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Abstract

The decadal evolution of Arctic and Antarctic seafollowing strong volcanic eruptions
is investigated in four climate simulation ensershperformed with the COSMOS-Mill
version of the Max Planck Institute-Earth Systemdelo The ensembles differ in the
magnitude of the imposed volcanic perturbationshwizes representative of historical
tropical eruptions (1991 Pinatubo and 1815 Tambara) of tropical and extra-tropical
“supervolcano” eruptions. A post-eruption Arcticasee expansion is robustly detected
in all ensembles, while Antarctic sea ice respoodly 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 irgggdras a consequence mainly of
different exposure of Arctic and Antarctic regiomdiimates to induced meridional heat
transport changes and of dominating local feedbalcks set in within the Antarctic
region. “Supervolcano” experiments help clarifyiifferences in simulated hemispheric
internal dynamics related to imposed negative adtative imbalances, including the
relative importance of the thermal and dynamicahgonents of the sea-ice response.
“Supervolcano” experiments could therefore serve @ssessment of climate models’
behavior under strong external forcing conditiond,a&onsequently, favor advancements

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

Polar regional climates are in the focus of Eaststeam investigations owing to their
strong sensitivity to external forcing and assadaiimplications for the global climate.
The so-called “polar amplification” of climate sa@js is mainly a consequence of positive
feedbacks involving snow cover and sea ice, andmerges more robustly in the
Northern than in the Southern Hemisphere [€grkinson 2004]. The different behavior
of Arctic and Antarctic sea ice is largely explainey the different geographical
characteristics of the two polar regions: The senulosed 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 sumowghlandmasses. Antarctic sea-ice,
by contrast, forms around the Antarctica landmasghe open Southern Ocean, its
northern boundary being set by the circumpolaresystf southern mid-latitude westerly
winds and ocean currents. This system makes Aitaseia ice strongly subject to
equatorward drifting and melting - which explaits weak persistence - while limiting
its exposure to global changes and associated dooesnatmospheric 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 &amdth system models [e.dlaksym
et al, 2012; Turner et al, 2013; Knight, 2014]. Aiming at a better undersliag of
simulated global sea-ice behavior and of its smitsitto external forcing, this study
investigates the decadal evolution of Arctic andahketic sea ice in a set of idealized
volcanically-forced experiments conducted with #-domplexity Earth system model.
Focus is on inter-hemispheric differences in theeise response.

Observations covering the past three decades poirdn inter-hemispheric
asymmetry in recent sea-ice cover evolution: WHhhle decline in Arctic total sea-ice
cover is among the most notable features relat@detgent 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 increasgltlgl[Stammerjohn et gl.2012;

Massonnet et 812013]. The Antarctic sea-ice increase has begesain autumn, with a
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dipole of a regionally significant positive tremdthe Ross Sea and a negative trend in the
Amundsen-Bellingshausen Sedufner et al, 2009]. Despite generally improved
representations of observed sea-ice climatology eralution [Stroeve et al. 2012],
state-of-the-art coupled climate models fail toroeljnce the observed increase in
Antarctic total sea-ice cover over the last 30 geandicating that the underlying
processes are not yet simulated correcliyrfier et al, 2013]. Therefore, understanding
the behavior of Antarctic sea ice and improvingré@presentation in climate models has
high priority for the aim of correctly reproducinige observed Arctic/Antarctic sea-ice
dichotomy King, 2014].

Internal climate variability in historical climatesimulations contributes
substantially to both Arctic and Antarctic sea-egiability [Stroeve et a].2012;Polvani
and Smith2013]. As a consequence, simulated trends iniAseia ice over the last ~ 30
years are generally smaller than suggested bylisatbtrived sea-ice productStroeve
et al, 2012], while simulated trends in Antarctic sea &e characterized by large inter-
model differencesHolvani and Smith2013]. Therefore, no conclusive assessment is
available about whether the observed sea-ice asymymeflects a characteristic (either
internally-generated or externally-forced) interigpheric mode of polar climate
variability or, alternatively, an extraordinary extally-forced feature.

Hinting towards the first hypothesis, a multicemtiah control climate simulation
features interdecadal periods characterized bytipedrends in Antarctic sea-ice cover
comparable to that observed during the last ~ 3@syBairner et al, 2009]. The 20
century experienced several decades of inter-héwmigp 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 temperatdoetuations also emerge from
reconstructed regional and continental-scale teatpex variability during the last
millennium and beyondjuncan et al.2010;Ahmed et a).2013]. Paleoclimatic records
for the last glacial maximum similarly indicate thHaeterogeneity and non-synchronic
behavior of polar ice sheets and glacier behagi@ characteristic 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.

The hypothesis of an externally-forced inter-heimés asynchronism implies
the existence of regional forcing agents and/aiesponse mechanisms to global forcing
agents that are capable to drive a (multi)decad@rihemispheric climate offset.
Stratospheric ozone depletion in the Southern Hemei® is among the regional factors
capable of affecting Antarctic sea ice, especistiyhrough tendential changes induced in
the large-scale tropospheric circulation of the tBetn Hemisphere Jillett and
Thompson 2003; Turner et al, 2009]. Coupled climate simulations including time
varying stratospheric ozone, however, do not suppocausal relationship between
stratospheric ozone depletion and increased Aiteget ice $igmond and Fyfe2014].

Strong volcanic eruptions are a likely candidate danatural forcing agent that
acts globally and yet causes pronounced differentébe inter-hemispheric response:
For the Arctic, climate simulations indicate explesvolcanism as a major source of
near-decadalgtenchikov et g1.2009;Segschneider et al2012;Zanchettin et aJ.2012,
2013a] and multidecadal-to-centenniZhpng et al. 2011] fluctuations in the total sea-
ice area. A volcanically-forced Arctic sea-ice emxgian has been suggested to be pivotal
for the onset and sustenance of the Little Ice P\#ler et al., 2012;Schleussner and
Feulner 2012], the prolonged widespread cold period sipanthe 15-18" centuries.
The same period features, however, a pronouncagtied of late-summer Arctic total
sea-ice extent in a recent millennial reconstructifiKinnard et al, 2011], a
counterintuitive behavior that highlights the coeyty of the dynamical processes
behind low-frequency variability of sea ice and atitl limited knowledge about the
climate state and the mechanism(s) behind speanificnalous episodes [e.danchettin
et al, 2013a].

The scientific literature lacks studies about theceptibility of Antarctic sea ice
to volcanic forcing. There are no sufficiently-re@m 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 puncasiimate of Antarctic sea-ice extent of
September 1964\Meier et al.,2013] during the aftermath of the 1963 eruptioMafunt

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 aJ. 2010; Charlton-Perez et al.
130 2013]. Generalizing assessments based on the@ttury eruptions is prevented by the
131 paucity and limited magnitude of the considerednésjeand by their concomitance with
132 known potential disturbances to the post-eruptiamafctic climate evolution. Such
133 disturbances include internal (e.g., a large wanene of the ElI Nifio—Southern
134 Oscillation or ENSO) and external ones. The latteuld 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 a). 2005]. Confronting the
138 “supervolcano” response with the lack of a cleapomse to 20 century eruptions poses
139 the question of whether a possible southern-herargpldynamical response remains
140 elusive due to a low signal-to-noise ratio for tiigtal-size eruptions.

