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Abstract — English

Historical large sulfur-rich volcanic eruptions disturbed the radiation budget, blocked incoming
sunlight, cooled the surface, altered the precipitation and temperature in the earth system due to
the sulfuric acid aerosols in the atmosphere. The Younger Toba Tuff eruption, the largest
volcanic eruption in the Quaternary, has been suggested to have induced an abrupt climate
oscillation as the effect of long lifetime and large scale stratospheric sulfate aerosols in
atmospheric circulation and the following feedbacks in ocean dynamics and sea ice. Humans
have limited knowledge about the sulfate magnitude, the frequency, and the probability of the
occurrence of such large volcanic eruptions. The past volcanic sulfate signals are recorded in the
ice sheets. The sulfate magnitude, climate forcing, and timing of the explosive volcanic eruptions
can be reconstructed from an array of Greenland and Antarctic ice cores that cover the last
glacial period. That will be beneficial for understanding the volcanic impact on climate and
useful for forecasting future volcanic hazards.

This dissertation extends the volcanic sulfate deposition in Greenland and Antarctica during
the second half of the last glacial period and the early Holocene (60-9 ka), and estimates the
emission strength, the frequency, and the climatic forcing of large volcanic eruptions. There are
69 volcanic eruptions that have stronger emissions strength than that of the Tambora, 1815 AD
eruption (Chapter 2).

Second, this dissertation compiles all available ice-core sulfate records and published sulfur
isotope records to pinpoint, constrain the magnitude, and characterize the ~74 ka Toba eruption,
which is proposed to be the largest volcanic eruption in the Quaternary. The estimated volcanic
stratospheric sulfate loading of the eruption is 535 + 96 Tg, that is 3.3 times that of the Samalas
1258 AD, 6.3 times that of the Tambora 1815 AD, and 9.7 times that of the Pinatubo 1991 AD.
The continuous time-series of volcanic sulfate deposition, sulfur emission strength, and volcanic
radiative forcing are derived for the period of 74.8-73.8 ka (Chapter 3).

Third, this dissertation estimates the recurrence rate and probability of global sulfur-rich
volcanism based on the ice-core bi-hemispheric volcanic records over the Holocene and the last
glacial periods (Chapter 4). In a statistical approach, the mean return time is estimated to be 434
years for volcanic eruptions larger than the Tambora 1815 AD eruption, and the probability of

this magnitude eruption being observed in the next 100 years is around 19%.



Abstract — Danish

Historiske store svovlholdige vulkanudbrud har forstyrret stralingsbudgettet, blokeret for
indkommende sollys, atkelet overfladen og endret nedber og temperatur i jordsystemet pa grund
af svovlsyreaerosoler 1 atmosfaeren. Det yngre Toba Tuff-udbrud, det sterste vulkanudbrud 1
kvarteret, er blevet foreslaet at have forarsaget en pludselig klimasvingning som folge af
langvarige og store stratosferiske sulfataerosoler i atmosferisk cirkulation og de efterfolgende
feedbacks 1 havets dynamik og havisen. De tidligere vulkanske sulfatsignaler er registreret 1
indlandsisen. Mennesket har begranset viden om sulfatmangden, hyppigheden og
sandsynligheden for sddanne store vulkanudbrud. Sulfatsterrelsen, klimapévirkningen og
tidspunktet for de eksplosive vulkanudbrud kan rekonstrueres ud fra en reekke gronlandske og
antarktiske iskerner, der dekker den sidste istid. Det vil vaere gavnligt for forstdelsen af den
vulkanske indvirkning pa klimaet og nyttigt til at forudsige fremtidige vulkanske farer.

Denne athandling udvider den vulkanske sulfataflejring i Gronland og Antarktis 1 anden
halvdel af den sidste istid og den tidlige holocen (60-9 ka) og estimerer emissionsstyrken,
hyppigheden og den klimatiske pavirkning af store vulkanske udbrud. Der er 69 vulkanudbrud,
som har en sterre emissionsstyrke end Tambora-udbruddet 1 1815 e.Kr. (kapitel 2).

For det andet samler denne athandling alle tilgaengelige sulfatoptegnelser fra vulkanske
iskerner og offentliggjorte svovlisotopoptegnelser med henblik pa at identificere og begranse
storrelsen og karakterisere Toba-udbruddet pd ~74 ka, som foreslas at vere det storste
vulkanudbrud i kvarteret. Den anslaede vulkaniske stratosfaeriske sulfatbelastning fra udbruddet
er 535 + 96 Tg, hvilket er 3,3 gange sa meget som Samalas 1258 e.Kr., 6,3 gange sd meget som
Tambora 1815 e.Kr. 0og 9,7 gange sa meget som Pinatubo 1991 e.Kr. De kontinuerlige tidsserier
af vulkansk sulfatdeposition, svovlemissionens styrke og den vulkanske strélingsforcing er
udledt for perioden 74,8-73,8 ka (kapitel 3).

