), splitting the eruption into
two phases as recommended, and for the eruptions of El
Chichón and Mount Pinatubo they were taken from Carn
et al. (2016) (Table S2). Additionally, we produce another
volcanic forcing with EVA_H for the period 1979–2005 in-
cluding all the eruptions in Carn et al. (2016), we refer to this
forcing as EVA_H_Carn16.

2.2 Decadal Prediction Experiments, Observations and
Evaluation Methods

The experiments analysed in this study were performed
with the BSC Decadal Forecast System (Bilbao et al.,
2021), which is based on the Coupled Model Intercompar-
ison Project Phase 6 (CMIP6) version of the EC-Earth3

atmosphere-ocean general circulation model (AOGCM) in
its standard resolution (∼ 1° both in the ocean and atmo-
sphere; Döscher et al., 2022). Our decadal prediction sys-
tem follows the CMIP6 Decadal Climate Prediction Project
(DCPP) component-A protocol (DCPP, Boer et al., 2016)
and, therefore, consists of 10-member ensembles of 10-year-
long predictions initialised every year in November from
1960 to present, with prescribed CMIP6 historical forcings,
including the stratospheric volcanic aerosols (Luo, 2018).

To evaluate the climate response to volcanic forcings we
follow a protocol similar to the Decadal Climate Predic-
tion Project (DCPP, Boer et al., 2016), which was designed
jointly with VolMIP (Zanchettin et al., 2016), to investi-
gate the impact of volcanic eruptions on decadal predictions.
DCPP component-C repeats the 10-member hindcasts ini-
tialised in 1962, 1981 and 1990 (corresponding with the start-
dates right before the onset of the three major volcanic erup-
tions), but without the volcanic forcings, which are then com-
pared with the baseline hindcast (DCPP-A) to diagnose the
effects of the forcings. To evaluate the realism of the EVA
and EVA_H estimates, we repeat the forecasts for the same
three start dates but using instead the corresponding volcanic
forcings. The experiments are summarised in Table 1. The
impact of the volcanic forcing is computed by subtracting the
DCPP-C from the DCPP-A hindcasts, i.e., the hindcasts with
volcanic forcing minus the hindcasts without volcanic forc-
ing. The significance of the differences for both time series
and fields is tested by creating a distribution of 10-member
mean differences by bootstrap with replacement of ensemble
members from 1000 repetitions. If the 2.5 %–97.5 % range of
the distribution of differences (equivalent to p ≤ 0.05) does
not include zero we reject the null hypothesis (no difference
between the hindcast sets with and without volcanic forcing)
and the differences are considered statistically significant.
To estimate whether the responses simulated in the DCPP-
EVA, DCPP-EVA_H and DCPP-EVA_H_Hud hindcasts are
significantly different from the DCPP-A hindcast, we apply
a Mann-Whitney U test to compare the ensemble distribu-
tions. For the time series plots, the intra-ensemble spread is
shown by the 10th and the 90th percentiles of the 10-member
hindcast experiments ensemble.

The prediction anomalies were computed using the lead-
time-dependent climatology from the DCPP-A decadal hind-
casts and we assume that the forecast drift is equal in all
the hindcast experiments, which is a reasonable assumption
given that large volcanic eruptions are uncommon. To eval-
uate the hindcasts we use the ERA5 reanalysis (Hersbach
et al., 2020) for TOA fluxes, near-surface temperature and
lower stratospheric temperature (at 100 hPa). Additionally
we use the satellite derived datasets: Deep-C version 5 recon-
struction (Liu et al., 2020) for TOA fluxes and the TLS (Tem-
perature Lower Stratosphere) single-channel data set of zon-
ally averaged temperature anomalies, produced by Remote
Sensing Systems (RSS, Mears and Wentz, 2009). This last
dataset is sensitive to temperatures between altitudes of 12 to
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27 km and is derived using vertical weighting functions (see
Mears and Wentz, 2009 for further details). For the model
experiments not enough vertical model levels were saved for
atmospheric temperature to apply a vertical weighting func-
tion as in TSL, so we take the temperature at 100 hPa which
approximately corresponds with the maxima.

To quantify the errors in the hindcasts for the ensem-
ble mean surface temperature we use the area-weighted root
mean square error, as in Bilbao et al. (2024). To determine the
impact of the volcanic forcings on the quality of the predic-
tions we also compute for each grid cell whether the obser-
vations are outside the 90 % range of the ensemble members
by computing the 5th and 95th percentiles.