141 In this study, we assess the simulated inter-hdmisp 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 response;cdimparing ensemble-average
145 simulated responses induced by volcanic perturbataf different magnitude, ranging
146 from that of a 1991 Pinatubo-size eruption to thoistsupervolcano”-size eruptions. By
147 including the latter we explore responses to fagcmplitudes pushing the simulated
148 climate to its extremes. In the past, comprehenas@essments of climate responses
149 under idealized external forcings as those use@ Ihawve been proven valuable to
150 understand simulated climate features and mecharasid, consequently, to delimit the
151 validity of model-based inferences about climateadyics 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 asyetry in simulated sea-ice behavior,
154  but we also discuss possible limitations in théiseaof the simulated sea-ice behavior in
155 the light of the ocean/atmosphere/sea-ice coupfedrdics inferred from the analysis of
156 the simulation ensemble. Our assessment thereflneedtes how deficiencies in, e.g.,
157 the representation of the Southern Ocean [Rgssell et a).2006;Weijer et al, 2012;
158 Heuzé et a).2013;Salleé et al.2013], of Southern Hemisphere’s atmospheric G@tan
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[Simpson et al.2012; Stossel et al.2011] and of sea-ice processes relevant for the
Antarctic [Landrum et al. 2012; Maksym et a). 2012] may reverberate on simulated
transient global climate variability.

We proceed as follows. First, in Section 2 we di¢te experimental design of
this study, including the Earth system model, tineutations and the diagnostic tools. In
Section 3 we present the characteristics of thelsit®d climate responses to the imposed
forcing, focusing on post-eruption fluctuations Auctic and Antarctic sea ice and
highlighting inter-hemispheric differences in th#r¢ed) post-eruption signals and
associated dynamics. We discuss our results indBegtand provide conclusive remarks

in Section 5.

2. Data and methods

We use the Max Planck Institute-Earth system m¢u&l-ESM) in its COSMOS-Mill
version. The name of this version reflects the thett the Community Earth System
Modeling (COSMOS) community used it for its Millaam Experiment, as described by
Jungclaus et al[2010.], who provide a detailed description of thedel setup. MPI-
ESM-COSMOS-Mill is based on the atmospheric generralulation model ECHAMS
[Roeckner et al.2006] coupled with the ocean model MPIOMdrsland et al, 2003;
Jungclaus et al. 2006] via the OASIS3 coupler. Modules for temastbiosphere
(JSBACH, seeRaddatz et al.2007) and for ocean biogeochemistry (HAMOCC, see:
Wetzel et al. 2005) allow for an interactive representationtioé carbon cycle. The
ECHAM5/MPIOM coupled general circulation model peipgated to the Coupled Model
Intercomparison Project 3 (CMIP3), and has beerrsitely evaluated in that context.
Jungclaus et al.(2006) describe the general climatological ocedemtures of the
ECHAMS5/MPIOM included Arctic and Antarctic sea icesimulated sea-ice
concentrations generally compare well to the oleg@ms in both hemispheres; seasonal
variation and mean distribution of Antarctic sea-iconcentrations are overall
satisfactorily simulated, though the model tends uwaderestimate winter sea-ice
concentration in the Weddell Sea and the Ross Isadunov et al.(2010) provide a
detailed evaluation of Arctic sea-ice variabilitymslated by ECHAM5/MPIOM
compared against late ®@entury observationdlotz and Marotzk§2012] showed that
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the internal variability of Arctic sea-ice coverage simulated by ECHAM5/MPIOM
agrees favorably with the observed internal valitgbi

In MPI-ESM-COSMOS-Mill, ECHAMS is run in its T31L1%onfiguration,
corresponding to a spatial resolution of 3.75° ¥53.and 19 vertical levels with the
highest one (i.e., the model top) set at 10 hPa irodel's low top restrict the
description of stratospheric and coupled stratasptreposphere dynamics [e.@rani
et al, 2013], which may affect the dynamical atmospheggponse to volcanic forcing
[e.g.,Charlton-Perez et al2013]. MPIOM is run in its standard configuratiGiR30L40,
corresponding to a horizontal grid-spacing of al®0f and 40 vertical levels. It embeds
a dynamic-thermodynamic Hibler-type sea-ice modeldetailed description of the
treatment of sub grid-scale mixing and of the seadynamics and thermodynamics
implemented in MPIOM is provided biylarsland et al[2003].

A number of studies have evaluated the climateitsnhriability as simulated by
MPI-ESM-COSMOS-Mill against observations, proxy-eageconstructions and within
a multi-model framework [e.gHenriksson et al.2012;Beitsch et a.2013;Bothe et al.
2013; Fernandez-Donado et al2013; Schubert et al.2013; Zanchettin et a). 2012,
2013a,b]. In particularBeitsch et al.[2013] showed that MPI-ESM-COSMOS-Mill
spontaneously generates positive decadal-scaleetatope anomalies in the Arctic
region that are compatible with the observed emskidown as the “early twentieth
century warming”. Tietsche et al [2011] explored recovery mechanisms of Arctic
summer sea ice through perturbation experimentdwziad with ECHAMS/MPIOM in
the same configuration as MPI-ESM-COSMOS-MLli. et al. [2013] used idealized
global warming simulations performed with ECHAMS/MMM in the same
configuration to explore the long-term stability Afctic and Antarctic sea ice against
slow changes in atmospheric €ncentration. Climatological characteristics ef-gce
concentration simulated by MPI-ESM-COSMOS-Mill greovided in the supplement
(Figures S1 and S2). They agree well with thoserd®sd byJungclaus et al[2006] for
ECHAM5/MPIOM.

Four simulation ensembles are considered describiieg climatic effects of
idealized volcanic perturbations of different mdgde, up to “supervolcano™size

eruptions. The four ensembles consist of (i) temusations forced by a 1991 Pinatubo-
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like tropical eruption, (ii) ten simulations forceoly a 1815 Tambora-like tropical
eruption, (iii) five simulations forced by a Youfdgba Tuff (Toba)-like eruption, i.e., a
tropical eruption with 100-times the emission sgténof the Pinatubo eruption, and (iv)
ten simulations forced by a Yellowstone-like erapt(i.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 sitoms/eruptions as “historical”
(namely HIST1 and HIST2, respectively), since thesgtions are representative of the
magnitude of volcanic eruptions that occurred dytime last millennium. The Toba and
Yellowstone “supervolcano” ensembles are referredas SUPER1 and SUPERZ2,
respectively. HIST2 corresponds to the VO2 ensembl@anchettin et al.[2013a].
SUPER1 entails the simulations used Timmreck et al.[2010, 2012]. SUPER2
simulations are those describedSagschneider et g2012]. 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 al. 2010, and
Zanchettin et al.2013a]. In HIST1, SUPER1 and SUPER2 the eruptsta in June of
the first integration year. In HIST2 the eruptidarss in April, according to historical
reconstructions of the 1815 Tambora eve@ro(vley et al.[2008], Crowley and
Untermann [2012]). HIST2 simulations include the eruptionscaonstructed for the
subsequent decades, e.g., the Cosiguina eruptitimeimarly 1830sZanchettin et al.,
2013a].