For det tredje vurderes 1 denne athandling gentagelsesfrekvensen og sandsynligheden for
global svovlrig vulkanisme pa grundlag af de bi-hemisfariske vulkanske optegnelser fra iskerne
i Holocan og de sidste istider (kapitel 4). I en statistisk tilgang anslas den gennemsnitlige
genkomsttid at veere 434 ar for vulkanudbrud sterre end Tambora-udbruddet 1 1815 e.Kr., og
sandsynligheden for at et udbrud af denne sterrelsesorden vil blive observeret inden for de naste

100 ar er ca. 19 %.
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Chapter 1 The state of the art of ice-core volcanic records

The state of the art of ice-core volcanic records

Explosive volcanic eruptions are one of the major forcings of climate change. Their sulfate
aerosols scatter the solar radiation back to space causing short or long term climate cooling, both
regionally or globally (Robock, 2000). Large explosive volcanic eruptions induce climatic
hazards, leading to economic loss, famines and pandemics in human societies (Luterbacher and
Pfister, 2015; Rampino and Self, 1992; Guillet et al., 2017; Tejedor et al., 2021). The 1815 AD
Tambora eruption caused extreme weather ‘the year without a summer’ and led to famines and
malnutrition (Luterbacher and Pfister, 2015). The Y oungest Toba Tuff (Toba) eruption that
occurred some 74 thousand years before present (BP) in Indonesia is one of the largest eruptions
in the Quaternary Period (2.58 million years ago to present; Paine et al., 2021; Storey et al.,
2012). Its magnitude in terms of Volcanic Explosivity Index (VEI) is estimated to 8.8 and it has
been related to ‘a human bottleneck’ (Rampino and Self, 1992). The largest volcanic eruptions
with a magnitude of VEI-8 occur very rarely and have not been observed in the last two
millennia (Papale, 2018; Sigl et al., 2013). Compared to water vapor, carbon dioxide, ash and
dust emitted from a volcano, volcanic sulfur-containing gas and sulfate aerosols play an
important role in the atmosphere as they influence the long-term global radiation budget
(Swingedouw et al., 2017). Volcanic eruptions have been proven as one of the main drivers of
climate variability through direct volcanic aerosol forcing and possible feedbacks from ocean
dynamics and sea ice (Sigl et al., 2015; Baldini et al., 2015). In the past 2500 years, the climatic
cooling caused by explosive volcanic eruptions and observed from tree ring proxies, is
proportional to the magnitude of the volcanic forcing related to the stratospheric volcanic sulfate
aerosol loading, which is mostly quantified from ice-core sulfate records (Sigl et al., 2015). Ice
cores are useful for tracing the eruption age and assessing the post volcanic sulfate deposition
with high accuracy, possibly linking it to other climate proxies, such as water isotopes and tree-
rings, to estimate the volcanic climatic impact.

In this chapter, I introduce the polar ice sheets and the deep ice-core projects in Section 1.1. In
Section 1.2, I introduce the climate variability during the last glacial cycle. Then follows an
overview of ice-core dating methods applied in Greenland and Antarctica in Section 1.3. In
Section 1.4, I provide an overview of the regional volcanic synchronizations in Greenland and
Antarctic ice cores and the bi-hemisphere volcanic matching. In Section 1.5, I provide an

overview of ice-core sulfate and sulfur record measurements and go through the reconstruction



Chapter 1 The state of the art of ice-core volcanic records

of historical ice-core volcanic records. In Section 1.6, I introduce the climate response to large
historical volcanic eruptions by the application of temperature proxies and volcanic climatic

models.

1.1 Ice sheets and deep ice core projects

1.1.1 Ice sheets are archives of past climate

The Greenland and Antarctic ice sheets are beautiful climate archives of the earth’s system. Ice
sheets comprise about 99% of all continental glaciers on earth and play an important role in the
climate system. The ice volume of the Antarctic ice sheet, equals to 58 m potential sea level rise,
which is about 17 times that of the Greenland ice sheet (Fretwell et al., 2013). The thickest part
of the Antarctic ice sheet is about 4000 m thick and around 3000 m in Greenland (Fig. 1.1). The
ice sheets are commonly described by two zones — the accumulation and ablation zone. The
accumulation zone is the area of snowfall accumulating and exceeding the losses from ablation,
such as melting, sublimation and evaporation. In polar dry snow zones, the ice layers are
generally not disturbed by ice melt and ice flow. The climate records are well perserved in these
zones with long time series and high resolution. These sequenced climate archives in the ice
sheets are formed in a long process, where snow is gradually transformed into firn and ice and
concealed with impurity and air mass, reflecting regional and remote climate conditions. The
transition from firn to ice varies with density and the density for pure glacier ice is

approximately 917 kg m™.

Figure 1.1 Greenland and Antarctic cross-sectional profiles - both drawn on the same scale.

[https://opentextbc.ca/geology/chapter/16-2-how-glaciers-work/]

Polar ice sheets are dynamic bodies of flowing and deforming ice. Snow accumulates on the

ice sheet’s surface and is compressed into firn and ice in the upper ~100 m of the ice sheet. The



Chapter 1 The state of the art of ice-core volcanic records

ice flows due to its own gravity as snow accumulates in the ice sheet. The ice flows from the
central part of the ice sheet to the ice margin where it melts, runs off or calves as an iceberg (Fig.
1.2). The annual ice layers continue to thin with depth as more ice is accumulated and ice flows
by its own weight. The ice flow model reconstruction depends on the past accumulation rate that
vary with climate and are difficult to reconstruct precisely. The ice layer thinning function at
specific ice core site can be approximated using the Dansgaard — Johnsen flow model
(Dansgaard and Johnsen, 1969; Fudge et al., 2016; Gkinis et al., 2016; Hvidberg et al., 1997;
Veres et al., 2013). From an ice flow model, the annual layer thinning and the depth-age

relationship can be deduced.

Figure 1.2 A sketch of the cross section of Greenland and Antartic ice sheet

shows the ice accumulation and ablation, the ice layer thinning and ice flow process.

