Response to the topical editor (Slimane Bekki)

There are various tables providing boundary conditions for emissions. The authors should provide
them under the form of ascii files with a link. That way, modellers who want to run the experiments
just have to download the input files instead of having to recreate the files from the tables.

Dear Dr. Bekki,

Thank you very much for your comment. We have included now links to all input fields in the revised
manuscript and our web page http://www.isamip.eu . This should ensure that all modellers could
easily download the data in either ASCIl or NETCDF format.



http://www.isamip.eu/

Response to reviewer 1

Thank you very much, for your very helpful comments and suggestions (indicated in bold and
italic). You will find our pointby-point reply to them below.

“The authors discuss the climate impact of stratospric volcanic aerosols, how their large
scale distribution may be affected by stratospheridransport oscillations (QBO) and how
their size distribution may change as a function ofhe injected SO2. A paragraph should be
added, addressing the potential impact of the aero$ radiative interactions on some
features of stratospheric dynamics and transport, & age of air and strat-trop exchange of
trace species. Recent studies which may be relevaindbm this point of view, are those by
Ray et al. (2014), Pitari et al. (2016a), Diallo &tl. (2017). A brief paragraph on this aspect
would make even stronger the need for the proposedIP. This paragraph could probably
be inserted in the Introduction or at the end of Sbsection 3.3.2”

As the reviewer suggested we have included a couple of sentences on stratospheric aerosol
and dynamics in the introduction and we also discuss uncertainties in mean age of air at the
end of section 3.3.2.

Page 2, line$7-65: “The consequent heating of the stratospheric aerosol layer strorggniods stratospheric
dynamics amplifying the Brewer-Dobson circulation (BDC) and mdutfythe equatote-pole temperature
gradient. These two primary drivers cause chartgegeostrophic zonal winds and the propagation of
atmospheric waves (e.gittner et al., 2016; Toohey et al., 20%ahd lead to a strengthening of the polar vortex
(e.g. Charlton-Perez et al., 20).3The heating from continued $@njection to the stratosphere may further
disturb oreven “shut dowri the quasi biennial oscillation (QBO) (e.gquila et al., 2014; Niemeier and
Schmidt, 201). These composition-dynamics interactions also influence the transport and resideecefti
other long-lived species g, CH,) (Pitari et al., 2016a; Visioni et al., 2017The enhanced stratospheric
aerosol layer after large volcanic eruptions causes also large meaha@geariations on time scales of several
years (e.gRay et al., 2014; Muthers et al., 2016, Garfinkel et al., R017

Page3, linesr8-81: “.....counteracted the warming due to increased greenhouse gases over thafepgriod
Solomon et al., 2011; Ridley et al., 2014; Santer et al., 2&bBall to moderate volcanic eruptions after 2008
also show an impact on the stratospheric circulation in the Northern Hemisiphgagticular on the pattern of
decadal mean age variability and its trends during 20021 Qiallo et al., 201).”

Page 14, lined87-497: “Analysing how the vertical profile of the enhanced stratospheric aerosoklaylees
during global dispersion and decay, will provide a key indicatowfoy the models differ, and what are the key
driving mechanisms. Furthermore, the actual response of the B@@ean age of air to Pinatubo is poorly
constrained by existing reanalysis dataa(finkel et al., 201) While some modeling studies reported a
decreasing mean age of air following volcanic eruptions throughousttheosphere Garcia et al., 2011;
Garfinkel et al., 201)] show other studies an increase in mean Bgel¢ et al., 201). Moreover Muthers et al.
(2016)found decreasing age of air in the middle and upper stratosphere ag@bsingrmean age below, while
Pitari et al. (2016afound decreasing mean age at higher levels of 30 hPa in the tropit8 &R in the middle
latitudes after the Pinatubo eruption. The HerSEA experiment in combinaitioravpassive volcanic tracer
might therefore help to better constrain the response of the BDOdanio eruptions using observations and
help to clarify the uncertainties in age of air changes after the Pinatubo er&jpticail three major eruptions,
we have identified key observational datasets (Table 7) that will provide benctesiarko evaluate the vertical
profile, covering a range of different aerosol mettics.

“References to new studies on volcanic aerosols ni@yadded. The QBO impact on aerosol
dispersal and e-folding time has been discussed Ritari et al. (2016b) and could be cited at



page 5 line 181. A re-examination of the initial S@ cloud lifetime was made in Mills et al.
(2017) and could be cited at page 2 line 31

To take into account new developments/studies we have included a couple of recent published
papers (indicated in blue) in the field:

Page 2, lines9-52: “Major volcanic eruptions inject vast amounts of ,S6to0 the stratosphere, which is
converted into sulphuric acid aerosol with an e-folding time of aboudrgh, which might be prolonged due to
OH depletion within the dense $0@loud in the first weeks following a large volcanic eruptidfillg et al.,
2017,

Page 3, lines 90- 93For example, we now have a 2002-2012 long record of globald&tiesolved S©,and
carbonyl sulphide (OCS) and aerosol volume density measurementdegr by the Michelson Interferometer
for Passive Atmospheric Sounding Environmental Satellite (MIPAS Envisgtfneio et al., 2013; 2015;
Glatthor et al., 2015:Unther et al., 2098

Page 6, lines 19396 “Internal variability associated with the QBO alters the isolation of the tropical
stratosphere and subsequently the poleward transport of tropical @tetosaerosol, thereby modulating its
global dispersal, particle size distribution, and residence time (e.g. Trepiéitahohann, 1992; Hommel et al.,
2015,Pitari et al., 20160.”

See also further new references included in the answers to other ydimésrbviewer.

“At page 7 lines 271273 the authors write: “Modelling groups are encouraged to include a
set of passive tracers to diagnose the atmosphetiansport independently from emissions
mostly following the CCMI recommendations (Eyring & al., 2013). These tracers are listed
in Table S3 in the supplementary material.” It should be specified that in case modelling
groups had already run these experiments, resultsspduced and uploaded for CCMI may
also be used for ISA-MIP, taking them directly fromthe CCMI data repository. | would

also suggest to provide a link (as made in Eyringtal., 2013) where gridded input data may
be available for download (S fluxes etc.).

Thank you very much for your suggestion. This is a good p@ietagree it will be valuable

to compare the temporal variations in the ISA-MIP experiments (in particular the transient
TAR and HErSEA experiments) with those from the CCMI REF-C1 and REF-C1SD
simulations, which include the full fix of external forcing variations. Although we do not feel
there is a need to specify this in the paper we will certainly encourage the leads for those two
ISA-MIP experiments to consider this, and approach the relevant CCMI coordinators
accordingly. In particular, there may still be time to double-check whether any extra
diagnostics should be added to the ISA-MIP simulations as most groups will still be finalizing
the final set-up for their integrations.

Forcings and other data sets will be made available on thiMiBAvebsite
http://www.isamip.ewand through specific links, which will be included in the revised
manuscript.

“At the beginning of Section 2 (page 5 lines 15-15te following sentence sounds odd:
“However, the focus of the ISA-MIP experiments described here is on comparing to
measurements of the overall optical and physical piperties of the stratospheric aerosol


http://www.isamip.eu/

layer, which is manly determined by stratospheric aerosol”. Maybe the final “aerosol”
should be substituted with sulfate”

We have corrected the sentence to:

Page 5, lined67-169 “However, the focus of the ISA-MIP experiments described here is opecomg to
measurements of the overall optical and physical properties of the stexiog#rosol layer, which is mainly
determined by stratospheric aerosol sulpfiate.

“The discussion at the end of Section 2 (page 7 I;210-219) could probably be made even
more robust with reference to sulfate geoengineermstudies. Some of these have
highlighted differences in what the authors themselves call “a crucial point”, i.e., the
different degree of isolation of the tropical pipeand the meridional transport of sulfate
aerosols through the subtropical barrier. See forxeample Tilmes et al. (2015) and Visioni et
al. (2018)”

We have adeld a sentence to refer to sulphate geoengineering studies

Page 7, lines 23337. ”Suphate geoengineering studies confirm the importance of the model dependent
meridional transport through the subtropical barrier (e.g. Niemeier and Tikr2@L5;Visoni et al., 2018;
Kleinschmitt et al., 201)3 Reasons for these differences need to be understood withianod#l comparison
study, as suggested for examgdg Tilmes et al., (20157.
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Response to reviewer 2

Thank you very much, for your very helpful comments and suggestions (indicated in bold and
italic). You will find our pointby-point reply to them below.

“My only comment regarding the protocol concerns the TAR experiment “dbl”. This is a

mandatory (Tier 1) experiment that uses preferablytabulated point sources or, optionally,

3D data. However, the latter option is given an owndentification in the protocol and a

different priority (Tier 3). There may thus be a caflict, as a mandatory experiment is

optionally bypassed by performing a low-priority experiment. If the two experiments are

equivalent alternatives, they should be given theasne priority, or even appear as the same
experiment with the selected option to be reporteth the metadata.

| recommend some clarification?”

We accept the original description of the TAR experiment may have been confusing. To
ensure comparability between all of the three data sets we agreed on point sources for the
volcanic emission in the mandatory (TIER1) experiments. For clarification we have changed
the following sentence:

Page 11, lines 37980 “If modelling groups prefer not to use point sources, we additioafity VolcDB1_ 3D
which provides a series of discrete 3D gridded Bfections at specified timés.

to

Page I1, lines 3382: “To test the effect of the implementation strategy (point source vs)céouddditional
non-mandatory experiment has been set up: TAR_dbl subWattDB1 3D as corresponding data set which
provides a series of discrete 3D gridded, 8fctions at specified times.

To clarify, we also changed slightly the text:

Page 12, linesA01-402 “The optionally provided VolcDB1 3D data set, contains volume mixing ratio
distributions of the injected S@n a T42 Gaussian grid with 90 levels.

to

Page 12, lined01-404 "The VolcDB1_3D data set, for the optional experiment tar_db1l_ 3D contains volume
mixing ratio distributions of the injected $®@loud on a T42 Gaussian grid with 90 levels. The integral SO
mass for each injection is the satne.

“As a general note, an expanded description about f@mtial synergies and links with other
ongoing MIPs would better highlight the value of I&-MIP for the broader climate
modelling community.”

We have included in the summary the following sentences:

Pages 1819, lines 632649 “For example, the CMIP6 Geoengineering Model Intercomparison Project
(GeoMIP, Kravitz et al., 2015) investigates common ways in which climatelmb@éat various geoengineering
scenarios some of them via sulphate aerosols (e.g. Tilmes et al., B@t#ver, there is a large inter model
spread for the cooling efficiency of sulphate aerosol, i.e. the tiaadacooling rate per injected unit of sulphur
(Moriyama et al., 2016). ISA-MIP is therefore of special importanc&&wMIP as it could help to understand
the reason for these uncertainties, to better constrain the forcing efficiendg angrove future scenarios.
Furthermore it is so far not clear whether the large inter-model spreheé &MIP5 models in the simulated



post-volcanic climate response mostly depends on uncertainties in theeimpolsanic forcing or on an
insufficient representation of climate processes. To discriminate the individual urtgefdators it is useful to
develop standardized experiments/model activities that systematically address apeeitainty factors. Hence
ISA-MIP, which covers the uncertainties in the pathway from the erumiarce to the volcanic radiative
forcing, will complement the CMIP6 VoIMIP project (Zanchettin et al., 20itizh addresses the pathway from
the forcing to the climate response and the feedback, by studyingdbgainties in the post-volcanic climate
response to a well-defined volcanic forcing. ISA-MIP also complements dmistny climate model initiative
CCMI (Eyring et al., 2013) and the Aerosol Comparison (AeroCoitixtine (Schulz et al., 2006) as well as the
Aerosol Chemistry Model Intercomparison Project (AerChemMIP, Codliinal., 2017) as it concentrates on
stratospheric aerosol which is not in the focus of all these activities.”

Specific comments on the manuscript:
Line 78: please check, the acronym OCS seems todely introduced in line 164

We have included the explanation of OCS now earlier in the manuscript.

Page 3, lines 994: “we now have a 2002-2012 long record of global altitude-red@®D,, and carbonyl sulphide (OCS)
and aessol ...”

’

Line 186: “compared to moderate eruptions’

We have revised the sentence accordingly to:

Page 6, lines 20001: “... and predict a reduced cooling efficiency compared to moderate eruptions with
moderate sulphur injections (e.g. Timmreck et al., 2010; English e0&B).2

“Line 295: Across?’

We have revised the sentence to:

Page 9, line 313:although new in situ measurements indicate thatdhess-tropopause-SO2-flux is neglible over Mexico
and central America (Rollins et al., 2017).

“Line 321: the nudging period for the QBO is 1980-200 (21 years) but the experiment only
consists of 20 years. It seems that to include tlyear 2000 at the end of the simulation, the
nudging period should start in 1981”

We have revised this accordingly:

Page 10, lines829-340: .Modelling groups should run this simulation with varying QBO, eitinéernally
generated or nudged to the 1980-2000 period.

“Paragraph 3.3.3: It appears from Tables 5 and 6 that “VolcDB*” identify the datasets,
whereas the experiment names are “TAR db*/TAR sub”. It seems that the text in this
paragraph mixes the two (for instance in lines 37876)”

Thank you very much for this hint. We have revised the sentences to

Page 12, lines894-397. “Summarising the number of experiments to be conducted within TéR: dre
mandatory (TAR_base with no volcanic emission, Tar_db1/2/3), afitaahl is recommended (TAR-sub) and
two others are optional (TAR_db4 and TAR_db1_3D; see Tablednfowverview)’

Lines 432-438: this is certainly an interesting lgdaut in this short description this appears
at the edge or even slightly out of the scope AfNBP itself. Can you expand on this?



Whilst we agree with the reviewer that there is no specific experiment aiming to understand
the relationship between the ice core sulphate deposition and the stratospheric aerosol layer
enhancements that drives the radiative cooling, the idea was to suggest that there is the
potential for a systematic multi-model analysis of those 2 metrics (based on the HErSEA
results) and seek to identify how uncertain historic volcanic forcings derived from ice core
sulphate deposition may be.

We have added the following sentence to the revised manuscript stating that:

Page 13-14, lines, 440463:Although HErSEA has no specific experiment to understand the relationship
between the ice core sulphate deposition and the stratospheric aerosol layer emiantetndrive the surface
cooling, there is the potential for a systematic inter-model study (miarsto Marshall et al., 2018) to identify
how uncertain historic volcanic forcings derived from ice core sulphate depasidip be."

