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Response to interactive comment by Anonymous Restiekt

We thank Anonymous Reviewer #1 for his/her apptamieaof our work and his/her
constructive criticism. We have already brieflylreg in the interactive discussion to the
two major concerns he/she expressed in the maimesrnpublished online in the
discussion. Our initial online reply is repeatedeht®r the sake of completeness,
followed by a description of the changes we mades$ponse to the reviewer's helpful
suggestions.

Reviewer’'s main comment n.1: “there is no mystdgua the Antarctic sea ice response
to volcanic eruptions”

We disagree with the Reviewer's comment that theenled Arctic-Antarctic sea-ice
dichotomy is robustly simulated by climate modelsd that there is no mystery about
Antarctic sea-ice response to volcanic forcing. iRstance, Turner et al. (2013), who
analyzed Antarctic sea-ice representation in aprabse of CMIP5 simulations, conclude
that processes responsible for the observed iremas the last 30 years are not
simulated correctly. Moreover, in his recent comtyriblished in Nature, John King
concludes about Antarctic sea ice that “understands behavior and improving its
representation in climate models must remain a prgirity for climate scientists”

(King, 2014).

We agree that there is not only room but neednfiroving our understanding of
simulated sea-ice behavior, and our study primati#yns from this need. In particular,
there are few assessments of simulated respongegaittic sea ice to volcanic forcing.
Our study is to our knowledge the first descriptidrsimulated decadal climate
responses to extremely large volcanic eruptionsftitaises on inter-hemispheric
asymmetry and sea ice. We found especially ther8intaresponse interesting and its
interpretation challenging, so much that disentagghe effects of dynamical and
thermodynamical, as well as of local and globaltgbuations would require dedicated
additional sensitivity experiments.

As we stressed out in the manuscript, we indeeardeigealized “supervolcano”
experiments as reverse analogs of warming expetgnelowever, as we explained in the
manuscript, they do not merely describe the oppatitnatic effects of positive radiative
imbalances, since volcanic forcing induces compheikti-scale dynamical and
thermodynamical responses.

If we are encouraged to submit a revised manusaevpwill extend the discussion about
the present state of research concerning the Ardaea ice response to global warming.

Reviewer’'s main comment n.2: “Before any climatedelds used, it has to be evaluated”



MPI-ESM (COSMOS-Mill) (Jungclaus et al., 2010) &sled on the well known and
widely used ECHAM5/MPIOM coupled general circulatimodel (CGCM) developed at
the Max Planck Institute for Meteorology in HambkgP1-M), with implementation of
an interactive carbon cycle. The ECHAM5/MPIOM CG@#stticipated to the CMIP3
exercise, and has been extensively evaluated frcdmaext.

MPI-ESM (COSMOS-Mill) was developed as part of thiernal project “Community
Simulations of the last Millennium” at MPI-M
(http://www.mpimet.mpg.de/en/science/projects-newjgmts-archive/millennium.htrjl
and was further developed thereafter to allow perfiog idealized volcanic experiments
(Timmreck et al., 2010). More details about therabgeristics of MPI-ESM (COSMOS-
Mill) can be found in the report by Budich et &0(0).

Different aspects of the climate and its variapiiimulated by MPI-ESM (COSMOS-
Mill) have been assessed in a number of studiesnmparison to observations, proxy-
based reconstructions as well as within a multi-ehéédmework (e.g., Henriksson et al.,
2012; Beitsch et al., 2013; Bothe et al., 2013nkedez-Donado et al., 2013; Schubert et
al., 2013; Zanchettin et al., 2013a,b). We will axg the description of the model and
include a list of references regarding its evahratf we are encouraged to submit a
revised manuscript.

As a final note, the model’s name adopted in thi$ @ther studies (e.g., Bothe et al.,
2013) reflects the fact that the COSMOS commursigalit for the Millennium
Experiment. The name also prevents confusion betweeECHAM5/MPIOM ESM and
its successor: the ECHAM6/MPIOM-based MPI-ESM use@MIP5. Giorgietta et al.
(2013) and Jungclaus et al. (2013) describe theactexistics of the atmospheric and
ocean components of the ECHAM6/MPIOM-based MPI-ESM.

In the revised version of the manuscript we havtereded the introduction including

more details about the present state of researtecaing the Antarctic sea ice evolution
during the past decades. We now briefly introdixgecharacteristics of the observed
trends and better discuss related modeling isSMesalso expanded our discussion about
the attribution of the observed changes, concerbatl internal variability and the
stratospheric ozone depletion. Please refer tattaehed manuscript with tracked
changes to see the modifications done to the Tdne following references have been
added: Turner et al., 2009; King, 2014; Gillett atwbmpson, 2003; Sigmond and Fyfe,
2014.

Concerning the model and its evaluation, we hayaeded the description of the model
and included a list of references regarding thessaent of its different aspects. Please
refer to the attached manuscript with tracked charig see the modifications done to the
text. The following references have been addetitopurpose: Tietsche et al., 2011;
Henriksson et al., 2012; Beitsch et al., 2013; Bahal., 2013; Fernandez-Donado et al.,
2013; Notz and Marotzke, 2012; Schubert et al. 32@anchettin et al., 2013b; Li et al.,
2013. More specifically concerning simulated sea we have also added two
supplementary figures (Figures S1 and S2 in thelsapentary material) showing the
climatological features of sea-ice concentratiamfithe control run. The general
characteristics of sea-ice simulated by MPI-ESM-MMO-Mill seem to agree well with



those simulated by ECHAMS5/MPIOM, with both compotseim a higher resolution
configuration than used in the present study, asrdeed by Jungclaus et al. (2006).



Response to interactive comment by Anonymous Restiet
We thank Anonymous Reviewer #2 for his/her apptameaof our work and his/her
constructive criticism.

We agree with the Reviewer that atmospheric citmrachanges are an important factor
determining the climate response to the perturbagepecially as the regional scale is
concerned. We have therefore deepened our invaetigat the atmospheric response in
our super-volcano ensemble. In doing so, we consildine following. It is unclear from
the Reviewer's comment whether the necessary iciatibns concern the more general
aspects of the atmospheric response mechanismstead, more specific processes of it
related to the shown sea-ice anomalies. Moreoveetailed assessment of the
atmospheric response in our “supervolcano” ensembldd require a dedicated study,
beyond the aims of the present investigation. Wi llaerefore decided to add a limited
set of additional latitude-altitude plots as pevieeer’s request and have collected them
in the supplementary document (Figures S3-S11) ré&$dts illustrated in the
supplement are mainly summarized in the main texue first three paragraphs of
section 3.3. Please refer to the attached manusatiptracked changes to see the
modifications done to the text. The results seewotdirm that atmospheric internal
processes play an important role in the first respgphase, while later on the response is
dominated by oceanic and ocean-atmosphere coupledgses.

Minor comments (original comments by Reviewer #&afics):

Line 23, Page 126: Please briefly explain what @3SBOS-Mill.

Following also the comment by Reviewer #1 we haymaaded the explanation of the
model. In particular, we now specify that “The miodersion’s name reflects the fact that
the Community Earth System Modeling (COSMOS) comityursed it for the

Millennium Experiment.” We also remark that theatan MPI-ESM COSMOS-Mill
appears in the available scientific literature (ioét al., 2013).

Line 25, Page 140 “a weakening of both polar and-hatitude flow (Fig. 11d)”: It
seems that the polar flow is intensified.

Climatological 10-meter winds around and over Actiaa are weak easterlies (in the
model with zonal-mean values peaking at 4.5 m/dwaesd at ~70°S latitude) whereas
the arrows depict an anomalous westerly flow (thougegular). The figure therefore
correctly depicts a weakening of the polar zoraifl

Caption of Figure 7 “500 hPa meridional wind (b)@zonal wind (c)”: 500 hPa zonal
wind (b) and meridional wind (c)

Thanks, corrected
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Abstract

The decadal evolution of Arctic and Antarctic seafollowing strong volcanic eruptions
is investigated in four climate simulation ensembperformed with the COSMOS-Mill
version of the Max Planck Institute-Earth Systemdglo The ensembles differ in the
magnitude of the imposed volcanic perturbationshwizes representative of historical
tropical eruptions (1991 Pinatubo and 1815 Tambana) of tropical and extra-tropical
“supervolcano” eruptions. A post-eruption Arcticasee expansion is robustly detected
in all ensembles, while Antarctic sea ice respoadly to “supervolcano” eruptions,
undergoing an initial short-lived expansion and ubsequent prolonged contraction
phase. Strong volcanic forcing therefore emergesaapotential source of inter-
hemispheric interannual-to-decadal climate vanghilalthough the inter-hemispheric
signature is weak in the case of historical-sizapgons. The post-eruption inter-
hemispheric decadal asymmetry in sea ice is imtggfdras a consequence mainly of
different exposure of Arctic and Antarctic regiomdiimates to induced meridional heat
transport changes and of dominating local feedbdkks set in within the Antarctic
region. “Supervolcano” experiments help clarifyitifferences in simulated hemispheric
internal dynamics related to imposed negative adiative imbalances, including the
relative importance of the thermal and dynamicahponents of the sea-ice response.
“Supervolcano” experiments could therefore serve dlssessment of climate models’
behavior under strong external forcing conditiond,aconsequently, favor advancements

in our understanding of simulated sea-ice dynamics.
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1. Introduction

Polar regional climates are in the focus of Easthtesn investigations owing to their
strong sensitivity to external forcing and assaaaimplications for the global climate.
The so-called “polar amplification” of climate sigs is mainly a consequence of positive
feedbacks involving snow cover and sea ice, andnierges more robustly in the
Northern than in the Southern Hemisphere [@grkinson 2004]. The different behavior
of Arctic and Antarctic sea ice is largely explainby the different geographical
characteristics of the two polar regions: The sentlosed Arctic Ocean limits sea-ice
mobility and favors sea-ice thickening and persiste while making Arctic sea ice
strongly susceptible to changes in the Atlantic & northward heat transport and to
anomalous atmospheric heat inflows from the sudmglandmasses. Antarctic sea-ice,
by contrast, forms around the Antarctica landmamsghe open Southern Ocean, its
northern boundary being set by the circumpolaresgstf southern mid-latitude westerly
winds and ocean currents. This system makes Aitaseta ice strongly subject to
equatorward drifting and melting - which explaits weak persistence - while limiting
its exposure to global changes and associated doosnatmospheric and oceanic
meridional heat flows [e.gZhang 2007, 2013]. Still, important processes drivihgst
critical component of the Earth system remain wikesl and, hence, not robustly
simulated by coupled global circulation models &adth system models [e.dvlaksym
sea-ice behavior and of its sensitivity to exterftating, this study investigates the
decadal evolution of Arctic and Antarctic sea ieaiset of idealized volcanically-forced
experiments conducted with a full-complexity Eastystem model. Focus is on inter-
hemispheric differences in the sea-ice response.

