Dear Editor,

please find below a revised version of manuscript gmd-2016-68, which we have modified
based on the comments provided in the open discussion.

Our response to the reviewers, as well as to the comment by Ingo Bethke and by the CMIP
Panel are available in the open discussion. As they were already structured as responses to
specific comments, we refer to our contributions in the open discussion as our official
responses to the reviewers’ comments.

As a major change following the renaming of the VolMIP experiments (see comment AC3), we
have reorganized section 2 of the manuscript in order to reflect the new branching of the
experiments into “pinatubo”, “long” and “cluster”. Furthermore, two additional volcanic-
perturbation experiments are included in the protocol (volc-cluster-21C and volc-long-hlS),
following the Reviewers’ suggestions. Please note that differently from our replies to the
comments in the open discussion, both experiments are included in CMIP6.

A “control-slab” experiment has also been added as parent experiment for the volc-pinatubo-
slab experiment.

We also polished the text during the revision process.
We have added Eugene Rozanov in the authors list, as he contributed to generate some of the
modeling data that are used in Figure 3. Also, we have corrected the details of a couple of

affiliations.

Please contact me for any further information or clarification about the revision of the
manuscript.

Sincerely,

Davide Zanchettin
On behalf of all co-authors
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Abstract. The enhancement of the stratospheric aerosal lgyeolcanic eruptions induces a complex set
of responses causing global and regional climdeztsfon a broad range of timescales. Uncertaiptiest
regarding the climatic response to strong volcémicing identified in coupled climate simulatiorteat
contributed to the fifth phase of tkdimate Coupledodel Intercomparison Project (CMIP5). In order to
better understand the sources of these model diesrghe model intercomparison project on¢hemate
climatic response to volcanic forcing (VoIMIP) has definecbardinated set of idealized volcanic
perturbation experiments to be carried out in alignt with the CMIP6 protocol. VoIMIP provides a
common stratospheric aerosol dataset for each iexpet toeliminate_minimizedifferences in the applied
volcanic forcing-. -and Itdefines a set of initial conditions tiztermine asses®w internal climate
variability contributes to determining the respangelMIP will assess to what extent volcanically-ded
responses of the coupled ocean-atmosphere systerbarstly simulated by state-of-the-art coupled
climate models and identify the causes that liotiust simulated behavior, especially differenceth@n
treatment of physical processes. This paper ilitisérthe design of the idealized volcanic pertishat
experiments in the VoIMIP protocol and describesecbmmon aerosol forcing input datasets to be used.
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2.1. Introduction

Volcanic eruptions that eject substantial amoofulfur dioxide (S@) into the atmosphere have
beenone ofthe dominant natural causef externally-forced annual to multidecadal climaariability
during the last millennium (Hegerl et al., 2003; vy et al., 2013; Schurer et al., 2014). Significan
advances have been made in recent years in ourstadding of the core microphysical, physical, and
chemical processes that determine the radiativ@nfpresulting from volcanic sulfur emissions ahd t
consequent dynamical responses of the coupled etearsphere system (e.g., Timmreck, 2012).
However, the fifth phase of ti&imate Coupledodel Intercomparison Project (CMIP5) has
demonstrated that climate models’ capability touaately and robustly simulate observed and
reconstructed volcanically-forced climate behavemains poor.

For instance, the largest uncertainties in ragkdibrcings (Driscoll et al., 2012) and in lower
troposphere temperature trends (Santer et al.,)Z6d@ historical CMIP5 simulations occur during
periods of strong volcanic activity. CMIP5 modedsd to overestimate the observed post-eruptioraglob
surface cooling andubsequenvarmingeuring-the-decay-phaghlarotzke and Forster, 2015), although
the discrepancy decreases if accounting for thegroption phase of the El Nifio-Southern Oscillatio
(ENSO) (Lehner et al., 2018)riscoll et al. (2012) and Charlton-Perez et d1(?) foundFhere-is-also

large uncertainty across CMIP5 models concerniegitiert-termaveragdynamical atmospheric response

during the first two post-eruption wintemspecially the post-eruption strengthening ofNbethern

Hemisphere’s winter polar vortex and its troposphsignatureBriscoll-et-al 2012 Charlton-Perezet al.,
2013)

— Climate models reproduce the main features of ebksgprecipitation response to volcanic forcing,

but significantly underestimate the magnitude efbgional responses in particular seasons (liés an
Hegerl, 2014).

__ -Volcanic events during the instrumental period ameyever, few and of limited magnitude, and their
associated dynamical climate response is very rieigy, Hegerl et al., 2011). Furthermore, therates-
model disagreement about post-eruption oceaniaigeas, particularly concerning the response of the
thermohaline circulation (e.g., Mignot et al., 2DHbfer et al., 2011; Zanchettin et al., 2012; Datgl.,
2014). Substantial uncertainties still exist alaetadal-scale climate variability during periodswbng
volcanic forcing and in the role of the ocean itedmining the surface air temperature responseltanic

eruptions.



Climate-proxy based reconstructions covering éisé inillennium are a major source of information

about how the climate system responds to volcamairfg (e.g., D'Arrigo et al., 2009; Corona et2010;

Gennaretti et al., 2014). Recent studies have eaghloew reconstruction methods applied on highityual

proxy records to produce more rigorous regionahate reconstructions and allow for an improved
100 evaluation of climate models (e.g., Ortega et?8115; Luterbacher et al., 2016)Biserepancies Hewe
discrepancies-atlsexist between simulated and reconstructed climatiability during periods of the last

millennium characterized by strong volcanic acgivitoncerning, for instance, the magnitude of post-
eruption surface cooling (e.g., Mann et al., 2®1®,3; Anchukaitis et al., 2012; Stoffel et al., 301

Luterbacher et al., 20)@nd the interdecadal response to volcanic cleistietropical precipitation (Winter

105 etal., 2015) and large-scale modes of atmosphariability (Zanchettin et al., 2015a).

The lack of robust behavior in climate simulatidikely depends on various reasons. First, inter-
model spread can be caused by differences in thielsicharacteristics, such as the spatial reswiutind
the imposed volcanic forcing. The latter stems fidmoices about the employed dataset describing
climatically relevant parameters related to thepgom source — especially the mass of emitted -Sénd

110 about the stratospheric aerosol properties suspattal extent of the cloud, optical depth, andseairsize
distribution (e.g., Timmreck, 2012)s instrumental observations of volcanic eruptiars limited, with

the 1991 eruption of Mt Pinatubo being the besudunted event (e.g., Minnis et al., 1993);~or-demst
that-eceurredpriorto-the-instrumental-perifoicing characteristics must often be reconstadibised on

indirect evidence such as ice-core measuremeigts Qevine et al., 1984; Sigl et al., 2014). These

115 reconstructions rely on a simplified hypothesiscdling between ice-core sulfate concentrations and
aerosol optical depths based on the relation obdeor the 1991 eruption of Mt Pinatubo (Crowleglan
Unterman, 2013). The consideration of aerosol npicysical processes also produces substantial
inconsistencies between available volcanologictdsts (Timmreck, 2012). Furthermore, even when the

same volcanic aerosol forcinggseseribed usetd forcedifferent models, these may generate different

120 radiative forcing due to the model-specific implertation of the volcanic forcing (Timmreck, 2012;
Toohey et al., 2014).