Volcanic forcing implemented in MPI-ESM is based zmmnally-averaged time
series of aerosol optical depth (AOD) at 066 and of effective particle radius 4fR
For HIST2, we use the reconstructed 10-day averalyes of AOD and & by Crowley
et al.[2008]. Data are provided for four equal-areaualinal 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 hP&irhmreck et al.2009]. For the other ensembles, AOD
and Ry are estimated following the two-step approach wasd by Timmreck et al.
[2010]. Briefly summarizing it: in the first stepd formation of volcanic sulfate aerosols
is calculated from an initial volcanic sulfur injem in the stratosphere by the middle

atmosphere version of the aerosol climate model A@HHAM [ Stier et al.,2005;



252 Niemeier et al.2009]; in the second step, the zonally-averagedthty time series of the
253 so calculated AOD and R values are used as external forcing in MPI-ESMe D
254  subsequent temporal interpolation of input dat&ERHAMS, in MPI-ESM the eruption
255 s tailed in the month preceding its occurrencEGHAM/HAM.

256 In all simulations, the time-dependent AOD ang fRalues are used to calculate
257 online the optical parameters of the ECHAMS radiatscheme, including extinction,
258 single-scattering albedo and asymmetry factor tiergix solar bands (0.1854n), and
259 extinction for the 16 long-wave wavelength bands3-@0 um). Aerosol sizes are
260 assumed to be distributed with a constant standiarzhtion of 1.8um.

261 The global-average air surface temperature drag #fe 1991 Pinatubo eruption
262 in sensitivity experiments conducted with MPI-ESM domparable with observations
263 [Timmreck et al.2009]. Global and hemispheric near-surface anperature changes in
264 a full-forcing COSMOS-Mill simulation ensemble arml the Tambora eruption
265 employing the same volcanic forcing input as th&Fa ensemble are compatible with
266 estimates from observations and reconstructidasg¢hettin et a).2013a].

267 Responses are diagnosed through analysis of ensewblages. For time series,
268 we use deseasonalized and then low-pass filteregs/aSeasonality is computed based
269 on control-run data and then subtracted from ath.d&iltering consists of 3-month
270 centered running-mean for atmospheric variabled, I8imonth centered running-mean
271 for oceanic and sea-ice variables, unless speaitieerwise. Anomalies are evaluated as
272 deviations from the pre-eruption climatology, definas the mean climate state during
273 the ten vyears/winters/summers preceding the emuptiBost-eruption years are
274  progressively numbered starting from the year efdtuption, which is defined as year 0.
275 A Monte-Carlo approach is used to estimate thassitzl significance of the
276 forced signals [e.g.Graf and Zanchettin 2012]. Specifically, the ensemble-average
277 signals obtained from an ensemblendbrced simulations are compared with a large set
278 of analog ensemble-average signals (here 500)#atddy randomly sampling years
279 along the whole length of the control run. The ampl distribution yielded by these
280 analog ensemble-average signals describes pratiagailly the range explicable by
281 internal variability alone, which we also interprets the confidence level of

282 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 varigbgignals. Since the procedure is only
based on the random selection of years, the autdabon is preserved in the estimation
of the significance.

Total sea-ice area in the Arctic and in the Anfar calculated as the areal sum
of sea ice covering the ocean in the Northern amattf&rn Hemispheres, respectively.
Analogously, total sea-ice volume is defined asstin@a of local (i.e., grid-point) products
of grid-cell area and grid-cell-average sea-icekiness. The sea-ice edge is defined as
the line denoting the sea-ice extent margin, ihe,area enclosing sea-ice concentrations
exceeding the 0.15 threshold (in the range [0:hlene O indicates no sea ice in the grid-
cell and 1 indicates sea ice fully covering thel grll).

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

The meridional atmospheric energy transport arda@fiN and 60°S are defined,
following Keith [1995], as the zonal integral at, respectively28iIN and 61.23°S of the
convergence of the atmospheric energy transpotionvéa, which can be written for
latitudeA as:

1 Ps
F, =j—DDFAdx=j—D*—j(cpT +d+Lg+k)vdpdx (1)
A A g 0
wheredp anddx represent, respectively, the integral along pmeskvels and longitudes,
C,I + @ represents the dry static energy, with the spedigat of the atmosphere at
constant pressure,, temperaturel, and geopotentiatb. The moist static energy is
depicted byc,T + @ + Lq, with latent heat of evaporation/condensatiorand specific

humidity q. The horizontal wind vector is represented \byAs kinetic energyk is
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typically a small component of the energy budgeis iignored 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 resposse

The imposed forcing is very well constrained witleiach of the four ensembles (Figure
1). Estimates based on top-of-atmosphere radiatingnalies for individual ensembles
are consistent with previously reported onesnmreck et aJ.2010;Segschneider et al.
2012; Zanchettin et a). 2013a]; we therefore describe only major featuaed inter-
ensemble differences. Especially during the filge¢ post-eruption years, ensemble
standard errors are barely distinguishable from d¢beresponding ensemble-average
values. Peak negative anomalies in the global fegirnosphere net radiative flux range
between ~ -3 Wi for HIST1 and ~ -27 Wi for SUPER2 (Figure 1c). SUPER?2 leads
to a slightly stronger forcing than SUPERL1 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 anoesalsince 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 parmed to SUPER1 (not shown).
This seems to be the key to understanding the rdifftes between the two
“supervolcano” ensembles and the distinguishingstraf the former. The positive net
flux anomaly around lags of 42 to 78 months is ryas consequence of the ocean
releasing less latent heat to the atmosph€&marpreck et a] 2010;Zanchettin et aJ.
2013a].

On the global scale, the four ensembles depictfgignt post-eruption drops in
surface (2 meters) air temperature and precipitafieigure 2a,b). Cold temperature
anomalies consistently peak in the boreal summtma of year 1, i.e. slightly after the
peak in the forcing (compare with Figure 1c), widrger ensemble spread for the

historical eruptions (note, SUPER1 consists of dig simulations). HIST1 displays a
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temporary initial recovery of the temperature slgimawithin the internal variability
range in year 2, when typically a warm ENSO evegis Sn. The ensemble-mean
simulated maximum cooling for HIST1 matches theepbsd maximum cooling of 0.4 K
estimated for the Pinatubo @yhompson et al[2009]. Annual oscillations in the post-
eruption anomalous temperature evolution in thepésuwolcano” ensembles indicate a
seasonal differentiation of the response, with &lorevinter semesters being
comparatively colder than summer ones from yean®ands. The global temperature
responses differ appreciably between SUPER1 ancER2PInter-ensemble differences
in global precipitation regard the timing of thesperuption fluctuation, delayed in the
case of SUPER2 compared to SUPER1, rather tharshiape of the post-eruption
fluctuation and its peak value. Post-eruption arimsaaf 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 “supkrano” ensembles, inter-
hemispheric differences are large and remarkabdigpendent of the location of the
eruption (Figure 2d): the Northern Hemisphere ugdes a much stronger and longer
lasting cooling compared to the historical ensesfifégure 2c), with a more pronounced
seasonal character than the Southern Hemisphermpére Figure 2d). As a
consequence, in both “supervolcano” ensemblesnbealous hemispheric temperature
evolutions deviate considerably from the globaineste.