Observations covering the past three decades pgoirdn inter-hemispheric
asymmetry in recent sea-ice cover evolution: While decline in Arctic total sea-ice
cover is among the most notable features relatgdesent climate change [e.yotz and
Marotzke 2012;Stroeve et a).2012;Wang and Overland2012], the Antarctic total sea-
ice cover has remained steady, or even increasglklgl[Stammerjohn et gl.2012;

Massonnet et al2013].The Antarctic sea-ice increase has been largesitimmn, with a
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dipole of a regionally significant positive tremidthe Ross Sea and a negative trend in the
d-- {Formatted Font: Italic J

Amundsen-Bellingshausen Segdufner et al, 2009]. Despite generally improvec

representations of observed sea-ice climatology ewalution [Stroeve et a).2012],
state-of-the-art coupled climate models fail to roelnuce the observed increase in

Antarctic total sea-ice cover over the last 30 geandicating that the underlying

processes are not yet simulated correcliyrifier et al, 2013]. Therefore, understanding

the behavior of Antarctic sea ice and improvingr@presentation in climate models has

leted: i
high priority for the aim of correctly reproducigiie observed Arctic/Antarctic sea-ice- izele:ed ripmdum'on %
777777777777777777777777777777777777 eleted: O
d|Ch0t0my Kf”jf 72Q-1—4; 7777777777777777777777777777777777777777777777 {Formatted. Font: Italic J

Internal climate variability in _historical climate simulations contrlbutes w Deleted: remains a challenge for S‘atT
" of-the-art coupled climate models
substantially to botiArctic and Antarcticsea-ice variabilitfStroeve et al.2012;Polvani \ N [Maksym et a):2012
77777777777777777777777777777777777777777777777777777 [N Deleted: ; Turner et a, 2012]
and Smith2013] As a consequence, simulated trends in Ajctidaeaver the last - ,30\\ . { Formatted: Font: Not Italic

years are generally sma"ﬂranaug,qe,s;eq ,Q@tel,hie E’?I'Y?E’,SE@ ice P[QQL,IQ@YQ w (Deeted: spreacs
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******** { Deleted: [Stroeve et 3.2012] as well
model differencedPolvani and Smith2013] Therefore no conclusive assessment \IS\\ as
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available about whether the observed sea-ice asymmedlects a characteristic (elther

{Deleted: much more
internally-generated or externally-forced) interigpheric mode of polar climate" {Ddeted what

variability or, alternatively, an extraordinary extally-forced feature. \ Ig:s'gﬁg;;‘fgggfignﬂ*ﬁhTV‘des a
\
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Hinting towards the first hypothesis,multicentennial control climate simulation | Deleted: However

features interdecadal periods characterized bytipedrends in Antarctic sea-ice cover

comparable to that observed during the last ~ 3syfurner et al, 2009]. Tmezd‘//%:’::::e:’: Font: Italc %
T eleted:

century experienced several decades of inter-hdwmigp contrast in the temperature

trend [e.g.,Brohan et al.,2006; Duncan et al.,2010; Chylek et al. 2010]. Inter-

hemispheric out-of-phase multidecadal temperatdoetufations also emerge from

reconstructed regional and continental-scale teatper variability during the last
millennium and beyondduncan et al.2010;Ahmed et a).2013]. Paleoclimatic records
for the last glacial maximum similarly indicate thaeterogeneity and non-synchronic
behavior of polar ice sheets and glacier behagi@ ¢haracteristic feature of millennial-
scale climate variability§chaefer et al.2009;Weber et al.2011;Shakun et al.2012].
The core processes implicated in these low-frequemter-hemispheric climate
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fluctuations may be similarly important for sub-tamial Arctic/Antarctic climate
variability.
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the existence of regional forcing agents and/aesponse mechanisms to global forcing
agents that are capable to drive a (multi)Jdecadtdrihemispheric climate offset.
Stratospheric ozone depletion in the Southern Hetmei® is among the regional factors

capable of affecting Antarctic sea ice, especisilyhrough tendential changes induced in

the large-scale tropospheric circulation in the tBern Hemisphere Gillett and - { Pormatted: Font: ttaic

~ { Formatted: Font: Italic

Thompson 2003; Turner et al, 2009]. Coupled climate simulations including time-

varying stratospheric ozone, however, do not supporausal relationship between

- { Formatted: Font: Italic

stratospheric ozone depletion and increased Amnteged ice $igmond and Fyfe2014]. -

P { Deleted: Strong

acts globally and yet causes pronounced differentake inter-hemispheric response

For the Arctic, climate simulations indicate expesvolcanism as a major source of
near-decadaldtenchikov et gl.2009;Segschneider et al2012;Zanchettin et a).2012,
2013] and multidecadal-to-centenniaZjong et al. 2011] fluctuations in the total sea-
ice area. A volcanically-forced Arctic sea-ice exgian has been suggested to be pivotal
for the onset and sustenance of the Little Ice Bdiler et al., 2012;Schleussner and
Feulner, 2012], the prolonged widespread cold period sipanthe 15-18" centuries.
The same period features, however, a pronounceadtied of late-summer Arctic total
sea-ice extent in a recent millennial reconstructiiKinnard et al, 2011], a
counterintuitive behavior that highlights the coeyily of the dynamical processes
behind low-frequency variability of sea ice and atitl limited knowledge about the
climate state and the mechanism(s) behind spemiiienalous episodes [e.gdanchettin
et al, 2013.

The scientific literature lacks studies about theceptibility of Antarctic sea ice
to volcanic forcing. There are no sufficiently-resm reconstructions of Antarctic sea ice
to assess anomalies during periods of strong visicabefore the satellite era, or they
lack context as, for instance, the so-far puncasdimate of Antarctic sea-ice extent of
September 1964\eier et al.,2013] during the aftermath of the 1963 eruptioMuafunt

Agung. Diagnosed dynamical atmospheric responseshéo strongest 20 century



128 eruptions are not robust in the Southern Hemisphem@bservations and especially in
129 simulations [e.g.Robock et a).2007; Karpechko et a). 2010; Charlton-Perez et a|.
130 2013]. Generalizing assessments based on tAhe@ttury eruptions is prevented by the
131 paucity and limited magnitude of the considerednéyeand by their concomitance with
132 known potential disturbances to the post-eruptiamaéctic climate evolution. Such
133 disturbances include internal (e.g., a large wanant of the El Nifio—Southern
134 Oscillation or ENSO) and external ones. The laiteuld include, e.g., a period of weak
135 solar activity Barlyaeva et al. 2009] and the ozone hol8ifz and Polvani 2012]. In
136 fact, Antarctic sea ice expands considerably iraftermath of a “supervolcano” eruption
137 simulated by a coupled climate modelofies et aJ. 2005]. Confronting the
138  “supervolcano” response with the lack of a cleapomse to 2 century eruptions poses
139 the question of whether a possible southern-herersphlidynamical response remains
140 elusive due to a low signal-to-noise ratio for diigtal-size eruptions.

141 In this study, we assess the simulated inter-hdmi$p sea-ice response to
142 idealized volcanic perturbations by pursuing théofeing strategy: (i) investigating
143 ensembles of Earth-system-model simulations thatsafficiently populated to yield a
144 robust estimate of the expected forced responsgg;c@imparing ensemble-average
145 simulated responses induced by volcanic pertunbsitif different magnitude, ranging
146 from that of a 1991 Pinatubo-size eruption to thaistsupervolcano”-size eruptions. By
147 including the latter we explore responses to faycamplitudes pushing the simulated
148 climate to its extremes. In the past, comprehenasgessments of climate responses
149 under idealized external forcings as those use@ hewe been proven valuable to
150 understand simulated climate features and mecharesm, consequently, to delimit the
151 validity of model-based inferences about climateatygics and variability, as well as to
152 compare the performance of different climate modelg., Stouffer et al. 2006].
153 Accordingly, we focus on the inter-hemispheric asyiry in simulated sea-ice behavior,
154  but we also discuss possible limitations in thdisgaof the simulated sea-ice behavior in
155 the light of the ocean/atmosphere/sea-ice coupfedrics inferred from the analysis of

156 the simulation ensemble. Our assessment therefdimedtes how deficiencies in, e.g.,

P { Formatted: Font: Italic

157 | the representation of the Southern Ocean [Rgssell et al.2006;Weijer et al, 2012; .-

158 | Heuzé et a).2013;Salleé et al.2013], of Southern Hemisphere's atmospheric titamn - { Formatted: Font: i

’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’ T ‘[Formatted: Font: Italic




{Formatted: Font: Italic

159 | [Simpson et al.2012; Stossel et al.2011] and of sea-ice processes relevant for the
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160 | Antarctic [Landrum et al. 2012; Maksym et a).2012] may reverberate on simulated -
161 transient global climate variability.

