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Abstract. This paper provides initial results from a multi-model ensemble analysis based on the volc-pinatubo-full experiment
performed within the Model Intercomparison Project on the climatic response to volcanic forcing (VolMIP) as part of the sixth
phase of the Coupled Model Intercomparison Project (CMIP6). The volc-pinatubo-full experiment is based on ensemble of
volcanic forcing-only climate simulations with the same volcanic aerosol dataset across the participating models (the 1991-
1993 Pinatubo period from the CMIP6-GloSSAC dataset). The simulations are conducted within an idealized experimental
design where initial states are sampled consistently across models from the CMIP6-piControl simulation providing unperturbed
pre-industrial background conditions. The multi-model ensemble includes output from an initial set of six participating Earth
system models (CanESMS5, GISS-E2.1-G, IPSL-CM6A-LR, MIROC-E2SL, MPI-ESM1.2-LR and UKESML1).
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The results show overall good agreement between the different models on the global and hemispheric scale concerning the
surface climate responses, thus demonstrating the overall effectiveness of VoIMIP’s experimental design. However, small yet
significant inter-model discrepancies are found in radiative fluxes especially in the tropics, that preliminary analyses link with
minor differences in forcing implementation, model physics, notably aerosol-radiation interactions, the simulation and
sampling of El Nifio-Southern Oscillation (ENSO) and, possibly, the simulation of climate feedbacks operating in the tropics.
We discuss the volc-pinatubo-full protocol and highlight the advantages of volcanic forcing experiments defined within a
carefully designed protocol with respect to emerging modeling approaches based on large ensemble transient simulations. We
identify how the VoIMIP strategy could be improved in future phases of the initiative to ensure a cleaner sampling protocol

with greater focus on the evolving state of ENSO in the pre-eruption period.

Plain text summary

This paper provides metadata and first analyses of the volc-pinatubo-full experiment of CMIP6-VoIMIP. Results from six
Earth system models reveal significant differences in radiative flux anomalies that trace back to different implementations of
volcanic forcing. Surface responses are in contrast overall consistent across models, reflecting the large spread due to internal

variability. A second phase of VoIMIP shall consider both aspects toward improved protocol for volc-pinatubo-full.

1 Introduction

The Model Intercomparison Project on the climatic response to Volcanic forcing (VoIMIP, Zanchettin et al., 2016) defined a
coordinated set of idealized volcanic perturbation experiments to be carried out in alignment with the protocol of the 6™ phase
of the Coupled Model Intercomparison Project (CMIP6, Eyring et al., 2016). VolIMIP aims to assess the diversity of simulated
climate responses to large-magnitude explosive volcanic eruptions with global-scale sulfate aerosol and to identify the causes
and processes that cause inter-model differences.

Accordingly, VoIMIP experiments are based on multi-model ensemble simulations with coupled climate models that are
designed upon two pillars. First, the prescribed stratospheric volcanic aerosol optical properties (often referred to as “forcing”)
used in the simulations must be the same across all participating models. Consensus volcanic forcing data sets were thus
defined for each experiment and implemented in terms of zonal and monthly mean optical properties of stratospheric volcanic
aerosol. Second, climate conditions defining the initial states of individual members of the ensemble must be selected in a
consistent manner across the participating models, so that the diagnosed expected climate response is not biased by potential
effects of a preferential phase of ongoing internal variability at the time of the eruption (see, e.g., Zanchettin et al., 2013;
Swingedouw et al., 2015; Lehner et al., 2016; Khodri et al., 2017; Coupe and Robock, 2021). This is achieved by defining
desired states of climate variability modes to be sampled along the parent CMIP6-DECK piControl simulation representative

of unperturbed preindustrial climate conditions.
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VoIMIP Tier 1 experiments are branched in two main sets, named “volc-pinatubo” and “volc-long”, respectively (Zanchettin
et al., 2016). The volc-pinatubo experiments include a main experiment with full forcing (volc-pinatubo-full) and two
sensitivity experiments aimed at disentangling the competing effects of the two mechanisms known to determine the seasonal-
to-interannual response to volcanic eruptions, i.e., surface cooling and stratospheric warming. The experiments tackle
uncertainty and inter-model differences in the climatic response to an idealized 1991 Mt. Pinatubo-like eruption, which is
chosen as representative of the largest magnitude of volcanic events that occurred during the instrumental period to date. The
volc-pinatubo experiments use a volcanic forcing dataset derived from satellite observations (Thomason et al., 2018) but do
neither account for the actual climate conditions at the time of the 1991 Mt. Pinatubo eruption nor for other forcing factors
concomitant with the eruption, hence their idealized character. The idealized volc-pinatubo experiments complement full-
forcing transient experiments, where historical climate simulations show a general improvement of CMIP6-generation Earth
system models in the simulation of the high-Ilatitude climate response to the 1991 Mt. Pinatubo eruption compared to previous
CMIP results (Pauling et al., 2021).

This paper provides the first multi-model analysis of the volc-pinatubo-full ensemble. The aim is to provide a first assessment
of the experiment and general guidance about emergent gaps of knowledge revealed by major discrepancies across results
from different models. An additional aim is to assess the appropriateness of the VoIMIP protocol and to propose improvements
for a possible second phase of the initiative. Therefore, the paper first includes a short description of the experimental setup
(Sect. 2.1) and an overview of the participating models (six at the moment of writing) including technical details of the
simulations such as the branching years from the CMIP6-DECK piControl (Sect. 2.2). Statistical techniques used in the multi-
model analysis are described in Sect. 3, and results are presented in Sect. 4. Focus is on spatially integrated quantities regarding
the energy fluxes at the top of atmosphere and at the surface, basic quantities describing global and hemispheric-scale surface
climate parameters (temperature and precipitation). We illustrate how inter-model differences are largely reduced compared
to previous analyses thanks to the application of the VVoIMIP protocol, although inconsistencies remain especially in post-
eruption radiative flux anomalies. First insights into dynamical responses are also proposed, where we illustrate how selected
modes of large-scale climate variability and climate feedbacks show larger differences across models compared to surface
climate responses. The impacts from sampling and ensemble size on post-eruption anomalies and the expected climate
response are also illustrated. Sect. 5 discusses the main inconsistencies across models, provides guidance for future studies

and suggests revisions to the volc-pinatubo-full experiment in a possible second phase of VVoIMIP.

2 Characteristics of volc-pinatubo-full
2.1 The experiment

The VoIMIP protocol established the CMIP6 stratospheric aerosol dataset to be used for the volc-pinatubo-full experiment.
This dataset covers the CMIP6 historical period (1850-2018) and provides zonal and monthly mean stratospheric aerosol

extinction, single scattering albedo and asymmetry factor as a function of latitude, height, wavelength and time (Luo, 2018a,

3
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b). For the years around the 1991 eruption of Mt. Pinatubo, the CMIP6 stratospheric aerosol data is constructed directly from
the Global Space-based Stratospheric Aerosol Climatology (GloSSAC) observational reconstruction (Thomason et al., 2018).
GIoSSAC is constructed mainly from satellite observations of stratospheric aerosol extinction. For the Pinatubo period,
GIoSSAC aerosol properties are retrieved from the SAGE |1 satellite instrument, with some gaps filled via tropical and mid-
latitude ground- based lidar measurements, most notably due to the strong extinction by Pinatubo aerosols in the lower tropical
stratosphere in the first months after the eruption. Gaps in high latitudes have been filled by regridding the observations onto
equivalent latitude instead of geographical latitude. The CMIP6 volcanic aerosol forcing initially made available for CMIP6
historical simulations and the VoIMIP volc-pinatubo-full experiment was labeled as version 3, and was based on GIoSSAC
version 1.0 (Thomason et al., 2018). Subsequently (in August 2018), an updated version (v4) was released, based on GIoSSAC
v1.1, which corrected erroneous aerosol extinction values which arose through cloud screening of satellite data in the lower
stratosphere. Nonetheless, version 3 remains the recommended forcing data set for the VoIMIP volc-pinatubo experiments and
was used in all simulations included in this study. This choice was deemed to be preferable since inter-model consistency in
forcing is one of the pillars of VoIMIP and volc-pinatubo-full simulations were already performed by some modeling groups
at the time version 4 was released. Therefore, in the case that CMIP6 historical simulations are run with the version 4 data set,
inconsistency in the forcing contributes to explaining possible inconsistencies between the volc-pinatubo-full and the historical
simulations performed with the same model. Comparison of stratospheric aerosol optical depth (SAOD) for the CMIP6 v3
and v4 data sets confirms that both data sets show a very similar spatiotemporal evolution of the SAOD, with an initial tropical
peak, followed by transport of the aerosol to the mid and high latitudes of both hemispheres (Fig. S1). Differences between
the two versions are strongest in the tropics in the first few months after the Mt. Pinatubo eruption, and at the highest latitudes
of both hemispheres. Rieger et al., (2020) compared CMIP6-historical simulations performed with two models using v3 and
v4 of the CMIP6 forcing dataset, and found generally small differences in the simulated post-Pinatubo surface climate
response, with the notable exception of temperature response in the tropical stratosphere.