The simulated climatic response to individual eolic eruptions also critically depends on the
background climate, including the mean climatees{Berdahl and Robock, 2018luthers et al., 2014,

2019, the ongoing internal climate variability (e.§homas et al., 2009; Pausata et al., 2015a;
125 Swingedouw et al., 2015; Zanchettin et al., 2018&hner et al., 2016) and the presence of additional
forcing factors such as variations in solar irrad&(Zanchettin et al., 2013anet et al., 2014 As a

result, different models, forcing inputsnd internal climate variability similarly conttite to simulation-
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ensemble spread. This can be seen, for instana@rbgaring hemispheric temperature evoluifrom a
multi-model ensemble and a single-model ensemblastfmillennium simulations during the early 19th
century (Figure 1), a period characterized by theecsuccession of two strong tropical volcanigpgans
in 1809 and 1815.

The individual impact of these sources of uncetiatanbe-hardly hard tbe distinguished in
transient climate simulations. Therefore, the Mdd&rcomparison Project on the climatic respoose t
Volcanic forcing (VolMIP) — an endorsed contributito CMIP6 (Eyring et al20452016 this issue) —
provides the basis for a coordinated multi-modskasment of climate models’ performances undengtro
volcanic forcing conditions. It defines a set ofatized volcanic-perturbation experiments whereaoic
forcing — defined in terms of volcanic aerosol cgtiproperties — is well constrained across padiing
models. VoIMIP will therefore assess to what extesponses of the coupled ocean-atmosphere system t
the same applied strong volcanic forcing are rdpssinulated across state-of-the-art coupled clanat
models and identify the causes that limit robusiusated behavior, especially differences in theiatment
of physical processes. Ensemble simulations samplapropriate initial conditions and using the same
volcanic forcing dataset accounting for aerosolropbysical processes can helprease assefise signal-
to-noise ratio and reduce uncertainties regardirgriagnitude of post-eruption surface cooling (Btait
al., 2015). Careful sampling of initial climate ditions and thgessibility opportunityto consider
volcanic eruptions of different strengths will alld/olMIP to better assess the relative role of inadly
generated and externally forced climate variabditying periods of strong volcanic activity. VolM#so
contributes toward more reliable climate model$élping to identify the origins and consequences of
systematic model biases affecting the dynamicelatié response to volcanic forcing. As a consequence
VoIMIP will improve our confidence in the attriboti and dynamical interpretation of reconstructestpo
eruption regional features and provide insights negional climate predictability during periodsstfong

volcanic forcing.

et al.,261452016, the decadal climate prediction experiments ofdkeadal Climate Prediction Panel
(DCPP) (Boer et al., 201@&nd thepast1000 simulations of the Paleoclimate MIP (PMIfRageyama et

al., 2016)where volcanic forcing is among the dominant sesiraf climate variability and inter-model

spread. The importance of VoIMIP is enhanced asplegification of the volcanic stratospheric aekémio

the CMIP6Histerieat-historical experiment is based on “time-dependent observdt{@ysing et al., - { Formattato: Tipo di carattere: Corsivo
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20152019, and some modeling groups may therefore perfbersimulations using online calculation of

volcanic radiative forcing based on S€missions.



160

165

170

175

180

185

90

This paper is organized as follows. First, in #ec® we provide a general description of the
individual experiments included in the VolMIP protb. Then, Section 3 provides details about the
volcanic forcing for each experiment, including iementation and the forcing input data to be emgdipy
for which this paper also serves as a referencedigéeiss the limitations of VoIMIP and potentialldov-
up research in Section 4, before summarizing thet mbevant aspects of this initiative in Section 5

3.2. _ Experiments: rationale and general aspects

The VoIMIP protocol consists of a set of idealiz@dcanic perturbation experiments based on
historical eruptions. In this context, “idealizenteans that the volcanic forcing is derived fromatdn or
source parameters of documented eruptions buixprerienents generally do not include information atho
the actual climate conditions when these eventaroed. The experiments are designed as ensemble
simulations, with sets of initial climate statestpded from the CMIP6-DECHKiContrel-piContral (i.e.,
preindustrial control) simulation describing unpebed preindustrial climate conditions (Eyring kt a
20152018, unless specified otherwise.
__VoIMIP experiments are designed based omatold-multifold strategy. A first set of experiments
(MeleShertvol c-pinatubo) focuses on the systematical assessment of umtgréand inter-model
differences in the seasonal-to-interannual climaggponse to an idealized 1991 Pinatubo-like evopti
chosen as representative of thegestmagnitude of volcanic events that occurred duriregdbservational
period.VeleShertvol c-pinatubo experiments highlight the role of internal intemaal variability for
volcanic events characterized by a rather low sigiaoise ratio in the response of global-aversiggace
temperature. The short-term dynamical responsenisitive to the particular structure of the applied
forcing (Toohey et al., 2014). Using carefully coosted forcing fields and sufficiently large siratibn
ensembles, VoIMIP allows us to investigate therimi@del robustness of the short-term dynamical
response to volcanic forcing, and elucidate thehaeisms through which volcanic forcing leads to
changes in atmospheric dynamics. The proposed S&tashertvolc-pinatubo experiments includes
sensitivity experiments designed to determine tfferént contributions to such uncertainty that due to
the direct radiative (i.e., surface cooling) andh® dynamical (i.e., stratospheric warming) resgon

A second set of experimentgofeLengvolc-long) is designed to systematically investigate inter-
model differences in the long-term (up to the detéiche scale) dynamical climate response to vatcan

eruptions that are characterized by a high signaleise ratio in the response of global-averagtaesar

temperatureA third set of experimentyglc-cluster) is designed to investigate the climatic respdose - { Formattato: Tipo di carattere: Corsivo

close succession of strong volcanic eruptidie main goal o¥/eletong-volc-long andvolc-cluster N - { Formattato: Tipo di carattere: Corsivo
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experiments is to assess how volcanic perturbaigmals propagate within the simulated climates, e.
into thedeep subsurfacacean, the associated determinant processes anckfiresentation across
models.

The VoIMIP protocol defines criteria for samplidgsired initial conditions whenever this is
necessary to ensure comparability across differlémate models. Desired initial conditions and renc
ensemble size are determined based on the stdtarofant modes of climate variability, which are
specifically defined for each experiment. The ertslersize must be sufficiently large to accounttfa
states are determined for each given mode basad omlex describing its temporal evolution.
Specifically, the predetermined ranges for the dengare: the lower tercile (i.e., the range ofued
between the minimum and the'8Bercentile) for the negative/cold state, the neictite (i.e., the range of
values between the 82and 6& percentiles) for the neutral state, and the upgreile (i.e., the range of
values between the Bercentile and the maximum) for the positive/watate. Ifn modes are sampled
concomitantly, this yields an ensemble wifm8&mbers. For instance, in the case of two modles, a
ensemble okt leashine simulations is requested. The choice of theate modes to be considered for

initialization essentially depends on the timessalieinterest: seasonal to interannual modes for
VeleShertvol c-pinatubo experimentsandinterannual and decadal modes¥efeteng-volc-long

: Tipo di carattere:

: Corsivo

years refer to the second integration year of taNP experiment, when the volcanic forcing is gextiy
strongest. Therefore, if, for instance, year Yhaf tontrol integration matches the desired conutfor
the sampling, then the corresponding VoIMIP simatashould start with restart data from year Y-taf

control, for the day of the year specified for éxgeriment. Restart files frof piControl must be _ - { Formattato

: Tipo di carattere:

: Corsivo

accordingly selected and documented in the metadaach simulation. If no restart dateareavailable ) ﬂ Formattato

: Tipo di carattere:

: Corsivo

for the day of the year when the experiment stérscontrol simulation must be re-run based orfithe
(backward in time) available restart file until thtart date of the VoIMIP experiment. All experintgen
except the decadal prediction experiment (sectibPand the millennium cluster experiment (sectio
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VoIMIP has defined a new group of variables (Vaicdnstantaneous Radiative Forcing, or VIRF,

see Table 4), which includes additional variabltes tvere not in the CMIP5 data request and aressacg

to generate the volcanic forcing for th@lc-pinatubo-surf/strat experiments (see section 3.3). In particular,

all VIRF diagnostics are instantaneous 6h dataosee interpolation in time may be required.
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Some experiments are designed in cooperationthgtibynamics and Variability of the Stratosphere= { Formattato: Giustificato
Troposphere System MIP (DynVarMIP) (Gerber and Ni#in2016, this issue). DynVarMIP defines

requirements for diagnosing the atmospheric citmniaand variability in the context of CMIP6. DynVa

diagnostics include a refinement of the verticabtation of standard variables archived as daityrmonthly

means, zonal mean diagnostics focused on the werepd exchange of momentum within the atmosphere

and between the atmosphere and surface, and zasal diagnostics describing the interaction between

radiation, moisture and the circulation. For a ietiadescription of these diagnostics and the dufipumat

requested by DynVarMIP see Gerber and Manzini (2016

An overview of the experimental design of the megd experiments is provided in Tables,larid
3, where they are summarized according to thearitidation: Tier 1 experiments are mandatory; Ter
and Tier 3 experiments have decreasing priorite @periments are individually described in the
following sub-sections. Figure 2 sketches how fifferént experimentgcluded in CMIP@&ackle different
aspects of the climate response to volcanic forcifige codes for the naming conventions of the
experiments are in Tables 1-3.

2.1 VeleShertvolc-pinatubo
2.1.1VeleShertvolc-pinatubo-Eg-full

Tier 1 experiment based on a large ensemble af-gdron “Pinatubo” climate simulations aimed at
accurately estimating simulated responses to valdarcing that may be comparable to the amplitafle
internal interannual climate variability (Table Ditialization is based on equally-distributed geeéined
states of ENSO (cold/neutral/warm states) ande@fbrth Atlantic Oscillation (NAO,
negative/neutral/positive states). Sampling of astern phase of tHguasi QuasBiennial Oscillation
(QBO), as observed after the 1991 Pinatubo erupisqoreferred for those models that spontaneously

generate such mode of stratospheric variabMtiRF diagnostics must be calculated for this experit

for the whole integration and for all ensemble membas these are required for vhke-pinatubo-

shall be calculated for all simulations and for Wiele integration periodA minimum length of

integration of three years is requested.

== { Formattato: Car. predefinito paragrafo

_ { Formattato: Tipo di carattere: Non Corsivo
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The recommended ENSO index is_therthern Hemisphere (NHyinter (DJF, with January as

reference for the year) Nino3.4 sea-surface teryrerandex, defined as the spatially averaged,ewint

average sea-surface temperature over the regiardbedby 120°W-170°W and 5°S- 5°N. The

recommended NAO index-tse,_calculated based on the latitude-longituéd®®2method by Stephenson et - { Formattato: Inglese (Stati Uniti)

al. (2006) applied on Z500 date., as the pressure difference between spatial a@smger [20-55°N;
90°W-60°E] and [55-90°N; 90°W-60°%E}-principal-compatassociated-to-the first empirical-orthogonal

2.1.2VeleShertvolc-pinatubo-Eg-surf and VeleShertvolc-pinatubo-Eg-strat

Tier 1 simulations aimed at investigating the nagém(s) connecting volcanic forcing and short-
term climate anomalies (Table 1). These experimaintsto disentangle the dynamical responses tonthe
primary thermodynamic consequences of aerosolrfgratratospheric heatingdgleShortvol c-pinatubo-
Eg-strat) and surface cooling/teShertvol c-pinatubo-Eg-surf). Both experiments are built upon
VeleShertvol c-pinatubo-Eg-full- anduse the VIR

full/surf/strat. Integration length, ensemble size and restas ke the same as fal c-pinatubo-full. For

models participating in DynVarMIP, DynVar diagnastishall be calculated for both experiments, for al

simulations and for the whole integration period.

2.1.3VeleShertvolc-pinatubo-Eg-slab

Non-mandatory slab-ocean experiment, which is @sed to clarify the role of coupled atmosphere-

ocean processes (most prominently linked to EN8@termining the dynamical response (Tablé\3).

pinatubo-slab. VIRF diagnostics shall be calculated for all siatidns and for the whole integration period.

For models participating in DynVarMIP, DynVar diaxgtics shall be calculated for all simulations &rd

the whole integration period.

2.1.4VeleShertvolc-pinatubo-Eg-ini
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Non-mandatory experiment to address the impaeblefnic forcing on seasonal and decadal climate
predictability (Table 3). The experiment will adglsethe climatic implication of a future Pinatubkeli
eruption. The experiment is designed in cooperatiith the-decadal-climate-predictionpanel
DCPP{BCPP), and is the same as DCPP experimentBGet et al., 2016). It complies with the VoIMIP
protocol about the forcing and its implementatidhe experiment is initialized orf*November 2015, or

any other date in November or December for whidtfieiized hindcasts are available (depending on the

modeling center)Ten decadal simulations are requested for thisreérpat. Calculation of DynVar

diagnostics is recommended for the first three syefintegration for at least one realization, jgferably

for all of them. DCPP diagnostics must be calcaldte all realizations and for the whole integratio

period.

2.2 VeleLengvolc-long
2.2.1Velekongvolc-long-Single-Egeq

Tier 1 experiment designed to understand the teng-response to a single volcanic eruption with
radiative forcing comparable to that estimatedliier1815 eruption of Mt Tambora, Indone&ay.,
Oppenheimer, 2003 able 1) A recent review paper (Raible et al., 2016) dbssrthe 1815 Tambora

eruption as a test case for high impacts on théhEgstem Initialization spans cold/neutral/warm states of
ENSO and weak/neutral/strong states of the Atlavicidional Overturning Circulation (AMOC),
resulting in a 9-member ensemble. A minimum leraftimtegration of 20 years is requested to cover th

typical duration of the simulated initial post-etiop AMOC anomaly (e.g., Zanchettin et al., 2012).
Longer integration time&0 yearsare recommended to capture the later AMOC evolywingedouw
et al., 2015; Pausata et al., 2015b) and relatethtd anomalies. The recommended AMOC index is
defined as the annual-average time series of thxinmian value of the zonally-integrated meridional
streamfunction in the North Atlantic Ocean in thgtude band 20°N-60°N/IRF diagnostics shall be

calculated for the first three years of integratimm for just one realization. For models partitiain

DynVarMIP, DynVar diagnostics shall be calculatedthe first three years of integration and for all

realizations.

2.2.2Velektongvolc-long-SingleHEDIN and volc-long-hlS

Non-mandatory experimesithatapplies_applithe same approach ¥stelongvolc-long- Shghe-Eq
eg and extends the investigation to the casaraflealized strong high-latitude volcanic erupsghables 2

_ “| Formattato: Tipo di carattere: Corsivo

and 3. FhisVolc-long-hIN andvolc-long-hlS experiments-aredesigned as
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a Southern Hemisphere (Seijtra-tropical eruptionrespectively, botlwith SG injection equal to half the
total amount injected for théoleLongvolc-long-Single-Eg-eq experiment. This choice was based on the

assumption that for an equatorial eruption thectejg mass is roughly evenly distributed betweerntoe

hemispheres, increasing comparability betwéelsl-ongvol c-long-Sirgte-Eg-eq andVelekengvol c-long-

Siagle-HE-hIN/hIS as both should yield similar forcing over tRerthern-Hemisphereeruption’s hemisphere

(but see Section 3.3). The initialization procedame required integration length are the sameras fo

Velelengvolc-long-Sagle-Eqeg. Both experiments are expected to contributedistanding open

questions about the magnitude of the climatic inhpabigh-latitude eruptions, especially concernihg

inter-hemispheric respons€lRF diagnostics shall be calculated for the fitste years of integration and

for just one realization. For models participatinddynVarMIP, DynVar diagnostics shall be calcuthfer

the first three years of integration, for all reations.