Overall, we diagnose qualitatively similar featuneshe different ensembles that
point to an amplification of the forced global sam with increased magnitude of the
eruption. “Supervolcano” simulations feature a hsggnal-to-noise ratio, and even the 5-
member SUPER1 ensemble is suitable for robust Glaaispheric-scale inferences.
Inter-hemispheric differences are apparent in thvdase air temperature responses to
“supervolcano” but not historical-size eruptionsaggesting that substantially different
dynamical responses may characterize the diffeneuption 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 Antarc&&a-ice area and volume depict
major inter-hemispheric differences in the seadiesponses to both historical and
“supervolcano” eruptions (Figure 3). In the Arctibe total sea ice expands for all
eruptions (Figure 3a,c). The post-eruption posiimemalies 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 anl@sare about one order of magnitude
larger in the “supervolcano” ensembles compareligtorical 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 dampeniiggbanomaly. 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 Antarcti¢atosea-ice area and volume
(Figure 3b,d) are only detected in the “supervad¢aansembles. In these ensembles and
especially concerning the total sea-ice volume,afatic sea-ice anomalies are much
smaller than their Arctic counterparts (comparegimiec 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 shdited Antarctic sea-ice area increase
occurs approximately within the first two post-elfap years, which is not accompanied
by a significant increase in sea-ice volume. Thé&ans that, in contrast to the Arctic sea-
ice response, there is no post-eruption net byldfuAntarctic sea-ice mass. As we will
further discuss in section 3.3, the areal expans$ilaly 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 refuetraction phase of similar
amplitude and longer duration (Figure 3b), whiclchsiracterized by a drastic reduction
in the total sea-ice volume (Figure 3d). Note, rddun in sea-ice volume starts in year 1,
when the positive anomaly in sea-ice area is nsapeak, 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 avbie thinning. This second phase
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consistently ends about eight years after the emuplegative anomalies of both sea-ice
area and volume are larger for SUPER1, whose erlsesplead nonetheless overlaps
with that of SUPER2 during the full duration of tedbound fluctuation.

Generally, ensemble-spreads are larger in the gintagea-ice area estimates than
in their Arctic counterparts. This is true also fike spread in sea-ice volume in its
relative estimates, but not in its absolute valdas 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” ensembl@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 phas$egost-eruption sea-ice
evolution feature a prominent seasonal characiguf€& 4). In the historical ensembles,
the significant signals detected in the deseasmedhland smoothed series of total Arctic
sea-ice area (Figure 3a) originate from a signifiagacrease 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 dadiliethe 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 inguair for the initial response of Arctic
sea ice to volcanic forcing. Predominance of redusieammer melting on winter growth
is smeared out in the Arctic delayed response,ta@dnnual cycle averaged over years
4-6 essentially corresponds to an upward-shiftggecttnrbed annual cycle (Figure 4c).
By contrast, the signals in total Antarctic sea-#cea are largest in the sea-ice growth
season (Figure 4b), with initial post-eruption gapeaking at ~ 1.9-2.4 million Knin
June-July and following losses peaking at ~ 1.84fianikm? 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 tH®EBR1 ensemble. Mapped values refer
to monthly anomalies at the end of the growing @egse., March for Arctic sea ice,

September for Antarctic sea ice) and of the melsiegson (i.e., September for Arctic sea
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ice, March for Antarctic sea ice). Immediately attee eruption, the March Arctic sea-ice
concentration increases especially in the gulf tdska/eastern Bering Sea and in the
outer Labrador Sea/western North Atlantic, wheeedba-ice edge significantly advances
(Figure 5a). Widespread reduced melting resultextensive increases in September
Arctic sea-ice concentrations. These are partiguléarge in the Canadian Arctic
Archipelago and in the Baffin Bay, where the semddge advances as far as reaching the
Hudson and Davis Straits, along the East Greentanent, and in the Barents and Kara
Seas, with the latter basin being fully sea-iceeted (Figure 5¢). The same regions are
important for the total Arctic sea-ice area anomialythe second phase of the post-
eruption areal evolution of sea ice. Then, thergfest contribution to the winter anomaly
of Arctic total sea-ice area comes from the Nortartic/Nordic Seas sector, where
March sea-ice concentrations increase by as muél%s(Figure 5b). September Arctic
sea-ice concentration anomalies are also stillifsignt over extensive regions, but with
overall smaller amplitudes (Figure 5d).

In the Antarctic, total sea-ice area anomalies @reeduced amplitude and
extension in austral summer during both phasesuf€igb,d). Immediately after the
eruption, there is a circumpolar tendency towardsitve March anomalies of sea-ice
concentration, though these are strongest and emtetsive off the West Antarctic coast,
where they result in a local advance of the seadge (Figure 6a). Later on, the same
region faces a marked reduction of March sea-ice@atrations and a consequent retreat
of the sea-ice edge (Figure 6b), which is agairt plia general circumpolar tendency.
The regional details of September anomalies of istitasea-ice concentration during the
two phases provide a more complex picture (Figure)6 In both phases, negative sea-
ice concentration anomalies are diagnosed off @i BEntarctic coasts and in the outer
Weddell Sea. In the latter region, the responseti@dypical traits of an open-ocean
polynya, i.e. an ice-free area within the ice covand is surrounded by positive
anomalies leading to a locally advancing sea-icgeeduring the initial post-eruption
phase (Figure 6¢). Anomalies spatially extend nvadely in the second phase, when a
general retreat of the sea-ice edge is diagnosgdré-6d). Whereas no significant large-
scale changes are detected west of the Antarctim&da in the initial phase (Figure 6c),

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 seadge (Figure 6d). Whereas both
phases indicate reductions in September sea-iaeentmations in the outer Ross Sea, the
initial post-eruption phase entails also an extensicrease along 60°S (Figure 6c¢).
Differences between the shown SUPERL1 patternsteidSUPER?2 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 tendema the key regions (not shown).
In summary, the sea-ice response to volcanic emptn MPI-ESM-COSMOS-
Mill strongly depends on the amplitude of the ingdiglobal perturbation and, to a lesser
extent, the location of the eruption (compare,,elye Arctic sea-ice response to the
SUPER1/tropical and SUPER2/mid-latitude eruption®)l ensembles feature a
temporary post-eruption increase in Arctic sea-da]e no robust signature on Antarctic
sea ice characterizes historical-size eruptiong pbst-eruption sea-ice evolution in
“supervolcano” simulations can be clearly separattmtwo phases: an initial one of bi-
polar expansion and a delayed one marked by th@astrbetween persisting Arctic
expansion and strong Antarctic contraction. Theefatonstitutes a counterintuitive
simulated behavior, whose explanation seeminglg lie the anomalous seasonal

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

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

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

Immediately after the eruption, the meridional demperature gradient
temporarily increases in the lower stratospherpglmentary Figure S3) due to the in-
situ heating by the volcanic aerosols. As a consecg! [see, e.glimmreck 2012], the
stratospheric polar vortex strengthens in both bphares until the volcanic cloud
dissipates, i.e., for the first two post-eruptiorass (Figure S4). The tropospheric

response is dominated by significant cooling, whpehisists especially in the Northern
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Hemisphere winter (Figure S3), and by weakeningpaih the Hadley and Ferrell cells
(Figures S5-S6), which is consistent with a slowdof the global hydrological cycle
(Figure S7, also compare Figure 2b). The weakeafrtge general circulation is further
associated with weakened tropical and mid-latitudeal flow in both hemispheres
(Figure 7b). This is also concomitant with shoveli anomalous eastward polar
circulations, which we interpret as part of the deward propagation of the volcanically-
forced strengthened stratospheric polar vorticesmaFEmean meridional winds at their
climatological hemispheric maxima around 30°N ar@®S5also depict a significant
reduction of the zonal-mean northward flow in yeaf2 in the Northern Hemisphere
(Figure 7c).