By protocol, a minimum of 25 simulations are branched-off from the parent piControl simulation on June 1% of selected years,
sampled in a way that they include equally distributed cold/neutral/warm states of the El Nifio-Southern Oscillation (ENSO)
and negative/neutral/positive states of the North Atlantic Oscillation (NAO). To this purpose, recommended indices were the
Nifi03.4 sea-surface temperature index for ENSO, and the two-box index as used by Stephenson et al. (2006) for the NAO,
both referring to winter-average data (DJF, with January as reference for the year) for the first post-eruption winter (i.e.,
including January 1992). Specifically, the NAO index was defined as the difference between spatial averages of 500 hPa
geopotential heights over (20-55 N; 90W-60 E) and (55-90 N; 90W-60 E). Sampling of an eastern phase of the Quasi-
Biennial Oscillation (QBO), as observed after the 1991 Pinatubo eruption, is preferred for those models that explicitly simulate

this mode of stratospheric variability.
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2.2 The multi-model ensemble

The volc-pinatubo-full multi-model ensemble includes simulations from six models: the 5th version of the Canadian Earth
System Model (CanESM5, Sect. 2.2.1), the NASA Goddard Institute for Space Studies Earth System model (GISS-E2.1-G,
Sect. 2.2.2), the CMIP6 version of the Institut Pierre-Simon Laplace coupled atmosphere-ocean general circulation model
(IPSL-CM6A-LR, Sect. 2.2.3), the Model for Interdisciplinary Research on Climate, Earth System version2 for Long-term
simulations (MIROC-ES2L, Sect. 2.2.4), the Max Planck Institute Earth System Model version 1.2 in its low resolution version
(MPI-ESM1.2-LR, Sect. 2.2.5) and the 1st version of the UK Earth System Model (UKESM1, Sect. 2.2.6). The main
characteristics of the participating models are reported in Table 1.

2.2.1 CanESM5

The fifth version of the Canadian Earth System Model (CanESM5) couples together models of the atmosphere (CanAMDb),
land (CLASS), ocean/sea-ice (CanNEMO), atmospheric carbon cycle (CTEM) and ocean biogeochemistry (CMOC) which
are briefly described in Swart et al. (2019). The atmosphere is resolved using a T63 horizontal resolution, roughly 2.8° in
longitude and latitude, and 49 vertical levels while the ocean is horizontally resolved at roughly 1° and 45 levels. A 1000-year
long piControl simulation using CanESM5 is generally stable for heat, water and carbon related quantities, with observed drifts
in some variables, e.g., ocean carbon flux, that are much smaller than anthropogenic signals. The climate sensitivity of
CanESMS5 is greater than CanESM2 (used for CMIP5) with a value of 5.67 K compared with 3.7 K (Zelinka et al., 2020) which
is mainly attributed to changes in cloud feedbacks (Virgin et al., 2021).

2.2.2 GISS-E2.1-G

The NASA Goddard Institute for Space Studies Earth System modelE version 2.1, coupled to the GISS ocean (GISS-E2.1-G,
Kelley et al., 2020), is one of several versions of the NASA GISS climate model submitted to CMIP6. It uses a regular grid
across both the ocean and atmosphere. It has a 1.25° in longitude by 1° in latitude, 40-layer ocean coupled to a 2.5° in longitude
by 2° in latitude 40-layer atmosphere with a top at 0.01 mb. The non-interactive version of atmospheric aerosols and chemistry
is used in VoIMIP (physics version 1). Volcanic eruptions are represented by specifying monthly averaged volcanic sulfate
(optical properties described in Lacis et al., 1992) aerosol optical depth in 69 layers (5 km-39.5 km) and 36 latitude bands with
no zonal variation (Thomason et al., 2018); the general implementation strategy of the GISS stratospheric volcanic aerosols
are described in Sato et al. (1993), which uses a lower resolution version of the GISS model as well as a coarser resolution
stratospheric aerosol boundary condition. ENSO variability is relatively large in this version of the model with variance about
50% greater than that observed (Kelley et al., 2020). Equilibrium climate sensitivity is about 3.6 °C for doubling of CO2, with

remarkable consistency to previous versions of the model.
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2.2.3 IPSL-CMG6A-LR

The CMIP6 version of the Institut Pierre-Simon Laplace (IPSL) coupled atmosphere-ocean general circulation model is the
low-resolution IPSL-CM6A-LR (Boucher et al., 2020), corresponding to a grid resolution of its atmospheric component
LMDZ6A-LR of 1.25° in latitude and 2.5° in longitude and 79 vertical levels (Hourdin et al., 2020). LMDZ6A-LR is coupled
to the ORCHIDEE (d'Orgeval et al., 2008) land surface component, version 2.0. In IPSL-CM6A-LR, the oceanic component
uses the Nucleus for European Models of the Ocean (NEMO), version 3.6 (Madec et al., 2017), which includes other models
to represent sea-ice interactions (NEMO-LIM3; Vancoppenolle et al., 2009; Rousset et al., 2015) and biogeochemistry
processes (NEMO-PISCES; Aumont et al., 2015). Compared to the 5A-LR model version and other CMIP5-class models,
IPSL-CMG6A-LR was significantly improved in terms of the climatology, e.g., by reducing overall SST biases and improving
the latitudinal position of subtropical jets. The IPSL-CM6A-LR is also more sensitive to CO2 forcing increase (Boucher et al.,
2020) and represents a more robust global temperature response than the previous CMIP5 version consistently with current
state-of-the-art CMIP6 models (Zelinka et al., 2020).

2.2.4 MIROC-ES2L

The Model for Interdisciplinary Research on Climate, Earth System version2 for Long-term simulations (MIROC-ES2L)
consists of the coupled atmosphere-ocean general circulation model called MIROC5.2, the land biogeochemistry component
(VISIT), and the ocean biogeochemistry component (OECO2) (Hajima et al., 2020). The horizontal resolution of the
atmosphere and the land is set to have T42 spectral truncation, which is approximately 2.8° intervals for latitude and longitude.
The atmospheric vertical resolution is 40 layers up to 3 hPa. The horizontal grid of the ocean model is built on a tripolar system
that is divided horizontally into 360x256 grid points. (To the south of 63° N, the longitudinal grid spacing is 1° and the
meridional spacing becomes fine near the Equator. In the central Arctic Ocean, the grid spacing is finer than 1° because of the
tripolar system.) The ocean model has 62 vertical levels. VISIT simulates carbon and nitrogen dynamics on land. The OECO2
is a nutrient—phytoplankton—zooplankton—detritus-type model that is an extension of the previous model, MIROC-ESM
(Watanabe et al., 2011). The effective climate sensitivity in MIROC-ES2L is lower than the previous version of MIROC-ESM
(4.7 °C for MIROC-ESM, see Andrews et al., 2012, and 2.7 °C for MIROC-ES2L, see Tsutsui, 2020).

2.2.5 MPI-ESM1.2-LR

The Max-Planck-Institute Earth-System-Model (MPI-ESM) is composed of four components: the atmospheric general
circulation model ECHAMG6 (Stevens et al., 2013), the ocean-sea ice model MPIOM (Jungclaus et al., 2013), the land
component JSBACH (Reick et al., 2013), which is directly coupled to ECHAMSG6, and the ocean biogeochemistry model
HAMOCC (llyina et al., 2013), which is directly coupled to MPIOM. VoIMIP experiments are performed with the MPI-ESM
version 1.2 (Mauritsen et al., 2019) in its low resolution (MPI-ESM1.2-LR). In MPI-ESM1.2-LR, ECHAM®6.3 is run with a

horizontal resolution of T63 (~200 km) and 47 vertical levels, while MPIOM is run with a nominal horizontal resolution of



195

200

205

210

215

220

https://doi.org/10.5194/gmd-2021-372
Preprint. Discussion started: 12 November 2021
(© Author(s) 2021. CC BY 4.0 License.

1.5° and 40 vertical levels. ECHAM®.3 includes modifications of the convective mass flux, convective detrainment and
turbulent transfer, the fractional cloud cover and a new representation of radiative transfer with respect to its CMIP5 version
(Stevens et al., 2013), while MPIOM remained largely unchanged with respect to the CMIP5 version of MPI-ESM (Jungclaus
et al., 2013). A detailed description of all MPI-ESM1.2 updates is given in Mauritsen et al. (2019)., which contains
ECHAMBG.3. Climate sensitivity in the MPI-ESM1.2 was tuned to match the instrumental record warming by targeting an

equilibrium climate sensitivity (ECS) of about 3 K using cloud feedbacks.