“Table 1: some of the information provided is not @arly described. For instance, are the
numbers in parentheses in the “Total years” column the recommended integration years?
This seems not to hold for the POEMS where the nunelss seem to refer to the number of
perturbed parameters. The description of the numberof specific experiments for POEMS
also seems to lack clarity’

There was a mistake in the Table provided in the Discussions version of this article which we
agree was confusing. In the revised manuscript we have changed Table 1 to be as shown
below. We have also re-iterated (in the section 3.4.2 of the text, and in Table 1) the important
requirement (currently only explained in the caption to Table 11) that the POEMS parameter-
scalings must only be applied in gridboxes with “volcanically-enhanced airmasses”
(determined either by total-sulphur-vmr-threshold or{sive Volc tracer ”.

Page 17, line5§92-597: “When imposing the parameter-scalings, the models must only enach#émage in grid boxes with
volcanically-enhanced air masses. This can be determined eithetaliaulphur volume mixing ratio threshold suitable for
the particular model, or via the “passive tracer Volc” recommended in section 3.3.3. Restricting the perturbation to the
Pinatubo sulphur will leave pre-eruption conditions and tropegplaerosol properties unchanged. ensuring a clean

"uncertainty pdf" for the volcanic forcing.

g Years
. Number of specific A
Experiment Focus N per Total years Knowledge-gap to be addressed
- experiments N
experiment
Intercompare Pinatubo
perturbation to strat- aerosol
properties with full uncertainty
10 experiments per analysis over PPE run by each
parameter , where model.
Pinatubo Perturbed parameter the number of . o .
Emulation in ensemble of runs to parameters refersto | o 90. 150 or Quantify sensitivity of predicted
Multiple quantify uncertainty the minimum (3), exp eriment® ’240 Pinatubo pertur.batlon stra.tos.pherlc
Models in each model’s reduced (5) or P aerosol properties and radiative
[POEMS]® predictions standard ( ) effects to uncertainties in injection
parameter set (see settings and model processes
also Table 10) Quantify and intercompare sources
of uncertainty in simulated Pinatubo
radiative forcing for the different
complexity models.




A Each model will need to include an appropriate initialization and spin-up time for each ensemble member (~3- years depending on
model configuration).

® As explained in the caption to Table 11 and section 3.4, models will need to restrict the POEMS parameter-scaling to volcanically-
enhanced air masses (either via total-sulphur-vmr threshold or passive volcanic SO, tracer)

€ Although the Pinatubo enhancement to the stratospheric aerosol layer remained apparent until 1997 (e.g. Wilson et al., 200 ), whereas
the HErSEA experiments will continue longer, the POEMS analysis will require only 3 post-eruption years to be run, as this gives sufficient
time after the peak aerosol to characterize decay timescales robustly (e.g. ASAP200 , chapter5)

Table 1 General overview of the SSIRC ISA-MIP experiments
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List of the most relevant changes

e We have included links to all input fields.

e We have included a couple of sentences addressing the potential impact of the aerosol radiative
interactions on some features of stratospheric dynamics and transport and we also discuss
uncertainties in mean age of air now .

e We have included a couple of recent published papers.

e We have revised the description of the TAR experiment , TAR_db1l and TAR_db1l 3D.

e We have revised the POEMS description of table 1.

o We have expanded the description about potential synergies and links with other ongoing MIPs.

e We have deleted Table S as itis included in the Br hl et al (201 ) data reference.

e We haveincluded a new table S which include a subset of volcanic emissions, that were
derived based on the average mass of SO, emitted using VolcDB1, VolcDB2, and VolcDB3.
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Abstract The Stratospheric Sulfur and its Role in Climate (SSIRC) interactive stratmspleeosol model
intercomparison project (ISA-MIP) explores uncertainties in the procéisaesonnect volcanic emission of
sulphur gas species and the radiative forcing associated with the resultingeendanof the stratospheric
aerosol layer. The central aim of ISA-MIP is to constrain and impirdeeactive stratospheric aerosol models
and reduce uncertainties in the stratospheric aerosol folmingompamg results of standardized model
experiments with a range of observations. In this paper we presenbrdlicated inter-model experiments
designed to investigate key processes which influence the formatidarapdral development of stratospheric
aerosol in diffegnt time periods of the observational record. The “Background” (BG) experiment will focuson
microphysics and transport processes under volcanically quiescent conditiensthe stratospheric aerosol is
controlled by the transport of aerosols and their precursoms fhe troposphere to the stratosphere. The
“Transient Aerosol Record” (TAR) experiment will explore the role of small- to moderate-magnitude volcanic
eruptions, anthropogenic sulphur emissions and transport processéiseoperiod 199012 and their role in
the warming hiatus. Two further experiments will investigate the spia¢oe sulphate aerosol evolution after

major volcanic eruptions. The “Historical Eruptions SO, Emission Assessment” (HErSEA) experiment will
1
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focus on the uncertainty in the initial emission of recent large-ramivolcanic eruptions, while the
“Pinatubo Emulation in Multiple models” (POEMS) experiment will provide a comprehensive uncertainty

analysis of the radiative forcing from th891Mt. Pinatubo eruption.

1 Introduction

Stratospheric aerosol is an important component of the Earth systeah, wfluences atmospheric radiative
transfer, composition and dynamics, thereby modulating the climate. Tdwtsedf stratospheric aerosol on
climate are especially evident when the opacity of the stratospheric deg@sdk significantly increased after
volcanic eruptions. Through changes in the radiative properties of the steatospérosol layer, volcanic
eruptions are a significant driver of climate variability (dyhre et al., 2013; Zanchettin et al., 2016). Major
volcanic eruptions inject vast amounts of ,S6to the stratosphere, which is converted into sulphuric acid

aerosol with an e-folding time of about a mgnithich might be prolonged due to OH depletion within the

dense S@cloud in the first weeks following a large volcanic eruption (Mills et al., 2017).

~Observations show that the stratospheric aerosol layer remains enhancedridnysars after major eruptions
(SPARG 2006) Such longtasting volcanic perturbations cool the Earth’s surface by scattering incoming solar
radiation and warm the stratosphere by absorption of infrared soldoragravave terrestrial radiation which
affect the dynamical structure as well as the chemical compositiorecétthosphere (e.g. Robock, 2000;

Timmreck, 2012)The consequent heating of the stratospheric sulphate layer, impatisgieric dynamics in

various ways. It amplifies the Brewer-Dobson circulation (BDC) modifies the equatdie-pole temperature

gradient, driving changes in geostrophic zonal winds and the propagaadmospheric waves (e.g. Bittner et
al., 2016; Toohey et al., 2014) and strengthening the polar erexCharlton-Perez et al., 2013). The heating

from continued S@injection to the stratosphere may further disturb or even “shut down” the quasi biennial
oscillation (QBO) (e.g. Aquila et al., 2014; Niemeier and Schmidt, 2017). The radiadivgén changes also
influence the transport and the lifetime of long-lived spe&®, CH,) (Pitari et al., 2016a; Visioni et al.,

2017). The enhanced stratospheric aerosol layer after large volcanic eywatises also large mean age of air

variations on time scales of several years (e.g. Ray et al., 2014; Muthers et al., 2fiikel@aal., 2017).

-As the ocean has a much longer memory than the atmosphere, largécvetcgtions could have a long
lasting impact on the climate system that extends beyond the duratfenaflcanic forcing (e.gZanchettin et

al., 2012; Swingedouw et al., 201The chemical and radiative effects of the stratospheric aerosol are strongly
influenced by its particle size distributionHeterogeneous chemical reactions, which most notably lead to
substantial ozone depletion (e.g. WMO Ozone Assessment 2007, chapter dlataken the surface of the
stratospheric aerosol particles and are dependent on the aerosol swéadermsity. Aerosol particle size
determines the scattering efficiency of the particles (e.g. Lacis et al., 199@)eanatmospheric lifetime (e.g.,
Pinto et al., 1989; Timmreck et al., 2010). Smaller-magnitude eruptions 8®nMt. Pinatubo eruption can
also have significant impacts on climate. It is now established that a stnektoely small magnitude

volcanic eruptions caused the increase in stratospheric aerosol observed be0@e&md22010 over that period

2
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based on ground- and satellite-borne observations (Vernier et al., 20é&ély; et al., 2013). Studies have
suggested that this increase in stratospheric aerosol partly counteraeteslatming due to increased
greenhouse gases over that period (e.g. Solomon 20al, Ridley et al., 2014; Santer et al., 201Sjnall to

moderate volcanic eruptions after 2008 also show an impact on the @teatoscirculation in the Northern

Hemisphere, in particulam the pattern of decadal mean age variability and its trends during200P (Diallo

etal., 2017).
Since the 2006 SPARC Assessment of Stratospheric Aerosol Properties Report (BR8RRerein referred as

ASAP2006) the increase in observations of stratospheric aerosol gmddtssor gases and in the number of

models which treat stratospheric aerosol interactively, have advanced isciemigferstanding of the
stratospheric aerosol layer and its effects on the climate (Kremser el@lh2fein referred to as KTH2016).
In particular, research findings have given to the community a greater assrehthe role of the tropical
tropopause layer (TTL) as a distinct pathway for transimbot the stratosphere, of the interactions between
stratospheric composition and dynamics, and of the importance of med@mgiiude eruptions in influencing
the stratospheric aerosol loading. In addition, over the last decade sevestalite instruments producing
observations relevant to the stratospheric aerosol layer have beceratamal. For example, we now have a

20022012 long record of global altitude-resolved ,S@nd- carbonyl sulphideOCS and aerosol volume

density measurements provided by the Michelson Interferometer for Ras&tmospheric Sounding
Environmental Satellite (MIPAS Envisat, Hopfner et al., 2013; 2015; Glatthor et al,, @0h&er et al., 2038

Furthermore aerosol extinction vertical profiles are available from limhlipgpfnstruments such as Scanning

Imaging Absorption Spectrometer for Atmospheric ChartographyABBCHY, 2002-2012; Bovensmann et
al., 1999; von Savigny et al., 2015), Optical Spectrograph and InfraRg@n@gstem (OSIRIS, 2001-present,
Bourassa et al., 2007), and Ozone Mapping and Profiler-&unitb Profiler (OMPS-LP, 2011-present, Rault
and Loughman, 2013), and from the active sensor lidar measuresnehtas Cloud\erosol Transport System
(CATS, 2015-present, Yorks et al., 2015) and Cléedosol Lidar with Orthogonal Polarization (CALIOP,
2006present, Vernier et al., 2009). Existing measurements have become rbost, for example by
homogenising the observations of aerosol properties deriveddptical particle counter (OPC) and satellite
measurements during stratospheric aerosol background periodslakdav and Deshler, 2015), which
previously showed large differences (Thomason et al., 2008). Othetsaffolude combining and comparing
different satellite data sets (e.g. Rieger et al., 2015). However, some notable deesepth exist between
different measurement datasets. For example, Reeves et al. (2008) shawaidctaft-borne Focused Cavity
Aerosol Spectrometer (FCAS) measurements of the particle size distribution ttherilage 1990s yield surface
area densities a factor 1.5 to 3 higher than that derived from Stratosphes&plAand Gases Experiment
(SAGE-Il) measurements.
On the modelling side there has been an increasing amount of glodeddtmensional stratospheric aerosol
models developed within the last years and used by research teamd tr® world (KTH2016). The majority
of these global models explicitly simulate aerosol microphysical processeseamndhe full life cycle of
stratospheric aerosol, from the initial injection of sulphur containing gasdsheir transformation into aerosol
3
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particles, to their final removal from the stratosphere. Several of these nadselgclude the interactive
coupling between aerosol microphysics, atmospheric chemistry, dynamics and radiation

Given the improvements in observations and modelling of stratospteedsol since ASAP2006, we anticipate
further advances in our understanding of stratospheric aerosolniyiring the recent observational record
with results from the current community of interactive stratosphagecosol models. An Interactive
Stratospheric Aerosol Model Intercomparison Project (ISA-MIP) has therdfeen developed within the
SSIRC framework. The SPARC activity Stratospheric Sulfur and its Ro@imate (SSIRC) (www.sparc-
ssirc.org) was initiated with the goal of reducing uncertainties in theepies of stratospheric aerosol and
assessing its climate forcing In particular, constraining simulations tdribe eruptions with available
observational datasets gives the potential to evaluate and substantiallyeinipeoaccuracy of the volcanic
forcing datasets used in climate models. This will not only enhancéstmty with observed stratospheric
aerosol properties and the underlying microphysical, chemical, and dyngmacakses but also improve the
conceptual understanding. The use of such new volcanic forcing datasethe potential to increase the
reliability of the simulated climate impacts of volcanic eruptions, which Heeen identified as a major
influence on decadal global mean surface temperature trends in climate models @/ andtBorster, 2015).
The first international model inter-comparison of global stratospheric aerast#isnwas carried out within
ASAP2006 and indicated that model simulations and satellite observatiomato$gheric background aerbso
extinction agree reasonably well in the visible wavelengths but not infaged.It also highlighted systematic
differences between modelled and retrieved aerosol size, which are ntt dekect the Aitken-mode sized
particles (R<50nmin the lower stratosphere (Thomason et al., 2008, Reeves et al., 2008; Homn20&t gl
While in ASAP2006, only five global two- and three-dimensiotr@tsspheric aerosol models were included in
the analysis, there are nowadays more than 15 global three-dimensimuils worldwide available
(KTH2016). No large comprehensive model intercomparison has ever been carried out ty @iéetiénces in
stratospheric aerosol properties anginfpese new interactive modelshd models often show significant
differences in terms of their simulated transport, chemistry, and vednaf aerosols with inter-model
differences in stratospheric circulation, radiative-dynamical interactions asihrege with the troposphere
likely to play an important role (e.g. Aquila et &012 Niemeier and Timmreck, 2015The formulation of
microphysical processes are also important (e.g. English et al. 2013),dif$egireg assumptions regarding the
sources of stratospheric aerosols and their precursors. A combiohtibese effects likely explain the large
inter-model differences as seen in Fig. 1 among global stratosphessolaeodels who participated in the
Tambora intercomparison, a precurgorthe “consensus volcanic forcings” aspects of the CMIP6 Model
Intercomparison Project on the climatic response to Volcanic forcing (VoIMIRh2#m et al., 2016; Marshall
et al., 2087). Even for the relatively recent 1991 Mt. Pinatubo erupttorreach the best agreement with
observations, interactive stratospheric models have used a wide rangeiESiibns amounts, from as low at
10 Tg of SQ (Dhomse et al., 2014; Mills et al., 2016) to as high as 20 Tg ¢f(8@. Aquila et al., 2012;
English et al., 2013).
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Volcanic eruptions are commonly taken as a real-world analogue footHesised geoengineering via
stratospheric sulphur solar radiation management (SS-SRM). Indeedfrtaryassumptions and uncertainties
related to simulated volcanic perturbations to the stratospheric aerosol are alsmtfyegiven as caveats
around research findings from modelling studies which seek to qudmtiflikely effects frorlSSSRM (e g.
National Research Council, 2015 ), the mechanism-steps between sujpbtiorinand radiative cooling being
common to both aspects (Robock et al., 2013). The analysis of thelllSa&xperiments we expect to improve
understanding of model sensitivities to key sources of uncertaintgform interpretation of coupled climate
model simulations and the next Intergovernmental Panel on Climate CHBR@€) assessmerit will also
provide a foundation for co-operation to assess the atmospheric and dimaages when the next large-
magnitude eruption takes place.