Later on, anomalies in the general atmosphericulaton become less
pronounced and are only locally significant, thowgbaker-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 processesisTtur example the case for the
significant though rather small increase of theateanean southward flow in years 5-6
detected in the Southern Hemisphere (Figure 7cg Sthucture of vertical profiles of
zonal-mean anomalies of atmospheric parameterstdegn overall symmetry between
the general atmospheric circulation of Northern &odthern hemispheres in both phases
of post-eruption sea-ice response (Figures S3-SlHg. persistent colder tropospheric
anomalies over the Arctic, especially during thetNern Hemisphere winter, contrasting
the comparatively weak and short-lived Antarctioraalies represent the most apparent
inter-hemispheric asymmetry in the post-eruptionadphere (Figure S8).

Significant decadal anomalies characterize the-pagition evolutions of zonal-
mean surface temperature and its associated hesnispheridional gradients (Figure
7a). The post-eruption anomalies depict: (i) stromigal cooling, mostly related to quick
responses over the landmasses; (ii) bipolar asyrgmetthe form of delayed and
prolonged (compared to tropical regions) coolinghe Arctic contrasting the reduced
cooling and subsequent warming in the Antarctic} ifnter-hnemispheric asymmetry in
the equator-to-pole temperature gradient, in thenfef a temporarily strengthened

gradient in the Northern Hemisphere contrastingaopged weakened gradient in the
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Southern Hemisphere; (iv) delayed (compared to boghical and polar regions) cooling
in the equatorial band, seemingly “phasing” ENS@ 1 Nifia state in year 3. The latter
feature is associated to a temporary reduction eéfidional gradients, which feature at
this stage highly significant negative anomaliethm Southern Hemisphere.

The anomalous atmospheric energy and oceanic haagpbrts into the polar
regions (Figure 8) provide constraints to our chusterpretation of the diagnosed
regional changes. In the Northern Hemisphere, sogmt (i.e., outside the internal
variability range) and prolonged reductions in theridional heat transport into the
Arctic region are diagnosed for both the atmosptzré the ocean: The reduction in
atmospheric heat transport peaks at around lag dhe and remains at significant
levels over a 6-year period; oceanic heat trangpaeduced below the lower threshold
of internal variability around lag 24-months andgi&s in an anomalously low state for
almost one decade. The estimated dry static atneosplenergy transport remains
generally within the internal variability range,tlvia less clear ensemble-mean evolution
compared to the moist static energy transport (€i@a). This indicates that the latent
heat component — entailing reduced global ocease®$o the atmosphere (not shown)
and reduced global precipitation (Figure 2b) — duwates the response over the thermal
component. At this latitude, the post-eruption aalmas oceanic heat transport is
dominated by the gyre component (Figure 8b), wlaghees with the general behavior
typically simulated by MPI-ESM-COSMOS-Mill [e.¢Zanchettin et a).2012, 2013a].

In the Southern Hemisphere, the atmospheric eneaggport into the Antarctic
region is significantly reduced between about 2 &iydars after the eruption (Figure 8c),
reflecting the evolution of anomalous equator-teepsurface temperature gradient
(Figure 7a). In absolute values, the associatel 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 staticospheric 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 timo Antarctic is characterized by
strong interannual variability in its post-eruptiamomalous evolution as well as by

strong internal variability compared to its Arctiounterpart (compare ranges in Figure
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8b,d). As a consequence, despite peak anomaliegt #viwe those diagnosed in the
Arctic, the post-eruption ocean heat transport th® 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 transpddrgnated by the gyre component.

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

In the Northern Hemisphere, the general respongieeabceanic circulation to the
SUPERL1 eruption is in line with the behavior tyfiigasimulated by MPI-ESM-
COSMOS-Mill after historical-size eruptions [segj.eZanchettin et al.2012, 2013a].
We therefore only show changes more closely rel&tedea ice. The post-eruption
reduction in gyre-driven northward heat transpsrtlearly associated with a weakening
of the subpolar gyre and of the North Pacific gyrehe Kuroshio-Oyashio extension
region (Figure 9a). The weak Gulf Stream togethgh wtrong anomalous ocean heat
losses to the atmosphere contributes to anomalolas 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 portiohthe subpolar gyre and in the
Irminger and especially Nordic Seas (Figure 10asokiated processes of deep water
formation result in a progressive intensificatidntloe Atlantic Meridional Overturning
Circulation (AMOC) of up to 3 Sv at 30°N and 1000depth, which in turn allows for a
delayed temporary increase in the northward ocesat advection in the tropical and

mid-latitude band (not shown). Anomalously strorgganic convection in the Nordic
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Seas occurs also during the second phase of thespggion sea-ice response (Figure
10b) due to the persisting cold anomaly (compamguréi 7a). Insulation from the
meanwhile advanced sea-ice edge confines the eafetfie deepening region (Figure
10b), exemplifying how the sea-ice evolution islyfuembedded within the general
coupled atmospheric/oceanic response mechanismfuvtteer note that at this later
stage, the anomalous patterns of both surface gflesges and near-surface atmospheric
circulation do not reveal robust large-scale fesguinot shown), confirming the
predominant role (relative to the atmosphere) efahomalous decadal oceanic evolution
for sustaining the post-eruption Arctic sea-iceraaty.