2.2.6 UKESM1

The first version of the UK Earth System Model (UKESM1) is fully described by Sellar et al. (2019). UKESM1 differs from
its predecessor HadGEM2-ES (Collins et al., 2011) in being developed via a partnership between the UK Met Office and the
UK Universities (funded via the UK Natural Environment Research Council). UKESML1 is built around the physical
atmosphere-ocean climate model HadGEM3-GC3.1 (Kuhlbrodt et al., 2018; Williams et al., 2018), combining the Global
Atmosphere 7.1 (GA7.1) configuration of the UK Met Office Unified Model (Walters et al., 2019; Mulcahy et al., 2018) with
the NEMO ocean model (Storkey et al., 2018), the CICE sea-ice model (Ridley et al., 2018) and the JULES land-surface model
(Best et al., 2011). Two major developments since HadGEM2-ES include the atmosphere physical model having a well-
resolved stratosphere with stratosphere-troposphere chemistry (Archibald et al., 2020) and tropospheric aerosol radiative
forcings from the GLOMAP-mode modal aerosol microphysics module (Mann et al., 2010; Bellouin et al., 2013). Another
important progression since HadGEM2-ES is that the UKESML1 terrestrial biogeochemistry module within JULES (Clark et
al., 2011) has coupled carbon and nitrogen cycles, also with enhanced land management. The main characteristics and
behaviour of the UKESM1 deck simulations for CMIP6 (pre-industrial control, abrupt 4xCO2, 1% increasing CO2 and post-

industrial historical) are presented in Sellar et al. (2019).

2.2.7 Forcing implementation

The VoIMIP protocol recommends volcanic forcing input data below the model tropopause to be replaced by climatological
or other values of tropospheric aerosol used by the models (see Zanchettin et al., 2016). This is a potential source of inter-
model disagreement already at the forcing level, given differences across models in the vertical structure of the simulated
atmosphere and choices made regarding the definition of the tropopause and the climatological reference value of tropospheric
aerosol. The presence of forcing differences across participating models is illustrated in Fig. 1 by monthly values of the aerosol
optical thickness at 550 nm due to stratospheric volcanic aerosols (variable aod550volso4!) averaged over the tropics (30°S-
30°N). The amplitude of forcing differences between models vary through time, as can be seen for instance comparing results
from IPSL-CM6A-LR and MPI-ESM1.2-LR, which match at the peak of the forcing but differ appreciably during the decaying

phase. The largest difference occurs during the initial steep aerosol rise. Differences also concern the stratospheric background

! Variable names are reported as defined by the CMIP6 "Climate Model Output Rewriter"
7
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aerosol, which is present in MPI-ESM1.2-LR, GISS-E2.1-G and UKESML1 but not in other models (note, MPI-ESM1.2-LR

volc-pinatubo-full simulations started in January 1991).

2.2.8 Initial conditions

Following the VoIMIP protocol, branching from the piControl simulations was designed to sample combined states of NAO
and ENSO in such a way that a broad range of internal unperturbed variability is considered at the time of the peak of the
applied forcing, i.e., during the first post-eruption winter (DJF 1992, with January setting the reference for the year). The
approach therefore aims at selecting climate conditions at the time of the eruption that are preconditioning a broad variety of
states of ENSO and NAO in the following winter, to determine whether the climate response is influenced by developing

anomalies in such modes.

Figure 2 illustrates the sampled winter average ENSO and NAO states from the piControl simulations for all models. For both
modes, indices are standardized where the original DJF time series is modified by removing the long-term average calculated
over the whole piControl and then by dividing it by the square root of the variance calculated over the whole piControl. For
all models, the sampling complies with the VVoIMIP protocol as the homogeneous spread of the scatterplots encompassing all
quadrants confirms that different unperturbed coupled states of ENSO and NAO are considered corresponding to the first post-
eruption winter (DJF 1992, Fig. 2a). Still, some differences across models are apparent, for instance the range of sampled
ENSO states, in the standardized DJF Nifio3.4 index, is comparatively smaller in CanESMD5 than in other models. Also, small
biases in the average sampled state of ENSO are appreciable, e.g., the bias to positive ENSO in MIROC-ES2L and to negative
ENSO in MPI-ESM1.2-LR and UKESML1. The inter-model differences reflect the application of different sampling algorithms
and/or subjective choices. Concerning the first point, initial states of MIROC-ES2L were sampled at 200-year intervals without
an explicit consideration of the corresponding ENSO and NAO states. Then, the circular structure emerging for some models
in the NAO-ENSO scatterplot corresponding to the last pre-eruption boreal winter (DJF 1991, Fig. 2b) reveals how some
modeling groups (CanESMD5, IPSL-CM5A-LR and MPI-ESM1.2-LR) targeted the last pre-eruption boreal winter and not the
first post-eruption boreal winter, for the selection of initial states. This was done using a sampling algorithm yielding the

visible circular structure. The sampling strategy is further discussed in Sect. 4.5.

The simulations are then started on May 31st of the year of the Pinatubo eruption for all models except MPI -ESM1.2-LR, for
which the simulations are started on January 1st of the year of the eruption due to technical reasons. This study uses an
ensemble of 25 simulations - the minimum ensemble size set by the protocol - for each contributing model, unless otherwise
specified. Note that more realizations are available from certain models, for instance 121 realizations are available for GISS-
E2.1-G and 40 realizations are available for CanESM5. The realizations considered here are those labeled from rl to r25 in

the metadata.
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3 Statistical methods and diagnostics

Climate responses to the volcanic forcing are quantified as anomalies with respect to the unperturbed climatology in each
model. These are differences between the output of each realization in the volc-pinatubo-full multi-model ensemble and the
climatology calculated for the whole length of the piControl, including seasonality. The anomaly method assumes that the
unperturbed climate is characterized by uncorrelated white noise, which adds to the forced response in the volc-pinatubo-full
simulations. Accordingly, the expected forced response can then be calculated as the ensemble mean anomaly whereas the
spread of anomalies reflects noise. The method smears out climate variations on seasonal or longer timescales that emerge in
the volc-pinatubo-full simulations and may have already been in progress in the piControl at the time chosen to start the volc-
pinatubo-full simulation and might therefore be included in the calculation of the response. For instance, such variations can
be due to ocean dynamics or sea-ice changes. This could be relevant, for instance, considering the biases in the averaged
sampled states of ENSO in some models (Fig. 2a). Additional approaches to the quantification of the climate responses have
been tested, including calculation of paired anomalies, i.e., deviations of the volc-pinatubo-full realizations from the
corresponding branch of the piControl. These alternative methods occasionally yield different results compared to the anomaly
method shown in the main results concerning the expected climate response, i.e., the ensemble mean, and the evaluation of
statistical significance of inter-model differences. Accordingly, different approaches are discussed whenever deemed

necessary.

The significance of inter-model differences in the multi-model ensemble is estimated based on the Mann-Whitney U test where

the ensemble of each model is tested against the aggregated multi-model ensemble of the other models.

The analysis is performed on monthly values of selected relevant diagnostics spatially averaged over four regions. These are
the full globe (hereafter GL), the Northern Hemisphere extratropics (30°-90°N, hereafter NH), the tropics (30°S-30°N,
hereafter TR), and the Southern Hemisphere extratropics (30°-90°S, hereafter SH).

A simple assessment of the global upward LW radiation flux across the atmospheric column and of the cloud-albedo feedback
in the tropics and their dependence on the mean state of the unperturbed climate is performed (Sect. 4.4). Specifically, the
atmospheric LW transmittance is diagnosed through the ratio LWt/LWs?1, where LWt is the global average top-of-atmosphere
LW radiation (rlut) and LWs? is the global average upward LW radiation at the surface (rlus) (e.g., Zanchettin et al., 2013).
Cloud-albedo interactions in the tropics are diagnosed through the ratio SWt/SWtcs, where SWt (rsut) and SWtcs (rsutcs) are
the top-of-atmosphere upward solar radiation under full-sky and clear-sky conditions, respectively, over the TR region. For

both diagnostics, anomaly values below one are associated with a strengthening of the underlying processes and feedbacks.