The eruption strength is about 4 times strongan that estimated for the Mt Katmai/Novarupta
eruption in 1912 (Oman et al., 2005). The eruptised inVeleLengvol c-long-Siagle-H-hIN should not be
considered directly comparable to the 1783-84 lealqption — one of the strongest high-latitude eounst
that occurred in historical times — since the ekpent does not try to reproduce the very specific
characteristics of Laki, including multistage redes of large SP&mass paced at short temporal intervals
(e.g., Thordarson and Self, 20@man-et-al—200&chmidt et al., 2010; Pausata et al., 2015b).

h { Formattato: Tipo di carattere: Corsivo
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2.2.32.3.1- VVeleLongvolecClustercluster-Stretrl “\

VvV
A-This non-mandatory-“veleanic-chistegkperimente-investigats the climatic response to a close '\

. . . . . . . \ k
succession of strong volcanic eruptipss-called “volcanic clustei(Table 2). The experiment is motivated
\\ Formattato: Tipo di carattere: Grassetto, Non Corsivo

by the large uncertainties in the multidecadal lander-term climate repercussionsnofiltiple eruptions,
including volcanic double events (e.qg., Tooheylet28916b) angrolonged periods of strong volcanic
activity (e.g., Miller et al., 2012; Schleussneddfeulner, 2013; Zanchettin et al., 2018&@reno-

Chamarro et al., 20)6The proposed experiment is designed to realificeproduce the volcanic forcing

generated by the early 19th century volcanic ctusthich included the 1809 eruption of unknown kima
and the 1815 Tambora and 1835 Cosiglina eruptidresearly 19th century is the coldest period in the
past 500 years (Cole-Dai et al., 2009) and theeebbspecial interest for interdecadal climate afaitity
(Zanchettin et al., 2015a; Winter et al., 2015)adidition, long-term repercussions may be relef@rthe
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At least an ensemble of three 50-year long siroriatis requested. Due to the long-term focus ef th
experiment, selection of initialization states fisecond-order importance. Nonetheless, it is renended

to sample initial states pacing them at a minimyé&ar intervals. Initial statesiould shalbe sampled

from theF

: Tipo di carattere: Corsivo

: Tipo di carattere: Corsivo

22342 Velelongvolc--Clustercluster-Milmill
A parallel experiment teelelongvol c-Clustercluster-Ctrl-ctr| using restart files from PMIP-

: Tipo di carattere: Corsivo

: Tipo di carattere: Corsivo

realistic pastteleanie_naturaforcing, this experiment allows to explore the svity of theocean \{ Formattato

response to the initial statevhich-has-been-highlighted-to-be-significantipatarly-forpreindu

: Tipo di carattere: Corsivo

[e.q..Gregory, 2010Zanchettin et al., 201Ra
VelelongVol c--Clustercluster--Mil-mill is more suitable for a direct comparison with eangtrumental

data and paleoclimate reconstructions, and allavesto explore the role of ocean initial conditiamssea
ice response, ocean response and surface temperagponse by comparison withielongvolc--
Clustercluster-Girictrl.

This non-mandatory experiment requires that atleae PMIPpast1000 realization has been
performed. One simulation is requested, but anrebkeof three simulations is recommended. The prope
experiment starts in year 1809\&seLongvolc-Clustercluster-Ctrlctrl. However, the simulation must be
initialized in January 1790 to avoid interferences due to the decadal dfsolar activity associated
with the Dalton Minimum. Hence, the experiment @olasts 50years as/olelongvolc-Clustercluster -
Ctrlctrl, but a total of 69 years for each ensemble memtgeactually requested. Different members of the
Velelongvolc-Clustercluster-Mit-mill ensemble can be obtained by either using reskestffiom different

restart file. All external forcings, except volcamorcing, are set as a perpetual repetition ofytree 1790
for the full duration of the experiment.

2.3.3 volc-cluster-21C

A parallel experiment twolc-cluster-ctrl using restart files from the end of thistorical simulation - { Formattato: Tipo di carattere: Corsivo
instead of fronpiControl, and boundary conditions from the®2entury SSP2-4.5 scenario experiment of - { Formattato: Tipo di carattere: Corsivo
ScenarioMIP (O'Neill et al., 2016), except for vaidc forcing during the volcanic cluster periode(se ) { Formattato: Apice

Table 3). The experiment is designed to exploreclingate response to volcanic eruptions under warme

background conditions compared to preindustriahates and to investigate the potential uncertaintie
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future climate projections due to volcanic activithe experiment uses the same volcanic forcingd urse

volc-cluster-ctrl/-mill, with the first eruption of the cluster (i.e., th809 eruption) placed on year 2015.

e { Formattato: Apice

scenario simulation. At the end of the volcanicstdn, volcanic forcing input shall be kept constarthe

same constant value prescribed forgf@ontrol simulation for consistency with the SSP2-4.5 sdena - { Formattato: Tipo di carattere: Corsivo

experiment.
We encourage modeling groups that are interestbedth VolMIP and ScenarioMIP to also

coordinate experiments where the same volcani¢eslissplaced later on in the scenario integrafeqg.,

with the first eruption in year 2050).

4.3.  Forcing
3.1 Implementation: general aspects

VoIMIP identifies a volcanic forcing dataset faod experiment included in the protocol. The
forcing parametersan_areeitherbeprovided in terms of aerosol optical properties disttibutions in time
and space, as for the case when available dataiderified as consensus referencegam becalculated

based on the tool and guidelines described in tb@gol. The latter is the case fbeyolc-long andvole- - { Formattato: Tipo di carattere: Corsivo
cluster experimentghat-using uséorcing input data specificalleated generatddr VolMIP. ) { Formattato: Tipo di carattere: Corsivo

In addition, the implementation of the forcingg(e spectral interpolation) is constrained to easur

that the imposed radiative forcing is consistembss the participating models. Surface albedo atmdge

to tephra deposition and indirect cloud radiatiffects are neglected in all the experiments.

3.2VeleSheortvolc-pinatubo
VeleShertvol c-pinatubo-Eg-full will use the CMIP6 stratospheric aerosol datgEebmason et al.,
2016) for the volcanic forcing of the 1991 Pinat@saption, which isetdpcompiledor the CMIP6

historical simulationexperimenSpecifically, the reference stratospheric aerosawiig dataset for the - { Formattato: Tipo di carattere: Corsivo

o DT A TR A S

and asymmetry factor, all as a function of latituaieight and the spectral bands of the model (see
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recommend to replace forcing input data below tleehtropopause by the climatological or other galu

of tropospheric aerosol used by the models.