In the Southern Hemisphere, the initial Antarcea-$ce response is a dynamical
consequence of a strengthened circumpolar westgrbulation along the sea-ice
margins. This feature is especially evident in mstvinter (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 simikature 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 edaskasonality diagnosed in the sea-
ice area response (Figures 4b and 6a,c). Our netatpn is therefore consistent with the
enhanced connectivity of observed sea ice varigbibh the overlying atmospheric
circulation associated with large-scale modestlikeSouthern Annular Mode and ENSO
[Simpkins et al.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, Fgwa) 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 resporhase, the ocean undergoes also
important dynamical modifications at the regionadls. In particular, the September sea-
ice concentration locally decreases in the se@tegior region of the outer Weddell Sea

(Figure 6¢). This area features significantly sithened ocean energy losses to the
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atmosphere (Figure 11c) that are related to afsgni deepening of the mixed layer
(Figure 10c), hence penetration of the post-eraptiold anomaly into the deep ocean
layers. Of course, the causal chain linking thesgures cannot be depicted without the
support of dedicated sensitivity experiments. Suegponse 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, turbuleataithfluxes 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 atmosptmsis 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 surfacerggnflux anomalies over extensive
regions (Figure 12a,c). The local anomalous nedasel winds set in under significantly
weakened mid-latitude westerly circulation, espéciduring austral summer (Figure
12b). The anomalous near-surface wind patternrasist the zonal-average tendency in
the mid-troposphere (Figure 7c) and is consistetit & 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 cep@nding anomalous patterns in the
SUPER2 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 causelin 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 cfesizing the post-eruption ocean-
atmosphere evolution in the Weddell Sea region, the regional anomaly persists until

the anomalous large-scale atmospheric circulatistags a local sea-ice reduction).
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4. Summarizing discussion

In this study we used ensemble climate simulatipersormed with the COSMOS-Mill
version of the Max Planck Institute-Earth systemdeldMPI-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 oft&rsea ice. Amplitude and duration of
the anomalies essentially depend on the magnitidieeoimposed forcing. In contrast,
the simulated response of Antarctic sea ice isivdufor the historical-size eruptions,
while “supervolcano” eruptions induce an initialoghlived, mostly dynamically-driven
Antarctic sea-ice expansion which is followed bgralonged retraction phase. For both
historical and “supervolcano” eruption-types wegtiaese, therefore, an inter-hemispheric
asymmetry in the simulated post-eruption decadalugion of sea ice.

In the case of a “supervolcano” eruption, the asgtnmprimarily 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 Arséia-ice expansion, which is triggered
by the initially reduced atmospheric heat impord & 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 imthg a delayed strengthening of the
AMOC and a north-westward compression of the sudpgyre (compare Figure 9b with
Zanchettin et al[2012]). For the “supervolcano” eruptions, howeuwle post-eruption
drop in the heat content of the global upper odeano large to allow for circulation-
driven positive anomalies of ocean heat transpoid the Arctic, as diagnosed for
historical eruptions [seanchettin et a).2012, 2013a].

In contrast to Arctic sea ice, Antarctic sea icacte on the short-term mostly to
dynamical atmospheric changes initiated by thearutally-induced strengthening of the
Southern Hemisphere’s stratospheric polar vortexita/ctic sea ice is thereafter

implicated in local surface energy exchange prasedsminating the response diagnosed
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at the hemispheric scale. The post-eruption an@saii 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 tenapdy, 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 subs#dligtdifferent 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 ofosigest simulated sea-ice
response correspond to key regions for sea-ice iaaecap variability found in
reconstructions and observations. For instancenskte increases in September Arctic
sea-ice concentrations are simulated in the Canaitietic Archipelago and in the Baffin
Bay (Figure 5c). This is in agreement with recastigce-cap growth from Arctic Canada
covering the last millennium indicating a strongklito large volcanic eruptions
[Anderson et aJ 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 seawvolume is almost half its Arctic
counterpart). As shown by the forced responses,dpdr@ric metrics for the Antarctic
often mask strong spatially-heterogeneous varigbffigure 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 buwitohfidence in the simulated
representation of post-eruption sea-ice evolutigasticularly 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 fpl@sive volcanic eruptions [e.g.,
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Stenchikov et gl.2006; Fischer et al. 2007;Zanchettin et aJ.2012]. The stratospheric
polar vortex significantly strengthens after theption in both hemispheres in HIST2,
SUPERL1 (Figure S4) and SUPER2, with duration tgadivat of the imposed radiative
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 eathhan a truly lacking dynamical
response. The latter hypothesis, however, is stggpdry the deficient representation of
stratospheric dynamics and stratospheric-tropogphbeupling in latest-generation “low-
top” coupled general circulation models (CGCMShérlton-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 souttrepospheric mid-latitude jet,
e.g., its too equatorward climatological positioe.g[, Swart and Fyfe 2012].
Furthermore, simulated Antarctic sea-ice variapiliand sensitivity to external
disturbances may as well suffer from an imperfeztcdption of tropospheric internal
dynamics, e.g., those related to variability of 8@uthern 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 transporiMaksym et a).2012;Landrum et al. 2012;Weijer et al, 2012]. In
our simulations the total Antarctic sea-ice voluh@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 ridgss production Zhang 2013]. The
post-eruption initial resilience of total Antarcsea-ice volume may therefore reflect a
truly distinct dynamical behavior related to extedynstrong volcanic forcing, but it may
also reflect poor representation of near-surfaneapheric circulation. This is important
for the case discussed here, given also the mag@sbnal character of Antarctic sea-ice
response to the volcanic perturbation during tHay@el contraction phase (Figure 4d).
The timing of the strongest post-eruption surfageling at equatorial latitudes,
delayed with respect to that at mid-latitudes gitprcontributes to the post-eruption

strengthening of meridional gradients (Figure 7isTequatorial cooling has a strong
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imprint in the Pacific in the form of an appareh@aping 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@e, when the Toba/SUPER1
ensemble indicates a non-significant, though tetialn warm, ENSO response
[Timmreck et a).2010]. ENSO in this version of MPI-ESM was cotesisly found to be
only weakly sensitive to volcanic forcing for a esstion of historical-size eruptions in
transient climate simulations covering the lastlenihium, with an only tendential
response towards a cold (La Nifa) anoma@srichettin et al.2012]. Nonetheless, two
considerations limit our confidence on the simwaterced behavior of ENSO. First,
ENSO's representation still is a challenge for dedglimate models [e.gGuilyardi et
al.,, 2009] and MPI-ESM-COSMOS-Mill produces too stroagd too regular ENSO
fluctuations [compareJungclaus et al. 2006]. Second, while observations are still
insufficient to draw confident conclusions aboug tfole 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 palewtée record and from MPI-ESM-
COSMOS-Mill simulations asks for additional dynaalimvestigations 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 disentanglghout dedicated sensitivity
experiments. We note, however, that an overly gtiemmd displaced ACC corresponds to
a biased structure and strength of the subpolasgynd of associated oceanic convective
activity. In fact, the ocean model MPIOM largelyepgstimates the mixed layer depth in
the Ross Sea and Weddell Sea gyf&sffies et al, 2009]. The latter is associated with
the occurrence of a small permanent polyriylargland et al. 2003]. Biases of this kind
could be relevant for the delayed reduction diagdas 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 mechandumsg the sea-ice growth phase
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are strongly interrelated with oceanic stratifioateand 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 cetproduction and hence an increase in
ice mass Zhang 2007]. In the Community Climate System Model i@1s3, the
freshwater flux between Antarctic sea ice and thetlgern Ocean is closely intertwined
with ocean convection and deep-ocean heat uptakienjan and Bitz2011]. On the one
hand, a (climatologically) excessively mixed Soamth®cean, as in MPIOMJriffies et
al., 2009], implies reduced efficiency of externatciags to produce anomalous heat
fluxes. On the other hand, locally excessive cotivecstrength as in the Weddell Sea
would imply enhanced oceanic heat losses to thesihere. Consequently, simulated
estimates of post-eruption global air-surface eap[e.g.,Timmreck et aJ.2010] may be
biased towards being too conservative.