The effect of ensemble size on the uncertainty estimation in the expected climate response (i.e., ensemble mean) is quantified
for each model through changes in the standard error of the ensemble mean calculated for different ensemble sizes (Sect. 4.6).
In practice, for each ensemble size from 3 to 25, all possible permutations of the full ensemble for the considered size are

retrieved. Then, for each size and sub-ensemble obtained from the permutations, the standard error of the ensemble mean is
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calculated for the anomalies of the variable of interest, i.e., the square root of the variance of the sub-ensemble anomalies
divided by the square root of the sub-ensemble size is calculated. Then, means and 5" and 95" percentiles of the so-obtained
standard errors for each ensemble size are plotted. The standard error is calculated for anomalies of annual mean values of the
year 1992 for two key surface variables: global-mean near-surface air temperature and global-mean precipitation.

4 Results
4.1 Mean state and variability in piControl

The simulated mean state and variability of piControl, i.e., under unperturbed conditions, can affect the post-eruption response
through excitation of internal climate modes by the eruption, which in turn also depends on their amplitude and phase at the
time of the eruption (see Fig. 2 and Sect. 4.3), and/or through controlling the strength of climate feedbacks that operate through
changes in the global-mean surface temperature (see Sect. 4.4). The climate state in piControl is illustrated in the form of Box-
Whisker plots of relevant diagnostics calculated for the whole length of the simulations (see Table 1), including global and
regional averages of annual-mean near-surface air temperature (Fig. 3a-d), and winter ENSO and NAO indices as defined by
the VoIMIP protocol (Fig. 3e,f).

There are substantial differences in the simulated near-surface air temperature across models: IPSL-CM6A-LR has an overall
cooler climate compared to the other models, of about 1°C in the global-mean surface temperature compared to CanESMS5,
GISS-E2.1-G and MPI-ESM1.2-LR; in contrast, UKESM1 and MIROC-ES2L have a warmer climate, of more than 1°C
compared to other models. The colder global conditions in IPSL-CM6A-LR stem mostly from colder tropics and southern
extra-tropics, for the latter, even colder conditions than IPSL-CM6A-LR are found for CanESM5. However, IPSL-CM6A-LR
yields substantially warmer and less variable winter sea-surface temperature in the equatorial Pacific compared to other
models, possibly reflecting different biases in the models. These differences may affect climate feedbacks as well as dynamical
responses. The warmer climate of MIROC-ES2L stems from substantially warmer extra-tropical regions compared to other
models, which may affect the response in terms of, among other processes, meridional energy transports and sea ice-albedo
feedback. In contrast, the warmer climate of UKESM1 mostly stems from a warmer tropical region compared to other models,
which may affect especially cloud-albedo feedbacks operating there.

The DJF Nifio3.4 index, which is used to illustrate ENSO, shows substantial differences in the distributions across individual
models. IPSL-CM6A-LR vyields a warmer mean state of ENSO (above 28 °C) and a smaller variance of ENSO compared to
other models. The distribution of ENSO in IPSL-CM6A-LR does not overlap with those of CanESM5, MPI-ESM1.2-LR and
UKESM1, whose mean state of ENSO is below 26 °C. ENSO shows a skewed distribution with a long tail toward strong El
Nifio events in MIROC-ES2L compared to the other models that yield rather symmetric distributions for the Nifio3.4 index.
There are similar differences across models concerning the NAO in terms of both mean state and variability of the mode. In

particular, MIROC-ES2L displays a lower mean value of the non-standardized NAO index, indicating a smaller mean
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difference between boxes hence a smaller meridional gradient in the 500 hPa geopotential height, and a smaller variance
compared to other models.

4.2 TOA and surface radiative fluxes

Left panels in Fig. 4 show the net top-of-atmosphere (TOA) vertical radiative fluxes calculated as anomalies of incoming
shortwave (rsdt) minus outgoing shortwave (rsut) minus outgoing longwave radiation (rlut). At the global scale, the models
agree on a largest average negative anomaly (i.e., reduced downward flux) of about 2 Wm-2 occurring in the first post-eruption
boreal winter and on a persistence of the volcanic perturbation to TOA fluxes until 2.5 years after the eruption, i.e., until the
third post-eruption boreal winter. The ensemble spread is also largely consistent across models. There are inter-model
differences during the first six post-eruption months, with models clustering into two groups, with slower increase of (hence
smaller) radiative anomalies in IPSL-CM6A-LR, CanESM5, UKESM1 and MIROC-ES2L, and a faster increase of (hence
larger) radiative anomalies in MPI-ESM1.2-LR and GISS-E2.1-G, with differences between clusters exceeding 0.5 Wm-2,
The models agree remarkably on the extra-tropical response, whereas a significantly weaker response is found for IPSL-
CMG6A-LR in the tropics from the time of the eruption to mid 1992. The smaller TOA net flux anomaly in IPSL-CM6A-LR is
produced by a combination of the LW and SW components, especially in the tropics (see supplementary Figs. S2 and S3). All
models display weak changes in the outgoing LW radiation in the NH until the second post-eruption boreal summer (1992),
when a rather sudden drop takes place consistently in all models (Fig. S3). This may reflect a change in the spatial structure of
aerosol forcing, with the aerosol cloud predominating over the NH extratropics in the second post-eruption year. Clear-sky net
TOA radiative flux anomalies, calculated as rsdt minus clear-sky outgoing shortwave (rsutcs) minus clear-sky outgoing
longwave radiation (rlutcs) showing more significant inter-model differences than full-sky diagnostics for all considered
regions (Fig. 4b,d,f,h).

Figure 5 illustrates anomalies of the surface net vertical radiative flux calculated as anomalies of downward shortwave (rsds)
plus downward longwave (rlds) minus upward shortwave (rsus) minus upward longwave radiation (rlus). At the global scale,
the models agree substantially as shown by the large overlap between ensemble means and envelopes. The largest reduction
in the downward net surface fluxes occurs around the first post-eruption boreal autumn and winter, with average anomalies
persisting on values below -2 Wm-2 well into the first post-eruption boreal spring. Two models stand out from the ensemble:
MIROC-ES2L and GISS-E2.1-G, the former with weaker and the latter with stronger anomalies during the first two post-
eruption years. As shown for the TOA fluxes, the models agree well in the extratropics while differences are strongest in the
tropics. As also seen for the TOA fluxes, changes in the NH are small until the second post-eruption boreal summer.

Figure 6 illustrates anomalies for the surface upward vertical latent plus sensible heat (LH+SH) flux. All models similarly
produce a weak global response, identified by small ensemble mean anomalies and large ensemble spread encompassing
positive and negative values. However, the models agree on indicating a tendency toward negative upward heat surface flux
anomalies during the first three post-eruption years, arguably linked with reduced surface temperatures and ocean heat losses

to the atmosphere, and with a slower development of anomalies compared to the radiative fluxes (peak negative values are
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observed around the second post-eruption boreal summer). Again, the global response is largely determined by the tropics,
with ensemble-mean heat flux anomalies in the SH extratropics remaining always around zero, suggesting a very small

sensitivity to the forcing and/or small signal-to-noise.

4.3 Tropospheric and surface climate response

Figure 7 illustrates near-surface air temperature anomalies. At the global scale, there are only sporadic significant differences
in the temperature response with maximum expected cooling ranging across models between about -0.27 °C and -0.38 °C and
a multi-model mean of about -0.33 °C. During the post-eruption cooling, the difference between expected responses across
models can exceed 0.15 °C, linked to the significantly weaker cooling in MIROC-ES2L compared to other models. Using
paired anomalies, the consistency across models at the global scale is very strong in the first two post-eruption years, indicating
a progressive cooling until late 1992 when a maximum cooling of about 0.3 °C is attained (Fig. S6). There is no evidence of a
significantly weaker cooling in MIROC-ES2L compared to other models in the paired anomalies, which reveals that the
response identified in Fig. 7 may reflect biased sampled states in this model (Fig. 2), as further discussed below. Thereafter,
the ensemble-mean trajectories depart more from each other also in the paired anomalies, with a quicker recovery for MIROC-
ES2L and a slower one for CanESM5 compared to other models. Anomalies remain negative to the end of the simulations,
with values between around -0.08 and -0.12 °C in year 1995 in models that extended the integration to this time (IPSL-CM6A-
LR, MPI-ESM1.2-LR and CanESMDb).