3 Results

3.1 Volcanic Forcings

We start by comparing the global mean AOD at 530 nm for
the volcanic forcings produced with EVA and EVA_H in-
cluding the 1963 eruption of Mount Agung, the 1982 erup-
tion of El Chichón and the 1991 eruption of Mount Pinatubo,
with the CMIP6 stratospheric aerosol forcing (Luo, 2018)
(Fig. 1). The CMIP6 forcing may be considered a best esti-
mate, although the AOD after the eruptions of Mount Agung
and El Chichón are very uncertain due to the limited amount
of observations. Overall the three forcings show a compa-
rable global mean AOD (at 530 nm) evolution following the
three volcanic eruptions, however, there are some evident dif-
ferences among them. These are more pronounced for the
eruptions of Agung and El Chichón. For these eruptions, the
peak AOD simulated by both EVA and EVA_H is smaller
than in CMIP6 by ∼ 20 % and ∼ 40 %, respectively. As for
the temporal evolution, the EVA and EVA_H forcings com-
pare reasonably well with CMIP6 for the eruption of Agung,
but decay faster for El Chichón. In the case of the eruption
of Pinatubo, both EVA and EVA_H forcings compare bet-
ter with the CMIP6 values, however some differences re-
main. For the EVA forcing, the peak AOD is very similar
in magnitude to CMIP6, but the forcing rises faster and de-
cays sooner. In contrast, the decay in the EVA_H forcing
compares better to CMIP6, but its peak AOD is smaller by
approximately 14 %. Our EVA and EVA_H forcing time se-
ries only includes the three main eruptions, which dominated
the changes in AOD, but other smaller eruptions have oc-
curred. Consequently, we produce another forcing time se-
ries with EVA_H using the complete Carn et al. (2016) emis-
sion inventory, referred to as EVA_H_Carn16. This suggests
that the apparent underestimation of the Pinatubo forcing
(∼ 18 Tg SO2 in Carn et al., 2016) is mostly resolved when
including all eruptions, most importantly the 1991 eruption
of Cerro Hudson (∼ 4 Tg SO2 in Carn et al., 2016).

Figure 2 shows that both EVA and EVA_H forcings also
have some discrepancies with CMIP6 in terms of the latitu-

Figure 1. Global mean stratospheric aerosol optical depth at
530 nm. The EVA and EVA_H forcings only have data for the erup-
tions of Mount Agung in 1963, El Chichón in 1982 and Mount
Pinatubo in 1991. The EVA_H_Carn16 forcing was generated with
the data from Carn et al. (2016) which includes all volcanic erup-
tions from 1978–2004.

dinal structure of the forcing. The CMIP6 forcing indicates
that the eruption of Agung had a stronger aerosol forcing in
the Southern Hemisphere, the eruption of El Chichón pro-
duced a stronger forcing in the Northern Hemisphere and
the eruption of Pinatubo produced a mostly hemispherically
symmetric forcing (Fig. 2a–c). For the eruption of Pinatubo,
EVA simulates a forcing with stronger maxima in the equa-
tor and a weaker forcing in the high latitudes with respect
to CMIP6 (Fig. 2f). On the other hand, EVA_H simulates
comparatively well the three maxima in the CMIP6 forcing
(in the equator and Northern and Southern Hemispheres),
however the magnitude of the forcing is overall underesti-
mated, especially in the tropics (Fig. 2i). Overall, EVA sim-
ulates the magnitude of the maxima in the equator closer to
CMIP6, but the overall latitudinal structure is better captured
by EVA_H. For the other two eruptions, which are more un-
certain, EVA_H simulates a forcing structure similar to the
one for Pinatubo, not accounting for the latitudinal asymme-
try of the forcing (Fig. 2g and h). In contrast, the hemispheric
asymmetry factor in EVA allows for the latitudinal asymme-
try of the forcing of Mount Agung and El Chichón to be
partly captured (Fig. 2d and e). However the AOD values are
weaker by ∼ 40 % in the Southern Hemisphere for the erup-
tion of Agung and by ∼ 70 % in the Northern Hemisphere
for the eruption of El Chichón, with respect to CMIP6.

Comparing the EVA_H and EVA_H_Carn16 forcings
(Fig. S1 in the Supplement) we find that including the erup-
tion of Cerro Hudson produces a stronger forcing in the
Southern Hemisphere, which increases the similarity with
the CMIP6 forcing. This suggests a potential role of the erup-
tion of Cerro Hudson in the latitudinal distribution in 1991,
making Pinatubo seem more hemispherically symmetric than
it was. There is also a minor increase in AOD in the EVA_H-
Carn16 forcing in the Northern hemisphere, which is due to
other small Northern Hemisphere eruptions included in the
Carn et al. (2016).

Figure 3 shows the tropical mean extinction as a function
of time and altitude. For CMIP6, the altitude of peak tropi-
cal extinction clearly decreases with time for all three erup-
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Table 1. EC-Earth3 decadal prediction experiments.

Experiment Description

DCPP-hindcast-A 10 member ensemble simulations of 10 forecast years initialised in November. It uses prescribed CMIP6
forcings including the stratospheric aerosol forcing.

DCPP-hindcast-C Repeat the s1962, s1981 and s1990 hindcasts but replacing the stratospheric aerosol forcing with the mean
of 1850–2015, equivalent to no volcanic forcing.

DCPP-EVA Repeat the s1962, s1981 and s1990 hindcasts but with the EVA volcanic forcing.

DCPP-EVA_H As DCPP-EVA but with the EVA_H volcanic forcing.