In this paper, we introduce the newodel intercomparison project ISA-MIP developed within the SSIRC
framework. In section 2 we provide an overview of the currete siastratospheric sulphur aerosol modelling
and its greatest challenges. In section 3 we describe the scopes and protdwlfoof model experiments

planned within ISA-MIP. A concluding summary is provided in Section 4.

2. Modelling stratospheric aerosol; overview and challenges

Before we discuss the current state of stratospheric aerosol mgadgeibihits greatest challenges in detail, we
briefly describe the main features of the stratospheric sulphur cycle. Weware af the fact that the
stratospheric aerosol layer also contains organics and inclusiamet@dritic dust (Ebert et aR016) and, after
volcanic events, also co-exists with volcanic ash (e.g. Pueschel et at. KI992016). However, the focus of
the ISA-MIP experiments described here is on comparing to measurerhémsowverall optical and physical
properties of thetratospheric aerosol layer, whichmginly determined bytratospheric-aeresol sulphate

2.1 The stratospheric aerosol lifecycle

The stratospheric aerosol layer and its temporal and spatial variability are detbhyithe transport of aerosol
and aerosol precursors in the stratosphere and their modification by chandcahicrophysical processes
(Hamill et al., 1997; ASAP2006; KTH2016). Volcanic eruptions can inject stlpbaring gases directly into
the stratosphere which significantly enhances the stratospheric deess@dr years. A number of observations
show that stratospheric aerosol increased over the first decade of'tberdry (e.g. Hofmann et al., 2009;
Vernier et al., 2011b; Ridley et al., 2014). Although such increase wisittt to the possible cause of Asian
anthropogenic emission increase (Hofmann et al., 2009), later studiessinawva that smalle-moderate
magnitude volcanic eruptions are likely to be the major source of thestrewrease (Vernier et al., 2011b;
Neely et al., 2013; Brihl et al., 2015

A stratospheric source besides major volcanic eruptions is the photocheniilzalooxof earbenyl-sulphide
{OCS9, an insoluble gas mainly inert in the troposphere. Tropospheriscde@nd aerosol precursor also enter

the stratosphere through the tropical tropopause and through convediradtaupn the Asian and North
5
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American Monsoons (Hofmann et al., 2009; Hommel et al., 2011; Vernier et Hla;2Bourassa et al., 2012;
Yu et al., 2015). In the stratosphere, new sulphate aerosol particles are formedphdnmagenous nucleation
(Vehkamaki et al., 2002), a process in which sulphuric acid vapo80kt)) and water vapour condense
simultaneously to form a liquid droplet. The condensation &0 g) onto pre-existing aerosol particles and
the coagulation among particles shift the aerosol size distribution to greatei heslitakes place especially
under volcanically perturbed conditions, when the concentrations obh@rdbe stratosphere are higher (e.qg.
Deshler et al., 2008).

From the tropics, where most of the tropospheric aerosol enters the strat@sphtte OCS chemistry is most
active, the stratospheric aerosol particles are transported poleward within ghesdaleBrewer-Dobsen
ciredlation-BDC) and removed through gravitational sedimentation and cross-trogopansport in the extra-
tropical regions. Internal variability associated with gemsi-bienniat-oscillationqBO) alters the isolation of
the tropical stratosphere and subsequently phleward -extra-trepicatransport of opicalhe-stratospheric
aerosol, and modifies iglobal dispersal-tribution particle sizedistribution andresidence-liféme (e.g. Trepte
and Hitchmann, 1992; Hommel et al., 20P8ari et al., 2016b).

In general, under volcanically perturbed conditions with larger amounigecfed SQ@, aerosol particles grow

to much larger radii than in volcanic quiescent conditions (e.g. Deshler). Z&i@&ilation of extremely large
volcanic sulphur rich eruptions show a shift to particle sizes even largembsenved after the Pinatubo
eruption, and predict a reduced cooling efficiency compared to modemgtéonswith moderate sulphur
injections (e.g. Timmreck et al., 2010; English et al., 2013).

2.2 Global stratospheric aerosol models, current status and challenges

A comprehensive simulation of the spatio-temporal evolution efpirticle size distribution is a continuing
challenge for stratospheric aerosol models. Due to computational constraifitstton of the stratospheric
aerosol and the temporal evolution of its size distribution are usually g@ndred with various degrees of
complexity in global models. The simplest way to simulate the stratospiendsol distribution in global
climate models is the mass only (bulk) approach (e.g. Timmreck et #a;12303; Aquila et al., 2012), where
only the total sulphate mass is prognostically simulated and chemical and eagiatbesses are calculated
assuming a fixed typical particle size distribution. More complex methods areegiagrated approaches, such
as the modal approach (e.g. Niemeier et al., 2009; Toohey et al., 20hlLeBali, 2012; Dhomse et al., 2014;
Mills et al., 2016), where the aerosol size distribution is simulated wsiagor more modes, usually of log-
normal shape. The mean radius of each mode of these size distritugticess in time and space. Another
common approach is the sectional method (e.g. English et al., 2011; Hetnahel2011; Sheng et al., 2015a;
for ref prior to 2006 see ASAP2006, chapter 5), where the particleistzdution is divided into distinct size
sections. Number and width of the size sections are dependent on ffie spEdel configuration, but are fixed
throughout time and space. Size sections may be defined by amgevadius, or by an average mass of

sulphur, and are often spaced geometrically.
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The choice of methods has an influence on simulated stratospheolagre distributions and therefore on
radiative and chemical effects. While previous model intercomparison studidmoiraodel (Kokkola et al.,
2009) or in a two-dimensional framework (Weisenstein et al., 26@7¢ very useful for the microphysical
schemes, they could not address uncertainties in the spatial transportegttéiansport across the tropopause
and the subtropical transport barrier regional/local differences in wet and dry removal. These uncertainties
can only be addressed in a global three-dimensional model framewdrkvith a careful validation with
variety of observational data

The June 1991 eruption of Mt. Pinatubo, with the vast net of obsersatiah tracked the evolution of the
volcanic aerosol, provides a unique opportunity to test and validate global $teatoserosol models and their
ability to simulate stratospheric transport processes. Previous model studies (e.g. Kietraked999b; Aquila

et al, 2012) highlighted the importance of an interactive online treatment of sgthesioc aerosol radiative
heating for the simulated transport of the volcanic cloud. A crucial poititeissimulation of the tropical
stratospheric aerosol reservoir (i.e., the tropical pipe, Plumb, 1996handeridional transport through the
subtropical transport barrier. Some models show a very narrow tropical maxinoamparison to satellite data
(e.g., Dhomse et al. 2014) while others show too fast transport to laghetes and fail to reproduce the long
persistence of the tropical aerosol reservoir (e.g. Niemeier et al., 2008shErg al., 2013).Sulphate
geoengineering studies affirm the importance of the model dependeidiomedr transport through the
subtropical barrier (e.g. Niemeier and Timmreck, 2015; Visoni et al., 2018; &hemdt et al., 2018)Reasons

for these differences need to be understewdt a multi-model comparison study, as suggested for example by

Tilmes et al., 2015}

3. The ISA-MIP Experiments
Many uncertainties remain in the model representation of stratospheric aeros@. FZgummarizes the mai

processes that determine the stratospheric sulphate aerosol masg&ditribution and the associated optical
properties. The four experiments in ISA-MIP are designed to addressk#éepeocesses under a well-defined
experiment protocol with prescribed boundary conditions (sea surfager@nres (SSTs), emissiong)ll
simulations will be compared to observations to evaluate model perfoesmand understand model strengths
and weaknesses. Theperiment “Background” (BG) focusson microphysics and transport (section 3.1) under
volcanically quiescent conditions, when stratospheric aerosol is only modligtsgasonal changes and
interannual variability. The experiment “Transient Aerosol Record” (TAR) is addressing the role of time-
varying SQ emission in particular the role of small- to moderate-magnitude voleanjtions and transport
processes in the upper troposphefewer stratosphere (UTLS) over the period 1998-2012 (section 3.2). Two
further experiments investigate the stratospheric sulphate asipsdlistribution under the influence of large
volcanic eruptions. “HErSEA” focuses on the uncertainty in the initial emission characteristics of recent large
volcanic eruptions (section 3.3), while “PoOEMS” provides an extensive uncertainty analysis of the radiative
forcing of the Mt. Pinatubo eruption. In particular the ISA-MIP modekexpents aim to address the following

guestions:
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1. How large is the stratospheric sulphate load under volcanically quiescent conditionsyesehsitive
is the simulation of this background aerosol layer to model specific mismahparameterization and
transport? (3.1)

2. Can we explain the sources and mechanisms behind the observed wairalsiifatospheric aerosol
load since the year 20007? (3.2)

3. Can stratospheric aerosol observations constrain uncertainties in the iiglairsinjection amount

and altitude distribution of the three largest volcanic eruptions of the last 100 yeays? (3.3

4. What is the confidence interval for volcanic forcing of the Pinatubotierugimulated by interactive
stratospheric aerosol models and to which parameter uncertainties are the predagiosensitive to?
(3.4)

Table 1 gives an overview over all ISA-MIP experiments, which are desciibdetail below. In general each
experiment will include several simulations from which only a sutsehdndatory (Tierl). The modelling
groups are free to choose in which of the experiments theydwike to participate, however the BG Tierl
simulation is mandatory for all groups and the entry card ®i$#-MIP intercomparison. All model results
will be saved in a consistent format (NETCDF) and made available via http://cera-wwded®&t®CC/ui, and
compared to a set of benchmark observations. More detail technical informatidndatouequests can be
found in the supplementary material and on the ISA-MIP webpage: http://wwupisam
It is mandatory for participating models to run with interactive sulphemdstry (see review in SPARC
ASAP2006) in order to capture the oxidation pathway from precsutsoaerosol particles, including aerosol
growth due to condensation 0£$0,. Chemistry Climate Models (CCMs) with full interactive chemistry follow
the Chemistry Climate Initiative (CCMI) hindcast scenario REF-C1 (Eyrieg al. 2013,
http://www.met.reading.ac.uk/ccmi/?page_id=11) for the treatment of chemicab faald emissions of
greenhouse gases (GHGs), ozone depleting substances (ODSs), and védiyedhsubstances (VSLSs). Sea
surface temperatures and sea ice extent are prescribed as monthly climatotogidisef MetOffice Hadley
Center Observational Dataset (Rayner et al. 2003). An overview of the bpwoddlitions is included in the
sypplementary material (Table S1). Table S2 reports the inventories to be usexbéspheric emissions of
aerosols and aerosol precursors. Anthropogenic sulphur emissidnbiomass burning are taken from the
Monitoring Atmospheric Composition and Climate (MACC)-CITY climatolo@yranier et al.,2011). S
emissions from continuously erupting volcanoes are taken into accsingt Dentener et al. (2006) which is
based on Andres and Kasgnoc (1998). OCS concentrations are fixed atféive stira value of 510 pptv
(Montzka et al., 2007; ASAP2006). If possible, DMS, dust, and sea salti@mistiould be calculated online
depending on the model meteorology. Models considering DMS oxidation shdoldata seawater DMS
emissions as a function of wind speed and DMS seawater concentr@ibesvise, modelling groups should
prescribe for these species their usual emission database for the year 28GffoEpcan specify solar forcing

for year 2000 conditions according to their usual dataset.
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Modelling groups are encouraged to include a set of passive tracers tosdiggroatmospheric transport
independently from emissions mostly following the CCMI reconsiaéions (Eyring et al., 2013). These tracers
are listed in Table S3 in the supplementary material. Models diagnosel gem@soeters as specified in Tables

S4, S5. Additionally, volume mixing ratios of specified precursors are diagnosed

3.1 Stratospheric Background Aerosol (BG)
3.1.1. Summary of experiment

The overall objective of the BG experiment is to better understand the ggsdaesolved in maintaining the
stratospheric background aerosol layer, i.e. stratospheric aerosol withgekom direct volcanic injections
into the stratosphere. The simulations prescribed for this experiment argitiensimulations for the year 2000
with prescribed SST including all sources of aerosols and aer@snlrpors except for explosive volcanic
eruptions. The result of BG will be a multi-model climatology of aeralsiribution, composition, and
microphysical properties in absence of volcanic eruptions. By comparing medblsdifferent aerosol
microphysics parameterization and simulations of background circulation wihiety of observational data

(Table 2), we aim to assess how these processes impact the simulated aeraseristias.

3.1.2. Motivation

The total net sulphur mass flux from the troposphere into the stnat@ss estimated to be about 181 Gg S/yr
based on simulations by Sheng et al. (2015a) using the SOCOL-ABR,mMdb times larger than reported in
ASAP2006 (KTH2016). This estimate, however, could be highly dependehé @pecific characteristics of the
model used, such as strength of convective systems, scavengingheffiaed occurrence of stratosphere-
troposphere exchange. Therefore, the simulated distribution of stratosphekiground aerosol could show,
especially in the lower stratosphere, a very large inter-model variability.