__ VoleShertvol c-pinatubo-Eg-surf andVeleShertvol c-pinatubo-Eg-strat will not account for forcing
based on imposed aerosol optical properties & isgual approach in VoIMIP. Instead, they will use
output from the correspondiigpleShertvol c-pinatubo-Eg-full experiment. Specifically/eleShertvolc-
pinatubo-Eg-surf will specify a prescribed perturbation to the stvawve flux to mimic the attenuation of
solar radiation by volcanic aerosols, and therefloeecooling of the surface. The goal is to isothte
impact of shortwave reflection from the impact ef@sol heating in the stratosphere. The changeslmeus
prescribed at the top of atmosph€Ff®A) under clear sky conditions (variable swtoafluxasrotVIRF).
Similarly, eleShertvol c-pinatubo-Eg-strat will specify a prescribed perturbation to the t¢tahg-wave
plus short-wave) radiative heating rates, seelangitmic the local impact of volcanic aerosol (vates
zmlwaero and zmswaero of VIRF). This must be imgeted by adding an additional temperature
tendency. VoIMIP does not enforce the same pertisbacross all models MeleShertvol c-pinatubo-Eg-
surf andVeleShertvol c-pinatubo-Eg-strat, as for bothmeechanisticexperiments priority is given to the
consistency with the correspondixgleShertvol c-pinatubo-Eg-full experiment.

3.3Velekoengvolc-long and volc-cluster
These experiments are based on pre-industriaam@events for which no direct observation is

available. VoIMIP recognizes the need to overconeeuncertainties and the limitations of currently

available volcanic forcing datasets for the prasstdal period (see Figure 1a), which poses the nee

experiments. Therefore, for thlelongvolc-long-Sirgle-Eg-eq experiment, coordinatedimate
simulations of the 1815 eruption of Mt. Tamborae(3able 5) were performed with different climate
models including modules for stratosphesfiemistry-anaerosol microphysicand chemistrychemistry
climate models). The imposed Sidjection of 60 Tg at the equator used in thesafations is deduced
from reanalysis of bipolar ice-core data used @en¢ volcanic forcing reconstructions (Stoffel et 2015;
Gao et al., 2008) and calculations based on gezdbdata (Self et al., 2004). The easterly QBO plzasl
altitude of injection are based on satellite adddiobservations of QBO, $(and sulfate after the
Pinatubo eruption (McCormick and Veiga, 1992; Regal., 1993; Herzog and Graf, 2010). The results

14

= { Formattato: Tipo di carattere: Corsivo




450

455

fso

465

470

75

show large uncertainties in the estimate of volcémicing parameters derived from different stat¢he-
art chemistry climate models perturbed with the esamidfur injections (Figure 3a). How these resatts
traced back to the different treatment of aerosofophysics and climate physical processes in the
different models is the subject of a dedicated\sttire, we only conclude that existing uncertasiti
prevent the identification, within the time congtta of the CMIP6 schedule, of a single consenstsrig
estimate for a given volcanic eruption based oruliitmodel ensemble with current chemistry climate

models.

Therefore, VoIMIP proposes for thélekongvolc-long andyvolc-cluster experiments forcing data - { Formattato: Tipo di carattere: Corsivo

sets constructed with the Easy Volcanic AerosolAEmodule (Toohey et al., 2046 EVA provides an
analytic representation of volcanic stratosphegimsol forcing, prescribing the aerosol’'s radiative
properties and primary modes of spatial and temparéability. It creates volcanic forcing froengiven
eruption sulfur injection and latitude witmidealized spatial and temporal structure, constdisb as to
produce good agreement with observations of thesakevolution following the 1991 Pinatubo eruption
Scaling to larger eruption magnitudes is performmeal manneeonsistent-withsimilar tthe forcing
reconstruction of Crowley and Unterman (2013). El§Also used to construct the volcanic forcing sktta

used forthe PM|P06§‘I}QQQE{XDQYJI’DQ 777777777777777 W, _ e { Formattato: Tipo di carattere: Corsivo

pastl000 Kageyama et al., 2016). This augments the compiydietween PMIP and VoIMIP results
concerning those eruptions that are featured by kidPs. The EVA module outputs data resolved for
given latitudes, heights and wavelength bandéeltefore is an improvement compared to previously

available volcanic forcing datasets for the preeobational periodIhe forcing sets produced with EVA

have the same format as the CMIP6 standard fofdew i.e., aerosol extinction, single scatteratigedo

and asymmetry factor, all as a function of latitugeight and the spectral bands of the model. Enesal

forcing produced by EVA decays to zero around tbpdpause. Therefore, differently from the forcing

used in thevolc-pinatubo experiments, no clipping of the forcing is necegsd the tropopause for - { Formattato: Tipo di carattere: Corsivo

experiments using EVA forcind.oohey et al. (2014 provide technical details about EVA.

VoIMIP requests that all modeling groups use EdAyénerate the specific forcing input dataset for
their model, using the same sulfur emission esémtd be specified for use in the PMi&st1000
experiment. Figure 3 provides an overview of theARurcing for an estimated SGnjection for the 1815
Tambora eruption of 56.2 Tg to be used/atcLongvol c-long-Single-Egeq - Velelongvol c-Clustercluster -
Ctrl-ctrl andVelelengvol c--Clustercluster-Mit-mill include all eruptions represented in the PMIP-zGO1
experiment for the overlapping period.
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The reference SGemission for thé/eltelengvolc-long-Single-HE-hIN/hIS experimend is equal to
one-half the Tambora value. The evolution of adroptical depth (AOD) by EVA for &lH high-latitude
injection of 28.1 Tg of S@is illustrated in Figure 4. ThedMthernHemispheraverage AOD for the

Velelongvolc-long-Siaghe-HE-hIN andVelelengvol c-long-Single-Eg-eq experiments are quite similar in
magnitude and temporal structure. Differences oowinly duemainhyto the seasonal dependence of the

tropical-to-extratropical transport parameterizeVA. The reduced stratospheric transport into the
Northern Hemisphere in the summer months afteAfird eruptions leads to a time lag in the peak
NerthernHemispheranean AOD foA/elelengvol c-long-Siaghe-Eg-eq compared td/elelengvolc-long-
Single-HENIN. It also leads to generally somewhat less aetomasported to the Northern compared to the
Southern Hemisphere féfelelongvolc-long-Single-Egeq, which explains the lower peak AOD for this

experiment than foyelelongvolc-long-Siagle-HEhIN. Similar considerations stand felc-long-hlS - { Formattato: Tipo di carattere: Corsivo

4. Follow-up research and synergies with other modiag activities

We expect the VoIMIP experiments not only to gatebroad interest within the climate modeling
community but also to stimulate research acrossyrddferent branches of climate sciences.

Cooperation between VoIMIP and other ongoing clemaodeling initiatives and MIPs increases
VoIMIP’s relevance for climate model evaluation.garticular, synergies between VolMIP and the
WCRP/SPARGStratospheric Sulfur and its Role in Climate (SSiR@ordinated multi-model initiative
(Timmreck et al., 2016b) as well as between VolMifl the Radiative Forcing MIP (RFMIEincus et
al., 2016, this issuayill help to building a scientific basis to disginish between differences in volcanic

radiative forcing data and differences in climaiedel response to volcanic forcing. VoIMIP provides
well-defined set of forcing parameters in terma@fosol optical properties and is thus complemsgrtar
SSIRC, which uses global aerosol models to invattigadiative forcing uncertainties associated with
given SQ emissions. Precise quantification of the forcimgvhich models are subject is central for both
RFMIP and VolMIP: RFMIP has planned transient vaicand solar forcing experiments with fixed
preindustrial sea-surface temperature to diagnokmnic and solar effective forcing, instantanefmusing
and adjustments, which is complementary toStheet-pinatubo experiments of VolMIP.