Ice cores preserve past climate conditions, such as the atmospheric composition of gases, the
atmopsheric dust content, the water isotopic composition, proxies for past solar activity, and the
occurrence of explosive volcanic eruptions in terms of acidity and tephra. The past volcanic
activities can be traced through liquid conductivity, electrical conductivity measurments (ECM),
Di-Electric Properties (DEP), non-sea salt sulfate and the other impurities. The climate response
to volcanic eruptions can be traced through ice-core parameters of water isotopes, gases, major
soluble ions or particle size and composition of dust that indicate the source of air mass. The
following give a short introduction to some of the above-mentioned parameters:

a) Water isotopes (830 and 8D): The §'®0 (8D) is the isotopic ratio with regard to a
standard value of oxygen (hydrogen). The isotopic composition of polar ice cores reflects
the evaporation and condensation processes, providing information on the past
temperature in the polar region (Dansgaard, 1964). The deuterium-excess (5D - 8* §'%0)
is determined by the water isotopes (5'*0 and D) measured from polar ice cores, which
identifies the moisture source within the hydrological cycle (Masson-Delmotte et al.,

2005).
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b)

d)

Chemical impurities: the dissolved chemicals in the ice core, including major ions NH4",
Na", Ca?", NOs", and SO4*, can be analyzed through Ion Chromatography (IC), Fast Ion
Chromatography (FIC), Inductively Coupled Plasma Mass Spectrometers (ICP-MS) and
Continous Flow Analysis (CFA) system (Legrand and Mayewski, 1997; Rothlisberger et
al., 2000). The composition of major ions in the ice cores may provide information on the
past atmospheric circulation. The Ca?>" mainly originates from terrestrial sources. The
Na' and CI™ are of sea-salt origin, and the NH4" is mainly of bacterial decomposition
origin. The NO3™ is from biomass burning, bacterial decomposition in soils, and lightning
strikes. In addition to volcanism, the SO4*" is of marine biogenic activity or continental
biogenic emissions origin. The chemical records of high-resolution in seasonal or annual

cycle can be used to construct the ice core choronology.

Gases: the air trapped in bubbles of the ice sheet provides the composition and
concentration of the past atmopheric gases, including the main greenhouse gases - CO2,
CH4 and N>O. The composition of gases in the past atmosphere and their isotopes that
were retrived from air bubbles within ice cores show past climatic variation. For instance,
the concentration of greenhouse gases referred from the Antarctic ice core is lower in
pre-industrial periods than present (Rubino et al., 2019). Over the last glacal period, the
temperature co-variant with CO> indicates the relationship between CO» and temperature
(Parrenin et al., 2013; Petit et al., 1999). Furthermore, the radiocarbon dating of CO; can
be used as an abosolute dating method for ice core timescales. The global synchronous
change in the methane records can be used to align the ice-core timescales from both
poles (Buizert et al., 2018).

DEP measurments of ice cores provide the ice-core’s electrial conductivity and
permittivity. The DEP record relates to the ice-core acidity, as well as ammonium and
salt contents of the ice (Moore et al., 1992; Moore et al.,1994). ECM measures the ice
acidity records using an electrical current (Hammer, 1980; Moore et al., 1992). The ECM
current is converted to ice acidity by using the equation between H" and acidity,
suggested by Hammer (1980). The ECM is high, when the ice has a high acid content,
e.g. from volcanic eruptions. The conductivity measurements of DEP and ECM records
are valuable indicatiors of volcanic events and can be used to support the volcanic tephra
layer investigation (McConnell et al., 2020). Additionally, the DEP and ECM analytical

methods are non-destructive for ice cores.
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1.1.2 Deep ice core projects in Greenland and Antarctica

Figure 1.3 The ice core drilling sites in Greenland (NGRIP, NEEM, GRIP, GISP2 and Dye 3) and in Antarctica
(Vostok, EPICA Dronning Maud Land; EPICA Dome C, Siple Dome, Talos Dome, Byrd and West Antarctic Ice
Sheet Divide) (Winckler and Severinghaus, 2013).

The locations of some of the ice-core drilling projects in polar ice sheets are shown in Fig. 1.3,
including the NGRIP, NEEM, GRIP, GISP2 and Dye 3 from Greenland, and the EPICA Dome C
(EDC), EPICA Dronning Maud Land (EDML), West Antarctic Ice Sheet Divide (WDC),
Vostok, Siple Dome, Talos Dome (TAL) and Byrd from Antarctica. The oldest ice core from
Antarctica spans from the Holocene back to the Lower Pleistocene (EPICA community
members, 2004), whereas, the oldest Greenland ice core covers the Holocene and Upper
Pleistocene (NGRIP Project Members, 2004). The time series of sulfate or sulfur records, that
are used to quantify volcanic sulfate magnitude over the last glacial cycle in this thesis, are
mainly from seven deep ice cores of Greenland and Antarctica. A brief introduction is given in
the following:

In Greenland, the NGRIP ice core was drilled on the ice divide on a flat basal topography
(NGRIP Project Members, 2004). Due to basal melting, the annual layer thickness in the deeper
part of this core is higher than that of the GISP2 and GRIP at the corresponding ages. The
NGRIP core is 3085 m long and the oldest ice age is dated back to 120 kyr. The GISP2 and
GRIP were drilled on the Summit. The depth of the GISP2 is 3053 m (Grootes et al., 1993). The
GRIP is a 3029 m long core, and there is distubance in the deeper part of the ice core near the
bedrock (Stauffer, 1993). The NEEM ice core reached bedrock at 2537 m and is dated back to
the Emian interglacial period (NEEM community members, 2013).