DCPP-EVA_H_Carn16 As DCPP-EVA_H s1990 but with the EVA_H volcanic forcing including all the eruption from Carn et al.
(2016).

Figure 2. Stratospheric aerosol optical depth at 530 nm as a function of time and latitude for the eruptions of Mount Agung in 1963 (a, d, g),
El Chichón in 1982 (b, e, h) and Mount Pinatubo in 1991 (c, f, i) for CMIP6, EVA and EVA_H.

tions considered, from ∼ 24 km (1963) to ∼ 20 km (1966) for
Agung, ∼ 22 km (1983) to ∼ 18 km (1986) for El Chichón
and ∼ 22 km (1991) to ∼ 19 km (1994) for Pinatubo. The
forcing vertical structure is independent of time for the erup-
tions considered in EVA, with a peak tropical extinction at
25 km. In contrast, the developments in EVA_H allow tem-
poral and eruption-dependent peak extinction altitude, which
is more realistic. While for the Agung forcing produced with
EVA_H the peak extinction does not vary much, there is
nonetheless a noticeable downward shift in the altitude of
extinction values. The relatively stable altitude of peak ex-
tinction afterwards likely results from the lower SO2 injec-
tion heights during the two phases (18 and 20 km), which are
close to the tropopause. In contrast, for the El Chichón and

Pinatubo eruptions, a clear decline in peak tropical extinc-
tion altitude is simulated, consistent with satellite observa-
tions upon which the CMIP6 forcing is based for these erup-
tions, dropping from approximately 23 km in 1983 to 20 km
in 1986 for El Chichón, and from around 23.5 km in 1991
to 19.5 km in 1994 for Pinatubo. These eruptions had higher
injection heights of 25 and 28 km, respectively.

3.2 Climate response to the volcanic forcings

3.2.1 Global mean climate response

We first analyse the global mean net top-of-atmosphere
(TOA) radiation flux response (i.e., hindcasts with volcanic
forcing minus hindcasts with no volcanic forcing), calculated
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Figure 3. Tropical-mean (30° N–30° S) extinction (km−1) at 530 nm as a function of time and altitude for the eruptions of Mount Agung in
1963 (a, d, g), El Chichón in 1982 (b, e, h) and Mount Pinatubo in 1991 (c, f, i) for CMIP6, EVA and EVA_H. Logarithmic colorbar scale.
The dashed line indicates the height of the maximum AOD.

as anomalies of incoming shortwave minus outgoing short-
wave and out-going longwave radiation. Figure 4a–c shows a
post-volcanic decrease in global mean TOA radiation flux re-
sponse which is qualitatively similar in the three hindcast ex-
periments (DCPP-A, DCPP-EVA and DCPP-EVA_H). The
ensemble mean negative TOA flux anomalies are statisti-
cally significant following the eruptions of Mount Agung
and Pinatubo, which last for a year and two years respec-
tively, while for the eruption of El Chichón shows a weaker
and barely significant response (filled squares at the bot-
tom of Fig. 4a–c). Comparing the ensemble mean TOA flux
responses in the hindcast sets for each eruption, we find
some differences in the magnitude and the temporal evo-
lution, consistent with the differences in the volcanic forc-
ings used. However, these differences across the hindcasts
are not statistically significant, with few exceptions (asterisks
at the bottom of Fig. 4a–c). DCPP-EVA, and in particular
DCPP-EVA_H show an overall weaker response compared
to DCPP-A following the eruptions of Mount Agung and El
Chichón. For the latter eruption, despite its weak intensity
which hinders the detection of robust signals, DCPP-EVA
shows an initial strong response. Also, after el Chichón the
forced signals last longer in DCPP-A than for both DCPP-
EVA and DCPP-EVA_H, since the CMIP6 forcing is over-
all stronger (Fig. 1). For the eruption of Mount Pinatubo,
the magnitude of the response in DCPP-EVA compares well
with DCPP-A and may even be slightly stronger, while in
DCPP-EVA_H the response is weaker and significantly dif-

ferent with respect to DCPP-A at peak values. There are also
some differences in the temporal evolution in DCPP-EVA, as
the EVA forcing decays earlier than in EVA_H and CMIP6.

The global mean surface temperature responses are consis-
tent with the global mean TOA fluxes (Fig. 4d–f). Despite the
noisier global mean surface temperature responses following
the eruptions of Agung and El Chichón, the ensemble mean
post-volcanic cooling in DCPP-EVA and DCPP-EVA_H is
slightly weaker with respect to DCPP-A (Fig. 4d and e),
consistent with the reduced statistical significance of the re-
sponse. These differences are statistically indistinguishable
across the experiments. For the eruption of Pinatubo, the neg-
ative global surface temperature response is consistent across
the hindcast sets and remain statistically significant for up to
six years (Fig. 4f). Small differences are found in DCPP-EVA
and DCPP-EVA_H with respect to DCPP-A that are consis-
tent with the TOA flux responses, especially in the first year
following the eruption, but these are again not statistically
significant across the hindcasts.