VoIMIP has synergies with the Geoengineering Mddidrcomparison Project (GeoMIP; Kravitz et
al., 2015), which includes proposals to simulaleng-duration stratospheric aerosol cloud to coaate
global warming. Furthermore, PMIP and VoIMIP pravicomplementary perspectives on one of the most
important and less understood factors affectingate variability during the last millennium. Spégdly,

VoIMIP systematically assesses uncertainties irclineatic response to volcanic forcing associatéth w
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describes the climatic response to volcanic foramigng transient simulations where related uraieties
are due to the reconstruction of past volcanicifigrcthe implementation of volcanic forcing withime

models, initial conditions, the presence and stiengadditional forcings, and structural model

differencesThepast1000_volc_cluster experiment of PMIP consists of an ensemble offfwiting ___ _ __ ~ { Formattato: Tipo di carattere: Corsivo
simulations covering the early @entury whose design is aligned with VolM\&lc-cluster experiments _ - { Formattato: Apice
(Jungclaus et al., 2016, this issue). This hiesagfhvolcanic cluster experiments will allow to estigate ) { Formattato: Tipo di carattere: Corsivo

the interactions between different natural fordimetors and the role of background climate condgio

during one of coldest periods of the last millemmjwhen discrepancies exist between informatiomfro

available climate simulations and reconstructiang.( Winter et al., 2015; Zanchettin et al., 2Q15a

Modeling groups who participate in both VoIMIP a@PmlIP are encouraged to output the VIRF diagnostics

1600 Huaynaputina, 1809 Unidentified, and 1815 TammbVIRF diagnostis sheuld shalbe calculated
for a period of five years starting from the eroptyear, andveutd-will be useful for future studies to
expand the investigation based\ésteShertvol c-pinatubo-Eg-strat and\eleShertvol c-pinatubo-Eg-surf.
VoIMIP and the Detection and Attribution MIP (DAM) (Gillet et al., 2016¥share the CMIP6
science theme of characterizing forcing. The expenitshistALL, histNAT, histVLC andhistALL_aereene

estAER2 of DAMIP include the 1991 Pinatubo eruption witliansient climate situations and therefore

provide context to theeleShertvol c-pinatubo set of VolMIP experimentshe experimengolc-cluster- - { Formattato: Tipo di carattere: Corsivo

21C is built on and complement to the SSP2-4.5 sceraperiment of ScenarioMIP.

VoIMIP and DCPP are closely working together oa ithpact of volcanic eruptions on seasonal and
decadal predictions, and have designed a commasriengnt {/eleShertvolc-pinatubo-Eg-ini and the
DCPP experiment3.42 are different labels for the same experimeRte DynVaractivityMIP puts a
particular emphasis on the two-way coupling betwbertroposphere and the stratosphere, and it is
therefore deeply involved in the design and analgéihe\oleShertvol c-pinatubo-full/-strat/-surf
mechanisti@experiments.

We envisage follow-up research stimulated by VéMIlinks to the Grand Challenges of the World
Climate Research Program (Brasseur and Carlso®,) 201

e  ‘“Cloudsand-atmesphericirculationand climate sensitivity, in particular through improved

characterization of volcanic forcing and improvexdierstanding of how the hydrological cycle and

the large-scale circulation respond to volcanicifay. Volcanic sulfate aerosols can affect clouds
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also by acting as cloud condensation nuclei (Graf.e1997; see also: Mather et al., 2004; Seéert

al., 2011; Schmidt et al., 2012; Meyer et al., 201ereby affecting regional precipitation (e.g.,

Zhao et al., 2012). Volcanic eruptions are amoregiiditural aerosol sources producing the strongest

simulated cloud albedo effect (Rap et al., 2013seSsments of cloud responses to volcanic forcing

in VoIMIP must take into account that in all exmeeints only the radiative effects of volcanic

aerosols are represented (see section 3). VolMtRducontributes to the initiative on leveragihg t

past record through planned experiments descrihi@glimate response, in an idealized context, to

historical eruptions that are not (or not sufficigncovered by CMIP6-DECKhistorical or other - { Formattato: Tipo di carattere: Corsivo

= { Formattato: Tipo di carattere: Corsivo

e  “Climate extremes,” in particular through a morstsynatical assessment of regional climate
variability — and associated predictability anddicgon — during periods of strong volcanic forcing
at both intraseasonal-to-seasonal (e.g., postieruptorthern Hemisphere's winter warming) and
interannual-to-decadal (e.g., post-eruption delayeder warming, Zanchettin et al., 2013b;
Timmreck et al.2646b2016ntime scales.

e  “Water availability,” in particular through the &ssment of how strong volcanic eruptions affect the
monsoon systems and the occurrence of extensivpraf@hged droughts.

e  “Rapid-cryosphere-changesMelting ice and globalemusnces in particular concerning the onset
of volcanically forced long-term feedbacks involyithe cryosphere which is suggested by recent
studies (e.g., Miller et al., 2012, Berdahl and &) 2013; Zanchettin et al., 2014).

Ocean heating and circulation, annual to decadalstales, and short-lived climate forcers were

identified among those areas where the WCRP’s gthatlenges seem most in need of broadened or
expanded research (Brasseur and Carlson, 2018Y1IFas expected to advance knowledge in all such
areas.

VoIMIP is designed based on a limited number ebiized volcanic forcing experiments. We

recognize that an eruption’s characteristics arapr source of uncertainty for its climatic impgadive

encourage modeling groups interested in performergsitivity experiments based on the experiments

proposed here and concerning, e.qg., the magnitudi¢he season of the eruption, to use VolMIP as a
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platform for coordinating such efforts within a rirhodel framework. The flexibility of the EVA motki

is, to this regard, a valuable advantage.

Follow-up research must takéseinto accounthe-following-considerations.

——TFthat he design of the simulations reflects necessargtcains on the overall resources required to

perform the whole set of mandatory experimentss Tiplies limitations such as the possibly insugéiit
representation of the whole range of variabilityclrinate modes not explicitly accounted in the gesi
This includes, for instance, the@&hernHemisphericannular mode (e.g., Karpechko et al., 2010;
Zanchettin et al., 2014) and modes of internatasgheric variability like the QBO. VoIMIP’s experents
are designed based on observed or reconstructgddarharacteristics of historical volcanic erupso
(1815 Tambora and 1991 Pinatubo for the Tier 1 expats). Comparison with observational or
reconstructed evidence must, however, take intowadche idealized character of VoIMIP’s experingent
including the simplified setting for generating eahic forcing parameters provided by the EVA module
Specifically, the evolution of the volcanic aeroslgud in EVA does not account for the meteorolabic
conditions at the time of the eruption, and camaptesent the aerosol properties at anything dtizer the
largest scales. Eccentricities of the aerosol gimiudue to variations in stratospheric transgarh as the
QBO, mid-latitude mixing, and the polar vortex, nahbe reliably included in any reconstruction of
aerosol forcing which relies only on sparse praegords ObservationsAdditionally, observations
simulations assessmemrsrrot-alse-leave-asideneed to incltiieidentification of the origins and

consequences of systematic model biases affet¢tendynamical climate response to volcanic forcing.

5. Summary

VoIMIP is a coordinated climate modeling activityadvance our understanding of how the climate
system responds to volcanic forcing. VoIMIP conités to identifying the causes that limit robussnies
simulated volcanically-forced climate variabiligspecially concerning differences in models' trestnof
physical processes. It further allows for the eatibn of key climate feedbacks in coupled climate
simulations following relatively well-observed etigms.