162 We proceed as follows. First, in Section 2 we deét@ experimental design of
163 this study, including the Earth system model, tineutations and the diagnostic tools. In
164 Section 3 we present the characteristics of thalsited climate responses to the imposed
165 forcing, focusing on post-eruption fluctuations Awctic and Antarctic sea ice and
166 highlighting inter-hemispheric differences in théor¢ed) post-eruption signals and
167 associated dynamics. We discuss our results indBettand provide conclusive remarks
168 in Section 5.

169

170 2. Data and methods

171 We use the Max Planck Institute-Earth system m@déll-ESM) in its COSMOS-Mill

P { Deleted: [Jungclaus et g, 2010

172 | versiop.The name of this version reflects the fact that @wnmunity Earth System -

173 | Modeling (COSMOS) community used it for its Millaam Experiment, as described by

174 | Jungclaus et al[2010.], who provide a detailed description of thedel setupMPI-
175 ESM-COSMOS-Mill is based on the atmospheric geneiraulation model ECHAM5
176 [Roeckner et al.2006] coupled with the ocean model MPIOM4drsland et al. 2003;
177 | Jungclaus et al. 2006] via the OASIS3 couplerModules for terrestrial biosphere
178 | (JSBACH, seeRaddatz et al.2007) and for ocean biogeochemistry (HAMOCC, see:
179 | Wetzel et al. 2005) allow for an interactive representationtieé carbon cycle. The
180 | ECHAMS/MPIOM coupled general circulation model peigated to the Coupled Model
181 | Intercomparison Project 3 (CMIP3), and has beeerresively evaluated in that context.

P { Formatted: Font: Italic

182 | Jungclaus et al.(2006) describe the general climatological ocede@tures of the.-

183 | ECHAMS/MPIOM included Arctic and Antarctic sea icesimulated sea-ice

184 | concentrations generally compare well to the olm@ms in both hemispheres; seasonal

185 | variation and mean distribution of Antarctic sea-iconcentrations are overall

186 | satisfactorily simulated, though the model tends ulderestimate winter sea-ice
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188 | detailed evaluation of Arctic sea-ice variabilitymslated by ECHAMS5/MPIOM
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ECHAMS is runin its T31L19 configuration, correspling to a spatial resolution
of 3.75° x 3.75° and 19 vertical levels with thglest one (i.e., the model top) set at 10
hPa. The model's low top restrict the descriptioh stratospheric and coupled
stratosphere-troposphere dynamics [e@mrani et al, 2013], which may affect the
dynamical atmospheric response to volcanic for¢erg., Charlton-Perez et al.2013].
MPIOM is run in its standard configuration GR30L4frresponding to a horizontal
grid-spacing of about 3.0° and 40 vertical levéiembeds a dynamic-thermodynamic
Hibler-type sea-ice model. A detailed descriptidntle treatment of sub grid-scale

mixing and of the sea-ice dynamics and thermodyoarmplemented in MPIOM is

_ -| Deleted: Modules for terrestrial

provided byMarsland et al{2003}, _-”" | biosphere (JSBACH, seBaddatz et 4.
. . . ) . . 2007) and for ocean biogeochemistry
A number of studies have evaluated the climateineariability as simulated by (HAMOCC, see\Wetzel et a).2005)
allow for an interactive representation of
MPI-ESM-COSMOS-Mill against observations, proxy-edgeconstructions and within the carbon cycle.
F d: Font: Itali
a multi-model framework [e.gHenriksson et al.2012;Beitsch et al.2013:Bothe et al { ormatted: Font: Itallc
””””””””””””””””””””””” {Formatted: Font: Italic

2013; Fernandez-Donado et al2013; Schubert et al.2013; Zanchettin et al. 2012, " { Formatted: Font:

Italic

2013a,b]. In particularBeitsch et al.[2013] showed that MPI-ESM-COSMOS- |v|||r {F°fma“ed=

Font:

Italic

{ Formatted:

Font:

Italic

spontaneously generates positive decadal-scale etatope anomalies in_the Arctlc
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the same configuration as MPI-ESM-COSMOS-ML, et al. [2013] used idealized. -~ {F°rmaued: Font: Italic J
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global warming simulations performed with ECHAMS/MM in the same
configuration to explore the long-term stability Afctic and Antarctic sea ice against
slow changes in atmospheric £GbncentrationNotz and Marotzk§2012] showed that -~ LFermetted: Fons 125, Subscrt |
the internal variability of Arctic sea-ice coverage simulated by ECHAM5/MPIOM
agrees favorably with the observed internal valiigbiClimatological characteristics of
sea-ice concentration simulated by MPI-ESM-COSMO8-Mre provided in the
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supplement (Figures S1 and S2). They agree well thibse described hjungclaus et - -
al. [2006] for ECHAMS5/MPIOM.

Four simulation ensembles are considered descrillieg climatic effects of

idealized volcanic perturbations of different mdgde, up to “supervolcano”-size
eruptions. The four ensembles consist of (i) temugitions forced by a 1991 Pinatubo-
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like tropical eruption, (i) ten simulations forcdoy a 1815 Tambora-like tropical
eruption, (iii) five simulations forced by a You@ba Tuff (Toba)-like eruption, i.e., a
tropical eruption with 100-times the emission sgjthnof the Pinatubo eruption, and (iv)
ten simulations forced by a Yellowstone-like eraptii.e., same as Toba, but located in
the Northern Hemisphere’s mid-latitudes). In th#ofeing, we refer to the ensembles
avoiding the volcanoes’ specific names to highligheir idealized character. We
thereafter refer to the Pinatubo and Tambora sinous/eruptions as “historical”
(namely HIST1 and HIST2, respectively), since thexgtions are representative of the
magnitude of volcanic eruptions that occurred dytime last millennium. The Toba and
Yellowstone “supervolcano” ensembles are referredas SUPER1 and SUPER2,
respectively. HIST2 corresponds to the VO2 ensembl@anchettin et al.[2013].
SUPER1 entails the simulations used Timmreck et al.[2010, 2012]. SUPER2
simulations are those describedSagschneider et gl2012]. Each ensemble consists of
simulations differing only in their initial climatstates, which are sampled from a multi-
millennial pre-industrial control simulation [as ads in Timmreck et a). 2010, and
Zanchettin et al.2013]. In HIST1, SUPER1 and SUPER2 the eruptions &tajtine of
the first integration year. In HIST2 the eruptiaiarss in April, according to historical
reconstructions of the 1815 Tambora eve@roley et al.[2008], Crowley and
Untermann [2012]). HIST2 simulations include the eruptionscanstructed for the
subsequent decades, e.g., the Cosiguina eruptitimeiarly 1830sZanchettin et al.,
2013.

Volcanic forcing implemented in MPI-ESM is based zonally-averaged time
series of aerosol optical depth (AOD) at 0,56 and of effective particle radius &R
For HIST2, we use the reconstructed 10-day averalyes of AOD and & by Crowley
et al.[2008]. Data are provided for four equal-areadualinal bands (90°S-30°S, 30°S-0°,
0°-30°N and 30°N-90°N). Volcanic aerosols are walty distributed between 30 and 70
hPa, with a maximum at 50 hPBifnmreck et al.2009]. For the other ensembles, AOD
and R¢ are estimated following the two-step approach mlesd by Timmreck et al.
[2010]. Briefly summarizing it: in the first stepe formation of volcanic sulfate aerosols
is calculated from an initial volcanic sulfur infem in the stratosphere by the middle
atmosphere version of the aerosol climate model AGHAM [ Stier et al.,2005;
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Niemeier et al.2009]; in the second step, the zonally-averagenthty time series of the
so calculated AOD and R values are used as external forcing in MPI-ESMe D
subsequent temporal interpolation of input dat&ERHAMS5, in MPI-ESM the eruption
is tailed in the month preceding its occurrencEGHAM/HAM.

In all simulations, the time-dependent AOD ang Ralues are used to calculate
online the optical parameters of the ECHAMS5 radiatscheme, including extinction,
single-scattering albedo and asymmetry factor lier dix solar bands (0.185pn), and
extinction for the 16 long-wave wavelength bands3{B0 um). Aerosol sizes are
assumed to be distributed with a constant standiewition of 1.8um.

The global-average air surface temperature dragy #fe 1991 Pinatubo eruption
in sensitivity experiments conducted with MPI-ESM domparable with observations
[Timmreck et a).2009]. Global and hemispheric near-surface amprature changes in
a full-forcing COSMOS-Mill simulation ensemble arwl the Tambora eruption
employing the same volcanic forcing input as th&F ensemble are compatible with
estimates from observations and reconstructidagghettin et a).2013).

Responses are diagnosed through analysis of ens@awblages. For time series,
we use deseasonalized and then low-pass filteregsaSeasonality is computed based
on control-run data and then subtracted from ath.d&iltering consists of 3-month
centered running-mean for atmospheric variabled, Z8imonth centered running-mean
for oceanic and sea-ice variables, unless spedifieerwise. Anomalies are evaluated as
deviations from the pre-eruption climatology, definas the mean climate state during
the ten vyears/winters/summers preceding the emptiBost-eruption years are
progressively numbered starting from the year efdtuption, which is defined as year 0.

A Monte-Carlo approach is used to estimate thdassitl significance of the
forced signals [e.g.Graf and Zanchettin 2012]. Specifically, the ensemble-average
signals obtained from an ensemblendbrced simulations are compared with a large set
of analog ensemble-average signals (here 500)rautddy randomly sampling years
along the whole length of the control run. The emopl distribution yielded by these
analog ensemble-average signals describes prdtiaailly the range explicable by
internal variability alone, which we also interpreis the confidence level of
corresponding signals in the forced ensembles gavaturred by chance. We consider
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as reference the 98% range (i.6-98" percentile band) of such distribution in order to
have a conservative estimate of internal varigbsgignals. Since the procedure is only
based on the random selection of years, the autdation is preserved in the estimation
of the significance.