A linkage exists between internally-generated rdalttadal- 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@éll Sea gyre
plays a central role in the inter-hemispheric catioa [Martin et al, 2013]. Ascribing a
similar bipolar ocean seesaw to the decadal-scalkeanically-forced evolutions
presented here, one would expect that the enhademgul 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 @miwn in the Weddell Sea
could accordingly help explain the overall weakestperuption AMOC strengthening in
MPI-ESM-COSMOS-Mill compared to other CGCMs, ascdssed inZanchettin et al.
[2012]. We note nonetheless that this has likelly daint implications for the post-
eruption decadal Arctic sea-ice evolution, since mlorthward oceanic heat transport at
subpolar and polar latitudes is largely determibgdhe gyre circulation (Figure 8b, see
alsoZanchettin et aJ.2012, 2013a).

Perturbation experiments like the described “supleano” experiments highlight
known limits and less understood features of CGGMd 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



808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838

restoration from the induced cold anomaly highlghvariability modes and
teleconnections that would arise under backgroundrming conditions due
predominantly to internal climate variability, wkeas externally-forced warming
experiments produce forced anomalous patternsimfat? variability. We remark that
our 5-member Toba simulation ensemble was suffi¢de@gield largely significant, hence
coherent, dynamical responses. Thus, such a sinallewsemble allows for confident
inferences about simulated forced glob@inimreck et a). 2010] as well as regional
[Timmreck et a). 2012] changes. As shown here, “supervolcano” exmnts 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 internainispheric dynamics related to external
radiative perturbations.

5. Conclusions

Ensemble Earth-system-model simulations depictriméenispheric differences in the
decadal sea-ice response to strong volcanic engptegarding both the sensitivity to the
forcing and the sign of the induced anomalies. iArsta ice is very sensitive to volcanic
forcing owing especially to its strong exposurexternally-forced changes in meridional
heat transport. By contrast, Antarctic sea ice apé& be less susceptible to volcanic
forcing and responds only to extremely large (dteda‘supervolcano”) eruptions. In
further contrast to Arctic sea ice, the post-eaptevolution of Antarctic sea ice is
mostly determined by feedbacks that set in withie Antarctic region. Whereas Arctic
sea ice robustly expands for a prolonged perioel aftajor volcanic eruptions, the post-
eruption Antarctic sea ice evolution includes airtiah short-lived expansion and a
subsequent prolonged contraction phase. This seasgmmetry reflects the potential of
volcanic forcing to significantly affect inter-hespiheric interannual-to-decadal climate
variability in a broader context. Nonetheless, kegycesses implied in the generation of
the asymmetry include less understood, hence psoriylated features. This poses non-
negligible caveats when extrapolating simulatiosdah inferences to the real climate
system. In this sense, idealized “supervolcanotuskation experiments could serve the

assessment of climate models’ performances unaergsforcing 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 thalghdwerage top-of-atmosphere solar
(shortwave, a), thermal (longwave, b) and net @iation. Lines (shading): mean
(standard error of the mean). Black dotted linedicate the internal variability range
(n=10, see methods). The magenta vertical hatchedrighicates the approximate start of
the eruptions. Lag(0) corresponds to January ofetfuption year. Positive anomalies
correspond to increased downward flux. No smootknag applied to the series.

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

Figure 3 —Simulated post-eruption anomalies of Arctic (topdl &ntarctic (bottom) total
sea-ice area (top panels) and volume (bottom) Mer tivo historical and the two
“supervolcano” ensembles. Lines (shading): meammaty (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 erupid.ag(0) corresponds to January of the
eruption year. The number on top-right of each p@¢he approximate pre-eruption
climatology. The y-axis has the same scale in ganednd 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 (pand)sfor the two historical and the two
“supervolcano” ensembles. Gray shading (hatchedevinie) represents the 98% range
(mean) for signal occurrence in the control ruign@l in the control run corresponds to
the annual evolution averaged over three randoimbgen consecutive years, for a 10-
member ensemble.

Figure 5 —Ensemble-mean simulated March (top panels) ance8udgar (bottom panels)
Arctic sea-ice concentration anomalies for intagrayears 1-2 (panels a, b) and 4-6
(panels c,d) of the SUPER1 ensemble. Only gridtpoirhere the anomaly is significant
at 95% confidencenE5, see methods) are shown. The green and oraregeifidicate,
respectively, the pre-eruption average and pogitienu average sea-ice edge.

Figure 6 —Ensemble-mean simulated March (top panels) ance8udgar (bottom panels)
Antarctic sea-ice concentration anomalies for irdégn years 1-2 (panels a, b) and 4-6
(panels c,d) of the SUPER1 ensemble. Only gridtpoirhere the anomaly is significant
at 95% confidencenE5, see methods) are shown. The green and oraregeifidicate,
respectively, the pre-eruption average and pogitienu average sea-ice edge.

Figure 7 -Ensemble-mean post-eruption evolution of zonal-nseaface temperature
(panel a), zonal-mean 500 hPa zonal wind (panaht)meridional wind (panel c)
anomalies for the SUPER1 ensemble. Positive zorhheeridional winds are,
respectively, eastward and northward. Filled corgau panels a,b: Hovmoeller
diagrams, only changes statistically significar®2% confidence are shown. Line plots
in panel a: anomalies of equator-to-pole gradiem@) for the Northern (top) and
Southern (bottom) hemispheres. EPG is definededoh hemisphere, as the difference
between values at the grid latitude closest teetheator 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 tcagdl. d

Figure 8 - Ensemble-mean simulated anomalies of zonally-iategratmospheric energy
transport at ~60°N (panel a) and ~60°S (c), and ocdmat transport by advection at
60°N (b) and at 60°S (d) for the SUPER1 ensembieed (shading): mean anomaly
(standard error of the mean). Dashed lines inditegenternal 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 stiethe eruptions. Lag(0) corresponds
to January of the eruption year. Anomalies are shembwith a 13-months centered
moving average. Positive values correspond to mantth 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 oceanitrdgaimostreamfunction
for integration years 1-2 (panels a, b) and 4-&épsac,d) of the SUPER1 ensemble. Only
changes statistically significant at 95% confideaceshown. 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 kyekness in two
oceanic deep convection regions for integratiorrg/da? (panels a, b) and 4-6 (panels
c,d) of the SUPER1 ensemble. Only changes statilstisignificant at 95% confidence
are shown. The green and orange lines indicatpecéisely, the pre-eruption and post-
eruption average winter (top: DJF, bottom: JJA}iseadge.