The response in the tropics is seen to be the source of the occasional disagreement in the global-mean temperature across
models, and reveals model specificities in the cooling phase that do not emerge at the global scale. This is the case for the
intermittent significantly colder anomalies seen in MPI-ESM1.2-LR and the warmer conditions of IPSL-CM6A-LR during the
second post-eruption boreal summer, which particularly emerge in the paired anomalies. This again suggests a possible effect
of biases in the sampled initial conditions in the case of MPI-ESM1.2-LR, considering its slight negative average of sampled
ENSO conditions in piControl at the time of peak forcing (Fig. 2) and the fact that paired anomalies do not yield significant
differences among models (Fig. S6). Otherwise, this might reflect differences in the applied forcing (see Sect. 4.2) as well as
the consequent activation of certain dynamical responses in only some models. In the extra-tropics, surface cooling is
consistently stronger in the NH compared to the SH, which can be linked to the larger land cover in the former and to inter-
hemispheric asymmetries in the exposure of polar regions to the volcanically induced radiative forcing anomalies. In the NH
the response is negligible until the second post-eruption boreal summer, when hemispheric surface temperature anomalies drop
until the following boreal winter to reach ensemble-mean values around -0.5 °C in MIROC-ES2L, CanESM5 and MPI-
ESM1.2-LR, and around -0.7 °C in GISS-E2.1-G, IPSL-CM6A-LR and UKESML1.

Figure 8 illustrates the precipitation anomalies. The magnitude of the reduction of global-mean precipitation is similar in all
models except MIROC-ES2L. Peak ensemble-mean anomalies are smaller than -0.05 mm/day in all models, which is small

compared to the ensemble variability of the simulations. The difference between MIROC-ES2L and the other models is
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reduced if paired anomalies are considered (Fig. S7), which again points to a biased sampling of initial states in this model.
The precipitation response is especially small in the extratropics, hence the global reduction of precipitation largely stems from
a reduction of the tropical precipitation.

Figure 9 illustrates the response of ENSO and NAO, quantified using indices defined according to the VoIMIP protocol, i.e.,
non-standardized box-based indices (see Sect. 2.2). Nifio3.4 anomalies indicate a general tendency of ensemble means toward
colder sea-surface temperatures anomalies in the first three post-eruption years, except for MIROC-ES2L with peak warm
anomalies of around 1°C in late 1992 and, much less evident, GISS-E2.1-G and MPI-ESM1.2-LR. MIROC-ES2L stands out
as significantly different from the other models both concerning the warming in 1992 and the following cooling around 1994.
Considering the possible biased sampling of ENSO states, Figs. 9a,c and S9 illustrate paired anomalies of Nifio3.4 sea-surface
temperatures for the volc-pinatubo-full simulations and corresponding piControl sections, and the anomalies for such piControl
sections from the climatology, respectively. Results indicate a weak yet consistent tendency toward cooling (around -0.25°C)
until the first post-eruption boreal winter in volc-pinatubo-full and a divergence of ensemble-mean trajectories thereafter, with
a clear tendency toward warming in MIROC-ES2L during the second post-eruption winter (Fig. 9c), which peaks at much
lower values compared to the anomalies with respect to the climatology (Fig. 9). Anomalies with respect to the climatology
for the piControl sections confirm that part of the response detected in MIROC-ES2L is in fact spurious and linked to a biased
sampling of warm ENSO states in piControl (Fig. S8). Paired anomalies also show a smaller initial cooling signal in UKESM1
and a stronger initial cooling in CanESM5 compared to the anomalies from the climatology, up to -0.5°C around the third post-
eruption summer. Overall, the models thus seem to agree on a weak La Nifia-like response in the early phase, whereas the
models disagree on the later response of ENSO, with some models suggesting a warm (EIl Nifio-like) response and others
suggesting a cold (La Nifia-like) response. The different sign and timing of the response highlight the potential influence of
the different simulation of ENSO dynamics in the different models. In addition to the sampling bias, two considerations are
worthy: first, the large ensemble spread indicates a general low signal-to-noise ratio; then, Nifio3.4 SST does not provide a
good diagnostic to examine ENSO as dynamical responses may be masked by broad tropical radiative cooling effects.

The NAO response and inter-model agreement are also difficult to interpret based on the chosen diagnostic, due to the apparent
low signal-to-noise ratio of the response. There is a weak tendency toward positive NAO anomalies in the first post-eruption
winter in GISS-E2.1-G and IPSL-CM6A-LR, and earlier in UKESM1, which contrasts with tendential negative anomalies in
CanESMS.

4.4 Feedbacks

Figure 10 illustrates diagnostics that relate to two examples of climate feedbacks. The first describes changes in the atmospheric
LW transmittance through the LWt/LWs?1 ratio, defined as difference between the value of the LWt/LWs1 ratio calculated for
the volc-pinatubo-full simulations and for the corresponding piControl sections. This value integrates the effects of diverse

processes, including absorption by the volcanic aerosol and high-level clouds, and several feedbacks including Planck, lapse
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rate and water vapor. The second describes changes in solar radiation linked to the cloud-albedo feedback, estimated through
the SWt/SWtcs ratio. There is a tendential lowering of the LWt/LWs?1 ratio in all models, but possibly less strong for IPSL-
CMB6A-LR, which has a colder mean state of the global surface climate, and strongest for UKESM1, which has a warmer mean
state of the global surface climate than all other models except MIROC-ES2L. The inter-model difference between models
agrees with the general relation that a warmer climate has a stronger water vapor feedback, which is accounted for in this
diagnostic, but other factors influence the thermal radiation response across the atmosphere, possibly including aerosol
radiative effects. However, there seems to be no major difference between the first and the second post-eruption year in terms
of LWt/LWs1. Given the substantial difference in acrosol loading between both years, this again suggests that the diagnostics
mostly reflect differences in feedbacks operating through changes in the LW radiation.

There is a clear strengthening of the cloud-albedo feedback in all models, as the associated diagnostic is largely below the
value of 1 in all models. There seems to be a clustering between models, with MIROC-ES2L and GISS-E2.1-G with a strong
response of the feedback during the first post-eruption year and a strong recovery in the second post-eruption year, IPSL-
CMG6A-LR with a comparatively weak response in the first post-eruption year but a stronger persistence of the signal in the
second post-eruption year, and CanESM5, UKESM1 and MPI-ESM1.2-LR with an intermediate behavior. The warmer mean
state of tropical temperatures of GISS-E2.1-G and MIROC-ES2L compared to other models (Fig. 3) suggest a dependency on
temperature, although the clustering may reflect different choices in the parameterization of clouds in the different models as
UKESM1, with the warmest climatological tropical temperatures, and CanESM5, with similar climatological temperatures to
MIROC-ES2L, show weaker cloud responses. The diagnostics may also reflect differences in the applied forcing, although the
linkage is nontrivial as, for instance, IPSL-CM6A-LR and UKESML1 have similar rsut/rsutcs values but different forcing

(compare with Fig. 4).

4.5 Effect of sampling strategy

Figure 11 illustrates the effect of the sampling strategy, i.e., the considered ENSO and NAO conditions to start the volc-
pinatubo-full simulations from the piControl following the VolMIP protocol, for the post-eruption climate anomalies. The
figure compares empirical distributions for near-surface air temperature anomalies in terms of seasonal-average anomalies for
the 1992 boreal summer grouped by different states of ENSO and NAO. For global-average near-surface air temperature, all
models show smaller negative temperature anomalies on average in the realizations starting from ENSO+ pre-conditions, and
stronger negative temperature anomalies on average for realizations starting from ENSO- pre-conditions. This result is
unsurprising and can be explained by the global temperature anomaly resulting from the ENSO state at the time of maximum
cooling superimposing on the volcanic cooling. Note, however, -that the anomalies contain the potential effect of sampling
biases regarding ENSO, most importantly regarding MIROC-ES2L (Figs. 2 and S9): unbalanced sampling of ENSO can thus
lead to biases in the global-average post-eruption anomalies for some models (see also, e.g., Lehner et al., 2016). This

hypothesis is supported by analysis of paired anomalies (Fig. S9) showing no substantial change in the response as a function
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of ENSO pre-conditioning, or even opposite dependencies of the response on ENSO compared to what is seen in the anomaly
analysis (compare Fig. 11 and Fig. S9 for, e.g., GISS-E2.1-G). In any case, the distributions of global-mean temperature
anomalies for the different ENSO pre-conditions do overlap considerably in most cases also in the anomaly analysis, indicating
that the effect of ENSO preconditioning can be overwhelmed by other factors contributing to internal variability. In particular,
the distributions for IPSL-CM6A-LR overlap considerably, suggesting that in this model global cooling is weakly sensitive to
the ENSO pre-conditioning. The NAO sampling affects the global response with an overall weaker impact compared to ENSO,
with only some models showing differences in the ensemble-mean response under different NAO pre-conditioning. This can
be understood with the weaker imprint of NAO on the global surface climate compared to ENSO, particularly in summer.