In East Antarctica, two deep ice core projects are used to extend volcanic records in this work:

one is at Dome C (EDC, 75.18S, 123.32E, 3270 m; EPICA community members, 2004), and the
5
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other is in the Dronning Maud Land area (EDML, 75.00S, 0.07E, 2882 m; EPICA community
members, 2006). EDC has the longest climate archive, dating back to 800 kyr (Jouzel et al.,
2007), providing 740 kyr of chemical impurities (Wolff et al., 2006). In West Antarctica, the
WDC ice core reached the depth of 3405 m, the ice age covering the last 68 kyr (WAIS Divide
Project Members, 2013, 2015). The WDC ice core was drilled in an area with a high snow
accumulation rate (200 kg m™ yr™') to obtain high-resolution climatic proxies, compared to that
of EDML (68 kg m™ yr'!) and that of EDC (23-34 kg m™ yr!), which has retrieved high temporal

climate information, comparable to the quality of Greenland ice cores.

1.2 Climate of the last glacial cycle

The climate of the last glacial cycle is revealed in detail by Greenland and Antarctic ice-core
water isotopic records thanks to their high resolution and well-constrained chronologies (Fig.
1.4). The last glaical period occurred from the end of the Eemian (115 ka b2k, before 2000 AD)
which was 1-2 °C warmer than present, to the onset of the Holocene about 11.7 ka b2k
(Rasmussen et al., 2014). The last deglaciation was in the climate transtion from the cold state of
the last glaciation to the warm state of the early Holocene, which occurred between 12.9 and
11.7 ka b2k. The Last Glacial Maximum (LGM), occurring during the 19.0 - 26.5 ka, has some
of the lowest temperature of the last glacial period with the greatest ice sheet extents (Clark et
al., 2009). A combination of geochemical proxies and climate models shows that the global
mean cooling constraint in the LGM is in the range of -6.5 °C to -5.7 °C (Tierney et al., 2020).
The Henrich events are the millennial-scale abrupt global climate events in the last glacial period
that is related to the large discharge events of icebergs from the surrounding ice sheet in North
Atlantic (Fig. 1.4; Hemming, 2004; Bond et al., 1992). The associated large amounts of melting
fresh water released from icebergs likely changed the density-driven ocean circulation of the
North Atlantic Ocean, that is believed to have been weaken or shut down the circulation during
the Henrich events.

During the last glacial cycle, the climate was charaterized by multiple centennial- to
millennial-scale cold-warm oscillations, called Dansgaard-Oeschger (DO) events occurring from
the end of Eemian to the end of Youngers Dryas (Dansgaard et al., 1982; Fig. 1.4). In Greenland,
there are 25 major DO events, each consisting of a mild climate state followed by a cold climate
state, called, respectively, Greenland Interstadial (GI) and Greenland Stadial (GS), recorded by
temperature proxies in Northern Hemisphere (Rasmussen et al., 2014). The climate response of

DO-events is documented in the paleo-records in the Northern Hemisphere as well as in the low
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latitudes. For example, 63 individual stalagmites across Europe, South America and Asia, show
imprints of these climate oscillations, with stronger signals in the high latitudes of the Northern

Hemisphere (Corrick et al., 2020).

Figure 1.4 Records of abrupt climate oscillations in last glacial cycle. Grey vertical bands represent major Heinrich

events. The 5'%0 in purple color is from Greenland NGRIP core. The 6'°0 in black color is from EDML core in east

Antarctica. [https://en.wikipedia.org/wiki/Heinrich_event]

Associated with DO-events, the temperature changes out of phase between the Antarctica and
the Northern Hemisphere. Antarctica was warming up when Greenland was in a cold state, while
it was cooling off when Greenland was in a warm state, a mechanism modeled by the bipolar
seesaw (Stocker & Johnsen, 2003). For bipolar seesaw, during a Greenland warm phase, heat is
exported from the Southern Hemisphere (SH) to the North Atlantic through the Atlantic
Meridional Overturning Circulation (AMOC), similar to the present climate. When Greenland is
a cold phase, there is more heat accumulated in the SH due to the weaker AMOC (Pedro et al.,
2018; Schneider et al., 2014). The Antarctic climate response to DO-events is hypothesized in
two modes - a homogeneous oceanic ‘bipolar seesaw’ mode and an atmospheric mode that is in
phase with DO-events in Northern Hemisphere (Buizert et al., 2018). In addition, the Antarctic
climate response lags the midpoint of Greenland abrupt warming transitions of $'30 by 1-2

centuries (Svensson et al., 2020).

1.3 Ice core dating

An ice core chronology makes the basis for interpretation of ice-core climate information and for

comparison to the other climate archives. Several methods have been employed for dating the
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ice: comparison of temperature proxies or chemical records, annual layer counting, ice flow

models, snow accumulation and firn densification models, constrained by age markers.