Total sea-ice area in the Arctic and in the Aniarist calculated as the areal sum
of sea ice covering the ocean in the Northern amattgrn Hemispheres, respectively.
Analogously, total sea-ice volume is defined asstim of local (i.e., grid-point) products
of grid-cell area and grid-cell-average sea-icekihéss. The sea-ice edge is defined as
the line denoting the sea-ice extent margin, the ,area enclosing sea-ice concentrations
exceeding the 0.15 threshold (in the range [0:hlgne 0 indicates no sea ice in the grid-
cell and 1 indicates sea ice fully covering thelgrll).

Meridional ocean heat transporit$T are calculated at 60°N and 60°S as in
Zanchettin et al[2012] based on the equatiddT = 2,5, v T ¢ o dx dz wherev is the
meridional velocity component, is temperatureg, is specific heat capacity at constant
pressurep is density, andiz and dx represent, respectively, the integrals along depth
and longitudes. The zonal mean component of tla toeridional ocean heat transports
is considered to be associated with the overturtiagsport; the residual component is
considered to describe the gyre contribution tottial meridional ocean heat transport.
Accordingly, deviations o andT from the respective zonal mean values are us#tkin
above mentioned equation for the calculation ofgyre contribution taHT.

The meridional atmospheric energy transport ard@0fiN and 60°S are defined,
following Keith [1995], as the zonal integral at, respectively28IN and 61.23°S of the
convergence of the atmospheric energy transpotionv&g, which can be written for
latitudeA as:

1 Ps
F, =I—DDFAdx=I—D*—I(cpT +d+Lg+k)vdpdx (1)
A A g 0
wheredp anddx represent, respectively, the integral along preskavels and longitudes,
C,I + @ represents the dry static energy, with the spetiat of the atmosphere at
constant pressure,, temperaturel, and geopotentia®. The moist static energy is
depicted byc,T + @ + Lq, with latent heat of evaporation/condensatiorand specific
humidity g. The horizontal wind vector is represented \byAs kinetic energyk is
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typically a small component of the energy budgetsiignored in the following. The
small latitudinal difference between atmospherid aneanic heat transport calculations
is of negligible concern, since we do not aim tosel the energy budget for the two

regions.

3. Results

3.1 Imposed forcing and global/hemispheric resposise

The imposed forcing is very well constrained witlki#ch of the four ensembles (Figure
1). Estimates based on top-of-atmosphere radiatn@malies for individual ensembles
are consistent with previously reported ongsnmreck et aJ.2010;Segschneider et al.
2012; Zanchettin et al. 2013]; we therefore describe only major features areérin
ensemble differences. Especially during the fitsie¢ post-eruption years, ensemble
standard errors are barely distinguishable from ¢beresponding ensemble-average
values. Peak negative anomalies in the global fegirnosphere net radiative flux range
between ~ -3 Wi for HIST1 and ~ -27 Wrfi for SUPER2 (Figure 1c). SUPER2 leads
to a slightly stronger forcing than SUPER1 in tle radiative flux estimate (Figure 1c).
This highlights the dependence of the net forcingh® shape of post-eruption evolutions
of the shortwave and longwave radiation flux andesalsince these have otherwise
similar peak values in the two ensembles (Figurb)1dhe evolution of radiative fluxes
is directly linked to the evolution of the volcaraerosol mass, which builds up slower
during the first post-eruption months in SUPER2 pamed to SUPER1 (not shown).
This seems to be the key to understanding the rdiftes between the two
“supervolcano” ensembles and the distinguishingstraf the former. The positive net
flux anomaly around lags of 42 to 78 months is nyain consequence of the ocean
releasing less latent heat to the atmosph&marhreck et aJ 2010;Zanchettin et a).
2013.

On the global scale, the four ensembles depictifgignt post-eruption drops in
surface (2 meters) air temperature and precipitafleigure 2a,b). Cold temperature
anomalies consistently peak in the boreal summemaw of year 1, i.e. slightly after the
peak in the forcing (compare with Figure 1c), witdrger ensemble spread for the
historical eruptions (note, SUPER1 consists of divg simulations). HIST1 displays a
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temporary initial recovery of the temperature sigimawithin the internal variability
range in year 2, when typically a warm ENSO evests Sn. The ensemble-mean
simulated maximum cooling for HIST1 matches theepbsd maximum cooling of 0.4 K
estimated for the Pinatubo @hompson et al[2009]. Annual oscillations in the post-
eruption anomalous temperature evolution in thepéswolcano” ensembles indicate a
seasonal differentiation of the response, with &lorevinter semesters being
comparatively colder than summer ones from yean®amds. The global temperature
responses differ appreciably between SUPER1 ancE®APInter-ensemble differences
in global precipitation regard the timing of thesperuption fluctuation, delayed in the
case of SUPER2 compared to SUPERL, rather tharstihpe of the post-eruption
fluctuation and its peak value. Post-eruption ari@saof hemispheric-average surface
air temperature (Figure 2c,d) further highlight ttiéferences between historical and
“supervolcano” eruptions. For the two historicaligions, inter-hemispheric differences
are small and remain mostly confined within thesinal variability range after the first
two post-eruption years (Figure 2d). For the “suplano” ensembles, inter-
hemispheric differences are large and remarkabdependent of the location of the
eruption (Figure 2d): the Northern Hemisphere ugdes a much stronger and longer
lasting cooling compared to the historical ensesfégure 2c¢), with a more pronounced
seasonal character than the Southern Hemisphermpére Figure 2d). As a
consequence, in both “supervolcano” ensemblesribmalous hemispheric temperature
evolutions deviate considerably from the globaineste.

Overall, we diagnose qualitatively similar featuineghe different ensembles that
point to an amplification of the forced global sidm with increased magnitude of the
eruption. “Supervolcano” simulations feature a héggmnal-to-noise ratio, and even the 5-
member SUPER1 ensemble is suitable for robust Hheraispheric-scale inferences.
Inter-hemispheric differences are apparent in tinéase air temperature responses to
“supervolcano” but not historical-size eruptiongggesting that substantially different

dynamical responses may characterize the diffenermmtion sizes.

3.2 Sea-ice response



374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404

The post-eruption anomalies of Arctic and Antarci&a-ice area and volume depict
major inter-hemispheric differences in the seadiesponses to both historical and
“supervolcano” eruptions (Figure 3). In the Arctitie total sea ice expands for all
eruptions (Figure 3a,c). The post-eruption positimemalies of total Arctic sea-ice area
and volume are of comparable magnitude for thehistorical eruptions, but their timing
differs. Total Arctic sea-ice area and volume anlg@aare about one order of magnitude
larger in the “supervolcano” ensembles compareldigtorical ones. In both ensembles,
total sea-ice area and volume entail a sharp isergasimulation years 1 and 2, which is
followed by a decadal-scale progressive damperniitiggopanomaly. The larger anomalies
in SUPER2 compared to SUPER1 are likely thermaltiveth: the volcanic cloud
produced by the extra-tropical Yellowstone-like mion is more confined to the
Northern Hemisphere and produces a stronger radiaffect there, i.e. stronger cooling
(Figure 2d). The system fully reverts back to witthe internal variability range in about
2-2.5 decades.

Significant post-eruption anomalies of Antarcticatosea-ice area and volume
(Figure 3b,d) are only detected in the “supervabéaansembles. In these ensembles and
especially concerning the total sea-ice volume,afatic sea-ice anomalies are much
smaller than their Arctic counterparts (comparegtgie and d of Figure 3). This is true
for both the actual anomalies and their valuestivelao the pre-eruption climatology
(which is reported in Figure 3). Initially, a shdisted Antarctic sea-ice area increase
occurs approximately within the first two post-eiiap years, which is not accompanied
by a significant increase in sea-ice volume. Th&ans that, in contrast to the Arctic sea-
ice response, there is no post-eruption net bypldfuAntarctic sea-ice mass. As we will
further discuss in section 3.3, the areal expansiaely results in good part from a
dynamic response of the Southern Ocean’s sea liehvis advected over a larger area.
This initial expansion phase is followed by a reiduretraction phase of similar
amplitude and longer duration (Figure 3b), whickehsiracterized by a drastic reduction
in the total sea-ice volume (Figure 3d). Note, rtidun in sea-ice volume starts in year 1,
when the positive anomaly in sea-ice area is nisapeak, meaning that net losses in
volume occurs already during the horizontally exjethphase of Antarctic sea ice. In
other words, Antarctic sea ice covers a larger arkée thinning. This second phase
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consistently ends about eight years after the EmipNegative anomalies of both sea-ice
area and volume are larger for SUPERL, whose erleesptead nonetheless overlaps
with that of SUPER2 during the full duration of ttebound fluctuation.

Generally, ensemble-spreads are larger in the étitagea-ice area estimates than
in their Arctic counterparts. This is true also fhie spread in sea-ice volume in its
relative estimates, but not in its absolute valdae to smaller Antarctic climatology
(Figure 3c,d). Overall, the post-eruption sea-icel@ion appears to be characterized by
two distinct phases in the “supervolcano” ensembf@san initial phase of tendential
synchronic bi-polar expansion during integratiorargel and 2, and (ii) a subsequent,
prolonged phase of inter-hemispheric asymmetrynguntegration years 4-6.