Similar considerations stand for regional cooling over areas deemed most impacted by the two considered modes, i.e., the
tropics for ENSO and the Northern Hemisphere for the NAO. Preconditioning of ENSO clearly impacts tropical temperatures
in the anomaly analysis, with all models agreeing on a weaker cooling under EI-Nifio preconditioning compared to neutral or
La-Nifia preconditioning. Again, paired anomalies weaken the dependency of the response to the state of ENSO, revealing that
the evolution of post-eruption tropical temperature anomalies contain the signal of dynamics related to ENSO and unaffected
by the forcing. The lack of impact of NAO sampling on NH temperatures can be again explained by the fact that the NAO is
predominant in winter whereas direct radiative responses are better identified in the summer season. Further, the NAO
hemispheric pattern is strongly heterogeneous and includes both warm and cold regional temperature anomalies within the

Northern Hemisphere that tend to compensate for each other leaving a negligible imprint on hemispheric averages.

4.6 Ensemble size and spread

Figure 12 illustrates the effect of sample size on the uncertainty related to the expected (i.e., ensemble mean) surface
temperature and precipitation response, shown in terms of standard error of the mean of post-eruption anomalies (see Sect.
2.2). The standard errors converge toward the value obtained for the 25-member ensemble in all models, starting from the
higher and more uncertain estimates obtained for low ensemble sizes. Otherwise, the curves differ across models indicating
that they disagree on how the ensemble size affects the standard error of the ensemble mean. Models rank similarly concerning
errors in global-mean temperature and global-mean precipitation, reflecting similar relative uncertainty in the response of both
variables.

For small ensemble sizes, the amplitude of the 5-95 percentile range of the standard error varies substantially across models,
with larger values in IPSL-CM6A-LR, GISS-E2.1-G, MIROC-ES2L and UKESM1 compared to MPI-ESM1.2-LR and
CanESMBS. This reflects a weak signal-to-noise ratio of the response in the former group of models as seen in their larger full-
size standard errors and highlights the exposure of these models to potentially large sampling biases in the expected response
when it is estimated from a few events. Overall, uncertainty in the ensemble mean strongly depends on both, ensemble size
and model, which, together with the variety of unperturbed climatologies expressed by the models in the piControl, prevents

generalization and requires model-specific assessments of the signal-to-noise ratio of post-eruption anomalies.
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5 Discussion

In the following, we illustrate major gaps of knowledge emerging from our analyses to be addressed in follow up studies (Sect.
5.1) and discuss possible improvements to the experimental design and the protocol of VoIMIP in light of a possible second
phase of the initiative (Sect. 5.2).

5.1 Gaps of knowledge

Overall, the volc-pinatubo-full results indicate a general agreement in the surface climate response to volcanic forcing among
different models compared to previous results. The VoIMIP protocol allows models to be compare more powerfully by
sampling across different states of dominant climatic modes. This contrasts with the small yet significant inter-model
differences in volcanic aerosol optical depth and post-eruption radiative flux anomalies that call for more in-depth analysis of
the volc-pinatubo-full simulations and question the efficiency of the VoIMIP protocol for constraints on the forcing data across
models.

The apparent differences in the aerosol forcing implemented in the different models require further work to be fully assessed
and understood. They may reflect differences in model physics, including radiative schemes and parameterizations of aerosol-
SW and -LW interactions. We recommend first checking the details of the stratospheric aerosol optical, single scattering albedo
and asymmetry parameter depth diagnosed for each model and identifying model specificities regarding the tropopause height,
especially over the tropics, and choices in the replacement of aerosol data below the tropopause. Inter-model differences in
radiative flux anomalies are seen both at the top-of-atmosphere in full-sky and especially clear-sky diagnostics, and at the
surface. They may also indicate inter-model differences in model radiative codes that rely on different spectral band resolution
and schemes for aerosol-radiation interactions, or in adjustments/feedbacks, for example cloud adjustments (Schmidt et al.,
2018), or the global water balance (Wild, 2020). We recommend analysis of effective radiative forcing or instantaneous
radiative forcing calculations (e.g., Smith et al., 2018). In this regard, the VoIMIP protocol has defined a group of variables to
diagnose volcanic instantaneous radiative forcing (Table 4 in Zanchettin et al., 2016), which were requested to generate
volcanic forcing for the volc-pinatubo-surf/strat experiments and can be useful to better constrain the imposed aerosol forcing
in the different models.

The idealized nature of the VoIMIP experiments does not allow a direct comparison with observations, which must rely on
output from full-forcing transient simulations. In this regard, analysis of CMIP6-historical simulations (Pauling et al., 2021)
provide a much better agreement with observations compared to CMIP5-historical simulations concerning the global-mean
surface temperature response to the 1991 Pinatubo eruption. A comparative assessment of inter-model consistency in the
climate response to the 1991 Mt. Pinatubo eruption in CMIP6-historical and in the volc-pinatubo-full experiment could also
help to clarify the impact of boundary conditions and choices regarding the correction to the volcanic aerosol input data to

confine volcanic aerosol to the stratosphere for volc-pinatubo-full.
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The tropics emerge as a key region to understand inter-model differences in the volc-pinatubo-full ensemble and assess the
realism of the simulated climate response to volcanic forcing. Fiedler et al. (2020) analysed the simulated tropical precipitation
across different phases of CMIP and found similar behaviors for CMIP5 and CMIP6 models. In both cases the expected post-
eruption reduction in precipitation over land is stronger than what is indicated by observations. This suggests a too-strong
response of tropical precipitation to volcanic aerosols persisting across different model generations. However, an explanation
based on CMIP5 results indicates that post-eruption precipitation anomalies strongly depend on both the magnitude of applied
volcanic forcing and the state of the ocean at the time of eruption (Paik et al., 2020). Our results confirm the strong dependence
of the precipitation response - and more generally of the climate response - to both, the mean climate state and the phase of
internal climate variability at the time of eruption, beyond the obvious considerations about differences in the magnitude of
the applied forcing discussed above. This was highlighted here especially for the case of the biased sampling of ENSO
conditions in one of the contributing models (MIROC-ES2L), which reverberated on global-scale responses of temperature
and precipitation. In fact, despite our results suggesting that the implementation of the experiment protocol was overall
effective for most of the contributing models, room for possible improvements is evident, especially the strictness of the
sampling of initial conditions for the volc-pinatubo simulations.

The dependency of post-eruption anomalies on initial conditions emerges as one of the clearest results of our analysis. Based
on our analysis, ENSO does not show a robust response neither across models nor within individual models, which implies
that its evolution determined by ongoing intrinsic dynamics can significantly affect post-eruption anomalies at the global,
hemispheric, and regional scales. Therefore, our results highlight how for an eruption like the 1991 Mt. Pinatubo a biased
sampling of internal variability may lead to non-negligible biases in the estimation of the expected climate response and call
for caution in the assessment of post-eruption anomalies. The use of paired anomaly calculations mitigates the effect of
sampling biases. The role of initial conditions in shaping the climate response to larger magnitude eruptions has been subject
of recent studies (e.g., Zanchettin et al., 2019; Pausata et al., 2020). Analysis of the output of the VoIMIP volc-long-eq
experiment, based on idealized climate simulations of the 1815 Mt. Tambora eruption, will provide context to the general
conclusions drawn here for the 1991 Mt. Pinatubo eruption. Also, despite the broad scattering and large overlap of values of
ENSO and NAO at the time of peak forcing under unperturbed and perturbed states (Fig. 9e) suggesting a lack of robust
response of both modes to volcanic forcing, there are known limitations in the considered indices and further studies shall
consider improved diagnostics for both modes of climate variability.

Biases in sampled internal variability may reverberate on misinterpretation of dynamical responses as well. For ENSO at least,
conclusions in this regard require additional analyses, which must rely on more reliable diagnostics than the Nifio3.4 index
employed here, such as relative sea-surface temperatures or sea-surface heights as suggested by previous studies (e.g., Khodri
etal., 2017). In addition, the VoIMIP Tier 3 volc-pinatubo-slab experiment can provide very useful insights: it uses the same
forcing as volc-pinatubo-full but a slab ocean in order to clarify the role of coupled atmosphere—ocean processes for the
dynamical response of ENSO (Zanchettin et al., 2016).
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Accounting for sampling of initial conditions is relevant when investigating other known dynamical responses, for instance
the post-eruption Northern Hemisphere winter warming. Coupe and Robock (2021) found that if the observed sea-surface
temperatures are prescribed, the NCAR Community Earth System Model, with the Community Atmospheric Model 5,
realistically simulates the observed winter warming after the three largest volcanic eruptions of the late 20th Century, but it
fails if the ocean model is coupled to the atmosphere. We foster investigation of the post-eruption winter warming simulated
by the volc-pinatubo-full ensemble, and recommend that results are interpreted accounting for the state of ocean variability in
each simulation and also for climatological biases/differences in ocean-atmosphere coupled processes. Depending on the
scientific question, Atmosphere Model Intercomparison Project (AMIP) style experiments with prescribed sea-surface

temperatures might be an alternative approach to coupled climate experiments.