1.3.1 Greenland ice core dating

The Greenland Ice Core Chronology 2005 (GICCO05) is a timescale based on high-resolution
annual layer counting covering the past 60 kyr. In the Holocene back to 7.9 ka, the layer
counting is based on the DYE-3, the NGRIP and the GRIP cores using water isotopic records
(Vinther et al., 2006). In the 7.9-14.8 ka period, the stratigraphic timescale is counted using high
resolution CFA records from the NGRIP and the GRIP cores (Rasmussen et al., 2006). Back to
60.2 ka, the NGRIP core has been annually counted using the CFA dataset together with the
visual stratigraphy record (Svensson et al., 2008) (Fig. 1.5). Beyond 60 ka, the GICC05
timescale is extended using the ss09sea-modeled age scale (Wolff et al., 2010), where the annual
accumulation rate is derived from water isotopic records (NGRIP Members, 2004). An improved
ice-core chronology GICC2021 for the last 3800 years has been obtained by annual layer
counting in six deep and three shallow Greenland ice cores (Fig. 1.6). Compared to the GICC05
timescale, the GICC2021 timescale is about 15 years younger at 3800 years before present, but

for the upper 800 years, the above two time scales are almost identical (Sinnl et al., 2022).
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Figure 1.6 Ice cores and the applied records used to obtain the GICC2021 time scales
that covers the last 3800 years (Sinnl et al., 2022).

1.3.2 Antarctic ice core dating

Records from Vostok, Talos Dome, EDML and EDC ice cores in Antarctica and from the
NGRIP core in Greenland are employed in building the 0-120 ka section of the Antarctic Ice
Core Chronology (AICC2012). Stratigraphic markers - ice stratigraphic links, gas stratigraphic
links, cosmogenic age markers and Adepth markers - are used to synchronize ice cores (Fig. 1.7).
The gas- and ice- phase age minor offset years may be a few centuries between in the AICC2012
gas and ice chronologies, where the gases are younger than the surrounding ice, due to gas
diffusion in the firn above the close-off depth at 50-120 m (depending on ice-core site characters;
Witrant et al., 2011). The AICC2012 and GICCOS5 time scales are tied together for the last 60.2
ka, and beyond that the AICC2012 is independent of the GICCOS timescale. Thanks to a high
number of stratigraphic ice markers ('’Be, volcanogenic sulphate and tephra) used to constrain
the timescale, the AICC2012 deviates at most by 5 years from the GICCOS5 time scale, in the last
60 kyr (Veres et al., 2013).

The WD2014 chronology is based on annual layers counting in the upper part (0-2850 m) of
the WDC ice core, using high-quality proxies, back to 31.2 ka BP (Sigl et al., 2016). Below 2850
m, the WD2014 is based on methane gas markers that are synchronized to the GICCO05 (Buizert
et al., 2015). The WD2014 timescale is consistently younger than the GICCO05 in most periods in

the Holocene.
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Figure 1.7 The stratigraphic markers from the five ice cores applied for the AICC2012 chronology. The green, red,
and blue vertical bars indicate Adepth markers, ice stratigraphic links, and gas stratigraphic links, respectively

(Veres et al., 2013).

1.4 Volcanic synchronization of Greenland and Antarctic ice cores

Volcanic synchronization is based on the identification of a common volcanic footprint in ice
cores through tephra, sulfate, sulfur or other acidity records. Patterns of volcanic events are
identified in several ice cores within Greenland (or within Antarctica) by counting the annual
layers between adjacent volcanic events or by a smooth and continous depth to depth
relationship between ice cores (Fig. 1.8; Svensson et al., 2020; Seierstad et al., 2014; Buizert et
al., 2018). These volcanic stratigraphic markers are mostly identified among regional ice cores
(i.e. cores within Greenland) and very challenging to identify the common volcanic events
between Greenland and Antarctic ice cores. For the ice cores in a regional area, the magnitude of
the acidity signals are often comparable among ice cores, giving more confidence in the volcanic
matching. For the volcanic synchronization of bipolar ice cores, the smooth variation in ice-core
annual layer thickness and the similar number of annual layers between volcanic tie-points is

applied in these matching (Svensson et al., 2020).
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Figure 1.8 Smooth and continous depth to depth relationship between the NGRIP core (red+blue) and the NEEM
core, that were matched by tephra (black squares) and chemical stratigraphic match points (dots) (Seierstad et al.,

2014).

1.4.1 Hemispheric ice-core volcanic synchronization
In Greenland, the stratigraphic matching procedure is to identify and match common volcanic
events by the profiles of sulfate or sulfur, tephra, ECM, DEP, and conductivity records
(Svensson et al., 2008; Rasmussen et al., 2013; Vinther et al., 2006; Seierstad et al., 2014). These
volcanic tie-points and other chemical tie-points, such as DEP or ECM based match points, have
been employed to establish and transfer the GICCOS time scale in the past 60 kyr. The
synchronization between the NEEM and the NGRIP cores has been employed in the non-
disturbed section of the cores (Rasmussen et al., 2013) and there are 787 acidity or tephra tie-
points over the past 100 kyr, mainly volcanic match points, identified using ECM and DEP
records. The synchronization of the GRIP, NGRIP and GISP2 ice cores covers the past 104 kyr
by linking distinct volcanic sulfate events and other impurity events (Seierstad et al., 2014).
There are around 900 marker horizons between the three cores in addition to 24 volcanic ash tie-
points.