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

Figure 12 —Ensemble-mean simulated Southern Hemisphere sufdgr top) and
winter (JJA, bottom) total net surface energy fllatent and sensible heat, short- and
long-wave radiation, panels a,c) and 10-meter vaimoimalies (panels b,d) for integration
years 4-6 of the SUPER1 ensemble. Panels a,c: ttaskindicate grid points where
changes are non significant at the 95% confideexel;l panels b,d: only changes
statistically significant at 95% confidence forledst one of the wind components are
shown.
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Figure 1 —Simulated imposed forcing in the two historical ahd two “supervolcano” ensembles as
diagnosed through anomalies in the global-averageotf-atmosphere solar (shortwave, a), thermal
(longwave, b) and net (c) radiation. Lines (shajlimgean (standard error of the mean). Black dotted
lines indicate the internal variability range=(0, see methods). The magenta vertical hatched lin
indicates the approximate start of the eruptioregg(Q) corresponds to January of the eruption year.
Positive anomalies correspond to increased downf@dNo smoothing was applied to the series.
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Figure 2 — Simulated post-eruption anomalies of global-aversiggace (2 meters) air temperature
(SAT) (panel a) and total precipitation (b), andridern-hemispheric average SAT (c) and difference
between Northern and Southern-hemispheric average (8) for the two historical and the two
“supervolcano” ensembles. Lines (shading): meaan(srd error of the mean). Black dashed lines
indicate the internal variability range<10, see methods). The magenta vertical hatchedrilicates
the approximate start of the eruptions. Lag(0)esponds to January of the eruption year. Notethieat
y-axis in panels ¢ and d has the same scale, gighig the relative magnitude of inter-hemispheric
differences in the temperature response.
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Figure 3 —Simulated post-eruption anomalies of Arctic (topyl &ntarctic (bottom) total sea-ice area
(top panels) and volume (bottom) for the two histrand the two “supervolcano” ensembles. Lines
(shading): mean anomaly (standard error of the esmomalies are smoothed with a 13-months
centered moving average. Black dashed lines irglithe internal variability rangen£10, see
methods). The magenta vertical hatched line indgcélhe approximate start of the eruptions. Lag(0)
corresponds to January of the eruption year. Tinebeun on top-right of each panel is the approximate
pre-eruption climatology. The y-axis has the samaesin panels a and b, and in panels ¢ and d,
highlighting the different magnitude of the hemigpb responses.
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Figure 4 —Ensemble-mean simulated seasonal evolutions ofdpdraiic sea-ice area for integration
years 1-2 (panels a, b) and 4-6 (panels c,d) ftwio historical and the two “supervolcano”
ensembles. Gray shading (hatched white line) reptegshe 98% range (mean) for signal occurrence in
the control run. Signal in the control run corrasgi®to the annual evolution averaged over three
randomly chosen consecutive years, for a 10-meers¥mble.
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Figure 5 —Ensemble-mean simulated March (top panels) ance8dgar (bottom panels) Arctic sea-ice
concentration anomalies for integration years pahéls a, b) and 4-6 (panels c,d) of the SUPERL1
ensemble. Only grid points where the anomaly isiB@ant at 95% confidencen£5, see methods) are
shown. The green and orange lines indicate, respbgtthe pre-eruption average and post-eruption

average sea-ice edge.
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Figure 6 —Ensemble-mean simulated March (top panels) ance8dgar (bottom panels) Antarctic
sea-ice concentration anomalies for integrations/ée? (panels a, b) and 4-6 (panels c,d) of the
SUPER1 ensemble. Only grid points where the anomaignificant at 95% confidence<5, see
methods) are shown. The green and orange linesaitedirespectively, the pre-eruption average and
post-eruption average sea-ice edge.
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Figure 7 -Ensemble-mean post-eruption evolution of zonal-nsaface temperature (panel a), zonal-
mean 500 hPa zonal wind (panel b) and meridionatipanel c) anomalies for the SUPER1
ensemble. Positive zonal and meridional windsraspectively, eastward and northward. Filled
contours in panels a,b: Hovmoeller diagrams, ohbnges statistically significant at 99% confidence
are shown. Line plots in panel a: anomalies of axtta-pole gradient (EPG) for the Northern (top)
and Southern (bottom) hemispheres. EPG is defioe@ach hemisphere, as the difference between
values at the grid latitude closest to the equantalrthe first grid latitude poleward of 70°. Dottetes

in panels a,c are 98% confidence ranges. A 13-mumhing-average smoothing has been applied to
all data.



a) atmospheric energy flux - ~60°N

0 24 48 72 96 120 144 168 192 216 240
lag (months)

c) atmospheric energy flux — ~60°S

MOIST
—DRY ]

anomaly (Wx10'%)

0 24 48 72 96 120 144 168 192 216 240
lag (months)

anomaly (Wx1 0‘4)

anomaly (Wx1014)

b) ocean heat transport — 60°N

24

48

72 96 120 144 168 192 216 240
lag (months)

d) ocean heat transport - 60°S

— TOTAL
— GYRE ]

24

48

72 96 120 144 168 192 216 240
lag (months)

Figure 8 - Ensemble-mean simulated anomalies of zonallygnatted atmospheric energy transport at
~60°N (panel a) and ~60°S (c), and oceanic heatgaahby advection at 60°N (b) and at 60°S (d) for
the SUPER1 ensemble. Lines (shading): mean angstalydard error of the mean). Dashed lines
indicate the internal variability range (n=5, seetinods). Internal variability ranges for the gyre
component of ocean heat transport are not showee &iarely distinguishable from that of the total
transport. The magenta vertical hatched line indthe approximate start of the eruptions. Lag(0)
corresponds to January of the eruption year. Ani@malre smoothed with a 13-months centered
moving average. Positive values correspond to nantth transport anomalies (y-axis is inverted in
panels ¢ and d) to ease comparison of polewardpaats in the two hemispheres.



a) Northern Hemisphere, years 1-2 b) Northern Hemisphere, years 4-6

d) Southern Hemisphere, years 4-6
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Figure 9 —Ensemble-mean simulated annual-average oceanitrdyaicostreamfunction for integration
years 1-2 (panels a, b) and 4-6 (panels c,d) ofSHPER1 ensemble. Only changes statistically
significant at 95% confidence are shown. The graeth orange lines indicate, respectively, the pre-
eruption and post-eruption average winter (top:, bdom: JJA) sea-ice edge.
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Figure 10 — Ensemble-mean simulated annual-average mixed ldnekness in two oceanic deep
convection regions for integration years 1-2 (psn&l b) and 4-6 (panels c,d) of the SUPERL1
ensemble. Only changes statistically significan®%# confidence are shown. The green and orange
lines indicate, respectively, the pre-eruption godt-eruption average winter (top: DJF, bottom:)JJA

sea-ice edge.
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Figure 11 —Ensemble-mean simulated Southern Hemisphere su@dey top) and winter (JJA,
bottom) total net surface energy flux (latent aedssble heat, short- and long-wave radiation, ganel
a,c) and 10-meter wind anomalies (panels b,d)ntegration years 1-2 of the SUPER1 ensemble.
Panels a,c: black dots indicate grid points whaeanges are non significant at the 95% confidence
level; panels b,d: only changes statistically digant at 95% confidence for at least one of thedwi
components are shown



a) DJF, years 4-6 b) DJF, years 4-6
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Figure 12 —Ensemble-mean simulated Southern Hemisphere su(dgy top) and winter (JJA,
bottom) total net surface energy flux (latent aedssble heat, short- and long-wave radiation, ganel
a,c) and 10-meter wind anomalies (panels b,d)ntegration years 4-6 of the SUPER1 ensemble.
Panels a,c: black dots indicate grid points whaanges are non significant at the 95% confidence
level; panels b,d: only changes statistically digant at 95% confidence for at least one of thedwi
components are shown.