5.2 Implications for VolMIP

Recent advances in the design of climate model experiments makes some afterthoughts necessary regarding the VolMIP
protocol, in particular concerning the sampling strategy. The identification of specific conditions of ENSO and NAO (or of
any other relevant climatic mode) to start the volc-pinatubo simulations from the piControl might seem not necessary in light
of the prospect to increase the integration and assessment of large ensemble experiments within the next phase of CMIP (Deser
et al., 2020). If the way forward is toward the so-called “single model initial-condition large ensembles” (SMILEs), discussion
about supervised sampling strategies may appear obsolete: SMILEs could provide many realizations of historical eruptions,
including the 1991 Mt. Pinatubo, with good sampling of initial conditions as part of the DECK-historical simulations.
However, the lack in transient simulations of unperturbed climate evolutions corresponding to periods during and after volcanic
forcing would impede fully disentangling forced and intrinsic components of climate evolutions, as evidenced here for some
relevant aspects of climate variability including ENSO. In this sense, idealized experiments as those originally proposed for
VoIMIP remain a valuable contribution to understanding the climate response to volcanic forcing and its simulation.

Another promising approach for the future is also the application and combination of different SMILEs. Maher et al. (2021)
demonstrated the utility of combining different types of SMILEs to identify which part of post-eruption climate evolution is a
response forced by the volcanic eruption and which one is due to other sources. The combination of different types of SMILEs
might be a potential way to move forward to answer open scientific questions, such as the causes of post-eruption winter
warming or post-eruption tropical sea-surface temperature variability, by separating and quantifying the forced response from
internal variability on a regional scale.

There is a rich debate in the scientific literature about the use of climate anomalies after volcanic eruptions to infer equilibrium
climate sensitivity (ECS) or transient climate sensitivity (e.g., Wigley et al., 2005; Boer et al., 2007; Merlis et al., 2014).
Pauling et al. (2021) identify no robust connection between ECS and the post-Pinatubo global cooling in an ensemble of
CMIP6 historical simulations. Figure 13 illustrates how ECS relates to seasonal-average near-surface air temperature
anomalies in the volc-pinatubo-full ensemble. The results overall agree with the conclusion by Pauling et al. (2021) that ECS

does not play an important role for the global-mean temperature response to a Pinatubo-like eruption, not in the expected
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(average) response nor in its uncertainty. Again, MIROC-ES2L stands out from the other models, with smaller post-eruption
cooling than observed for MPI-ESM1.2-LR, which has similar ECS. This difference is much reduced for calculations based
on paired anomalies, with inter-quartile ranges of both models overlapping in the case of global-mean temperature anomalies
for the second post-eruption boreal summer (not shown). It will be important to investigate this relation for the case of a
stronger eruption, based on the volc-long experiments.

If activities are continued in a second phase of VoIMIP with a Pinatubo-like set of experiments analogous to volc-pinatubo,
we make the following considerations and propose the following improvements to the protocol.

Concerning the forcing, the original VoIMIP core experiments focused on two historical tropical eruptions (Pinatubo,
Tambora) with hemispherically symmetric forcing. However, the transport of aerosol from the tropics to each hemisphere is
known to be quite variable for tropical eruptions depending on the eruption latitude and season. While the 1991 Mt. Pinatubo
eruption produced a volcanic aerosol cloud that spread relatively evenly in the Northern and Southern Hemispheres, the
volcanic aerosol distribution after the 1982 El Chichén eruption and the 1963 Agung eruption were heavily biased to one
hemisphere. Previous studies on tropical eruptions already have pointed out the importance of asymmetric volcanic forcing on
tropical rain belts or cyclone activities (e.g. Yang et al., 2019; Jacobsen et al., 2020) or for the comparison with proxy data
(e.g. Timmreck et al., 2021). Therefore, while we support the vision that VolMIP must remain an idealized volcanic forcing
experiment, improvement in the direction of accounting for inter-hemispheric forcing asymmetries should be discussed. In this
regard, the original VoIMIP protocol included two experiments with strongly asymmetric eruptions, namely volc-long-hIN
(high-latitude eruption in the Northern Hemisphere) and volc-long-hlS (high-latitude eruption in the Southern Hemisphere).
These experiments, currently set at priority levels Tier 2 and Tier 3, respectively, may provide valuable information as
endmembers in an ensemble of idealized volcanic forcing experiments tagging uncertainties due to the spatial structure of the
aerosol forcing.

Concerning ensemble size, length and sampling of initial conditions, the current recommended minimum ensemble size (25)
seems to be sufficient whereas a longer integration time is proposed (minimum 5 years). Nonetheless, already in the current
phase of VoIMIP a number of contributing modeling groups generated a much larger ensemble. In the future, a balance must
be established between the use of SMILEs and volcanic simulations with controlled selection of initial conditions from a
control simulation. For the latter, we foresee a shift of focus from the radiative response to dynamical responses. Accordingly,
we recommend shifting the focus only on ENSO for the sampling of initial conditions, since the NAO seems to have an only
limited impact on the response and could therefore be neglected. We suggest the protocol be updated so that the ENSO mean
state and tendency on the period from the last pre-eruption winter to the onset of the eruption is considered, instead of the state
during the first post-eruption winter as in the original VoIMIP protocol. Instead of indices based on sea-surface temperatures,
we recommend using diagnostics that more closely tie to processes relevant for ENSO dynamics, for instance the equatorial
Pacific ocean heat content described by indices such as the Warm Water VVolume index (Meinen and McPhaden, 2000). This
will allow identification of how ENSO preconditioning affects ENSO’s response to the eruption and the role of the state of the

equatorial Pacific at the time of eruption for the broad climatic response to be disentangled. Additional modes of climate
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variability may be considered, which can be identified based on their relevance for the response in follow-up composite
analyses. Among potentially relevant modes, the Quasi Biennial Oscillation (QBO) did not have explicit focus in VoIMIP, but
it is arguable that its representation in climate models will continue improving. However, the prescribed aerosol optical
properties at the basis of VoIMIP constitute a major limitation to an effective implementation of a sampling strategy for the
QBO, since the phase of the QBO affects stratospheric transport including that of volcanic aerosol, hence ultimately the
volcanic forcing. The effects of inconsistencies between QBO and prescribed forcing on volc-pinatubo experiments are
unknown. Until this gap of knowledge is filled, we recommend continuing to sample an easterly phase of the QBO at the time
of the eruption whenever possible.

The phase of modes of variability with longer characteristic timescales may be important as well. For instance, Illing et al.
(2018) identify significant regional differences in near-surface air temperature over the North Atlantic, sea-ice area fraction,
frost days, and precipitation between two Pinatubo-like experiments, which were initialized in years with different phases of
the Pacific Decadal Oscillation. Then, the state of the North Atlantic ocean circulation as described by the Atlantic
Multidecadal Variability may affect atmospheric responses to the volcanic eruption as well (e.g., Omrani et al., 2016; Coupe
and Robock, 2021). Therefore, their consideration in the sampling protocol should be considered, either with a strict explicit
definition of their phase or with its a posteriori assessment in case of response biases across models.

The usefulness of the volc-pinatubo-full experiment cannot be fully understood unless in connection with the companion volc-
pinatubo-strat/surf experiments, which are also Tier 1 VolMIP experiments and were designed to disentangle dynamical
responses to the two primary thermodynamic consequences of aerosol forcing, i.e., surface cooling and stratospheric heating.
Analysis of these experiments will allow us to clarify the main pathways through which volcanic aerosols affect atmospheric
circulation and surface climates. This type of mechanistic experiments might be useful also for new questions to be addressed
in a potential second phase of VVoIMIP that focus on the impact of volcanic aerosol on stratospheric/atmospheric dynamics and
chemistry.

As a final consideration, a general critical aspect about VoIMIP is the long turn over time between the experiment design, the
integration of the simulations, and the analysis of the output. When most participating modeling groups performed the volc-
pinatubo-full simulations, the experiment protocol was over five years old. Hence, some of the questions raised in the VolMIP
overview paper in 2016 that steered the set up of VoIMIP experiments have been answered in the meantime, while new
questions have arisen. Still, we have outlined the potential for VoIMIP to contribute to answering these emergent new
questions, thanks to its well designed experimental protocol and, especially to the international community that has been built

around the initiative.