In Antarctica, the deep ice cores have been synchronized (Winski et al., 2019; Ruth et al.,
2007a; Severi et al., 2007; Buizert et al., 2018). Compared to volcanic tie points among
Greenland ice cores, there is lower density of volcanic tie points in Antarctic ice cores due to the

lower resolution ice-core impurity records and the lower occurrence of regional explosive
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volcanic eruptions in the SH. The volcanic linking has been made from the EDC ice core to the
TAL/EDML/DF/Vostok cores for the last glacial period (Severi et al., 2007; Ruth et al., 2007;
Parrenin et al., 2012b), and the linking from the WDC ice core to the EDC / EDML / TAL / DF
ice core (Buizert et al., 2018). During the 10-61 ka interval, 773 volcanic tie-points were
identified between WDC and EDML, and 396 tie-points were identified between WDC and
EDC. Over the last 52 kyr, there were about 200 common volcanic signatures identified between
EDC and EDML ice cores (Severi et al., 2007). The ‘EDML1’ timescale is derived from the
EDC timescale by stratigraphic matching in the past 128 kyr and 322 common volcanic

stratigraphic signals were identified in the two cores (Ruth et al., 2007).

1.4.2 Bi-hemispheric ice-core volcanic synchronization
The bi-hemispheric (bipolar) matching is based on the constrained gas- and '°Be -
synchronization between Greenland and Antarctic ice cores (Svensson et al., 2013; Buizert et al.,
2018). In Greenland, the abrupt climate of DO events can be seen in high-resolution water
isotope and methane concentration records in the last glacial period. The Antarctic methane
records show a similar pattern to that of Greenland abrupt climate events because methane is a
well mixed gas in the atmosphere (Capron et al., 2010; Blunier et al., 2007; Schwander and
Stauffer, 1984). The Antarctic methane records can thus be aligned to the Greenland climate
records in identical pattern. The abrupt changes of methane concentrations at the onset of DO
events can be applied as stratigraphic links for synchronization of time scales between both the
two poles. It has been employed between Greenland and WDC (Buizert et al., 2018), between
NGRIP and Vostok (Landais et al., 2006), between NGRIP and EDML (Capron et al., 2010;
Lemieux-Dudon et al., 2010) and between NGRIP and TALDICE (Buiron et al., 2011). This was
also employed in linking ice cores in Antarctica between EDC and Vostok (Loulergue et al.,
2007; Lemieux-Dudon et al., 2010), between EDC and EDML (Loulergue et al., 2007), between
EDML and TALDICE (Schupbach et al., 2011), and between EDC and TALDICE (Buiron et al.,
2011; Schupbach et al., 2011; Parrenin et al., 2012a). The weakness of this approach is that there
is an offset age between the ice age and the gas age that varies with temperature and
accumulation that can be estimated from firn modelling (Blunier et al., 2007; Schwander and
Stauffer, 1984).

In addition, cosmogenic signals are used to constrain and synchronize the Greenland and
Antarctic time scale, making them more precise. The detected cosmogenic signals (!°Be) in polar

ice cores are mostly in the Holocene period (Mekhaldi et al., 2015; Sigl et al., 2015; Steinhilber
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et al., 2012), and in the last glacial period there is a cosmogenic signal — Laschamp geomagnetic
excursion, that the Earth magnetic field diminished in some centuries occurred about 41 kyr ago
(Raisbeck et al., 2017). Two weaker cosmogenic events have recently been identified in NGRIP
and WDC ice cores, that are useful for obtaining a better synchronization between Greenland and
Antarctica in the last glacial maximum (Sinnl et al., 2022, under review).

A more precise synchronization of Greenland and Antarctic timescales can be obtained
through the identification of common volcanic signals in both poles and annual layer counting
between events. This approach has been applied for bipolar ice core synchronization during the
second half of the last glacial period (12-60 kyr; Svensson et al., 2020; Fig. 1.9). The bi-
hemisphere volcanic signals matching was firstly practiced in the Holocene period between the
NGRIP core and EDML core (Vinther et al., 2012), and was constrained by the Laschamp
geomagnetic excursion back at around 41 ka as well as the Toba volcanic eruption that occurred
at ~74 ka (Svensson et al., 2013). This improved bipolar ice-core synchronization has been
provided a decadal-scale precision of the phasing of the climate between the two hemispheres,
while there are no bipolar volcanic match points reported in the Last Glacial Maximum

(Svensson et al., 2020).

Figure 1.9 Identified bipolar volcanic match points from Greenland (NGRIP) and Antarctic (EDML, WDC, and
EDC) ice cores in the period of 60-9 ka b2k (vertical grey lines). The climate records (5 '*0) are shown in green

(Greenland), blue, orange, and red (Antarctica) colors (Svensson et al., 2020).
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1.5 Reconstruction of ice-core volcanic records

1.5.1 Ice-core sulfate records

Volcanic eruptions can inject large amounts of sulfur-containing gases into the atmosphere, and
most of them are in the form of hydrogen sulfide and sulfur dioxide. The gases are
photochemically oxidized, dissolved into droplets, formed into sulfate aerosols through micro-
chemical and physical processes and deposited on the polar ice sheets (Rampino and Self, 1984;
Robock, 2000). The sulfate (or sulfur) records measured from polar ice cores may have three
major sources — marine sources, volcanic emissions, and terrestrial sources before the industrial
era (Cole-Dai, 2010).

The ice-core volcanic sulfate is significantly above the background level (Hammer, 1997) and
non-volcanic sulfate is characterized by periodical and seasonal variability. A common method
to separate volcanic sulfate signals from sulfate background is to apply a low pass filter (Gao et
al., 2008; Sigl et al., 2014; Cole-Dai et al., 2021). The SO4> concentration in polar ice cores can
be measured by lon Chromatography (IC), Fast Ion Chromatography (FIC), Inductively Coupled
Plasma Mass Spectrometers (ICP-MS) and Continous Flow Analysis (CFA) system.