The anomalies determining the two detected pha$egost-eruption sea-ice
evolution feature a prominent seasonal charactgu(& 4). In the historical ensembles,
the significant signals detected in the deseaszedhland smoothed series of total Arctic
sea-ice area (Figure 3a) originate from a signifidacrease during the boreal summer
season (Figure 4a). In the “supervolcano” ensembiesnitial post-eruption increase in
total Arctic sea-ice area occurs throughout the levhgear but the magnitude of
departures from the climatology is more than dodlitethe boreal summer compared to
the boreal winter. As we will show in section 3tBis behavior is most likely due to
reduced melting, i.e., thermodynamics is very intguatrfor the initial response of Arctic
sea ice to volcanic forcing. Predominance of redumemmer melting on winter growth
is smeared out in the Arctic delayed response,ta@dannual cycle averaged over years
4-6 essentially corresponds to an upward-shifteggertarbed annual cycle (Figure 4c).
By contrast, the signals in total Antarctic sea#tea are largest in the sea-ice growth
season (Figure 4b), with initial post-eruption gapreaking at ~ 1.9-2.4 million Knin
June-July and following losses peaking at ~ 1.8#flan km? in August-October (Figure
4d).

Figures 5 and 6 illustrate the regional distribntiof sea-ice concentration
anomalies for, respectively, the Arctic and the akatic region during the two detected
phases of post-eruption sea-ice evolution for tHEEBR1 ensemble. Mapped values refer
to monthly anomalies at the end of the growing segse., March for Arctic sea ice,
September for Antarctic sea ice) and of the melsiegson (i.e., September for Arctic sea



436 ice, March for Antarctic sea ice). Immediately aftee eruption, the March Arctic sea-ice
437 concentration increases especially in the gulf tiska/eastern Bering Sea and in the
438 outer Labrador Sea/western North Atlantic, whemgba-ice edge significantly advances
439 (Figure 5a). Widespread reduced melting result®xtensive increases in September
440 Arctic sea-ice concentrations. These are partibuléarge in the Canadian Arctic
441  Archipelago and in the Baffin Bay, where the seaddge advances as far as reaching the
442 Hudson and Davis Straits, along the East Greentament, and in the Barents and Kara
443  Seas, with the latter basin being fully sea-iceeted (Figure 5c¢). The same regions are
444  important for the total Arctic sea-ice area anomialythe second phase of the post-
445  eruption areal evolution of sea ice. Then, thergfest contribution to the winter anomaly
446 of Arctic total sea-ice area comes from the Nortitaitic/Nordic Seas sector, where
447 March sea-ice concentrations increase by as muél%s(Figure 5b). September Arctic
448 sea-ice concentration anomalies are also stillifsignt over extensive regions, but with
449 overall smaller amplitudes (Figure 5d).

450 In the Antarctic, total sea-ice area anomalies @raeduced amplitude and
451 extension in austral summer during both phasesu(€igb,d). Immediately after the
452  eruption, there is a circumpolar tendency towardsitive March anomalies of sea-ice
453 concentration, though these are strongest and entemisive off the West Antarctic coast,
454  where they result in a local advance of the seadge (Figure 6a). Later on, the same
455 region faces a marked reduction of March sea-ice@atrations and a consequent retreat
456 of the sea-ice edge (Figure 6b), which is again pia general circumpolar tendency.
457  The regional details of September anomalies of wtitasea-ice concentration during the
458 two phases provide a more complex picture (Figurd)6 In both phases, negative sea-
459 ice concentration anomalies are diagnosed off ts& Bntarctic coasts and in the outer
460 Weddell Sea. In the latter region, the responseti@adypical traits of an open-ocean
461 polynya, i.e. an ice-free area within the ice covand is surrounded by positive
462 anomalies leading to a locally advancing sea-icgeeduring the initial post-eruption
463 phase (Figure 6¢). Anomalies spatially extend mwidely in the second phase, when a
464 general retreat of the sea-ice edge is diagnosgdré=6d). Whereas no significant large-
465 scale changes are detected west of the Antarctimfda in the initial phase (Figure 6c¢),

466 the same region faces later a reduction in seaaoeentration which is locally as large
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as 60% and results in a strong retreat of the aemailge (Figure 6d). Whereas both
phases indicate reductions in September sea-iagentmtions in the outer Ross Sea, the
initial post-eruption phase entails also an exiangicrease along 60°S (Figure 6c).
Differences between the shown SUPERL1 patternsted$UPER2 analogs (not
shown) are generally minor. For historical erupsiosignificant post-eruption sea-ice
concentration anomalies are usually local, but g@lyepoint towards an agreement with
the “supervolcano” ensembles concerning the terideific the key regions (not shown).
In summary, the sea-ice response to volcanic emptin MPI-ESM-COSMOS-
Mill strongly depends on the amplitude of the inediglobal perturbation and, to a lesser
extent, the location of the eruption (compare,,dlie Arctic sea-ice response to the
SUPER1/tropical and SUPER2/mid-latitude eruptiong)l ensembles feature a
temporary post-eruption increase in Arctic seavdg)e no robust signature on Antarctic
sea ice characterizes historical-size eruptione pbst-eruption sea-ice evolution in
“supervolcano” simulations can be clearly separaigmtwo phases: an initial one of bi-
polar expansion and a delayed one marked by th&asbtrbetween persisting Arctic
expansion and strong Antarctic contraction. Theefatonstitutes a counterintuitive
simulated behavior, whose explanation seemingly lie the anomalous seasonal

behavior in a few key regions. This is exploredtfar in the next section.

3.3 Mechanism of Arctic and Antarctic sea-ice respe to a “supervolcano” eruption

In this section, we focus on the mechanism(s) likttie sea-ice response to the SUPER1
eruption during the initial bi-polar synchronic glesand the subsequent inter-hemispheric
asymmetric phase. The SUPER1 ensemble is chosengathe two “supervolcano”
eruptions since previous studies on the same ensegffinmreck et al.2010; 2012]
provide context to our inferences.

Immediately after the eruption, the meridional dEmperature gradient

temporarily increases in the lower stratosphered®mentary Figure S3) due to the in-
- { Formatted: Font: 12 pt, Italic J

situ_heating by the volcanic aerosols. As a consecel [see, e.qlimmreck 2012], the

stratospheric_polar vortex strengthens in both bBpheres until the volcanic cloud

dissipates, i.e., for the first two post-eruptiorass (Figure S4). The tropospheric

response is dominated by significant cooling, whiehmsists especially in the Northern
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Hemisphere winter (Figure S3), and by weakenintyaih the Hadley and Ferrell cells

(Figures S5-S6), which is consistent with a slowsdmf the global hydrological cycle

(Figure S7, also compare Figure 2b). The weakeafribe general circulation is further

associated with weakened tropical and mid-latitedeal flow in both hemispheres

(Figure 7b). This is also concomitant with shovell anomalous eastward polar

circulations, which we interpret as part of the daward propagation of the volcanically-

forced strengthened stratospheric _polar vorticemalmean meridional winds at their

climatological hemispheric maxima around 30°N a@¥S5also depict a significant

reduction of the zonal-mean northward flow in ye#f8 in the Northern Hemisphere

(Figure 7c).

Later on, anomalies in the general atmospheric ulgition become less

pronounced and are only locally significant, thowadaker-than-normal jet conditions

remain apparent (Figure S4). So, internal atmosplpeocesses strongly contribute to the

initial response, whereas climatic_signals on tleeadal scale are mostly related to

oceanic_and ocean-atmosphere coupled processesisTiur example the case for the

significant though rather small increase of theatonean southward flow in years 5-6

detected in the Southern Hemisphere (Figure 7cg Sthucture of vertical profiles of

zonal-mean anomalies of atmospheric parameterstdemn overall symmetry between

the general atmospheric circulation of Northern 8odthern hemispheres in both phases

of post-eruption sea-ice response (Figures S3-STH8. persistent colder tropospheric

anomalies over the Arctic, especially during thetNern Hemisphere winter, contrasting

the comparatively weak and short-lived Antarctiomalies represent the most apparent

inter-hemispheric asymmetry in the post-eruptionagphere (Figure S8).

Significant decadal anomalies characterize the-gasgition evolutions of zonal-
mean surface temperature and its associated hesnispheridional gradients (Figure
7a). The post-eruption anomalies depict: (i) striomigal cooling, mostly related to quick
responses over the landmasses; (ii) bipolar asyrgmetthe form of delayed and
prolonged (compared to tropical regions) coolingtia Arctic contrasting the reduced
cooling and subsequent warming in the Antarctiig} ifiter-hemispheric asymmetry in
the equator-to-pole temperature gradient, in thenfef a temporarily strengthened
gradient in the Northern Hemisphere contrastingadopged weakened gradient in the
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Southern Hemisphere; (iv) delayed (compared to bothical and polar regions) cooling
in the equatorial band, seemingly “phasing” ENS@ taa Nifia state in year 3. The latter
feature is associated to a temporary reduction erfidional gradients, which feature at
this stage highly significant negative anomaliethiem Southern Hemisphere.

Jhe anomalous atmospheric energy and oceanic reaports into the polar -
regions (Figure 8) provide constraints to our chusterpretation of the diagnosed
regional changes. In the Northern Hemisphere, figmt (i.e., outside the internal
variability range) and prolonged reductions in theridional heat transport into the
Arctic region are diagnosed for both the atmosptzare the ocean: The reduction in
atmospheric heat transport peaks at around lag &d#hs and remains at significant
levels over a 6-year period; oceanic heat trangparduced below the lower threshold
of internal variability around lag 24-months andgits in an anomalously low state for
almost one decade. The estimated dry static atmeoisplenergy transport remains
generally within the internal variability range,twia less clear ensemble-mean evolution
compared to the moist static energy transport (€ig@a). This indicates that the latent
heat component — entailing reduced global oceaseto$o the atmosphere (not shown)
and reduced global precipitation (Figure 2b) — dwates the response over the thermal
component. At this latitude, the post-eruption aalmms oceanic heat transport is
dominated by the gyre component (Figure 8b), wisighees with the general behavior
typically simulated by MPI-ESM-COSMOS-Mill [e.gZanchettin et a).2012, 2013].