OCS is still considered the largest contributor to the aerosol loadings midlle stratosphere. Several studies
have shown that the transport to the stratosphere of troposphesola@nd aerosol precursors constitutes an
important source of stratospheric aerosol (KTH2016 and references)hateough new in situ measurements
indicate that the cross-tropopause-SO2-flux—the, SBx—eross-the-tropepaude neglible over Mexico and
central America (Rollins et al., 2017). Observations of the Asian Tropopauesoh Layer (ATAL, Vernier et

al.,, 2011a) show that, particularly in the UTLS, aerosol of tropospherim arégn significantly enhance the
burden of aerosol in the stratosphere. This tropospheric aerosch msre complex composition than
traditionally assumed for stratospheric aerosol: Yu et al. (2015), fantes showed that carbonaceous aerosol
makes up to 50% of the aerosol loadings within the ATAL. The oht&ratospheric-tropospheric exchange
(STE) is influenced by the seasonality of the circulation and the ineguwend strength of convective events in
large-scale phenomena such as the Asian and North American mansimosmall-scale phenomena such as
strong storms. Model simulations by Hommel et 201(5)also revealed significant QBO signatures in aerosol

mixing ratio and size in the tropical middle stratosphere (Figuideéhce, the model specific implementation of
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the QBO (nudged or internally generated) could impact its effects on tw®sgtneric transportnd,
subsequently, on the stratospheric aerosol layer.

In this experiment, we aim to assess the inter-model variability of the rfoackhstratospheric aerosol layer,
and of the sulphur mass flux from the troposphere to the stratospiteréce versa. We will exclude changes in
emissions and focus on the dependence of stratospheric aerosoltratiocenand properties on stratospheric
transport and stratosphere-troposphere exchange (STE). The goal of éxpd@{Enent aims to understand how
the model-specific transport characteristics (e.g. isolation of the trqppml representation of the QBO and
strength of convective systems) and aerosol parameterizations (e.gol amiorophysics and scavenging

efficiency) affect the representation of the background aerosol.

3.1.3. Experiment setup and specifications

The BG experiment prescribes one mandatory (BG_QBO) and two recomm@&a&edQBO and BG_NAT)
simulations (see Table 3). BG_QBO is a time slice simulation with conditharacteristic of the year 2050
with the goal of understanding sources, sinks, composition, andphiical characteristics of stratospheric
background aerosol under volcanically quiescent conditions. The time-slice simalaiigdd be at least 20 year
long, after a spin-up period of at least 10 years to equilibrate stratospdleriant quantities such as OCS
concentrations and age of air. The period seems to be sufficient tadéffedgnces in the aerosol properties but
need to extended if dynamical changes e.g. in NH winter variability will be adaliyfodelling groups should
run this simulation with varying QBO, either internally generated or nudged t®&t6-2000 period.

If resources allow, each model should perform the sensitivity expesnB® NQBO and BG_NAT. The
specifics of these two experiments are the same as for BG_QBO, but BG_NQ&® tsh performed without
varying QBG and BG_NAT without anthropogenic emissions of aerosol anda@gnascursors, as indicated in
Table S1. The goals of these sensitivity experiments are to undeirstasidieict of the QBO on the background
aerosol characteristics and the contribution of anthropogenic sources to keobad aerosol loading in the

stratosphere.

3.2 Transient Aerosol Record (TAR)

3.2.1 Summary of experiment

The aim of the TAR (Transient Aerosol Record) experiment is to inegstithe relative contributions of
volcanic and anthropogenic sources to the temporal evolution of #tesgtheric aerosol layer between 1998
and 2012. Observations show that there is a transient increase in stradasgiosol loading, in particular after
the year 2003, with small-to moderate-magnitude volcanic eruptions eadimgltsignificantly to this increase
(e.g. Solomon et al., 2011, Vernier et al., 2011b; Neely et al., 2013; Rid#y2014; Santer et al., 2015; Brihl

et al., 2015). TAR model simulations will be performed using specifiethrdics prescribed sea surface

! To ensure comparability to the AeroCom simulatidrig(//aerocom.met.no/Welcome.htjnl
2 Models with an internal generated QBO might nudge the trogitbspheric winds.
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temperature and time-varying $@missions. The simulations are suitable for any general circulation or
chemistry transport models that simulate the stratospheric aerosol intdyaatid have the capability to nudge
meteorological parameters to reanalysis data. The TAR protocol covers thé fyerio January 1998 to
December 2012, when only volcanic eruptions have affected the uppesphere and lower stratosphere
(UTLS) aerosol layer with SOemissions about an order of magnitude smaller than Pinatubo-vaiyiag
surface emission datasets contain anthropogenic and natural souregghaf serosol and their precursor
species. The volcanic $@mission inventories contain information of all known eruptions that enStieéhto

the UTLS during this period. It comprises the geolocation of eagiieny the amount of SCemitted, and the

height of the emissionSO, emissions from continuously-degassing volcanoes are also included.

3.2.2 Experiment setup and specifications

Participating models are encouraged to perform up to seven experimentsphdiseddifferent volcanic SO
emission databases (hereafter referred to as VolcDB). Four experiments are npatidam other are optional.
The volcanic experiments are compared to a reference simula@®elé TAR baspthat does not use any of
the volcanic emission databases, but emissions from continuouslyidggastcanoes. The aim of the
reference simulation is to simulate the non-volcanically perturbed state sfrétespheric aerosol layer. In
contrast to the experiment protocol BG (Section 3.1), here time-varyingestdaadary conditions (SST/SIC)
are applied, whereas BG intercompares model simulations under climatological meémrorand uses
constant 2000 conditions.

An overview of the volcanic emission inventories is giwermable 4 and in Figure 4 VolcDB1/2/3 are new
compilations (Bingen et al., 281 Neely and Schmidt, 2016; Carn et al., 2016), whereas a fourthtanye
(VolcDB4; Diehl et al., 2012), provided earlier, for the AeroCom communityettiod initiative, is optional.
The databases uS©, observations from different sources and apply different techniquelsef@stimation of
injection heights and the amount of emitted,SIhe 4 inventories are provided in the form of tabulated point
sources, \th each modelling group to translate emit®&@d, mass ér each eruption into model levels spanning
the upper and lower emission altitud€s test the effect of the implementation strategy (point source vd)clou
an additional non-mandatory experiment has been set up: &R 3Dwith {-medelling-groups—preferneot to

use—point-seurces,—we—additionally-efféolcDB1_3D-_as corresponding data sehich provides a series of
discrete 3D gridded SQOnjections at specified times. In both versions of VolcDB1, the integraln$3s of

each injection is consistent.
We recommend performing one additional non-mandatory experifdRt subin order to quantify and isolate
the effects of 8 volcanic eruptions that either had a statistically signifidaet eh, for instance, tropospheric
temperatures (Santer et al., 2014, 2015) or emitted significant anwfuStS, over the 1998 to 2012 time
period. This experiment uses a subset of volcanic emissions (VolcDBSWB)wéhe derived based on the
average mass of $S@mitted using VolcDB1, VolcDB2, and VolcDB3 for the following eruptions:JaBuary
2005 Manam (4.0S, Papua New Guinea), 7 October 2006 Tavurvur (Rdp&a New Guinea), 21 June 2009
Sarychev, (4%° N, Kyrill, UDSSR) 8 November 2010 Merapi (7.3° S, Java, Indonesia), antui2d 2011
11
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Nabro (13.2° N, Eritrea). In addition the eruptions of Soufriere Hills ¢16,4Monserrat) on 20 May 2006,
Okmok (533° N, Alaska) on 12 July 2008 and Kasatochi (52.1° N, Alaska) on 7 A2§& are considered
(Table S6) although these are not discernible in climate proxy (Kravitz and RobotR; Zanter et al., 2014;
2015).

Summarising the number of experiments to be conducted within TARafe mandatory{TAR_base with no
volcanic _emissionnreVelc TAR_dbl2/3MelebB1/2/3, one additional is recommendedTAR_sub
VeoleBBSUB) and two others are optionalAR_db4-VeleBB4and_TAR_dbl 3DVelebBi-3Dsee Table 5

for an overview).

Volcanic SO, Emission Databases

VolcDB1 (Bingen et al., 2017Bruhl (2018) Br-ard—Fable—$Gre updates from Brihl et al. (2015) using
satellite data of MIPAS and OMI. For TAR, VolcDB1 has been extended based omathat&lbbal Ozone
Monitoring by Occultation of Stars (GOMOS), SAGE Total Ozone Mapping Spectrometer (TOMS), and the
Smithsonian databaseThe eptienally—provided-VolcDB1_3D data set;, for the optional experiment
TAR_dbl_3Dcontains volume mixing ratio distributions of the injected 8loudon a T42 Gaussian grid with

90 levels. The integralSO, mass for each injection is the sanwalcDB2 (Mills et al., 2016; Neely and

Schmidt, 201 contains volcanic SPemissions and plume altitudes for eruptions between that have been
detected by satellite instruments including TOMS, OMI, OMPS, Infrared AtmasBeunding Interferometer
(IASI), Global Ozone Monitoring Experiment (GOME/2), Atmospheric Infrared 8euAIRS), Microwave
Limb Sounder (MLS) and the MIPAS instrument. The database is compiled baseblishgul estimates of the
eruption source parameters and reports from the Smithsonian Globdtanion Program
(http://volcano.si.edu/)NASA’s Global Sulfur Dioxide Monitoring website (http://so2.gsfc.nasa.gov/) as well
as the Support to Aviation Control Service (http://sacs.aeronomie.be/). The tabulatesbpaatdatabase also
includes volcanic eruptions that emitted,S@o the troposphere only, as well as direct stratospheric emissions
and has been used and compared to observations in Mills et al. (2016) and Solon{@0Hs)al.

VolcDB3 uses the most recent compilation of the volcanic degassing data base oétGarn(2016).
Observations from the satellite instruments TOMS, the High-resolution Infrared S¢HiE&/2), AIRS, OMI,

MLS, IASI and OMPS are considered, measuring in the UV, IR and microwaetralpbands. Similar to
VolcDB1/2, VolcDB3 also includes tropospheric eruptions.

Historically VolcDB4 is an older dataset, which relies on information ff@MsS, OMI, the Global Volcanism

Program (GVP), and other observations frtma literature, coveringhe time period from 1979 to 2010. In
contrast to the other inventories, VolcDB4 has previously been applied by a ofimgedels within the
AeroCom community (http://aerocom.met.no/emissions.html; Diehl et al., 2012, Dergeakyr 2006). Hence,
it adds valuable information to the TAR experiments because it allows estimfadiw the advances in
observational methods impact modelling results. It should be noted that \WkiBEdy contains the inventory
of Andres and Kasgnoc (1998) for S emissions from continuoeisipting volcanoes and should not be
allocated twice when running this experiment.
Boundary Conditions, Chemistry and Forcings

12
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To reduce uncertainties associated with model differences in the reprado€tgynoptic and large-scale
transport processes, models are strongly encouraged to performeXpggRments with specified dynamics,
where meteorological parameters are nudged to a reanalysis suchEGMNéF ERA-Interim (Dee et al.,
2011). This allows models to reasonably reproduce the QBO and planetagystmasture in the stratosphere
and to replicate as closely as possible the state of the BDC in the simylatiod. Nudging also allows
comparing directly to available observations of stratospheric aeros@rpesp(Table 2), such as the extinction
profiles and AOD, and should enable the models to simulate the Asian troptpars@TAL; Vernier et al.,
2011a; Thomason and Vernier, 2013), which, so far, has been stutlydolyosery few global models in great
detail(e.g. Neely et al., 2014; Yu et al., 2015).

3.3. Historical Eruption SO2 Emission Assessment” (HErSEA)
3.3.1 Summary of experiment

This Historical Eruption SOEmission Assessment (HErSEA) experiment will involve each participatitgim
running a limited ensemble of simulations for each of the tlargest volcanic perturbations to the stratosphere
in the lastlO0years: 1963 Mt. Agung, 1982 El Chichén and 1991 Mt. Pinatubo.

The main aim is to use a wide range of stratospheric aerosol observataammsti@in uncertainties in the $O
emitted for each eruption (amount, injection height). Several differentchenesrics will be intercompared to
assess how effectively the emitted ;Sanslates into perturbations to stratospheric aerosol properties and
simulated radiative forcings across interactive stratospheric aerosol CCMsawitinge of different
complexities. Whereas the TAR simulations (see section 3.2) use spebifiachics, and are suitable for
chemistry transport models, for this experiment, simulations must beuftaeng with radiative coupling to the
volcanically-enhanced stratospheric aerosol, thereby ensuring the commprgdi@tion-dynamics interactions
associated with the injection are resolved. We are aware that this specificagmentfyhexcludes chemistry
transport models, which must impose atmospheric dynamics. Howewes,thie aim is to apply stratospheric
aerosol observations in concert with the models to re-evaluate currenttbeatessof the SQinput, and in
light of the first order impact the stratospheric heating has on hemnisglispersion from these major eruptions
(e.g. Young, R. E. et al., 1994), we assert that this apparent exclusivity is entirelgdustthis case.

As well as analysing and evaluating the individual model skill and identifymglel consensus and
disagreement for these three specific eruptions, we also seek to lea@nabmt major eruptions which
occurred before the era of satellite and in-situ stratospheric measwe@entunderstanding of the effects
from these earlier eruptions relies on deriving volcanic forcings frmxigs such as sulphate deposition to ice
sheets (Gao et al., 2007; Sigl et al., 2015; Toohey et al., 26b8) photometric measurements from
astronomical observatories (Stothers, 1996, 2001) or from documenidenee (Stothers, 2002; Stothers and

Rampino, 1983; Toohey et al., 2016a&)though HErSEA has no specific experiment to understand the

relationship between the ice core sulphate deposition and the stratospheric aegpsoliagcements that drive

13
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the surface cooling, there is the potential for a systematic inter-model study (dag.tsifdarshall et al., 2018)

to identify how uncertain historic volcanic forcings derived from ice core sulphateitipaosay be.

3.3.2 Motivation

In the days following the June 1991 Pinatubo eruption, satellite i¥€&surementsshow (e.g. Guo et al.,
2004a) that the peak gas phase sulphur loading was 7 to 11.5 Tgr[$} (23 Tg S@. The chemical
conversion to sulphuric aerosol that occurred in the tropical reserveir the following weeks, and the
subsequent transport to mid- and high-latitudes, caused a major enbanhte the stratospheric aerosol layer.
The peak particle sulphur loading, through this global dispersion presshed only around half that in the
initial SO, emission , the maximum particle sulphur loading measured as 3.7 tg §5] (Lambert et al., 1993;
Baran and Foot, 1994), based on an agueous sulphuric acid composition rége 0f% by weight (Grainger
etal., 1993).