The protocol detailed in this paper aims at imprgwcomparability across the participating climate
models by (i) constraining the applied radiativeciog, propesing prescribinfpr each experiment a
consensus set of forcing parameters to be emplayetl(ii) constraining the background climate
conditions upon which the volcanic forcing is apgli The protocol entaitsvo-threemain sets of
experiments: the first focusing on the short-teseagonal to interannual) atmospheric respensithe

second focusing on the long-term (interannual tadal) response of the coupled ocean-atmosphere
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system and the third focusing on the climate responsgdse successions of volcanic eruptions (so-called
volcanic clusters)Beth- Experimentare further prioritized into three tiees-experimentsCareful

sampling of initial climate conditions and the oppaity to consider volcanic eruptions of different

strengths will allow a better understanding ofidlative role of internal and externally-forcedhdite
variability during periods of strong volcanic adtyy hencebethimprovingboththe evaluation of climate
models ananhancingour ability to accurately simulate past and futtirmates.

Data Availability

The model output from the all simulations desdatibrethis paper will be distributed through the
Earth System Grid Federation (ESGF) with digitgeabidentifiers (DOIs) assigned. As in CMIP5, the
model output will be freely accessible through dadetals after registration. In order to documeMIB6’s
scientific impact and enable ongoing support of Misers are obligated to acknowledge CMIP6, the
participating modéing groups, and the ESGF cems (see details on the CMIP Panel website at
http://lwww.wcrp-climate.org/index.php/wgcm-cmip/altemip). Further information about the
infrastructure supporting CMIP6, the metadata desa the model output, and the terms governingises
are provided by the WGCM Infrastructure Panel (WiPtheir invited contribution to this Special Igsu
Along with the data itself, the provenance of théadwill be recorded, and DOI's will be assigned to
collections of output so that they can be approégiyeited. This information will be made readily
available so that published research results caetified and credit can be given to the mididg groups

e-needed

ired. whi cribed-in-the-present-plperder to run the experiments, data sets forrahand - { Formattato: Inglese (Stati Uniti)

anthropogenic forcings defined for the DECK and@éIP6 historical simulations are required. These

forcing data sets are described in separate ineitettibutions to this special issue. In additispecific

volcanic forcings are required for the VoIMIP exipggnts that are described in this pagiére forcing

datasets or, alternatively, dedicated tools toveeitiem will be made available through the ESGH wit
version control and DOls assigned.
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Figure 1: Uncertainty in radiative forcing and climate reape for the early-19century eruptions aj two
estimates of annual-average global aerosol odigath at 550 nm (AOD)pj top-of-atmosphere annual-
average net clear-sky radiative flux anomaliesafanulti-model ensemble of last-millennium simulago
(PMIP3; see: Braconnot et al., 2012}, ¢omparison between simulated (PMIP3, 11-year $hiog,
colors) and reconstructed (black line: mean; sliadifi-95" percentile range) Northern Hemisphere

average summer temperature anomalies (relativé38-1808); ) same asd), but for a pre-PMIP3

‘{ Formattato: Inglese (Stati Uniti)

single-model ensemble (ECHAM5/MPIOM; Zanchettimkt2013a,b). Reconstructed data are the full raw

calibration ensemble by Frank et al. [2010].
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Figure 2: lllustrating the dominant processes linking voicaeruptions and climate response, with an
overview of VolMIP experiments: MeleLongvolc-long-SingleEgeq 2: VeleShertvolc-pinatube-Edull,

P05 3: MeleShertvolc-pinatube-Egurf, 4: MeleShertvolc-pinatube-Egtrat, 5: Velekongvolc-long-Single
HENIN/-hIS, 6: Velekongvolc-ClusterclusteiCtrictrl/-mill/-21C, 7: VeleShertvolc-pinatube-Eglab, 8:
VeleShertvolc-pinatube-Edni—9:-VeleLeng-Cluster-Mill The red box encompasses the processes related
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to the climatic response to volcanic forcing that@counted for in VoIMIP; the green box encomesskse
processes regarding volcanic forcing that are gegdeby VolMIP.
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Figure 3: (a) Uncertainty in estimates of radiative forcingaraeters for the 1815 eruption of Mt

Tambora: global-average aerosol optical depth (A@DQMe visible band from an ensemble of simulation
1220 with chemistry climate models forced with a 60 T@.®quatorial eruption, from the Easy Volcanic

Aerosol module (EVA) with 56.2 Tg S@quatorial eruptions (magenta thick dashed liinejn Stoffel et
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al. (2015), from Crowley and Unterman (2013), amif Gao et al. (20Q&ligned so that the eruption

starts on April 1816 The estimate for the Pinatubo eruption as us¢erCMIP6historical experiment is

also reported for comparisofn) Time-latitude plot of the AOD in the visible baptbduced by EVA for a
1225 56.2 Tg SQ equatorial eruption, illustrating the consensusifg for theVelelongvolc-long-Single-eEq

experiment. The black triangle shows latitudinadipon and timing of the eruption.

Chemistry climate models are CESM (WACCM) (Millsadt, 2016), MAECHAM5-HAM (Niemeier et al.,

2009), SOCOL (Sheng et al., 2015), UM-UKCA (Dhormasal., 2014), CAMB-UPMC-M2DEekki, 1995;

Bekki et al.,£995; 1996). For models producing an ensemble of simariatithe line and shading are the

1230 ensemble mean and ensemble standard deviatioectasby.
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‘ Figure 4: Consensus forcing for thésteLengvolc-long-Sihgle-hINHE experiment. &) Northern
1235 Hemisphere-average aerosol optical depth (AOD}p@trén produced by the Easy Volcanic Aerosol
module (EVA) for a 56.2 Tg equatorial eruptidfelelongvolc-long-Single-eEq, black line) and for a 28.1
Tg SO Northern Hemisphere extra-tropical eruptigelelengvol c-long-Sagle-hINHL, blue line). b)
Time-latitude plots of the AOD at 550 nm from EVér fthe 28.1 Tg S©Northern Hemisphere extra-
tropical eruption. The black triangle shows latitad position and timing of the eruption.
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Tables

Table 1 — Tier 1 VoIMIP experiments

Name Description Parent ns.| Years per | Total Gaps of knowledge being addressed with this
experiment,| Size| simulation | years experiment
start date (minimum)

VolcLengvolc- Idealized equatorial eruption correspondingRiGentretpi Co 9 20 180 | Uncertainty in the climate response to strong vutcaruptions,

long-Single-elf | to an initial emission of 56.2 Tg of 3O'he | ntral, April 1% with focus on coupled ocean -atmosphere feedbadkd (a
eruption magnitude corresponds to recgnt interannual to decadal global as well as regioesponses.
estimates for the 1815 Tambora eruptjon The mismatch between reconstructed and simulatédatel

| (Sigl et al., 2015), the largestistorical responses to historical strong volcanic eruptiavig focus on the

tropical eruptionof the last five centurieq role of simulated background internal climate Vaitity.

which was linked to the so-called “yepr
without a summer” in 1816.

VeleShertvolc- | 1991 Pinatubo forcing as used in the CMIP&iCentrelpiCo|l 25 3 75 Uncertainty in the climate response to strong vatca@ruptions
’ pinatube-Eefull | historical simulations. Requires specipl Ntrol, June 1st with focus on short-term response.
diagnostics of parameterized and resolyed Robustness of volcanic imprints on Northern Hermespls winter
wave forcings, radiative and latent heatjng climate and of associated dynamics.

rates. A large number of ensemble memHers

is required to address internal atmosphgric
variability
VeleShortvolc- | As  VeleShertvolc-pinatube-Edull, but | PiCentrelpiCol 25 3 75 Mechanism(s) underlying the dynamical atmosphezgponse to
pinatube-Eesurf |with prescribed perturbation to the ntrol, June 1% large volcanic eruptions, in particular in Northddemisphere’s
shortwave flux to mimic the attenuation pf winters. The experiment considers only the efféotabcanically
solar radiation by volcanic aerosols induced surface cooling.
| Complimentary experiment téoleShertvolc-pinatube-Egtrat.
VoleShertvolc- | As VeleShertvolc-pinatube-Edull, but s 25 3 75 Mechanism(s) underlying the dynamical atmosphezgponse to
pinatubeEg-strat | with prescribed perturbation to the tofal piControl large volcanic eruptions, in particular in Northddemisphere’s
(LW+SW) radiative heating rates June 1% winter. The experiment considers only the effecvaitanically-

induced stratospheric heating.