In the Southern Hemisphere, the atmospheric entaggport into the Antarctic
region is significantly reduced between about 2 &ydars after the eruption (Figure 8c),
reflecting the evolution of anomalous equator-ttepsurface temperature gradient
(Figure 7a). In absolute values, the associateld pest-eruption anomaly is about half of
its Arctic counterpart (compare panels a and c igufe 8). An initial, short-lived
response is diagnosed in the estimated dry statiwospheric energy transport,
compatible with the surface and tropospheric cgobimulated around these latitudes
(compare Figure 7a), which is evidently compensatedn increase in the atmospheric
latent heat component. Oceanic heat transport tildo Antarctic is characterized by
strong interannual variability in its post-erupti@momalous evolution as well as by
strong internal variability compared to its Arctiounterpart (compare ranges in Figure

Deleted: Significant changes in the
large-scale mid-tropospheric circulation
are confined to the first 5-6 post-eruptig
years. Changes in the zonal-mean zon
winds describe a general weakening of
the tropical and mid-latitude circulation
of both hemispheres, though persisting
longer in the Southern Hemisphere
(Figure 7b). This is concomitant with
short-lived anomalous eastward polar
circulations, which we interpret as part 0
the downward propagation of the
volcanically-forced strengthened
stratospheric polar vortices (not shown).
Zonal-mean meridional winds at their
climatological hemispheric maxima
around 30°N and 50°S depict a significan
reduction of the zonal-mean northward
flow in years 1-2 in the Northern
Hemisphere and a significant though
rather small increase of the zonal-meal
southward flow in years 5-6 in the
Southern Hemisphere (Figure 7c). In the
first two post-eruption years, the zonal
and meridional wind response can be
traced back to significant weakening of
both the Hadley and Ferrell cells (not
shown) consistent with a slow-down of
the global hydrological cycle (compare
Figure 2b). During the second phase,
zonal-mean vertical velocities depict a
different behavior in the two
hemispheres: during boreal summer the
Northern Hemisphere features, as mos
prominent feature, a small though
significant weakening of the upper and
descending branches of the Hadley cell;
during austral summer, the Southern
Hemisphere features an expanded polar
cell (not shown) consistent with the
diagnosed changes in the meridional
winds (Figure 7c).1
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8b,d). As a consequence, despite peak anomaliagt abixe those diagnosed in the
Arctic, the post-eruption ocean heat transport ihi® Antarctic remains mostly within
the internal variability range. The most significéature is a temporary reduction in the
total poleward transport around lag of 48 monthgufe 8d). As for the Northern
Hemisphere, at these latitudes oceanic transpddrsnated by the gyre component.

In summary, both polar regions feature a post-@optlecrease in the energy
import. However, the decrease is overall more figit for the Arctic due to an overall
more constrained oceanic internal variability rangd to constructively superposing and
comparable contributions from the atmosphere aadt®an, the former being pivotal in
the initial response phase and the latter domigative response thereafter. For the
Antarctic, both oceanic and moist atmospheric enetrginsports remain initially
unaffected, pointing towards dynamical circulatiohanges as cause for the initial
Antarctic sea-ice response. Furthermore, the ratevaf the ocean for the post-eruption
Antarctic energy budget and its attribution to thgosed forcing is hampered by its
strong internal variability. It is therefore impant to relate anomalous ocean meridional
heat transports to dynamical changes in the oce#naiglation.

In the Northern Hemisphere, the general respongieabceanic circulation to the
SUPER1 eruption is in line with the behavior typliigasimulated by MPI-ESM-
COSMOS-Mill after historical-size eruptions [seeg.eZanchettin et a).2012, 2018].
We therefore only show changes more closely relatedea ice. The post-eruption
reduction in gyre-driven northward heat transpsrtlearly associated with a weakening
of the subpolar gyre and of the North Pacific gyrdhe Kuroshio-Oyashio extension
region (Figure 9a). The weak Gulf Stream togethith wtrong anomalous ocean heat
losses to the atmosphere contributes to anomalolds conditions in the upper polar
ocean (not shown). The regional cold anomaly sostidie deepening of the ocean mixed
layer, which occurs largely in the western portioihthe subpolar gyre and in the
Irminger and especially Nordic Seas (Figure 10a&sokiated processes of deep water
formation result in a progressive intensificatidntlee Atlantic Meridional Overturning
Circulation (AMOC) of up to 3 Sv at 30°N and 100Qdepth, which in turn allows for a
delayed temporary increase in the northward ocesi Advection in the tropical and
mid-latitude band (not shown). Anomalously strorgpanic convection in the Nordic
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Seas occurs also during the second phase of theepgsion sea-ice response (Figure
10b) due to the persisting cold anomaly (comparmguriéi 7a). Insulation from the

meanwhile advanced sea-ice edge confines the eafdtie deepening region (Figure

10b), exemplifying how the sea-ice evolution islyfubembedded within the general

coupled atmospheric/oceanic response mechanismfuMteer note that at this later

stage, the anomalous patterns of both surface giflesges and near-surface atmospheric
circulation do not reveal robust large-scale fesgu not shown), confirming the

predominant role (relative to the atmosphere) efahomalous decadal oceanic evolution
for sustaining the post-eruption Arctic sea-iceraalty.

In the Southern Hemisphere, the initial Antarcea-$ce response is a dynamical
consequence of a strengthened circumpolar wesigrbulation along the sea-ice
margins. This feature is especially evident in mhswinter (Figure 11b), when it
describes a poleward shift of the mid-latitude wdis partly superposing on a positive
phase of the Southern Annular Mode. An only simi&ature is noticeable in summer,
when the pattern describes a weakening of bothr pold mid-latitude flow (Figure 11d)
typical of a negative phase of the Southern AnnMlade. The marked seasonality in the
near-surface wind response goes along with the edagskasonality diagnosed in the sea-
ice area response (Figures 4b and 6a,c). Our netetjpn is therefore consistent with the
enhanced connectivity of observed sea ice varigbib the overlying atmospheric
circulation associated with large-scale modestikkeSouthern Annular Mode and ENSO
[Simpkins et a).2012]. Disentangling the different contributiotts the post-eruption
polar circulation in the southern-hemispheric lowteoposphere would require a
dedicated study. We only remark the importanceéhefantagonism between the thermal
(i.e., meridional gradient in surface cooling, Figwa) and dynamical (i.e., downward
propagation of strengthened stratospheric polartexpr effects. The Antarctic
Circumpolar Current (ACC) weakens (Figure 9c) ispanse to the weakened (in
summer) and southward shifted (in winter) circunapoimid-latitude westerly flow
(Figures 7b and 11b,d). During this initial resporghase, the ocean undergoes also
important dynamical modifications at the regiorzls. In particular, the September sea-
ice concentration locally decreases in the seantegior region of the outer Weddell Sea
(Figure 6¢). This area features significantly sgtéened ocean energy losses to the
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atmosphere (Figure 11c) that are related to afsigni deepening of the mixed layer

(Figure 10c), hence penetration of the post-ermptiold anomaly into the deep ocean
layers. Of course, the causal chain linking thesaufres cannot be depicted without the
support of dedicated sensitivity experiments. Suedponse is not diagnosed within the
ice-covered region of the Ross Sea despite locahgthening of ocean heat losses
(Figure 11c).

Local feedbacks involving sea-ice area, turbuleaathfluxes and modified
atmospheric circulation complete the explanation tfte diagnosed sea-ice behavior
during the second phase of Southern Hemisphera:gsaesponse. We note particularly
the anomalous equatorward near-surface atmospihmsis off the West Antarctica coast
in austral summer (Figure 12b) and in the outersR&sa in austral winter (Figure 12d),
which are associated with local negative surfacergnflux anomalies over extensive
regions (Figure 12a,c). The local anomalous nedase winds set in under significantly
weakened mid-latitude westerly circulation, esplsciduring austral summer (Figure
12b). The anomalous near-surface wind patternrasist the zonal-average tendency in
the mid-troposphere (Figure 7c¢) and is consisteittt & net reduction of atmospheric
energy import into the Antarctic region (Figure .8dhe latter should therefore be
regarded as mainly a consequence of local cougledmatmosphere dynamics internal
to the Antarctic region. The consistency with cepending anomalous patterns in the
SUPERZ2 ensemble (not shown) adds support to ttagpiretation.

Enhanced deep convection still takes place in tleeld®ll Sea region during the
second response phase (Figure 10d), though its itndgnand extent are reduced
compared to the initial anomaly. Again, the cawselin for this behavior cannot be fully
clarified based on our experiments alone allowing tentative hypotheses only. We
accordingly interpret the strengthened oceanic ection as a likely consequence of
locally strengthened surface exchange processgaré-iL2c) favored by the meanwhile
decreased winter sea-ice area (Figure 6d). Werdgasd the negative sea-ice anomaly as
the closure element of the feedback mechanism ciegizing the post-eruption ocean-
atmosphere evolution in the Weddell Sea region, the regional anomaly persists until
the anomalous large-scale atmospheric circulatistams a local sea-ice reduction).
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4. Summarizing discussion

In this study we used ensemble climate simulatiperformed with the COSMOS-Mill
version of the Max Planck Institute-Earth systemdeld MPI-ESM) to investigate the
decadal response of Arctic and Antarctic sea iostoanic perturbations. We considered
volcanic eruptions of different magnitude, ranginffom historical-size to
“supervolcano’-size, the latter with different cheteristics, including tropical and extra-
tropical locations. In all ensembles a sustainadydly thermally-driven expansion is
robustly simulated for total area and volume oftirsea ice. Amplitude and duration of
the anomalies essentially depend on the magnitfideeoimposed forcing. In contrast,
the simulated response of Antarctic sea ice isivdufor the historical-size eruptions,
while “supervolcano” eruptions induce an initialostlived, mostly dynamically-driven
Antarctic sea-ice expansion which is followed bgralonged retraction phase. For both
historical and “supervolcano” eruption-types wegthiese, therefore, an inter-hemispheric
asymmetry in the simulated post-eruption decadalugion of sea ice.