In Greenland, the ice-core sulfate record from the NEEM-S1 core has been analyzed using
CFA covering the past 2500 years (Sigl et al., 2013). For NGRIP, the sulfate concentration has
been obtained by the CFA system over the last glacial period (Bigler, 2004; Rothlisberger et al.,
2000). For GISP2 and a second discrete NGRIP profile, SO4>* was obtained from discrete
samples by IC (Clausen et al., 1997; Mayewski et al., 1993; Siggaard-Andersen, 2004).

In Antarctica, sulfate or sulfur records have been obtained from three deep ice cores (WDC,
EDC and EDML) for the entire Holocene and last glacial periods. For WDC, sulfur was
measured by ICP-MS coupled to a CFA system (Sigl et al., 2016; Sigl et al., 2022). For EDC and
EDML, the SO4* was measured by FIC coupled to a CFA system (Severi et al., 2015).

1.5.2 Historical volcanism evaluated from ice cores

Ice-core sulfate records are good proxies to identify the occurrence of historical volcanic
eruptions. Compared to petrological evidence, the number of volcanic signals and assessment of
volcanic sulfate magnitude from ice cores are in a better constraint (Palais and Sigurdsson,
1989). Several individual unipolar volcanic lists have been reconstructed using the Greenland

and Antarctic ice cores (Table 1.1).
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Table 1.1 Unipolar volcanic lists derived from Greenland and Antarctic ice cores.

Time period Ice core Location Analytical method, effective =~ Number  References
depth resolution of events
165 - 1997AD Four ice cores + Dronning Maud Land, East 1C 49 Traufetter et al., 2004
13 snow pits Antarctica
50BC - 1950AD Law Dome Law Dome, East 1C, 2.5 cm 45 Plummer et al., 2012
Antarctica
last millennium GV7 Northern Victoria land 1C, 5 cm 24 Nardin et al., 2020
last 2000 yrs WDCO06A | WAIS Divide, West CFA-ICP-MS 133|138 Sigl et al., 2013
NEEM-S1 Antarctica | Greenland
last 2000 yrs 19 ice core sites Antarctica 166 Sigl et al., 2014
2144BC - 1968AD Plateau Remote Plateau Remote, East 1C, 4 cm 54 Cole-Dai et al., 2000
Antarctica
45,000 yrs EDC96 Dome C, East Antarctica FIC-IC, 4 cm 283 Castellano et al., 2004
110,000 yrs GISP2 Greenland IC, 20 cm 850 Zielinski et al., 1996
10,000 BP - 2000 AD  Siple Dome Siple Dome A, West 1C, 20 cm 168 Kurbatov et al., 2006
Antarctica
0-11,000 BP WDC WAIS Divide ICP-MS 426 Cole-Dai et al., 2021
200 kyr EDC Dome C, East Antarctica IC | FIC-IC, 2-6 cm 678 Wolff et al., 2022

The global volcanic lists have been reconstructed from polar ice-core sulfate records under the

requirement that all ice core records should be aligned to a common timescale (Sigl et al., 2015;

Sigl et al., 2013). In the past 2500 years, 283 individual volcanic events have been detected.

Among them, 81 global volcanic eruptions (bi-hemispheric/bipolar eruptions) have been

identified with accurate eruption timing and climate forcing, and 5 large volcanic eruptions have

exceeded the volcanic forcing of the Tambora 1815 eruption (Fig. 1.10). Toohey and Sigl.

(2017) reconstructed the volcanic stratospheric sulfur injections and aerosol optical depth from

500 BC to 1900 AD using an array of Greenland and Antarctic ice cores, including the

approximate eruption latitude and magnitude for major eruptions.

Figure 1.10 Global volcanic forcing and Northern Hemisphere temperature estimated from tree-ring records during

the past 2,500 years (Sigl et al., 2015).
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From 9500 BC to 1900 AD, stratospheric sulfur injections, eruption latitudes, and the aerosol
optical depth of global volcanism have recently been reconstructed using the ice-core sulfate or
sulfur records from NGRIP, GISP2, EDC, and EDML (Sigl et al., 2022). In total, 850 volcanic
eruptions have been identified with stratospheric sulfur injections over 1 Tg. Among them, there
are 329 bipolar volcanoes located in the low latitudes, 426 unipolar volcanoes located in the
Northern Hemisphere, and 88 unipolar volcanoes located in the Southern Hemisphere (Fig.
1.11). These reconstructions provide comprehensive information about the historical sulfur-rich
explosive volcanic eruptions with low discrepancies in terms of the eruption timing and

magnitude.

Figure 1.11 Global volcanic sulfur injections in the stratosphere, that were calculated from bipolar volcanic sulfate
fallout, with the approximate erupted latitudes in the whole Holocene period. Large volcanic eruptions are marked

(Sigl et al., 2022).

In the last millennia, the ice-core volcanic records can be dated with high accuracy from ice-
core chronologies and can often be assigned to the location and timing of known eruptions. In
the last 2500 years, the five largest volcanic events identified in ice cores are the unknown (426
BC), Samalas (Indonesian,1257 AD), Okmok (Alaska, 43 BC), Kuwea (Vanuatu, 1458 AD) and
unknown (540 AD), all of them exceeding the stratospheric volcanic sulfate loading of the
Tambora (1815 AD) eruption in Indonesia (Sigl et al., 2015; Mcconnell et al., 2020).