The global mean temperature in the lower stratosphere
(50 hPa) shows strong post eruption warming anomalies with
smaller ensemble spread in comparison to other variables
(Fig. 4g–i), reinforcing the fundamental differences induced
by the forcings. As a result, both the DCPP-EVA and DCPP-
EVA_H hindcasts exhibit statistically significant differences
compared to DCPP-A. In the particular case of DCPP-EVA
hindcasts the lower stratospheric anomalies show eruption-
dependent differences with respect to DCPP-A. For the erup-
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Figure 4. Global mean (a–c) top-of-atmosphere net radiative flux (W m−2), (d–f) surface air temperature (°C) and (g–i) lower stratospheric
(50 hPa) temperature (°C) responses to the volcanic eruptions (hindcasts with volcanic forcing minus hindcasts without volcanic forcing),
for DCPP-A (CMIP6) in black, DCPP-EVA in blue, DCPP-EVA_H in red and DCPP-EVA_H_Hud in green. The shading is the multi-model
member spread calculated as the 10th and 90th percentiles of the ensemble. Filled squares at the bottom of the figures indicate statistically
significant differences from zero (p < 0.05), based on a bootstrap with resampling with 1000 iterations. Asterisks at the top part of the figures
indicate whether the responses simulated in DCPP-EVA, DCPP-EVA_H and DCPP-EVA_H_Hud are significantly different (p < 0.05) from
DCPP-A based on a Mann-Whitney U test.

tion of Agung the temporal evolution of the warming is con-
sistent with DCPP-A but slightly weaker in magnitude, for El
Chichón the warming happens earlier and is slightly stronger
and for Pinatubo the magnitude is stronger but decays earlier.
In contrast, in DCPP-EVA_H the lower stratospheric anoma-
lies are consistently weaker than in DCPP-A and DCPP-
EVA_H for the three eruptions, although there are some sim-
ilarities in the temporal evolution.

For the eruption of Mount Pinatubo, the weaker TOA
flux response in DCPP-EVA_H is, at least partly, due to
omitting the eruption of Cerro Hudson. As indicated by
the EVA_H_Hud experiment, when this eruption is also in-
cluded, the ensemble mean TOA radiation flux response is
still weaker compared to DCPP-A (by ∼ 18 %) (Fig. 4c), re-
ducing the difference with CMIP6 by half. This is supported
by the fact that the difference in TOA flux response between
the DCPP-EVA_H and DCPP-A hindcasts is no longer statis-
tically significant at the peak values. Consequently, the mag-
nitude of the global mean surface temperature response and
its temporal evolution are in better agreement with DCPP-
A than the other two hindcasts (DCPP-EVA and DCPP-

EVA_H). In contrast, for the global mean temperature re-
sponse in the lower stratosphere (50 hPa), including the erup-
tion of Cerro Hudson in the EVA_H forcing marginally in-
creases the global mean temperature response in the lower
stratosphere.

3.2.2 Spatiotemporal Characteristics of the Radiative
Response

Next, we examine how latitudinal differences in the forcings
influence the geographical patterns of the response. Figure 5
shows the zonal mean TOA flux response in the first year fol-
lowing the eruptions, when the TOA response is at its peak.
Consistent with the volcanic forcings (Fig. 2), the largest
TOA flux decrease – statistically significant in all hindcast
experiments – occurs in the tropics. However, there are no-
ticeable latitudinal differences in the forcings for the three
eruptions, which reflect variations in volcanic forcing. Nei-
ther DCPP-EVA nor DCPP-EVA-H reproduce the TOA flux
response in the Southern and Northern Hemispheres after the
eruptions of Mount Agung and El Chichón respectively, and
these differences with respect to DCPP-A are significantly
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different (Fig. 5a and b). Nonetheless, for Mount Agung,
DCPP-EVA shows a statistically significant TOA flux de-
crease in the Southern Hemisphere, as the EVA volcanic
forcing captures, at least partly, the latitudinal structure of
the forcing through the hemispheric asymmetry parameter,
though the effect is much weaker than in the CMIP6 forcing.
For the Pinatubo eruption, which is almost hemispherically
symmetric, the negative TOA flux response in DCPP-EVA is
comparable to DCPP-A but slightly stronger at the equator,
with the peak extending further south (Fig. 5c). In contrast,
DCPP-EVA-H shows a considerably weaker negative TOA
flux response along the equator (around −2 W m−2), which
is significantly different from DCPP-A. Including the erup-
tion of Cerro Hudson increases the TOA response, but has a
small impact.

Latitudinal differences in the TOA flux response influ-
ence the surface temperature response, which can last sev-
eral years, depending on the eruption’s magnitude. In the first
year following the eruptions, which roughly coincides with
the period of post volcanic global mean surface cooling, the
surface temperature response patterns are characterised by
cooling over the tropics and subtropics (Fig. 6). This cool-
ing is generally consistent across the hindcast experiments
and volcanic eruptions, despite some noise due to the small
ensemble size. However, differences align with variations in
the TOA radiation flux response. For example, both DCPP-
EVA and DCPP-EVA_H simulate weaker tropical cooling
following the eruption of Mount Agung, with the effect being
more pronounced in DCPP-EVA_H. Similarly, the cooling
response is also weaker in DCPP-EVA_H after the eruption
of Mount Pinatubo. For the DCPP-EVA_H-Hud predictions
the cooling response is similar, with slightly stronger cool-
ing due to adding the contribution of Cerro Hudson to the
volcanic forcing (Fig. S2a).