Whereas some model studies with aerosol microphysical processes firgtermyswith observations for SO
injection values of 8.5 Tg S (e.g., Niemeier et al., 2009; Toohey e0all,; Brihl et al., 2015), several recent
microphysical model studies (Dhomse et al., 2014; Sheng et al. 2015a; Mills2€t18),find best agreement
for an injected sulphur amount at, or even below, the lower entheofrange from the satellite $O
measurements. Model predictions are known to be sensitive to differenassumed injection height (e.g.
Sheng et al., 2015b, Jones et al., 2016) and whether modéig nedintive heating and “self-lofting” effects
also affects subsequent transport pathways (e.g. Young, R. E. et 4].Tiféreck et al. 1999b; Aquila et al.,
2012). Another potential mechanism that could explain part of the appaoelel-observation discrepancy is
that a substantial proportion of the sulphur may have been rerfrovedhe plume in the first months after the
eruption due to accommodation onto co-emitted ash/ice (Guo et al., 2004b) and entbsedjmentation.

This ISA-MIP experiment will explore these issues further, with the participatindelsaarrying out co-
ordinated experiments of the three most recent major eruptions, pétifisd common S©amounts and
injection heights (Table 6). This design ensures the analysisocas 6n key inter-model differences such as
stratospheric circulation/dynamics, the impacts from radiative-dynamical intexaetiol the effects of aerosol
microphysical schemesAnalysing how the vertical profile of the enhanced stratosphericadayer evolves
during global dispersion and decay, will provide a key indicator for the models differ, and what are the key

driving mechanismskEurthermore, the actual response of the BDC and mean agetofRinatubo is poorly

constrained by existing reanalysis d#é@arfinkel et al., 2017). While some modeling studies repoged

decreasing mean age of air following volcanic eruptions throughoustth®sphere (Garcia et al., 2011;

Garfinkel et al., 2017), show other an increase in meanzig#d et al.,2017) Moreover, Muthers et al2016

found decreasing mean age of air in the middle and upper stratoapkeircreasing mean age below, while

Pitari et al. (2016a) found decreasing mean age at higher levels of 30 hPaadpittseaind 10 hPa in the middle

latitudes after the Pinatubo eruption. The HerSEA experiment in combination witbsive volcanic tracer

might therefore help to better constrain the response of the BDC to volcapimes using observations and

help to clarify the uncertainties in age of air changes after the Pinatubo eiftmtiall three major eruptions,
14
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we have identified key observational datasets (Table 7) that will provide benctestario evaluate the vertical

profile, covering a range of different aerosol metrics.

3.3.3 Experiment setup and specifications

Each modelling group will run a mini-ensemble of transient AMIP-types for the 3 eruptions with upper and
lower boundSO, emissions and 3 different injection height settings: two shakogv 19-21 km and 23-25 km)
and one deep (e.g. 19-25 km) (see Table 7). The seasonal cycleBedthes—Dobsen-cireutation BDE&ffects
the hemispheric dispersion of the aerosol plume (e.g. Toohey et al), @@d the phase of the QBO is also
known to be key control for tropical eruptions (e.g. Trepte and Hitchd®8%). In order £lo quantify the
contribution of the tracer transport, a passive tracelc {Table S3) willis recommended tbe additionally
initialized and transportedNote since the AMIP-type simulations will be transient, prescribing time-\@ryin
sea-surface temperatures, the models will automatically match the surface datea{@&NSO, NAO) through
each post-eruption period. Where possible, models should re-initialiseyih#tve internally generated QBO)
or use specified dynamics approaches (e.g. Telford et al., 2008) te émsunodel dynamics is consistent with
the QBO evolution through the post-eruption period. General circulation snosteduld use GHG
concentrations appropriate for the period and models with interactive sttiesghemistry should ensure the
loading of Ozone Depleting Substances (ODSs) matches that for the time period.

Table 8 shows the settings for the ;3@ection for each eruptien. Note that experience of running interactive
stratospheric aerosol simulations shows that the vertical extent of thacedhstratospheric aerosol will be
different from the altitude range in which the S© injected. So, these sensitivity simulations will allow to
asess the behaviour of the individual models with identical settings for thenfgCtion.

For these major eruptions, where the perturbation is much larger tharRinmi@del diagnostics include AOD
and extinction at multiple wavelengths and heating rates (K/day) in the ldsagosphere to identify the
stratospheric warming induced by simulated volcanic enhancement, inckexpigring compensating effects
from other constituents (e.g. Kinne et al., 1992). To allow the glodahtion in size distribution to be
intercompared, models will also provide 3D-monthly effective radius, with als@ulative number
concentration at several size-cuts for direct comparison to balloon meastseBExamining the co-variation of
the particle size distribution with variations in extinction at different wavelengthbevof particular interest in
relation to approaches used to interpret astronomical measurements of eruoptfi@nprein-situ era (Stothers,

1996, 2001). A 3-member ensemble will be submitted for each differestion setting.

3.4. Pinatubo Emulation in Multiple models” (PoEMs)

3.4.1 Summary of experiment

The PoEMS experiment will involve each interactive stratospheric aerastal munning a perturbed parameter
-ensemble (PPE) of simulations through the 1991-1995 Pinatetorbed period. Variation-based sensitivity

analysis will derive a probability distribution function (PDF) for each e¢tiedpredicted Pinatubo forcing,
15
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following techniques applied successfully to quantify and attribute sources of urtgartainpospheric aerosol
forcings (e.g. Carslaw et al., 2013). The approach will teach us walsjpects of the radiative forcing from
major eruptions is most uncertain, and will enable us to identify hositisermodel predictions of key features
(e.g. timing and value of peak forcing and decay timescales) are to uriestairseveral model parameters.
By comparing the time-signatures of different underlying a¢nomtrics (mid-visible AOD, effective radius,
particle number) between models, and crucially also against observations,sméelal to reduce the natural

forcing uncertainty, potentially thereby making the next generation of climatelsnodre robust.

3.4.2 Motivation

The sudden global cooling from major eruptions is a key signatute ihistorical climate record and a natural
global warming signature occurs after peak cooling as volcanic aerssmiviy removed from the stratosphere.
Quantitative information on the uncertainty range of volcanic forcingeeigfore urgently needed. The amount
of data collected by satellite-, ground-, and air-borne instruments in the palawing the 1991 eruption of
Mount Pinatubo (see e.g. section 3.3.2, Table 7) provides an opppttutést model capabilities in simulating
large perturbations of stratospheric aerosol and their effect on the climatent Retvances in quantify
uncertainty in climate models (e.g. Rougier et al., 2009;Lee at al. 28¢dlve running ensembles of
simulations to systematically explore combinations of different extéonzihgs to scope the range of possible
realisations. There are now a large number of general circulation models (G@M)regnostic aerosol
modules, which tend to assess the stratospheric aerosol perturbatighttive Pinatubo-perturbed period (see
Table 9). Although these different models achieve reasonable agreentetitendtbservations, this consistency
of skill is achieved with considerable diversity in the values assumetidanitial magnitude and distribution
of the SQ injection. The S@injections prescribed by different models range from 5Tg-S to 18,Tamnd the
upper edge of the injection altitude varies among models from as lt8kasto as high as 29km, as shown in
Table 9. Such simulations also differ in the choice of the vertical distnboficsQ injection (e.g. uniform,
Gaussian, or triangular distributions) and the horizontal injection aread@eweral grid boxes). The fact that
different choices of injection parameters lead to similar results in differedelsipoints to differences in the
models’ internal treatment of aerosol evolution. Accurately capturing microphysical gsesesuch as
coagulational, growth and subsequent rates of sedimentation has beentshbe important for volcanic
forcings (English et al., 2013), but some studies (e.g. Mann et al., REEHify that these processes interplay
also with aerosol-radiation interactions, the associated dynamical effeciginthdine fate of the volcanic
sulphur and its removal into the troposphere. The POEMS experinikrapecifically assess this issue by
adjusting the rate of specific microphysical processes in each model sieawislly with perturbations to gO
emission and injection height, thereby assessing the footprint ofitfila@nce on subsequent volcanic forcing
in different complexity aerosol schemes and the relative contribution to unterfeom emissions and

microphysics.
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3.4.3 Experiment setup and specifications

For each model, an ensemble of simulations will be performed varyipgfg€tion parameters and a selection
of internal model parameters within a realistic uncertainty distribution. Ammaotatin hypercube sampling
strategy will be used to define parameter values to be set in eaamédétRtfer in order to obtain good coverage
of the parameter space. The maximin Latin hypercube is designed atitihethange of every single parameter
is well sampled and the sampling points are well spread through thedimgtnsional uncertainty spaeehis

is achieved by splitting the range of every parameter into N intemedlgm@suring that precisely one point is in
each interval in all dimensions, where N is the total number of modelations, and the minimum distance
between any pair of points in all dimensions is maximised.G8gows the projection onto two dimensions of a
Latin hypercube built in 8 dimensions with 50 model simulations. The §itee d_atin hypercube needed will
depend on the number of model parameters to be perturbed; the nuraimulafions to be performed will be

equal toseven_tentimes the number of parameterseven per parameter to build the emulator and three per

parameter to validate the emulatdil parameters are perturbed simultaneously in the Latin hypercube.

In order to be inclusive of modelling groups with less computimg tvailable, and different types of aerosol
schemes, we define 3 options of experimental design with diffecenbers of perturbed parameters and thus
simulation ensemble members. The 3 options involve varying all 8déthrset), 5 (reduced set), or 3
(minimum set) of the list of uncertain parameters, resulting in drssmf 80-64 (standard)540 (reduced) or
30 24 (minimum) PPE members. The parameters to be varied are sholhable10, and include variables
related to the volcanic injection, such as its magnitude, height, latitudinal extent, anditompow to the life
cycle of the volcanic sulphate, such as the sedimentation rate, its microphyslatiba, and the SPto SQ
conversion rate.

Prior to performing the full PPE, modelling groups are encouraged to run “One-At-a-Time” (OAT) test runs
with each of the process parameters increased/decreased to its mawinionua/m value. Submission of these
OAT test runs is encouraged (following the naming convention in ThYledbecause as well as being an
important check that the model parameter-scaling is being implemente@raed, the results will also enable
intercomparison of single-parameter effects between participating mdueds af the full ensembléVhen

imposing the parameter-scalings, the models must only enact thajechamgridboxes with volcanically-

enhanced air masses. This can be determined either via total sulpimewvaixing ratio threshold suitable for

the particular model, or via th#&passive tracer Volcrecommended in sectioBx.3x.3~ Restricting the

perturbation to the Pinatubo sulphur will leave pre-eruption conditionstrapdspheric aerosol properties

unchanged. ensuring a clean "uncertainty pdf" for the volcanic forcing"

-That this restriction to the parameter-scalings is operational is an impomtgatratory exercise and will need
to have been verified when running the OAT test runs.

Once a modelling group has performed the PPE of simulationsiaedléfy the Latin hyperculestatistical
analysis will be performed. Emulators for each of a selection of keyicsetill be built, following the

approach described by Lee et al. (2011), to examine how the parateatete uncertainty in key features of
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the Pinatubo-perturbed stratospheric aerosol. The emulator builds a statistitell between the ensemble
design and the key model output and once validated allows samplihg whole parameter space to derive a
PDF of each key model output.

Variance-based sensitivity analysis will then be used to decomposesthiting probability distribution into its
sources providing information on the key sources of uncertainty in adglmutput. The two sensitivity indices
of interest are called the main effect and the total effect. The main efé@sures the percentage of uncertainty
in the simulated metric due to each parameter-variation individually. The totalre#fasures the percentage of
uncertainty in the key model output due to each parameter, ingluden additional contribution from its
interaction with other uncertain parameters. The sources of model pacanmegrtainty (i.e. the sensitivity
indices) will be identified for each model with discussion with each groucheck the results. By then
comparing the sensitivity to the uncertain parameters across theafpgeicipating models, we will learn
about how the model’s differing treatment of aerosol processes, and the inherent dynamical and chemical
processes resolved in the host model, together determine the uncertaintpreditted Pinatubo radiative
forcings.

The probability distribution of observable key model outputs will alsodmepared to observations, in order to
constrain the key sources of uncertainty and thereby reduce the paramettaintyderindividual models. The
resulting model constraints will be compared between models providiagtification of both parametric
uncertainty and structural uncertainty for key variables such as A@&tiee radius and radiative flux
anomalies. This sensitivity analysis will also identify the variables tuchvbetter observational constraints

would yield the greatest reduction in model uncertainties.

4. Conclusions

The ISA-MIP experiments will improve understanding of stratospheriosakmprocesses, chemistry, and
dynamics, and constrain climate impacts of background aerosol “variability”, small volcanic eruptions, and
large volcanic eruptions. The experiments will also help to resolve someedissmnts amongst global aerosol
models, for instance the difference in volcanic, $fcing efficacy for Pinatubo (see section 3.3.2). The results
of this work will help constrain the contribution of stratosphericosas to the early 21st century global
warming hiatus period, the effects from hypothetical geoengineerimgngsh and other climate processes that
are influenced by the stratosphere. Overall they provide an excellenttwpfyoto answer some of these
guestions as part of the greater WCRP SPARC and CMIP6 effaitexample, the CMIP6 Geoengineering

Model Intercomparison Project é€@MIP, Kravitz et al., 2015) investigates common ways in which climate

models treat various geoengineering scenarios some of themipieate aerosols (e.g. Tilmes et al., 2015).

However, there is a large inter model spread for the cooling efficiehsylphate aerosol, i.e. the normalized

cooling rate per injected unit of ghur (Moriyama et al., 2016). ISA-MIP is therefore of special importdace

GedMIP as it could help to understand the reason for these uncertaiotibgfter constrain the forcing

efficiency and to improve future scenarios. Furthermore it ifasamot clear whether the large inter-model

spread of the CMIP5 models in the simulated post-volcanic climate espuostly depends on uncertainties in
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the imposed volcanic forcing or on an insufficient representation ofadimrocesses. To discriminate the

individual uncertainty factors it is useful to develop standardized experimewls/ activities that

systematically address specific uncertainty factors. Hence ISA-MIP, whigérscdhe uncertainties in the

pathway from the eruption source to the volcanic radiative forcing, avitbtement the CMIP6 VoIMIP project

(Zanchettin et al2016)which addresses the pathway from the forcing to the climate responsedaddback,

by studying the uncertainties in the post-volcanic climate response éti-defined volcanic forcing SA-MIP

also _complements the chemistry climate model initiative CCMI (Eyringalet2013) and the Aerosol

Comparison (AeroCom) initiative (Schulz et ,aR006 ) as well as the Aerosol Chemistry Model

Intercomparison Project (AerChemMIP, Collins et al., 9@ it concentrates on stratospheric aerosol which is

not in the focus of all these activities.