In the case of a “supervolcano” eruption, the asgtnynprimarily derives from
the different sensitivity of Arctic and Antarctiegional climates to the induced global
energy imbalance and from the associated large-stalospheric and oceanic dynamical
reactions. Thermodynamics is the key for the Arsda-ice expansion, which is triggered
by the initially reduced atmospheric heat import & then sustained on a decadal time
scale by the meanwhile reduced oceanic heat impateworthy, decadal responses of
North Atlantic/Arctic large-scale oceanic circutati are qualitatively similar for
historical and “supervolcano” eruptions, both intthg a delayed strengthening of the
AMOC and a north-westward compression of the sulipgyre (compare Figure 9b with
Zanchettin et al][2012]). For the “supervolcano” eruptions, howevibe post-eruption
drop in the heat content of the global upper odeano large to allow for circulation-
driven positive anomalies of ocean heat transpoi@ the Arctic, as diagnosed for
historical eruptions [seganchettin et a).2012, 2013].

In contrast to Arctic sea ice, Antarctic sea icacte on the short-term mostly to
dynamical atmospheric changes initiated by thearatlly-induced strengthening of the
Southern Hemisphere's stratospheric polar vortextarstic sea ice is thereafter
implicated in local surface energy exchange prasdsminating the response diagnosed
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at the hemispheric scale. The post-eruption anesalf lateral oceanic heat flux are
larger in the Antarctic than in the Arctic, but yhenly temporarily exceed the internal
variability range (Figure 8d). We regard the tenapily, significantly decreased
poleward oceanic heat transport around year 4raarginal contributor to the Antarctic
sea-ice anomaly (negative at this stage). Postierupegative anomalies of atmospheric
energy fluxes are likely a consequence of rathanth cause of the chain of local
feedbacks within the Antarctic region. The subsédigtdifferent exposure of the Arctic
and Antarctic regional climates to volcanicallyded energy imbalances explains why
the inter-hemispheric asymmetry becomes apparetit wcreasing magnitude of the
eruption.

In both the Arctic and the Antarctic, regions ofosgest simulated sea-ice
response correspond to key regions for sea-ice iaaetap variability found in
reconstructions and observations. For instanceneite increases in September Arctic
sea-ice concentrations are simulated in the Canafdietic Archipelago and in the Baffin
Bay (Figure 5c). This is in agreement with recavfigce-cap growth from Arctic Canada
covering the last millennium indicating a strongklito large volcanic eruptions
[Anderson et a) 2008;Miller et al., 2012]. In our simulations, internal variability of
Antarctic sea ice is stronger for total area andkee for total volume compared to Arctic
sea ice (Figure 3, note that total Antarctic seawolume is almost half its Arctic
counterpart). As shown by the forced responses,dptraric metrics for the Antarctic
often mask strong spatially-heterogeneous vartghb{figure 6c), as also indicated by
observations [e.g.Simpkins et al. 2012, 2013]. The interplay between large-scale
dynamics and local processes highlights severataet mechanisms and features, which
need to be reliably represented in models to buitshfidence in the simulated
representation of post-eruption sea-ice evolutigrasticularly for the Antarctic. These
include, among others, the global hydrological eythe downward propagation of polar
vortex signals, ENSO, the global oceanic conveydreat, and the atmospheric forcing
of the Antarctic circumpolar current (ACC).

The downward propagation of volcanically-forced agispheric signals,
especially the post-eruption strengthening of tinat@spheric polar vortex, is important
for the initial dynamical atmospheric response pl@sive volcanic eruptions [e.g.,
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Stenchikov et al.2006;Fischer et al. 2007;Zanchettin et a).2012]. The stratospheric
polar vortex significantly strengthens after thapion in both hemispheres in HIST2,
SUPER1(Figure S4)and SUPER2, with duration tracing that of the inggbsadiative
anomaly, but it does not in HIST1 (not shown). @igrin the polar mid-troposphere are
robust only for “supervolcano” eruptions (compargufe 7b). Larger ensembles could
fully clarify whether the lack of robust dynamicaimospheric responses for historical
eruptions reflects a low signal-to-noise ratio eattthan a truly lacking dynamical
response. The latter hypothesis, however, is stgdry the deficient representation of
stratospheric dynamics and stratospheric-tropospheupling in latest-generation “low-
top” coupled general circulation models (CGCMEhérlton-Perez et al.2013;Omrani
et al, 2013], a characteristic which is shared by thesion of MPI-ESM used here.
Similar concerns arise about the simulated soutlrepospheric mid-latitude jet,
e.g., its too equatorward climatological positior.gf, Swart and Fyfe 2012].
Furthermore, simulated Antarctic sea-ice variapiliand sensitivity to external
disturbances may as well suffer from an imperfeztcdiption of tropospheric internal
dynamics, e.g., those related to variability of 8withern Annular ModeSimpson et al.
2012] and of the associated surface wind varigbjithang 2013]. In particular, the
strength and latitudinal position of the circumpolands affect the Antarctic sea ice via
the Ekman transportMaksym et aJ.2012;Landrum et al.2012;Weijer et al, 2012]. In
our simulations the total Antarctic sea-ice volumh@es not support the early post-
eruption horizontal expansion phase (Figure 3bed)ding to sea-ice thinning. This
contrasts other model-based indications that wingknisification tends to increase
Antarctic sea-ice volume through increased ridgasl production Zhang 2013]. The
post-eruption initial resilience of total Antarctiea-ice volume may therefore reflect a
truly distinct dynamical behavior related to extedynstrong volcanic forcing, but it may
also reflect poor representation of near-surfaceapheric circulation. This is important
for the case discussed here, given also the mad@sbnal character of Antarctic sea-ice
response to the volcanic perturbation during tHayiel contraction phase (Figure 4d).
The timing of the strongest post-eruption surfageling at equatorial latitudes,
delayed with respect to that at mid-latitudes sitprcontributes to the post-eruption
strengthening of meridional gradients (Figure MisTequatorial cooling has a strong
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imprint in the Pacific in the form of an apparehiaping of ENSO on a delayed La Nifia
state. This robust response of ENSO to the volcamidurbation occurs after the
maximum global surface cooling (compare with Fig@ad, when the Toba/SUPER1
ensemble indicates a non-significant, though tetigign warm, ENSO response
[Timmreck et a).2010]. ENSO in this version of MPI-ESM was cotesigly found to be
only weakly sensitive to volcanic forcing for a egtion of historical-size eruptions in
transient climate simulations covering the lastlenitium, with an only tendential
response towards a cold (La Nifia) anomalgrchettin et a).2012]. Nonetheless, two
considerations limit our confidence on the simulaterced behavior of ENSO. First,
ENSO'’s representation still is a challenge for dedlimate models [e.gGuilyardi et
al., 2009] and MPI-ESM-COSMOS-Mill produces too stroagd too regular ENSO
fluctuations [comparelungclaus et al. 2006]. Second, while observations are still
insufficient to draw confident conclusions aboue ttole of ENSO for post-eruption
dynamics of tropical and extra-tropical climateseeent reconstruction points to a robust
ENSO response to the largest historical tropicalp#ons consisting of immediate
cooling followed by anomalous warming one year raffei et al, 2013]. The
disagreement between indications from this palewté record and from MPI-ESM-
COSMOS-Mill simulations asks for additional dynaaiiinvestigations that are beyond
the scope of this study.

The strength of the ACC is overestimated in MPI-ESRSMOS-Mill
[Marsland et al. 2003; compare alsalungclaus et al. 2013]. Implications for the
diagnosed post-eruption Antarctic sea-ice evolgtiand for the global redistribution of
ocean heat anomalies are difficult to disentangléhout dedicated sensitivity
experiments. We note, however, that an overly gtieomd displaced ACC corresponds to
a biased structure and strength of the subpolaasgand of associated oceanic convective
activity. In fact, the ocean model MPIOM largelyeogstimates the mixed layer depth in
the Ross Sea and Weddell Sea gyfexfiies et al, 2009]. The latter is associated with
the occurrence of a small permanent polyriyariland et al. 2003]. Biases of this kind
could be relevant for the delayed reduction diagdda Antarctic sea ice (Figure 6d) as
well as for the propagation of heat anomalies ihi® deep ocean (Figure 11c,d). As
shown by different models, ocean/sea-ice mechanéumag the sea-ice growth phase
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are strongly interrelated with oceanic stratifioatand ocean vertical heat transport. In a
weakly stratified Southern Ocean, ice melting frooean heat flux decreases faster than
the ice growth, leading to an increase in the oetproduction and hence an increase in
ice mass Zhang 2007]. In the Community Climate System Model i@rs3, the
freshwater flux between Antarctic sea ice and thetlsern Ocean is closely intertwined
with ocean convection and deep-ocean heat uptékenjan and Bitz2011]. On the one
hand, a (climatologically) excessively mixed Soath®cean, as in MPIOMGriffies et
al., 2009], implies reduced efficiency of externatcfings to produce anomalous heat
fluxes. On the other hand, locally excessive cotivecstrength as in the Weddell Sea
would imply enhanced oceanic heat losses to thesghere. Consequently, simulated
estimates of post-eruption global air-surface caple.g., Timmreck et a.2010] may be
biased towards being too conservative.