For years 2 to 5 after the eruptions, as the global mean
surface temperature recovers, cooling spreads worldwide,
with the strongest effects seen in the tropics, subtropics, and
Arctic, depending on the eruption’s magnitude (Fig. 7). For
this period, the volcanic impact on surface temperature be-
comes clearer due to longer temporal averaging, revealing
significant differences across the hindcasts. The DCPP-EVA
and DCPP-EVA_H hindcasts show much weaker volcanic
cooling compared to DCPP-A for the Mount Agung and
El Chichón eruptions (Fig. 7d, e, g and h). In contrast, for
the Pinatubo eruption, these hindcasts simulate widespread
cooling, with the strongest cooling over the Arctic (Fig. 7f,
i). However, there are some differences from DCPP-A, at-
tributable to the volcanic forcing differences described pre-
viously: DCPP-EVA shows slightly stronger tropical cool-
ing than DCPP-A, while DCPP-EVA_H simulates generally
weaker anomalies overall. For the DCPP-EVA_H-Hud hind-
casts the response patterns are similar, again with a slightly
stronger cooling response (Fig. S2b).

In forecast years 6–9 (Fig. S3), surface temperature
anomalies generally recover and weaken globally, except

in the DCPP-A experiment for the Mount Agung eruption.
However, this cooling is most likely not caused by the Agung
eruption itself but by other smaller volcanic eruptions in-
cluded in the CMIP6 volcanic forcing. On these forecast
times, the Arctic is a region where cool anomalies persist
in most hindcast experiments, particularly in response to the
Mount Pinatubo eruption.

3.2.3 Comparison of the predicted response with
observations

To assess the potential impact of using forcings generated by
EVA and EVA_H in operational forecasts, we compare the
predicted anomalies from the hindcast experiments with the
ERA5 reanalysis and observational datasets available.

Figure 8a–c show the global mean TOA flux anomalies.
For the eruptions of Mount Agung and El Chichón, the hind-
cast experiments consistently simulate weaker global mean
TOA fluxes compared to the ERA5 data. Additionally, both
the DCPP-EVA and DCPP-EVA-H models produce weaker
anomalies than the DCPP model. However, these results
should be interpreted cautiously due to low confidence in
pre-satellite TOA flux observations. For the Mount Pinatubo
eruption, the global mean TOA flux anomalies can also be
compared against the Deep-C version 5 reconstruction (Liu
et al., 2020), which is based on CERES satellite observations.
For this eruption, all hindcast experiments, except DCPP-
C, show a strong alignment with both ERA5 and Deep-
C, underscoring the significance of including volcanic forc-
ing to accurately simulate the post-eruption TOA flux de-
crease. This agreement suggests that the predicted response
in global mean flux is realistic. While the predicted TOA
flux anomalies generally align well with observational data,
the strongest agreement is observed in the DCPP and DCPP-
EVA simulations. In contrast, the DCPP-EVA-H and DCPP-
EVA_H_Hud simulations show slightly weaker anomalies,
consistent with previous findings.

Comparing the latitudinal average of the predicted TOA
flux anomalies for the Mount Pinatubo eruption with the
Deep-C version 5 dataset shows that the DCPP and DCPP-
EVA models match the observed values well, especially the
negative anomalies in the tropics (Fig. 9). The observa-
tions tend to be within the ensemble spread of the predic-
tions, although in DCPP-EVA the anomalies may be slightly
overestimated in the tropics. In contrast, the DCPP-EVA_H
and DCPP-EVA_H_Hud hindcasts substantially underesti-
mate the negative anomalies in the tropics during the first six
months following the eruption, although they show similar
values to DCPP-A and DCPP-EVA in later months. It is also
worth noting that all the predictions struggle to reproduce the
changes in the high latitudes, but this might be unrelated to
the volcanic forcing.

Figure 8d–f show the global mean temperature anomalies
at 100 hPa for the prediction experiments, ERA5, and ob-
servational data from RSS. For the Mount Agung eruption,
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Figure 5. Zonal mean TOA radiation flux (W m−2) response (hindcasts with volcanic forcing minus hindcasts without volcanic forcing) the
first year following the eruptions (June–May) in DCPP (CMIP6), DCPP-EVA and DCPP-EVA_H. The ensemble mean for each hindcast
experiment is shown. The shading is the member spread calculated as the 10th and 90th percentiles of the ensemble. Thicker lines indicate
statistically significant differences from zero (p < 0.05), based on a bootstrap with resampling with 1000 iterations. Asterisks at the left
part of the figure indicate whether the responses simulated in DCPP-EVA, DCPP-EVA_H and DCPP-EVA_H_Hud are significantly different
(p < 0.05) from DCPP-A based on a Mann-Whitney U test.