As well as identifying areas of agreement and disagreement ah®ulifferent complexities of modeis top-
level comparisons focussing on fields such as zonal-mean mid-visible A@Bxénction profiles in different

latitudes,ISA-MIP-we also intend to explore relationships between key parameters. Foplexdmow does

sulphate deposition to the polar ice sheets relate to volcanic forcing in teeewkifinteractive stratospheric
aerosol models that predict the transport and sedimentation of the par@eld®w do model “spectral
extinction curves” evolve through the different volcanically-perturbed periods and how do they relate to
simulated effective radius compared to the theoretical approach to ddeeggvefradius from Stothers (1997;
2001). There is considerable potential to apply the model uncertainty analysis toevalstatements to inform
our confidence of volcanic forcings derived from ice core and astronomical ree@nis for eruptions befeor

the in-situ measurement era.
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Tables
Number of specific Years
Experiment Focus experiments per Total years”| Knowledge-gap to be addresse
experiments experiment
Background S . 20 year cIimat_oIogyto understar)d
Stratospheric tratosphenc sphur 1 mandatory + 20 sources and sink®f stratospheric
p budget in volcanicall M 20(60) background aerosol, assessment
Aerosol [BG] a9 hically 2 recommended 9 '
quiescent conditions sulfate aerosol load under
volcanically quiescent conditions
Transient stratospheric {4 mandatory +3 optiona Evaluate models over the period
Transient aerosol_ properties over |experiments 199_82_012 with different volcanic
Aerosol thg per|‘od 1998 to 20;1.2 recommended are 5 (s¢ emission data sets
Record using different volcanic |also Table4) 15 60 Understand dii d
[TAR] emission datasets (75,105) naerstand drivers an
mechanisms for observed
stratospheric aerosol changes
since 1998
Assess how injected SO
propagates through to radiative
effects for different historical majol
tropical eruptions in the different
interactive stratospheric aerosol
N Perturbation to ) models
Historic : for each (x3) eruption
Eruption SO, sftratospherlc.agrosol (Control, median and Use stratospheric aerosol
L rom SO, emission B ;
Emission - 4 (2x2) of hillo 4 180 measurements to constrain
appropriate for 1991 D o .
Assessment Pinatubo, 1982 El deep/shallow (see recom. 6 (270) uncertainties in emissions ar_1d gai
[HErSEA] Chichén, 1963, Agung also Table 6) new opservayonally—constralned
volcanic forcing and surface area
density datasets
Explore the relationship between
volcanic emission uncertainties
and volcanic forcing
uncertainties
Intercompare Pinatubo perturbatio
10 experiments per to strat- aerosolI prppertiei\lljv:;h ful
—p—p_aramete where the Encert?:nty gn? ysis over run
number of parameters Y each model.

Pinatubo Perturbed parameter refers to the 5 Quantify sensitivity of predicted
Emulation in ensemble of runs to minimum (3), 3 90289 175 Pinatubo perturbation stratospheri
Multiple quantify uncertainty in reduced (5) o per - or105(50 aerosol properties and radiative
Models each model’s standard (8) experimerft 240 effects to uncertainties in injection

[PoEMS]® predictions parameter set (see {8-5-0r3) | settings and model processes
also Tablel0) Each
modelto-vary 5-0r3 Quantify and intercompare source:
of 8 pararmeters{7pel of uncertainty in simulated
parameter=56-35-or Pinatubo radiative forcing for the
21) different complexity models.
A Each model will need to include an appropriate initializatiahspin-up time for each ensemble member (~3-6 years dependingleh mo
configuration).
? Mote—thatw gheri
y pgdspheric-and
As explained in the caption to Table 11 and section 3.4, mod#l need to restrict the POEMS parameter-scaling to voldanimahanced
air masses (either via total-sulphur-vmr threshold or passive vols@#dracer)
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1152 C Although the Pinatubo enhancement to the stratospheric alzyyesoiemained apparent until 1997 (e.g. Wilson et al8R0thereas the
1153 HErSEA experiments will continue longer, the POEMS analysisrediliire only 3 post-eruption years to be run, as this givesisuffitime
1154 | after the peak aerosol to characterize decay timescales robugthA@AF2006 chapter’.

1155

1156  Table 1 General overview of the SSIRC ISA-MIP experiments.

1157
Measurement/Platform Time period 19982014 Reference
SO, profile/MLS 2004-2011 Pumphrey et al., 2015
SO, profile/MIPAS 2002-2012 Hopfner et al., 2013; 2015
Aerosol extinction profile, 1998-2005 Russell and McCormick
size/SAGE I 1989
Aerosol extinction profile, 2001-2011 McLinden et al., 2012;
size/OSIRIS Rieger et al., 2015
Aerosol extinction profile/GOMOS 20022021 Vanhellemont et al., 2010
L ) 2002-2012 Taha et al., 2011;
Aerosol extinction profile/SCIAMACHY von Savigny et al. 2015
Aerosol extinction profile/CALIOP 2006-2011 Vernier et al., 2009, 2011a,b
Aerosol extinction or 1998-2011 Rieger et al., 2015
AOD merged products
AOD from AERONET and lidars Ridley et al., 2014
Surface area density Koyilakam and Deshler, 201}
Eyring et al. (2013)
1158

1159  Table 2: List of stratospheric aerosol andSO, observations available for the BG and TAR time period.

1160
Exp- Name Sgecific_descr_igti_on/ ) Enst_emble Years per )
2Xp-Tame Volcanic emission Period Size member Tier
BG_QBO Time slice year-2000 monthl
- Background simulation varying with internal or nudgg 1 20 1
QBO
Perpetual easterly phase of tHf Time slice year-2000 monthl
BG_NQBO . ! - N
NQ QBO for the whole simulation varying without QBO 1 20 2
Time slice year-2000 monthl
BG_NAT o(?r?élzztiﬁraLi)omu;zzsbﬁrﬁg(b)s varying with internal of nudge 1 20 2
9 9 QBO (when possible)
1161
1162  Table 3: Overview of BG experiments.
1163
1164
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1165

1166
1167
1168
1169
1170
1171
1172
1173
1174
1175

1176

1177

Volcanic VolcDB1 VolcDB2 VolcDB3 VolcDB4 VolcDBSUB VolcDB1_3D
Database
Covering period Dec/1997 - Janl990- Dec997
Apr/2012 Dec/2014 19782014 19792010 Apr/2012
Observational MIPAS, GOMOS OMI, OMPS, TOMS, HIRS/2, MIPAS, GOMOS
datasets | sl Toms, | JASLTOMS, 1 AIRS, OMI, 1 1oy omy SAGEIl, TOMS
OMI ' | GOME/2, , AIRS, | MLS, IASI and ! ! OI\}II !
MLS, MIPAS OMPS
Reference Subset of 8 3D netCDF
volcanoes Briihl et al
Briihl et al. Contains  S@ | (20185), Bingen
(201819, Bingen | Mills et al. (2016 | ~ o\ 2016 Diehl et emissions  and et a1, (2017),
etal, (2017, Neely and Schmid| . S"//ﬁ“te:dSh al.,(2012), plume altitudes
Fable-S6 (2016)) —")7;; disc 605 dis':; AeroComil averaged ovel
https://cera- http://catalogue.cd =~~~ ==~ ~-,-1 HCAO vl/v2, the 3 mandator

ISO2/N\
=)

T At
WWW.UKIZ.UE/r

www.dkrz.de/WD | da.ac.uk/uuid/bfbd “cy/5 g oo1 4 '2'; http://aerocomm | databases, Z X
CClui/cerasearch/| 5ec825fa422f9a89 === | et.no/download/q details are| WDCClui/cer |
ntry?acronym=SS| 8bl4ae7b2a0d missions/HTAP | given in the| asearch/entry?
RC 1 appendix acronym=SS|
(Table-. S6) =S

RC_1

Table 4: Overview of volcanic emission data sets for the dédfent TAR experiments. Sensor acronyms: (MIPAS:
Michelson Interferometer for Passive Atmospheric Sounding; GOMOS: Glbal Ozone Monitoring by Occultation of
Stars TOMS: Total Ozone Mapping Spectrometer; OMI: Ozone Monitoring Instrument; OMPS: Ozone Mapping
and Profiler Suite; IASI: Infrared Atmospheric Sounding Interfero meter; GOME: Global Ozone Monitoring
Experiment; AIRS: Atmospheric Infrared Sounder; MLS: Microwave Limb Sounder; HIRS: High-resolution
Infrared Radiation Sounder; (References to the observaticed data and emission sources included are given in the
reference paper and for VolcDB1(_3D) also in Table S2.¥olcDB1_3D is a three-dimensional database, containing
the spatial distributions of the injected SQ as initially observed by the satellite instruments. In both vesions of
VolcDB1, the integral SQ mass of each injection is consistent
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Volcanic Years
Exp- Name Database Specific description Period per TiER
Name member
TAR_base ~ No sporadically erupting Transient 1998-2012 15 1
volcanic emission monthly-varying
TAR_dbl Volcanic emission data set | Transient 1998-2012
VoleDB1 (Bruehl et al., 2015 and update| monthly-varying 15 1
TAR_db2 Volcanic emission data set | Transient 1998-2012
VoleDB2 (Mills et al. 2016) monthly-varying 15 1
Volcanic emission data set | Transient 1998-2012
TAR_db3 VolcDB3 (Carn et al. 2016) time-varying 15 L
Volcanic emission data set | Transient 1998-2010
TAR_db4 - . .
- VvolcDB4 (Diehl et al. 2012) and update time-varying 3 3
subset of strongest 8 volcanoe
TAR_sub VoIcDBSUB averaged S@emissions and | Transient 1998-2012 15 2
averaged injection heights fron monthly-varying
VolcDBY/2/3
netCDF version of volcanic .
TAR_db1_3D VolcDB1_3D emission data safolcDBL | | "anieht 1998-2012 15 3
(Bruehl et al., 2015 and update| y-varying

1178
1179
1180

Table 5: Overview of TAR experiments.

37




1181

1182

Exp- Name Specific description / Volcanic emission Period Ensembley Years per TIER
Size member
’ Pinatubo episode
HErSEA_Pin_Em_lsm SO, Emission = medium, Inject shallow @medium-alt. 8 5 1
’ Pinatubo episode, .
HErSEA_Pin_Eh_Ism SO, Emission = high, Inject shallow @medium-alt, | Transientl99x 8 5 !
1995
) . incl. GHGs&
’ Pinatubo episode, inc
HErSEA_Pin_El Ism SO, Emission = low, Inject shallow @medium-alt ODSs . 8 5 !
(monthly-varying
b b ) SST
HEISEA Pin Em Il | g0 bt e e @low-alt & seavice from | 3 5 2
mission = medium, Inject shallow @low-al HadISST
o b sod as for CCMI)
- Pinatubo episode,
HErSEA_Pin_Em_Idp SO, Emission= medium, Inject over deep altitude-range 8 5 s
: Pinatubo episode,
HErSEA_Pin_Cntrol No Pinatubo S@emission 3 s !
El Chichén episode,
HErSEA_FIC_Em_lsm SO, Emission= medium, Inject shallow@ medium-alt s 5 1
El Chichén episode,
HErSEA_FIC_Eh_lsm SO, Emission= high, Inject shallow@medium-alt Transient 1982- 8 5 1
1986
El Chichén episode, incl. GHGs &
HErSEA_EIC_El Ism SO, Emission = low, Inject shallow@medium-alt ODSs (monthly- 3 ° !
varying SST an
El Chichén episode, sea-ice from
HErSEA_EIC_Em _Is| SO, Emission=medium, Inject shallow@low-altitude HadISST 8 5 2
as for CCMI)
El Chichén episode,
HErSEA_EIC_Em_Idp SO, Emission= medium, Inject over deep altitude-range 8 5 2
El Chichén episode
HErSEA_EIC_Cntrol no El Chichén S@emission 8 5 L
Agung episode
HErSEA_Agg_Em_Ism SO, Emission= medium, Inject shallow @medium-alt e 5 d
Agung episode,
HErSEA_Agg_FEh_lsm SO, Emission= high, Inject shallow @medium-alt 3 5 1
Transient 1963-
Agung episode, 1967
HErSEA_Agg_El Ism SO, Emission = low, Inject shallow @medium-alt incl. GHGs & 3 5 d
ODSs(
Agung episode monthly—varym_g
HErSEA_Agg_Em_ls| SO, Emission = medium, Inject shallow @low-alt SST and sea-icg 8 5 2
from HadISST
as for CCMI)
Agung episode,
HErSEA_Agg_Em_ldp SO, Emission =medium, Inject over deep altitude-range 8 5 2
Agung episode
HErSEA_Agg_Cntrol no Agung S@emission 3 ° !