6 Conclusions

First results from the VoIMIP volc-pinatubo-full experiment reveal a dichotomy in the simulated climate response to a

Pinatubo-like eruption, which is seen as broad inter-model consistency of post-eruption surface climate and hydroclimate
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anomalies contrasting with small yet significant differences in post-eruption radiative flux anomalies. Despite further analysis
of the output of volc-pinatubo-full needed to explain such inter-model differences, the preliminary results shown here indicate
that they reflect differences in the applied forcing. As well-constrained volcanic forcing is a pillar of VolMIP, any ambiguity
in the protocol - possibly the treatment of volcanic aerosol input data at and below the tropopause - shall be amended in a
possible second phase of the initiative. Then, the statistical consistency diagnosed in the near-surface air temperature and
precipitation response may simply reflect the large intrinsic variability of the associated processes compensating for forcing
uncertainties, which is also seen in single-model analyses as dependency of the response on the climate state at the time of
eruption. Improved assessment of initial condition influences on direct radiative and dynamical responses is therefore also

recommended towards a refinement of the volc-pinatubo sampling protocol.

Code and data availability

The CMIP6 data are available at https://esgf-data.dkrz.de/projects/esgf-dkrz/. The time series used in the analysis will be made
available via permanent public repository with doi upon final publication. In the meanwhile, they are available at:

https://vesg.ipsl.upmec.fr/thredds/catalog/\VVOLMIP/volc-pinatubo-full/catalog.html.
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n with
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University of (long.) x
Tokyo/ 0.5-1°
National (lat)
Institute  for 62
environmental vertical
Studies levels
MPI- MPI fur | 1.9°x1.9°, 47| GR15, |no prescribed 2.83 | (Mauritsen et
ESM1.2-LR | Meteorologie | lev, up to 0.01 | 40 al., 2019)
hPa, 13 lev. | levels
above 100 hPa
UKESM1 UK Met Office | 1.875° 1°x1° yes Interactive | 4.7 (Sellar et al.,
and UK [ longitude x| horizont via 2019)
Natural 1.25° [atitude | al stratosphere
Environment (~135 km | resolutio -
Research horiz) with 85| n with troposphere
Council vertical levels | 75 chemistry
(NERC). (hybrid-height) | vertical (Archibald
to 85km (50 of | levels et al., 2020)
85 levels
below 18 km).

Table 1: Characteristics of the models participating in the volc-pinatubo-full experiment. ECS stands for Equilibrium Climate

Sensitivity.

30




920

925

https://doi.org/10.5194/gmd-2021-372
Preprint. Discussion started: 12 November 2021
(© Author(s) 2021. CC BY 4.0 License.

volcanic SAOD, TR

0.15 : .
/ IPSL-CMBA-LR
CanESM5
MPI-ESM1.2-LR
0.1r MIROC-ES2L 1
o intermodel difference
2
w
0.05 ;

1992 1993 1994 1995
time (year)

Figure 1: Monthly mean aerosol optical depth at 550 nm due to stratospheric volcanic aerosols (variable aod550volso4) averaged
over the tropics (30°S-30°N) used in the volc-pinatubo-full experiments.
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Figure 2: Scatterplots of the sampled states of winter NAO and Nifio3.4 indices across the participating models. According to the
VoIMIP protocol, the sampled states in the piControl correspond to the first post-eruption winter in the volc-pinatubo-full
simulations (DJF 1992) when there is a peak in the prescribed forcing dataset (panel a). Panel b shows sampled states during the
winter preceding the eruption (DJF 1991). Each colored dot corresponds to one out of the 25 realizations for each model, crosses
correspond to ensemble means. The color corresponding to each model is shown in the bottom of the figure. For both variability
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modes, the shown values are from indices obtained by standardization

series over the whole piControl simulation.
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930 Figure 3: Mean state and variability of unperturbed climates of the participating models. Distributions of selected climatic
parameters are shown as Box-Whisker plots (median, 25th-75th and 5th-95th percentile ranges) for the piControl. Panels a-d refers
to near-surface annual-mean (ym) near-surface air temperature (tas) spatially averaged over the whole globe (GL), the Northern
Hemisphere extratropics (NH) , the tropics (TR) and the Southern Hemisphere extratropics (SH). Following the VolMIP protocol,
NAO is shown as the difference between the 500 hPa geopotential height in the two boxes that are used for the calculation of the

935

index (see methods); ENSO is the average sea-surface temperature in the Nifio3.4 region. Both indices are winter-average (December
to February) time series.
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940 Figure 4: Top-of-atmosphere (TOA) net vertical radiative flux anomalies under full sky (left panels) and clear sky (right panels)
conditions in the volc-pinatubo-full multi-model ensemble for a,b) global (GL), ¢,d) Northern Hemisphere extratropical (NH) , e,f)
tropical (TR) and g,h) Southern Hemisphere extratropical (SH) mean. Full-sky anomalies are calculated as incoming shortwave
(rsdt) minus outgoing shortwave (rsut) minus outgoing longwave radiation (rlut); clear-sky anomalies are calculated as rsdt minus
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clear-sky outgoing shortwave (rsutcs) minus clear-sky outgoing longwave radiation (rlutcs). For each model the shading illustrates
the ensemble envelope and the line the ensemble mean. Positive anomalies indicate increased downward flux. Squares at the bottom
indicate when one model output is significantly different (p<0.05) from the ensemble members of all the other models according to

the Mann-Whitney U test.
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Figure 5: Surface net vertical radiative flux anomalies in the volc-pinatubo-full multi-model ensemble for a) global (GL), b) Northern
Hemisphere extratropical (NH) , c) tropical (TR) and d) Southern Hemisphere extratropical (SH) mean. The net flux anomalies are
calculated as downward shortwave (rsds) plus downward longwave (rlds) minus upward shortwave (rsus) minus upward longwave
radiation(rlus). For each model the shading illustrates the ensemble envelope and the line the ensemble mean. Positive anomalies
indicate increased downward flux. Squares at the bottom indicate when one model output is significantly different (p<0.05) from the

time (year)

ensemble members of all the other models according to the Mann-Whitney U test.
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Figure 6: As in Fig. 5 but for surface upward vertical latent heat flux (LHF) plus sensible heat flux (SHF) (or hfls+hfss).
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Figure 7: As in Fig. 5 but for near-surface air temperature (tas).
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Figure 8: As in Fig. 5 but for anomalies of total precipitation (pr).
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Figure 9: ENSO and NAO anomalies in the volc-pinatubo-full multi-model ensemble. (a-d)Anomalies for the indices calculated
according to the VolMIP protocol as deviations from the unperturbed climatology (a,b) and as paired anomalies (c,d). For each

965 model the shading illustrates the ensemble envelope and the line indicates the ensemble mean. Squares at the bottom indicate when
one model output is significantly different (p<0.05) from the others according to the Mann-Whitney U test. (e) scatterplots of
standardized indices for the winter (DJF) season at the time of peak forcing in the volc-pinatubo-full. Shown are also corresponding
values under unperturbed conditions following the VoIMIP sampling protocol (see methods and Figure 2). Arrows indicate ensemble
mean changes between unperturbed and volcanically-perturbed anomalies.
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Figure 10: Response of the atmospheric LW transmittance and of the cloud-albedo feedback. a) scatterplot of the ratio of the global-
average LWt/LWs1 (or rlut/rlus) versus the post-eruption global-mean surface temperature (GST). b) scatterplot of the ratio of
SWit/SWrtcs for the tropical region (rsut/rsutcs) versus the tropical-mean surface temperature. Analysis is based on averages for the
periods from June 1991 to May 1992 (filled circles) and from June 1992 to May 1993 (empty triangles).
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Figure 11: Box-whisker plots of near-surface air temperature anomalies of selected areas for the second post-eruption boreal
summer (JJA 1992) in the volc-pinatubo-full multi-model ensemble against the sampling conditions identified by the VolMIP
protocol. Sampling conditions are identified by standardized winter-average (DJF) ENSO and NAO states (positive if >0.5, negative
if <-0.5, neutral/zero if in between) during the first post-eruption winter under unperturbed conditions (see Sect. 2.2). These states
are accordingly used to cluster the temperature anomalies.
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Figure 12: Ensemble size and spread. Standard error of the mean of anomalies calculated for different ensemble sizes across the
different models for two key surface variables: global-mean near-surface air temperature (a) and global-mean precipitation (b).

Shown are means (thick line) and 5-95th percentiles ranges (see Sect. 2.2).

02

-0.2

-04

-06

-0.8

0.2

-0.2

04

-0.6

-0.8

Figure 13: Box-whisker plots of simulated post-eruption near-surface air temperature anomalies in the volc-piantubo-full
simulations as function of equilibrium climate sensitivity (ECS). a,b) global-mean (GL) and tropical-mean (TR) anomalies for the
second post-eruption boreal summer; ¢,d) GL and Northern Hemisphere-mean (NH) anomalies for the second post-eruption boreal

winter.
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