Figure 6. Ensemble mean surface air temperature (°C) response (hindcasts with volcanic forcing minus hindcasts without volcanic forcing)
for the first year following the eruptions (June–May) in DCPP (CMIP6), DCPP-EVA and DCPP-EVA_H. Hatching indicates statistically non-
significant anomalies according to a bootstrap with resampling with 1000 iterations. The titles include the global mean surface temperature
response.
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Figure 7. Ensemble mean surface air temperature (°C) response (hindcasts with volcanic forcing minus hindcasts without volcanic forcing)
for years 2–5 following the eruptions (June–May) in DCPP (CMIP6), DCPP-EVA and DCPP-EVA_H. Hatching indicates statistically non-
significant anomalies (p < 0.05) according to a bootstrap with resampling with 1000 iterations. The titles include the global mean surface
temperature response.

where direct observations are unavailable, all hindcast exper-
iments except DCPP-C are similar, though consistently lower
than ERA5 throughout the period, suggesting that compar-
isons should be approached with caution. For the El Chichón
and Mount Pinatubo eruptions, observations from RSS are
available and as mentioned in Methods, the comparison with
RSS must be approached with caution. However it is re-
assuring that ERA5 aligns closely with this dataset. In the
case of El Chichón, the predicted global mean lower strato-
spheric temperature anomalies are weaker than observed.
For Mount Pinatubo, DCPP-EVA initially shows the closest
agreement with RSS and ERA5; however, the temperature
anomalies decrease more rapidly than observed, consistent
with prior findings. The DCPP and DCPP-EVA_H hindcasts
both underestimate the initial warming, but DCPP shows bet-
ter alignment in later years while DCPP-EVA_H decays too
soon. Finally, DCPP-C fails to simulate lower stratospheric
warming, underscoring the importance of volcanic forcing in
capturing the post-eruption response accurately.

Figure 8g–i shows the predicted global mean surface
temperature anomalies alongside ERA5. Since surface tem-
perature observations are more reliable, these comparisons
should provide robust insights. Overall, the EC-Earth3 hind-
casts that include volcanic forcing (DCPP-A, DCPP-EVA,
and DCPP-EVA_H) align more closely with ERA5 global

mean surface temperature anomalies than the hindcasts with-
out volcanic forcing (DCPP-C). Consistent with the multi-
model analysis of Bilbao et al. (2024), while the volcanic
impact is less evident for the Mount Agung and El Chichón
eruptions – likely due to greater observational uncertainty
and their moderate magnitudes – volcanic forcing is particu-
larly crucial for accurately reproducing the observed global
temperature cooling following the Pinatubo eruption in the
early 1990s. For Pinatubo, despite differences between the
CMIP6, EVA, and EVA_H forcings in the hindcasts, the ob-
served anomalies generally fall within the uncertainty range
of the hindcast ensembles (between the 10th and 90th per-
centiles). It is worth noting that, consistent with previous
findings, the global mean surface temperature response in
DCPP-EVA initially shows stronger cooling than observed,
while DCPP-EVA_H simulates slightly weaker peak cooling.

Since the volcanic forcing significantly improves the
global mean surface temperature predictions – particularly
for the Pinatubo eruption – we also analyse regional anoma-
lies to assess the potential improvements in the response pat-
terns. Figure 10 shows the surface temperature anomalies in
ERA5 and the ensemble mean predictions for forecast years
1–5, the period when the volcanic signal is strongest. The en-
semble mean surface temperature anomaly patterns are gen-
erally smoother with respect to ERA5, indicating the lim-
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Figure 8. Global mean (a–c) top-of-atmosphere net radiative flux (W m−2), (d–f) lower stratospheric (100 hPa) temperature (°C) and (g–
i) surface air temperature (°C) anomalies for the decadal hindcasts and observational products. The anomalies for the TOA flux and lower
stratospheric temperature have been computed with respect to the period 1985–2015, while for surface temperature the reference period is
1970–2005 (see methods for further information). For the lower stratospheric temperature anomalies the global mean was computed from
83° S and 83° N as the RSS observational dataset is limited to this range. The ensemble mean for each hindcast is shown. The shading is the
multi-model member spread calculated as the 10th and 90th percentiles of the ensemble.

Figure 9. Zonal mean TOA radiation flux anomaly (W m−2) time-
series for (a) months 1–6 and (b) 7–12 following the eruption of
Mount Pinatubo. The anomalies are computed with respect to the
period 1985–2015. The shading is the multi-model member spread
calculated as the 10th and 90th percentiles of the ensemble.

itations of decadal forecast systems in predicting regional
variations on these timescales. Across the experiments, the
predicted anomaly patterns are largely similar, except for the
DCPP-C hindcasts. These hindcasts simulate warmer anoma-
lies (as they omit volcanic forcing) leading to larger fore-
cast errors (except for Mount Agung in DCPP-EVA), as in-
dicated by the area-weighted RMSE, though the differences
are small. Additionally, this experiment shows a higher pro-
portion of grid points where ERA5 falls outside the 95 %
ensemble range. These discrepancies are most prominent in
regions where volcanic impacts are strongest, particularly in
the tropics, as shown in Fig. 7. Interestingly, in some regions,
the DCPP-C hindcasts may appear to improve consistency
with observations, such as in the tropical Pacific. However,
this improvement probably arises for the wrong reasons. For
instance, in the case of the Pinatubo eruption, the warmer
conditions in the tropical Pacific in DCPP-C are not due to
a better prediction of the El Niño conditions but rather the
absence of the volcanic radiative response. Overall, the vol-
canic forcing enhances prediction accuracy, despite the small
ensemble size.