Table 6: Overview of HErSEA experiments
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1184
1185
1186
1187

1188
1189

1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206

Eruption Measurement/platform References
Pinatubo Extinction/AOD [multi-ll: SAGE-Il, AVHRR, | Hamill and Brogniez (SPARC, 2006, and referen|
HALOE,CLAES therein)
Balloon-borne size-resolved concentration profi Deshler et al (1994, Kiruna, EASOE), Deshler et
(CPC, OPC) (2003)
Impactors on ER2 (AASE2), FCAS and FSSP| Pueschel et al. (1994), Wilson et al. (1993), Broc
ER2 (AASE2) al. (1993)
Ground-based lidar; airborne lidar NDACC archive; Young, S. A et al. (1994), Browell
Ship-borne lidar measurements etal, (1993)
Avdyushin et al. (1993); Nardi et al. (1993), Steven
al. (1994)
EI-Chichén Satellite extinction/AOD 1000nm (SAM-II) Hamill and Brogniez (SPARC, 2006 & referenc
Balloon-borne particle concentration profiles | therein)
Ground-based lidar Hofmann and Rosen (1983; 1987).
NDACC archive
Agung Surface radiation measurements Dyer and Hicks (1965), Pueschel et al. (19%®)reno
(global dataset gathered in Dyer and Hicks; 19¢ and Stock (1964), Flowers and Viebrock (1965)
Balloon-borne measurements Rosen (1964; 1966, 1968), Pittock (1966)
Ground-based lidar, searchlight and twilight Clemesha et al. (1966), Grams & Fiocco (1967), Ke
measurements et al. (1967)
Elterman et al., (1969), Volz (1964; 1965; 1970)
Aircraft measurements Mossop et al. (1963; 1964), Friend (1966)

Table 7 List of stratospheric aerosol observation datasets fro the 3 large eruptions of the 2% century (Agung, El
Chichén and Mt. Pinatubo). For NDACC archive, seénttp://www.ndsc.ncep.noaa.gov/data/

Eruption Location Date SO, (Tg) Shallow x 2 Deep

Mt. Pinatubo | 15°N,120°E | 15/06/1991 10-20 (14) 18-20,21-23km 18-25km
El Chichén 17°N,93°W 04/04/1982 5-10 (7) 22-24,24-26km 22-27km
Mt. Agung 8°S,115°E 17/03/1963 5-10(7.) 17-19,20-22km 17-23km

Table 8: Settings to use for initialising the mini-ensemble of teractive stratospheric aerosol simulations for each
eruption in the HErSEA experiment. For Pinatubo the upper rangeof SO, emission is based on TOMS/TOVS SO
observations (Guo et al., 2004a). The S@missions flux ranges and central-values (in parentheses) ameecifically for
application in interactive stratospheric aerosol (ISA) models, ratar than any new data compilation. the lower range
and the central values according to some recent Pinatubo stied (Dhomse et al., 2014; Mills et al., 2016; Sheng et al.,
2015a) which have identified a modest downward-adjustmenof initial observed SO, amounts to agree to
HIRS/ISAMS measurements of peak sulphate aerosol loading #8an and Foot, 1994). The adjustment assumes
either uncertainties in the satellite measurements or that loss pathways the first few weeks after these eruptions are
either underpredicted (e.g. due to coarse spatial resolutiony @mitted completely (accommodation onto ash/ice) in
the ISA models. The El Chich6n S@ central estimate is taken from Krueger et al. (2008), and aemission range
based on assumed +33% while for Agung the SCGemission estimate is from Self and King (1996). For Pinatubo,
injection height-ranges for the two shallow and one deepealisation are taken from Antufia et al. (2002). The El
Chichén values are based on the tropical lidar signal from gure 4.34 of Hamill and Brogniez (2006), whereas for
Agung we considered the measurements presented in Dyand Hicks (1968) including balloon soundings (Rosen,
1964) and ground-based lidar (Grams and Fiocco, 1957

39


http://www.ndsc.ncep.noaa.gov/data/

1207

SO, mass (TgS) Study SO, Height (km)

5 Dhomse et al., 2014 19-27

5 Mills et al. (2016) 1820

7 Sheng et al. (2015a;b) 17-30
8.5 Timmreck et al. (1999a;b) 20-27
e 2
8.5 Brihl et al., (2015) 18-26*
10 Pitari and Mancini (2002) 1825
10 Oman et al. (2006) 19-29
10 Aquila et al. (2012; 2013) 16-18, 1727
10 English et al. (2013) 15.1-28.5

1208

1209 Table 9: List of SO, injection settings used in different interactive stratospheric aeras model simulations of the 1991
1210  Mount Pinatubo eruption. * main peak at 23.5km, secondary peak at 21km.

1211
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1212
1213

1214
1215
1216
1217
1218
1219

1220

Parameters Minimum set | Reduced set | Standard set Uncertainty range
1| Injected S@mass X X X 5TgS-10Tg-S
2 | Mid-point height of 3km-thick| X X X 18km-— 30km
injection
3| Latitudinal extent of the injection | X X X Factor 0-1 to vary from 1-bo
injection at 15N (factor=0) tq
equatorto-15N (factor=1) *
4 | Sedimentation velocity X X Multiply model calculated
velocity by a factor 0.5 to 2.
5| SO, oxidation scaling X X Scale gas phase oxidation of St
by a factor 0.5to 2
6 | Nucleation rate of sulfate particles X Scale model calculated rate by
factor 0.5 to 2.
7 | Sub-grid particle formation factor. X Emit fraction of SQ@ as sulphuric
acid particles formed at sub-grig
scale (0 to 10%)
8 | Coagulation rate X Scale the model calculated ra|
by a factor 0.5to 2.

Table 10: Groups will need to translate the 0-1 latitude-spread parameter into a sequence of fractional injections into
all grid boxes between the equator and 15 °N. For examplerfa model with 2.5 degree latitude resolution, the
relative injection in the 6 latitude bins between 0 and 15N woulthke the form [0,0,0,0,0,0,1] for extent factor=0, and
[0.167,0.167, 0.167,0.167, 0.167,0.167] for extenttéasl. Injection ratios for intermediate values of the spread faior
would be calculated by interpolation between these two endember cases.
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1221

1222 Exp- Name Specific description / Volcanic emission Period TIER
POEMS_OAT med g%clfer;wsizzizr;;e:rssg)i:?, Inject shallow @medium-alt. 1
POEMS_OAT_P4h ggéiin;ins;iggniggggig%dggct shallow @medium-alt. 2
POEMS_OAT P4l ggé iIrEnn;inStSz;t(i)cr)]n:r ;r;ggiﬁg;\,/égject shallow @medium-alt. 2
Pos OAT psi | SO Enisson - nedun, et shallow @mediu i ;
POEMS_OAT_P5| ggj E;Téii:grq r:atngsc:]i:lr\r/léénject shallow @medium-alt. 3
POEMS_OAT_P6h ﬁ(jf; :ir;]tii?niorgt: :de(;jdtggalnject shallow @medium-alt. I;‘;qsl'ggg 3
POEMS_OAT_P6l flgélligtiizﬂ(;;tzsn:;?\%? Inject shallow @medium-alt. 3
POEMS_OAT P7h ;)Oégn;:s[;ﬁ?n;;wgtgzgl Inject shallow @medium-alt. 3
POEMS_OAT_P7I ;}Oé;gs;&wa:ryné%i;%n; Inject shallow @medium-alt. 3
POEMS_OAT_Pgh g%gmgfﬂsr:;ergztgﬂgéénject shallow @medium-alt. P
POEMS_OAT P8l g?agmgfigc;ergehtgnrga Inject shallow @medium-alt. 2

1223

1224  Table 11 Overview of POEMS OneAt-a-Time” (OAT) test runs. Note that when imposing the parameter-scaling, the
1225 models should only enact the change in volcanically-enhart@ir masses (where the total sulphur volume mixing
1226  ratio exceeds a threshold suitable for their model). Perturbing dyg the volcanically-enhanced air masses will ensure,
1227  pre-eruption conditions and tropospheric aerosol properties €mains unchanged by the scalings

1228

1229
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1234  Figure 1 Uncertainty in estimates of radiative forcing parametes for the 1815 eruption of Mt. Tambora: Global-
1235 average aerosol optical depth (AOD) in the visible band fronan ensemble of simulations with chemistryclimate
1236  models forced with a 60 Tg S@equatorial eruption, from the Easy Volcanic Aerosol (EVA, Tohey et al., 2016p
1237  module with 56.2 Tg SQ equatorial eruptions (magenta thick dashed line), from Stoffett al. (2015), from Crowley
1238  and Unterman (2013), and from Gao et al. (2008, aligned shat the eruption starts on April 1815). The estimate for
1239  the Pinatubo eruption as used in the CMIP6 historical experimernis also reported for comparison. The black triangle
1240  shows latitudinal position and timing of the eruption. Chemistry-climate models are CESM (WACCM) (Mills et al.,
1241  2016), MAECHAMS5-HAM (Niemeier et al., 2009), SOCOL (Sheng et al2015a), UM-UKCA (Dhomse et al., 2014),
1242  and CAMB-UPMC-M2D (Bekki, 1995; Bekki et al., 1996). For models mducing an ensemble of simulations, the line
1243  and shading are the ensemble mean and ensemble stardiateviation respectively. Figure from Zanchettin et al.
1244  (2016).
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1246
1247

1248
1249
1250

1251

Figure 2 Schematic overview over the processes that influenttee stratospheric aerosol size distribution. The related
SSIRC experiments are listed below. 8 stands for “BackGround”, TAR for “Transient Aerosol Record”, HErSEA
for “Historical Eruption SO, Emission Assessment"anBoEM:s for “Pinatubo Emulation in Multiple models”.
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Figure 3. (a) Composite of QBO-induced residual anomalies in the MAECHM5-SAM2 modelled aerosol mass
mixing ratio with respect to the time of onset of westerly zonal mearonal wind at 18 hPa. Black contours denote the
residual zonal wind. Dashed lines represent easterlies, contdnterval is 5ms (b) same but for the modelled effective
radius of aerosols with R>50 nm. Figure from Hommel et al. (2015).
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1261  Figure 4: Annual total volcanic sulfur dioxide (SQ) emission from three different emission data sets between 200
1262  and 2008 to be used in the TIER1 MITAR experiments. VolcDB{Bingen et al., 2017) considers only stratospheric
1263 SO, emissions, VolcDB2( Neely and Schmidt, 2016) and VolcDB3 (@zet al., 2016) consider both tropospheric and
1264  stratospheric SQ emission.
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1267
1268  Figure 5: Example results from interactive stratospheric aerososimulations with the UM-UKCA model (Dhomse et
1269  al., 2014) of 5 different S@-injection-realisations of the 1991 Pinatubo eruption (see Table®1), The model tropical
1270 -mean extinction in the mid-visible (550nm) and near-infra-red (@20nm) is compared to that from SAGEH
1271  measurements. Only 2 of the 5 injection realisations inject belo20km and the impact on the timing of the peak, and
1272  general evolution of the aerosol optical properties is apparénin this model the growth to larger particle sizes and
1273

subsequent sedimentation to lower altitudes is able to explagertain signatures seen in the satellite data (see also
1274 Mann et al., 2015).
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Figure 6 lllustration of the latin hypercube sampling method. Each dot repesents the value used in one of the
particular simulations with a perturbed parameter ensemble (PPE) \ith 50 members (realisations/integrations).
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1281  List of Abbreviations

AEROCOM Aerosol Comparisons between Observations and Models
AOD Aerosol Optical Depth
AMOC Atlantic Meridional Overturning Circulation
ASAP200 Assessment of Stratospheric Aerosol properties (WMO, 200 )
AVHRR Advanced Very High Resolution Radiometer
BDC Brewer-Dobson Circulation
CALIOP Cloud-Aerosol Lidar with Orthogonal Polarization
CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
CATS Cloud-Aerosol Transport System
CCM Chemistry Climate Model
CCMVal Chemistry-Climate Model Validation Activity
CcCMmI Chemistry-Climate Model Initiative
CCN Cloud Condensation Nuclei
CDN Cloud Droplet Number Concentration
CDR Cloud Droplet Radius
CMIP Coupled Model Intercomparison Project
CMIP5 Coupled Model Intercomparison Project, phase 5
CMIP Coupled Model Intercomparison Project, phase
DJF December-January-February
DWD Deutscher Wetterdienst
ECHAM European Center/HAMburg model, atmospheric GCM
EGU European Geophysical Union
ECMWEF European Centre for Medium-Range Weather Forecasting
EESC Equivalent Effective Stratospheric Chlorine
ENSO EINi o Southern Oscillation
ENVISAT Environmental Satellite
ERA-Interim ECMWEF Interim Re-Analysis
ERBE Earth Radiation Budget Experiment
ESA European Space Agency
ESM Earth System Model
EVA Easy Volcanic Aerosol
GCM General Circulation Model
GHG Green House Gases
GOMOS Global Ozone Monitoring by Occultation of Stars
HALOE Halogen Occultation Experiment
HD(CP)2 High definition clouds and precipitation for
advancing climate prediction
ISA-MIP Interactive Stratospheric Aerosol Model Intercomparion Project
ICON ICOsahedral Nonhydrostatic
IPCC Intergovernmental Panel on Climate Change
ISCCP International Satellite Cloud Climatology Project (ISCCP)
ITCZ Intertropical Convergence Zone
JAXA Japanese Aerospace Exploration Agency
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JA

LAI

LW
LwWp
MiKIIP
MIPAS
MODIS
MPI-ESM
NAO
NH
OLR
oMI
OMPS
OMPS-LP
OPC
OSIRIS
PDF
POAM
PSD
QBO
RF

RH
SAOD
SAGE
SAM
SCIAMACHY
SH
SPARC
SSiRC
SST
SW
TCS
ToA
TOMS
TOVS
VEI
VolMIP

June-July-August

Leaf Area Index

Longwave

Liquid Water Path

Mittelfristige Klimaprognosen

Michelson Interferometer for Passive Atmospheric Sounding
Moderate Imaging Spectroradiometer

Earth System model of Max Planck Institute for Meteorology
North Atlantic Oscillation

Northern hemisphere

Outgoing longwave radiation

Ozone Monitoring Instrument

Ozone Mapping and Profiler Suite

Ozone Mapping and Profiler Suite—Limb Profiler

Optical Particle Counter

Optical Spectrograph and InfraRed Imager System
Probability Density Function

Polar Ozone and Aerosol MeasurementPSD

Particle Size Distribution

Quasi-biennial oscillation

Radiative Forcing

Relative Humidity

Stratospheric Aerosol Optical Depth

Stratospheric Aerosol and Gas Experiment

Southern Annular Mode

Scanning Imaging Absorption Spectrometer for Atmospheric Chartography
Southern Hemisphere

Stratosphere-troposphere Processes And their Role in Climate
Stratospheric Sulfur and its Role in Climate

Sea Surface Temperature

Shortwave

Transient Climate Sensitivity

Top of the Atmosphere

Total Ozone Mapping Spectrometer

TIROS Operational Vertical Sounder

Volcanic Explosivity Index

Model Intercomparison Project on the climate response to Volcanic forcing
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Specifications

Reference

Greenhouse gases ODPs

As recommended for the SPARC CCMI hindcast scenario
REF-C1SD (Eyring et al, 2013)
http://www.met.reading.ac.uk/ccmi/?page id=11

SST and SIC

Hadley Centre Sea Ice and Sea Surface Temperature data
set (HADISST, Rayner et al., 2003)
https://www.metoffice.gov.uk/hadobs/hadisst/

Table S1: Overview of background conditions.