Complimentary experiment téoleShertvolc-pinatube-Egurf.

Volc = Volcano, Long = long-term simulatiopinatubeShert short-term simulationf the 1991 Pinatubo eruptidie eg= equator, full = full-forcing simulation, surf shart-wave forcing only,
1245 strat = stratospheric thermal (long-wave) forcimdyo
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Table 2 — Tier 2 VoIMIP experiments

Name Description Parent Ens. Years per| Total| Gaps of knowledge being addressed with _thiks
experime| Size | simulation| years| experiment
nt, start
date
Velekengvolc- Idealized Northern Hemispherehigh- PiControl 9 20 180 Uncertainty in climate response to strong hightale volcanic
long-Single- latitude eruption emitting 28.1 Tg of 3§  piControl eruptions (focus on coupled ocean-atmosphere).
hINHE April 1st Outstanding questions about the magnitude of tineatic impact
of high-latitude eruptions.
VeleLengvolc- Early 19th century cluster of strojg PiCentrel 3 50 150 Uncertainty in the multi-decadal climate respomsgitong volcanid
CdustercCtrl tropical volcanic eruptions, including tije piControl eruptions (focus on long-term climatic implicatipns
1809 event of unknown location, apdwhe January 1% Contribution of volcanic forcing to the climate tife early 19th|
1815 Tambora and 1835 Cosiglipa 1809 century, the coldest period in the past 500 years.
eruptions. Discrepancies between simulated and reconstrutitadtes of the
early 19th century.

Vele-volc = Veleanavolcanpleng long= long-term simulationL-hIN = Northern Hemispherhigh latitude cCtrl = initial state from control simulation
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Table 3 — Tier 3 VoIMIP experiments

Name Description Parent Ens. Years per| Total |Gaps of knowledge being addressed with th
experime) ize | simulation| years|experiment
nt, start
date
control-slab | Slab ocean control run, necessary for vglc- 1 30 30 |-
pinatubo-slgp | .t 0 ]
VeleShertvolc- | As VeleShertvolc-pinatube-Edull, but control- 25 3 75 |Effects of volcanic eruptions on ENSO dynamics.
pinatube-Egslab |with a slab ocean slabRiCentrel
June 1%
MoeleShortvole- _ | As VeleShortvolc-pinatube-Edull, but | 2015 | 10(5) | _ 5 __ [ _ 50 _([Influence of large volcanic eruptiosonfuture climate. = |
pinatube-Eeini/ | as decadal prediction runs joint (initializatio Influence of large volcanic eruptions on seasondldecadal climaf
DCPP @.42 experiment with DCPP. Forcing input - %‘i‘te predictability
- ’aﬁgiﬁﬂgmgﬁtgﬂanj{ftﬁgff,raﬁg*fu*"y*.Mthe,,eﬁ]ﬁ:::::::::::::::::::,:::::::::::::::::::::::::::::::
comply with the VolMIP protocol
Velekengvolc Parallel experiment teleleLongvolc-- PMHP- 3(1) 69 207 [Contribution of volcanic forcing to the climate tife early 19th
Clustercluster | cClustercGtrl, but with initial conditions | Past:000pas| century, the coldest period in the past 500 years.
Milmill taken from last millennium simulatido 11000, . Discrepancies between simulated and reconstrutitadtes of the
account for the effects of a more realist|c Janig%’ L early 19th century.
h'St_Or of past ﬁatural forcmg. in-order [_ Effect of history of volcanic forcing on the resgerto volcanic
e e .
e - h " tin eruptions.
R el
volc-cluster-21C | Parallel experiment to volc-cluster-ctrl, historical 3(1) 85 255 |Contribution of volcanic forcing uncertainty to w@mtainty in future
using restart files from the end of the NV I I climate projections _ _ _ _ _ _ _ _ _ __ _ __ _______|
historical simulation instead of from 2015 Long-term climate response to volcanic eruptionsleanwarm
piControl, and boundary conditions frory background climate conditions
the 21st century SSP2-4.5 scenario
experiment of ScenarioMIP
volc-long-hIS Idealized Southern Hemisphere high- piControl 9 20 180 |Uncertainty in climate response to strong hightdalé volcanic
latitude eruption emitting 28.1 Tg of 0 ~ April 1st eruptions (focus on coupled ocean-atmosphere).
Outstanding questions about the magnitude of fineatk impact of
high-latitude eruptions.

Vele-volc = Veleanovolcanplkong = long-ternsimulation,Shert pinatuba= short-term simulationf the 1991 Pinatubo eruptidge eq= equator, slab = slab ocean simulation, ini = &ition
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1p85

1p90

1295

longitude (X), latitude (Y) ad height (2)

Table 4 -Definition of new variables requested by VolMIP. Tkese have not been previously used in CMIP5, CCMI, GRDEX or SPECS. Shape is
defined as time (T)

Short name Standard name units description/comments Shape Levels Time
stratosphere optical thickness due aerosol optical thickness at 550 nm due to YZT all instantaneous

aod550volso4 to volcanic aerosol particles stratospheric volcanic aerosols
tendency of air temperature due o shortwave heating rate due to volcanic aeros@l¥ZT all instantaneous
shortwave heating from volcanic to be diagnosed through double radiation call

zmswaero aerosol particles K zonal average values required
tendency of air temperature due o longwave heating rate due to volcanic aeroso|sXYT 1 instantaneous
longwave heating from volcanic to be diagnosed through double radiation call

zmlwaero aerosol particles Ks zonal average values required
surface downwelling shortwave downwelling shortwave flux due to volcanic | XYT 1 instantaneous
flux in air due to volcanic aerosols aerosols at the surface to be diagnosed throggh

swsffluxaero W m2 double radiation call
surface downwelling longwave downwelling longwave flux due to volcanic | XYT 1 instantaneous
flux in air due to volcanic aerosols aerosols at the surface to be diagnosed through

Iwsffluxaerc W m?2 double radiation ce
toa outgoing shortwave flux due {o downwelling shortwave flux due to volcanic | XYT 1 instantaneous
volcanic aerosols assuming clea aerosols at TOA under clear sky to be diagnosed

swtoafluxaerocs | sky W nm? through double radiation call
toa outgoing longwave flux due t downwelling longwave flux due to volcanic XYT 1 daily mean
volcanic aerosols assuming clea aerosols at TOA under clear sky to be diagnoged

Iwtoafluxaerocs sky W m? through double radiation call
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1320

Table 5 - Protocol for the chemistry climate modeéxperiment to assess volcanic forcing uncertaintyf the
Veolelengvolc-long-Sirgle-eEq experiment

max at 24 km, and then
decreasing linearly to zero g

26 km.

specified)

SO Eruption Latitude QBO phase at SO; height injection SST Other Duration Ens. size
emiss length time of radiative
ion eruption forcing
60T 24 hours Centered af Easterly phase Same as Pinatubo. Climatological Preindustrial C@ 5-years long 5 members
SO the equator (as for Pinatubo an 100% of the mass between 22 from other greenhouse
El Chichén) and 26 km, increasing linearly preindustrial gases, tropospheri
with height from zero at 22 t control run aerosols (and gf