A linkage exists between internally-generated rdettadal- and centennial-scale
variability of the Weddell Sea sea-ice cover anthefAMOC in the Kiel Climate Model
[Park and Latif 2008], where oceanic deep convection within thed@ell Sea gyre
plays a central role in the inter-hemispheric catioa [Martin et al, 2013]. Ascribing a
similar bipolar ocean seesaw to the decadal-scaleanically-forced evolutions
presented here, one would expect that the enhatesgal convection in the Weddell Sea
(Figure 11c,d) hampers the southward deep watev flo the North Atlantic, i.e.,
promote an AMOC slow-down. Overly-strong ocean @mtion in the Weddell Sea
could accordingly help explain the overall weakestperuption AMOC strengthening in
MPI-ESM-COSMOS-Mill compared to other CGCMs, ascdissed inZanchettin et al.
[2012]. We note nonetheless that this has likelly daint implications for the post-
eruption decadal Arctic sea-ice evolution, since tlorthward oceanic heat transport at
subpolar and polar latitudes is largely determibgdhe gyre circulation (Figure 8b, see
alsoZanchettin et a).2012, 2013).

Perturbation experiments like the described “supleano” experiments highlight
known limits and less understood features of CGGvd Earth system models, and
might therefore help to delimit the reliability tifeir forced dynamical climate responses
in more general contexts. We foresee several adgastin a more extensive employment
of “supervolcano” simulations as analog of, e.gidden warming experiments. The
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restoration from the induced cold anomaly highkghvariability modes and
teleconnections that would arise under backgroundrming conditions due
predominantly to internal climate variability, wkeas externally-forced warming
experiments produce forced anomalous patternsiwmiaté variability. We remark that
our 5-member Toba simulation ensemble was sufficiegield largely significant, hence
coherent, dynamical responses. Thus, such a simallemsemble allows for confident
inferences about simulated forced glob@inimreck et al. 2010] as well as regional
[Timmreck et a). 2012] changes. As shown here, “supervolcano” éxgamts allow
gaining insights on the relative importance of thermodynamical and dynamical
components of sea-ice responses to imposed negativeadiative imbalances. Such
separation highlights differences in the interraiispheric dynamics related to external

radiative perturbations.

5. Conclusions

Ensemble Earth-system-model simulations depictr-iméenispheric differences in the
decadal sea-ice response to strong volcanic engptegarding both the sensitivity to the
forcing and the sign of the induced anomalies. idrega ice is very sensitive to volcanic
forcing owing especially to its strong exposurexternally-forced changes in meridional
heat transport. By contrast, Antarctic sea ice appé& be less susceptible to volcanic
forcing and responds only to extremely large (dteda‘supervolcano”) eruptions. In
further contrast to Arctic sea ice, the post-eptevolution of Antarctic sea ice is
mostly determined by feedbacks that set in withie Antarctic region. Whereas Arctic
sea ice robustly expands for a prolonged periogt afajor volcanic eruptions, the post-
eruption Antarctic sea ice evolution includes aitidah short-lived expansion and a
subsequent prolonged contraction phase. This seasigmmetry reflects the potential of
volcanic forcing to significantly affect inter-hespheric interannual-to-decadal climate
variability in a broader context. Nonetheless, pegcesses implied in the generation of
the asymmetry include less understood, hence psorylated features. This poses non-
negligible caveats when extrapolating simulatiosduh inferences to the real climate
system. In this sense, idealized “supervolcanotypkation experiments could serve the
assessment of climate models’ performances undergforcing conditions.
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Figure captions

Figure 1 — Simulated imposed forcing in the two historical ahd two “supervolcano”
ensembles as diagnosed through anomalies in thalglwerage top-of-atmosphere solar
(shortwave, a), thermal (longwave, b) and net @iation. Lines (shading): mean
(standard error of the mean). Black dotted linedicaie the internal variability range
(n=10, see methods). The magenta vertical hatchedrticates the approximate start of
the eruptions. Lag(0) corresponds to January ofetlugption year. Positive anomalies
correspond to increased downward flux. No smoothkiag applied to the series.

Figure 2 — Simulated post-eruption anomalies of global-aversgdgace (2 meters) air
temperature (SAT) (panel a) and total precipitati@), and Northern-hemispheric
average SAT (c) and difference between Northern Sadthern-hemispheric average
SAT (d) for the two historical and the two “supdoano” ensembles. Lines (shading):
mean (standard error of the mean). Black dashes lindicate the internal variability
range (=10, see methods). The magenta vertical hatchedrisicates the approximate
start of the eruptions. Lag(0) corresponds to Jgnoiathe eruption year. Note that the y-
axis in panels ¢ and d has the same scale, higiniggthe relative magnitude of inter-
hemispheric differences in the temperature response

Figure 3 —Simulated post-eruption anomalies of Arctic (topjl &ntarctic (bottom) total
sea-ice area (top panels) and volume (bottom) ler tivo historical and the two
“supervolcano” ensembles. Lines (shading): meanmmaty (standard error of the mean).
Anomalies are smoothed with a 13-months centeredngaverage. Black dashed lines
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indicate the internal variability range=10, see methods). The magenta vertical hatched

line indicates the approximate start of the erupstid.ag(0) corresponds to January of th
eruption year. The number on top-right of each p@é¢he approximate pre-eruption

e

climatology. The y-axis has the same scale in gaaeand b, and in panels ¢ and d,

highlighting the different magnitude of the hemispb responses.

Figure 4 —Ensemble-mean simulated seasonal evolutions ofdpdraiic sea-ice area for
integration years 1-2 (panels a, b) and 4-6 (pandjsfor the two historical and the two
“supervolcano” ensembles. Gray shading (hatchedevinie) represents the 98% range
(mean) for signal occurrence in the control rugn@l in the control run corresponds to
the annual evolution averaged over three randohnbgen consecutive years, for a 10-
member ensemble.

Figure 5 —Ensemble-mean simulated March (top panels) ance8dgar (bottom panels)
Arctic sea-ice concentration anomalies for integrayears 1-2 (panels a, b) and 4-6
(panels c,d) of the SUPER1 ensemble. Only gridtpoitere the anomaly is significant
at 95% confidencenEb, see methods) are shown. The green and oraregeitidicate,
respectively, the pre-eruption average and pogitienu average sea-ice edge.

Figure 6 —Ensemble-mean simulated March (top panels) ance8dgar (bottom panels)
Antarctic sea-ice concentration anomalies for iraégn years 1-2 (panels a, b) and 4-6
(panels c,d) of the SUPER1 ensemble. Only gridtpoitere the anomaly is significant
at 95% confidencenEb, see methods) are shown. The green and oraregeitidicate,
respectively, the pre-eruption average and pogitienu average sea-ice edge.

Figure 7 -Ensemble-mean post-eruption evolution of zonal-nseaface temperature
anomalies for the SUPER1 ensemble. Positive zarhhzeridional winds are, -
respectively, eastward and northward. Filled corgdm panels a,b: Hovmoeller
diagrams, only changes statistically significar®2% confidence are shown. Line plots
in panel a: anomalies of equator-to-pole gradiEmG) for the Northern (top) and
Southern (bottom) hemispheres. EPG is definededoh hemisphere, as the difference
between values at the grid latitude closest tethetor and the first grid latitude
poleward of 70°. Dotted lines in panels a,c are @®¥fidence ranges. A 13-month
running-average smoothing has been applied tcatdl. d

Figure 8 - Ensemble-mean simulated anomalies of zonally-iategratmospheric energy
transport at ~60°N (panel a) and ~60°S (c), anduiceheat transport by advection at
60°N (b) and at 60°S (d) for the SUPER1 ensembfeed (shading): mean anomaly
(standard error of the mean). Dashed lines inditeénternal variability range (n=5, see
methods). Internal variability ranges for the ggoenponent of ocean heat transport are
not shown, since barely distinguishable from tHahe total transport. The magenta
vertical hatched line indicates the approximate stathe eruptions. Lag(0) corresponds
to January of the eruption year. Anomalies are shembwith a 13-months centered
moving average. Positive values correspond to nautth transport anomalies (y-axis is
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inverted in panels ¢ and d) to ease comparisomlefyard transports in the two
hemispheres.

Figure 9 —Ensemble-mean simulated annual-average oceanitrdyaimostreamfunction
for integration years 1-2 (panels a, b) and 4-@&iéfsmc,d) of the SUPER1 ensemble. Only
changes statistically significant at 95% confideaoe shown. The green and orange lines
indicate, respectively, the pre-eruption and posp#on average winter (top: DJF,
bottom: JJA) sea-ice edge.

Figure 10 — Ensemble-mean simulated annual-average mixed knyekness in two
oceanic deep convection regions for integratiorryda2 (panels a, b) and 4-6 (panels
c,d) of the SUPER1 ensemble. Only changes stailstisignificant at 95% confidence
are shown. The green and orange lines indicatpectisely, the pre-eruption and post-
eruption average winter (top: DJF, bottom: JJA}iseaedge.

Figure 11 —Ensemble-mean simulated Southern Hemisphere su(dEr top) and
winter (JJA, bottom) total net surface energy fliaent and sensible heat, short- and
long-wave radiation, panels a,c) and 10-meter wimoimalies (panels b,d) for integration
years 1-2 of the SUPER1 ensemble. Panels a,c: titatskndicate grid points where
changes are non significant at the 95% confideeeel;l panels b,d: only changes
statistically significant at 95% confidence foledst one of the wind components are
shown

Figure 12 —Ensemble-mean simulated Southern Hemisphere su(dEr top) and
winter (JJA, bottom) total net surface energy flilatent and sensible heat, short- and
long-wave radiation, panels a,c) and 10-meter wimoimalies (panels b,d) for integration
years 4-6 of the SUPER1 ensemble. Panels a,c: titaskndicate grid points where
changes are non significant at the 95% confideeegl;l panels b,d: only changes
statistically significant at 95% confidence foledst one of the wind components are
shown.