Comparing the hindcast experiments with volcanic forc-
ings (DCPP-A with the DCPP-EVA, and DCPP-EVA_H),
we find that the area-weighted RMSE is similar among the
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Figure 10. Surface air temperature anomalies (°C) for forecast years 2–5 following the eruptions (years are defined from January–
Dececember) in ERA5 and for the predictions ensemble mean initialised in 1962, 1981 and 1990 for the DCPP-A, DCPP-C, DCPP-EVA
and DCPP-EVA_H hindcasts. The anomalies have been computed with respect to the period 1971–2015 (see methods). Stippling indicates
where the observations fall outside of the 90 % range of the ensemble and the percentage at the bottom left corner of each map indicates the
percentage of grid-points outside this range.

volcanic eruptions. Additionally, including the eruption of
Cerro Hudson make little difference in this respect as shown
in Fig. S4 for the DCPP-EVA_H-Hud experiment. The fact
that none of the experiments outperform the others could be
because the forecast errors unrelated to volcanic forcing (i.e.
internal variations) are larger than those attributable to dif-
ferences in volcanic forcing. In terms of the percentage of
global area where ERA5 observations fall outside the 95 %
range of the ensemble members, we find that all experiments
coincide in the regions for each of the eruptions, with small
differences. This indicates that using the forcings from EVA
or EVA_H provide reasonable results and could be used in
operational predictions, particularly for Pinatubo-like erup-
tions.

4 Discussion and conclusions

Due to the unpredictable nature of volcanic eruptions, if one
occurs, operational decadal forecasts will no longer be ac-
curate. Given that large volcanic eruptions have climate im-
pacts, for a rapid response, decadal hindcasts could be rerun
with volcanic forcings generated with EVA and EVA_H once
the eruption characteristics are known (Sospedra-Alfonso
et al., 2024). While these tools have been widely used to
carry out sensitivity studies to volcanic forcings, their use in

real time forecasts is largely unexplored. In this paper we
have compared the volcanic forcings generated with EVA
and EVA_H for the last three major volcanic eruptions with
the CMIP6 volcanic forcing, and evaluated their climate re-
sponse in decadal predictions with the BSC decadal forecast
system (based on EC-Earth3) following a similar protocol to
DCPP component C (Boer et al., 2016).

We have compared the volcanic forcings for the eruptions
of Agung, El Chichón and Pinatubo, generated with EVA and
EVA_H with the CMIP6 forcing, and quantified their magni-
tude and latitudinal structure differences. Although EVA_H
produces a temporal and vertical evolution more similar to
CMIP6 than EVA, it does not capture the hemispherical
asymmetry for tropical eruptions like Agung and El Chichón
owing to the absence of EVA-like parameterization enabling
preferential transport to one hemisphere. In a real-time pre-
diction context, the asymmetric transport for a tropical erup-
tions could only be assessed after sufficiently long observa-
tions of the dispersing cloud, remaining a source of uncer-
tainty when the initial estimates of SO2 mass are available.

The EC-Earth3 decadal prediction hindcasts, forced with
three different volcanic forcing datasets (DCPP-A, DCPP-
EVA, and DCPP-EVA_H), exhibit qualitatively similar post-
eruption radiative responses across the three volcanic events.
However, differences in the magnitude, timing, and latitudi-
nal distribution of the volcanic forcings lead to variations in
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both the global and regional climate responses, as reflected
in TOA fluxes, surface temperature, and lower stratospheric
temperature. Following the eruptions of Mount Agung and El
Chichón, the EVA and EVA_H hindcasts show weaker tem-
perature responses compared to DCPP-A. In contrast, for the
eruption of Pinatubo, the EVA hindcasts exhibit a stronger re-
sponse than DCPP-A, while the EVA_H response is weaker.
Globally averaged, these differences are relatively small for
TOA flux and surface temperature, with responses largely in-
distinguishable across the experiments. However, the global
mean lower stratospheric temperature response is stronger
and reveals clearer differences between experiments. Re-
gionally, the latitudinal structure of the temperature response
shows noticeable discrepancies. For Agung and El Chichón,
EVA and EVA_H produce weaker temperature anomalies in
the Southern and Northern Hemispheres, respectively, com-
pared to DCPP-A. For Pinatubo, the main differences appear
in the tropics, where EVA_H shows a much weaker surface
temperature response than both EVA and DCPP-A. The in-
clusion of the Cerro Hudson eruption in the EVA_H forcing
has a modest effect, slightly strengthening the anomalies and
reducing discrepancies with the other forcings.