Sulphur emission

Reference

SO, Anthropogenic

From MACC-CITY (Granier et al., 2011) for time period considered and as
extended back to 1960 on ECCAD website
http://eccad.sedoo.fr/eccad extract interface/JSF/page login.jsf

SO, Biomass burning

Biomass burning: GFEDv4 (http://www.globalfiredata.org/index.html)
From MACC-CITY (Granier et al., 2011) for time period considered and as
extended back to 1960 on ECCAD website)

Continuously  degassing | "continuous volc.1x1" from Aerocom-I (Dentener et al., 2006) based on Andres

and Kasgnoc (1998) which presents an average estimate of the contribution of

volcanoes silent ~ degassing  volcanoes to  the  global  sulphur  budget
http://aerocom.met.no/download/emissions/ AEROCOM _ B-PRE/other ascii/

DMS Sea water concentration from Lana et al. (2011) is recommended
https://www.bodc.ac.uk/solas_integration/implementation_products/groupl/dms/
Biogenic modeller’s choice

OCS Concentrations are fixed at surface and equal to 510 pptv (Montzka et al., 2013;

ASAP2006)

Table S2: Overview of sulphur emission.

Name

Description

nh 50

Passive tracer with fix surface concentration equal to 100 ppb between 30°N and
50°N and equal to 0 outside of this latitudinal band, e-folding decay time of 50 days

tr 50

Passive tracer with fix surface concentration equal to 100 ppb between 20°S and
20°N and equal to 0 outside of this latitudinal band, e-folding decay time of 50 days;

sh 50

Passive tracer with fix surface concentration equal to 100 ppb between 50°S and 30°S
and equal to 0 outside of this latitudinal band, e-folding decay time of 50 days.

AOA

Passive tracer for the stratospheric mean age-of-air. Modelling groups can use their
existing implementation or implement a tracer with a global fixed surface layer
mixing ratio of 0 ppbv and a uniform unspecified fixed source (at all levels)
everywhere else, which must be constant in space and time.

ST80_25

Passive tracer to estimate the exchange from the stratosphere to the troposphere. This
is achieved by fixing the mixing ratio above 80hPa (200ppbv) to a constant value,
and imposing a uniform fixed 25-day exponential decay in the troposphere only.

Volc

Passive volcanic tracer for the HerSEA experiments. The tracer is initialized in the
same way as the volcanic SO, emission, with an initial value of 1.

Table S3: Suggested passive tracers mostly following the CCM protocol (Eyring et al., 2013).
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Long name Variable Unit Category Comment
name
grid-cell area area m’ 1
b Bt bt ! || frction of orizonalarc occupied by .
"Surface" means the lower boundary of
wor | w1 | Demoenhe Audeb s e
reference geopotential surface.
Meteorology
Precipitation precip | kgms” { [ cludesalliypes: fin, snow argescal,
surface temperature tas K 1
surface air pressure ps Pa 1 "Surface" means the lower boundary of
the atmosphere.
Cloud fraction clt % 1 Cloud fraction as seen from top or surface
tropopause_air_pressure 2D monthly mean thermal tropopause
ptp Pa 2 calculated using WMO tropopause
definition on 3d temperature
tropopause_air_temperature tatp K 2 See above
tropopause_altitude ztp M 2 See above
Budget
Load of H2SO4 (aerosol) loadso4 kg m? 1 Wittt Of:)teu]:?:glcr:a;s:g;;?;pohrr cliwtld
Load of SO2(g) loadso2 kg m™ 1
Load of H2SO4(g) loadh2so04 kg m” 1
Load of OCS loadocs kg m? 1
Load of DMS loaddms kg m™? 2
Load of H2S loadh2s kg m” 3
Load of CS2 loadcs2 kg m? 3
Removal
dry deposition of DMS drysdms kgm?s’! 2
dry deposition of SO2 dryso2 kgm?s’ 1
dry deposition of H2SO4(g) dryh2so4 kgm?s’ 1
dry deposition of H2SO4(p) dryso4 kgm?s’ 1
sedimentation of SO4 sedso4 kgm?s’ 1
dry deposition of H2S dryh2s kgm?s’! 2
dry deposition of C2S dryc2s kgm?s’ 2
wet deposition of SO2 wetso2 kgm?s’ 1
wet deposition of H2SO4(p) wetso4 kgm?s’ 1
wet deposition of DMS wetdms kgm-?s’ 2
wet deposition of C2S wetc2s kgm?s’ 2
wet deposition of H2S weth2s kgm?s’ 2
Emission
total emission of SO2 emiso2 kgm?s! 1
total emission of DMS emidms kgm?s’ 2
total emission of COS emicos kg m-2 s-1 1 If available
total emission of DMS emih2s kg m-2 s-1 1
total emission of CS2 emic2s kg m-2 s-1 3
Fluxes
S02 Flux to the tropopause flxso2 kgm?s’! 1
H2S04(p)Flux through the tropoause (total) flxsodt kgm?s’ 1
H2S04 Flux (tropopause) per size flxsod_ kgm? s’ 3
class/modes
Flux H2SO4 (p) > 5nm flxsodp150 kgm?s’! 2
Flux H2SO4 (p) >150nm flxso4p150 kgm?s’! 2
Flux H2SO4 (p) >250nm flxso4p250 kgm?s’! 2
Flux H2S04 (p) >550nm flxsodp550 kgm?s’ 2
Flux H2S04 (p) >750nm flxsodp750 kgm?s’ 2
Flux H2SO4 (p) >1000nm flxso4p1000 kgm?s’! 2




Radiation

AOD@386nm od386aer 1 2
AOD@A453nm od453aer 1 2
AOD@525nm od525aer 1 1
AOD@750nm od750aer 1 2
AOD@870nm pd870aer 1 2
AOD@1020nm 0d1020aer 1 1
AOD@3460nm 0d3460aer 1 2
AOD@5260nm 0d5260aer 1 2
AOD@12660nm 0d5260aer 1 2

Surface downwelling SW radiation rsds W m? 1
Surface upwelling SW radiation sus W m? 1
Surface downwelling LW radiation rlds W m? 1
Surface upwelling LW radiation rldus W m? 1
Surface downwelling SW flux clear sky rsdscs W m? 2
Surface upwelling SW flux clear sky TSuscs W m? 2
Surface upwelling LW flux clear sky rldcs W m? 2
Surface diffuse SW flux rsdsdiff W m? 2
Surface diffuse SW flux clear sky rsdscsdiff W m? 2
TOA Incident st W m? 2

TOA downwelling SW radiation rsdt W m? 1
TOA downwelling LW radiation rldt W m? 1
TOA outgoing SW radiation rsut W m? 1
TOA outgoing SW radiation clear sky rsutcs W m? 2
TOA outgoing LW radiation rlut W m? 1
TOA outgoing LW radiation clear sky rlutes W m? 2
Total photsynthtically FLUX (PAR) tphotpar W m? 3
photsynthtically FLUX (PAR) photpar W m? 3

Table S4: Overview of two-dimensional variables requested for ISA-MIP following mainly the AEROCOM
protocols: http://aerocom.met.no/protocol.html. (1) indicates mandatory variables, which are in addition shaded, (2)
important variables but not required, (3) values which are nice to have for special diagnostic. Monthly mean output is
satisfactory except for the meteorological values, which should be provided in daily resolution.




Variable

Long name Unit | Category Comment
name
Meteorology
air temperature i K 1 Air temperature is the bulk temperature of the air,
peratu not the surface (skin) temperature.
. L Specific means per unit mass. Specific humidity is
spagiie hmwiiliy s ! ) the mass fraction of water vapor in (moist) air.
air mass airmass kg m? 1 Vertically integrated mass content of air in layer
pressure pfull Pa 1 Air pressure on model levels
zonal wind ua m/s 1
meridional wind va m/s 1
vertical wind wa m/s 1
geopotential height Zg m 1
cloud fraction clt3D % 2
cloud optical depth cod3D 1 2
aerosol water mmraerh2o 1 3
The atmosphere convective mass flux is the
vertical transport of mass for a field of cumulus
. 2 clouds or thermals, given by the product of air
convective updraft mass flux mcu kgm-"s 3 . . .
density and vertical velocity. For an area-average,
cell_methods should specify whether the average
is over all the area or the area of updrafts only.
Sulfur Chemistry
OCsS vmrocs 1 1
SO2 vmrso2 1 2
DMS vmrdms 1 2
H2S vmr h2s 1 3
H2S04 (g) vmrh2so4 1 2
CS2 vmres 1 3
SO3 vmrso3 1 2
H2S04 (p) total) mmso4r 1 1 Mass mixing ratio of sulphate mass (total)

Mass mixing

ratio of sulfate mass in each size class

H2S04 (p) > 5Snm mmso4r5 1 2 OPC
H2S04 (p) >150nm mmso4rl5 1 2 OPC
H2S04 (p) >250nm mmso4r25 1 2 OPC
H2S04 (p) >550nm mmso4r55 1 2 OPC
H2S04 (p) >750nm mmso4r75 1 2 OPC
H2S04 (p) >1000nm mmso4r100 1 2 OPC
Microphysical processes
number formation through nucleation nucpn m’s’ 2
sedimentation of SO4 sedso4 kgm?s’ 2 Net downward (out-below minus in-above)
H2S04 condensation flux conh2so4 kgm?s’! 2 Net transfer into the particulate phase
Chemistry
N20 vmrn2o 1 3
OH vmroh 1 1
03 vmro3 1 1
HNO3 vmrhno3 1 3
NO vmrno 1 3
NO2 vmrno2 1 3
N205 vmrn205 1 3
Bulk parameters
surface area density sad m*/m’ 1
effective radius reff M 1
Particle numbers
N total concen m? 1 number_concentration_of ambient_aerosol_in_air
N> 5nm conc5 m? 2 CPC
N>150nm conc150 m? 2 OPC
N>250nm conc250 m? 2 OPC
N>550nm conc550 m* 2 OPC
N>750nm conc750 m? 2 OPC




N>1000nm conc1000 m* 2 OPC
Extinction
Aerosol extinction @386nm ec386aer m’! 2 SAGEIVIII, (POAM, shipborne lidar)
Aerosol extinction @440nm ec440aer m-! 3
Aerosol extinction @525nm ec525aer m-' 1 SAGE-II
Aerosol extinction @750nm ec750aer m’ 2 OSIRIS
Aerosol extinction @870nm ec870aer m’ 3
Aerosol extinction @1020nm ecl020aer m’ 1 SAGEII
Aerosol extinction @3460nm ec3460aer ml 2 HALOE
Aerosol extinction @5260nm ec5260aer m-1 2 HALOE
aerosol extinction @12660nm ecl12660aer m’ 3 ISAMS
Absorption
aerosol absorption @386nm abs386aer m’ 3 SAGEINIIL, (POAM, shipborne lidar)
aerosol absorption@440nm abs440aer m’ 3
aerosol absorption @525nm abs525aer m’ 2 SAGE-II
aerosol absorption@750nm abs750aer m’! 3 OSIRIS
aerosol absorption @870nm abs870aer m’ 3
aerosol absorption @1020nm abs1020aer m’ 2 SAGE-II
aerosol absorption @3460nm abs3460aer m’! 3 HALOE
aerosol absorption @5260nm abs5260aer m’ 3 HALOE
aerosol absorption @12660nm abs12660aer m’ 3 ISAMS
asymmetry factor@525nm asy525aer 1 1

Table S5: Overview of three-dimensional variables requested for ISA-MIP following mainly the AEROCOM
protocols: http://aerocom.met.no/protocol.html. All 3D data to be provided on either host model vertical levels or
preferably (if resources allow) on the reference pressure levels 1000, 925, 850, 700, 600, 500, 400, 300, 250,200, 150,
100, 70, 50, 30, 20 & 10 hPa. If possible also on the additional pressure levels: 7, 5, 3, 2, 1 and 0.4 hPa. (1) indicates
mandatory variables, which are in addition shaded, (2) important variables but not required, (3) values which are
nice to have for special diagnostic. Monthly mean output is satisfactory except for the meteorological values, which
should be provided in daily resolution.
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Volcano Lon Lat Time Min Plume Max Plume Mean SO2

Height (km) Height (km) (kt)

Manam 145.04 -4.08 27 Jan 2005 18 24 154.67
Soufriere Hills 297.82 16.72; 19 May 2006:; 19 20 185.33
Rabaul/Tavurvur 152.20 -4.27 7 Oct 2006 17 18 234.0
Okmok 168.10 53.43 12 Jul 2008 10 16 109.0

Kasatochi 175.50 52.18 7 Aug 2008 10 18 1363.33

Sarychev 153.20 48.09 15 Jun 2009 11 17 965.33

Merapi 110.44 -7.54 4 Nov 2010 14 17 282.67

Nabro 41.70 13.37; 13 Jun 2011 9.7 18 1307.0

Table S6: Overview of VolcDSUB, a subset of volcanic emissions, that were derived based on the average mass of SO,
emitted using VolcDB1, VolcDB2, and VolcDB3. (http://isamip.eu/fileadmin/user_upload/isamip/volc_sub_v185.dat).

[ Formatted: Subscript
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Formatted:

Seplesmegeenaion Latitude Longitude Height [ Formatted: English (U.S.)
Soufriere Hills 16 62 16 ( Formatted: English (U.S.)
Soutriere Hills 16 62 16 ( Formatted: English (U.S.)
Manam;Cerro-Azul Nyamuragira S +44;-90;:30 EaT waza) [Formatted: English (U.S.)
Cameroon 4 10 + [Formatted: English (U.S.)
Seufriere Hills+ +6 -62 7 [Formatted: English (U.S.)
Fungurahua+Guagua-Pinch —+0 73 Es [Formatted: English (U.S.)
Nyamuragira; Tungurahua -0 3078 16 [ Formatted: English (U.S.)
Mﬂy@*’f‘%‘% , BbAAb—h | 12420716878 | 16 ( Formatted: English (U.S.)
Dlaveun (+ Miyakejima) 5 150 ek 59* [Formatted: English (U.S.)
Nyamuragira -+ 30 16 50 [Formatted: English (U.S.)
Dlavun -5 156 +6 5t [Formatted: English (U.S.)
Mayon, Lopevi B6 124163 16 62,29 [Formatted: English (U.S.)
Fungurahues Soufriere Hill 046 7862 16 96 ( Formatted: English (U.S.)
Manam; Nyiragong S+ 4430 A5 22 [

English (U.S.)
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