We have also compared the predicted anomalies for the
three hindcasts with the available observations for TOA
fluxes, lower stratospheric temperature and surface temper-
ature. These results highlight the importance of including the
volcanic forcing to make skillful climate predictions follow-
ing major volcanic eruptions, particularly in capturing the ra-
diative effects, which are largely consistent in decadal predic-
tion systems (e.g. Bilbao et al., 2024). Despite this relevant
result, the hindcasts show limitations in predicting the obser-
vations. For the eruptions of Mount Agung and El Chichón,
EVA and EVA_H may exhibit some limitations in reproduc-
ing the magnitude and, in particular, the latitudinal structure
of the volcanic forcing. However, these eruptions are subject
to large observational uncertainties, in terms of direct AOD
and emissions as well as the TOA flux and atmospheric tem-
perature observations over that period. This is evident from
the evaluation of the DCPP-A hindcasts, which, despite hav-
ing been run with the CMIP6 forcing (one of the best esti-
mates currently available), show large forecast errors. In con-
trast, for the eruption of Mount Pinatubo, the hindcasts pre-
dict the observed post-volcanic effect more accurately. How-
ever, the hindcasts with EVA forcings weakly overestimate
the radiative response and the hindcasts with EVA_H forc-
ings underestimate it. Overall our results suggest that despite
the deficiencies in the EVA and EVA_H forcings, both can
be reasonable choices for including the post-volcanic radia-
tive effects in decadal forecasts, given the inherent forecast
uncertainty. Furthermore, we expect that for eruptions with
strong hemispheric asymmetry the forecast errors are likely
to be larger.

While in this study we used the reduced-complexity mod-
els EVA and EVA_H to compute the volcanic forcings, other
options are also available for such purpose. For example, the

forcings may also be produced with interactive stratospheric
aerosol models. These models explicitly simulate aerosol mi-
crophysical processes and represent the complete life cy-
cle of stratospheric aerosols including the initial injection of
sulfur-containing gases and their conversion into aerosol par-
ticles, their vertical and horizontal transport into the strato-
sphere, and to their eventual removal from the stratosphere
(e.g., Timmreck et al., 2018). While these models have much
greater complexity with respect to reduced-complexity mod-
els, they also have very large uncertainties (e.g. Dhomse
et al., 2020; Clyne et al., 2021; Quaglia et al., 2023) and a
much higher computational cost. This makes them less ef-
fective for the intended use purpose of this paper. However,
with future advancements, interactive stratospheric aerosol
models may achieve greater accuracy and become the better
option.

Previous studies have shown that volcanic eruptions can
also lead to atmospheric and oceanic dynamical changes (see
Marshall et al., 2022 for a review). These dynamical changes,
however, have larger uncertainties with respect to the radia-
tive impacts, as large ensembles are required to detect re-
sponses, can be model dependent (e.g. Bilbao et al., 2024),
can be affected by the background climate conditions (e.g.
Zanchettin et al., 2022) and there is evidence that models
might be deficient in simulating some of the impacts (e.g.
Wu et al., 2023). Therefore, in this study, with the limited
ensemble size of the experiments for only one model it has
not been possible to detect and evaluate the dynamical im-
pacts. Previous studies have shown that post-eruption trop-
ical stratospheric warming impacts the atmospheric circu-
lation by strengthening the polar vortex, leading to posi-
tive NAO-like conditions, which may result in warming of
the North Eurasian continent the first winter after the erup-
tion (e.g. Hermanson et al., 2020). Here we find a signifi-
cant response in the stratospheric temperatures (Fig. 4g–i),
but we do not detect a statistically significant acceleration
of the Northern Hemisphere stratospheric polar vortex, pos-
sibly due to the strong variability and the small ensemble
size. Other dynamical impacts include changes in the North
Atlantic Ocean, which may lead to an acceleration of the
Atlantic Meridional Overturning Circulation, and El Niño
Southern Oscillation (ENSO) (e.g. Hermanson et al., 2020;
Bilbao et al., 2024). In these simulations it has not been
possible to detect such responses, again probably due to the
small ensemble size and also because EC-Earth3 is one of
the models with weak response in this respect as shown in
Bilbao et al. (2024).

The results of this study provide further insight into the
effects of volcanic eruptions on climate and their predictabil-
ity, in particular on the expected uncertainty of using the
EVA and EVA_H forcings in operational decadal predictions,
as well as informing the future development of these tools.
However, we are limited to a small ensemble and one predic-
tion system. To make further progress, we suggest that other
modelling centres carry out similar predictions with EVA and
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EVA_H forcings for past volcanic eruptions. While we ex-
pect the radiative effects to be consistent, based on the re-
sults of recent papers (e.g. Zanchettin et al., 2022; Bilbao
et al., 2024), a larger multi-model ensemble will allow a bet-
ter quantification of the uncertainty and to determine the im-
pact on the modes of climate variability.
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