When available, geochemical information about tephra in ice cores can be used to identify the
location of the ice-core volcanic eruptions. Many ice-core volcanic signals are linked to the
Icelandic volcanoes by the identified tephra layers in the ice cores, including Veidivotn (1477
AD; Abbott et al., 2021), Eldgja (939-940 AD; Oppenheimer et al., 2018; Zielinski, 1995) and
Katla (822 AD; Biintgen et al., 2017; Plunkett et al., 2020). In additional to the Icelandic
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volcanoes, some ice-core volcanic signals are linked to the known volcanic eruptions, including
the Samalas, 1257 AD (Lavigne et al., 2013), Changbaishan, 946 AD (Oppenheimer et al., 2017,
Sun et al., 2014), Mt Churchill, 853 AD (Jensen et al., 2014), Ilopango, 431 AD (Smith et al.,
2020), Okmok, 43 BC (McConnell et al., 2020), Aniakchak, 1628 BC (Pearce et al., 2004;
McAneney and Baillie, 2019; Plunkett and Pilcher, 2018; Pearson et al., 2022), Mazama, 5677 +
150 BC (Zdanowicz et al., 1999), and Khangar, 5922 + 50 BC (Cook et al., 2018).

In the Holocene, two volcanic eruptions in the extratropical NH with the strongest sulfur
injections were the Aniakchak (1628 BC) and Eldgja (939-940 AD). There are 8 sulfur-rich
explosive eruptions with stratopheric sulfur emissions stronger than that of the Samalas, 1257

AD, clustered in the early Middle Holocene (Sigl et al., 2022).

1.6 Volcanic impact on climate

1.6.1 Volcanic forcing reconstruction based on ice cores

Sulfur-containing gases emitted from explosive eruptions into the stratosphere, oxidize to
sulfuric acid vapor, convert to sulfate aerosols and liquid droplets, scatter the short-wave solar
radiation back to space, and reflect long-wave solar radiation back to Earth, leading to cooling of
the Earth’s surface (Timmreck et al., 2012; Robock, 2000; Kremser et al., 2016). The
stratospheric aerosol optical depth (SAOD) is a measure of the stratospheric opacity which can
be used to estimate the volcanic radiative forcing. In the Satellite Era, the SAOD has been
observed as a continuous record from 1979 to 2018 and compiled in the database of the Global
Spaced-based Stratospheric Aerosol Climatology (GloSSAC) (Thomason et al., 2008;
Kovilakam et al., 2020). Before the Satellite Era, the volcanic radiative forcing has been
obtained mainly from ice-core volcanic sulfate depositions. The stratospheric sulfate loading is
estimated from ice-core volcanic sulfate deposition using a calibration factor of spatial
distribution of sulfate deposition from Gao et al. (2007), and the volcanic forcing is derived from
the stratospheric sulfate loading based on idealized volcanic aerosol models (Toohey et al., 2016;
Aubry et al., 2020).

These idealized volcanic aerosol models are basically box models (Gao et al., 2008; Toohey et
al., 2016; Aubry et al., 2020), where the box (stratosphere) is separated into several latitude and
altitude regions. After a sulfur injection into the box, processes of the evolution of sulfate from
SO», the mixing between different regions, and the aerosol loss to the troposphere are

considered. One such model, the Easy Volcanic Aerosol (EVA), is an idealized model (Toohey
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et al., 2016), using the parameters from ice cores - amount of sulfur injections, emission latitudes
and the timing of the past eruptions - to estimate the SAOD (Toohey & Sigl, 2017). The sulfur
injections height is not considered in this model. In EVA, the relationship between the sulfur
injection mass and the volcanic forcing is calculated from the characteristics of the 1991 Mount
Pinatubo eruption (e.g., the latitude or the altitude of injection, e.g., Marshall et al., 2019;
Toohey et al., 2019). A later idealized model, EVA-H, use an extended methodology from the
EVA, calibrating the volcanic radiative forcing from the ice core constraints parameter based on
dataset of mass of SO», location, and altitude of volcanic sulfur emissions over 1978-2015
(Aubry et al., 2020). The EVA_H model is limited by the parameters calculated from the
eruptions over 1978-2015. The above models only rely on a few parameters and the propagated
uncertainty is straightforward.

A time series of volcanic forcing covering the past 1,500 years has been reconstructed using
53 Greenland and Antarctic ice cores (Gao et al., 2008). The latest reconstruction of SAOD from
volcanic eruptions provides the monthly and latitudinal SAOD time series over the past 2,500
years (Toohey & Sigl, 2017) and 11,500 years (Sigl et al., 2022). The SAOD datasets derived
from ice core sulfate depositions do not consider the aerosol-chemistry and microphysical effects
(Crowley & Unterman, 2013; Gao et al., 2008; Toohey & Sigl, 2017; Sigl et al., 2022).

The ice-core volcanic forcing is estimated from SAOD by assuming a linear relationship
calibrated by climate model simulations of the 1991 eruption of Mt. Pinatubo (Hansen et al.,
2005). As the volcanic radiative forcing derived from SAOD among others depends on the cloud
cover, insolation and surface albedo (Andersson et al., 2015), this simple relationship doesn’t
take into account the eruption latitudes, sulfur emission strengths, emission altitudes, and
eruption seasons (Marshall et al., 2019; Toohey et al., 2011, 2013). A nonlinear relationship
between SAOD and volcanic radiative forcing is suggested by multiple
aerosol-chemistry-climate simulations with SO» emissions ranging between 10 and 100 Tg,
eruption latitude ranging from 80°S to 80°N, and eruption altitude ranging between 15—-18 km
and 25-28 km (Marshall et al., 2020). Compared to the constant factor of Hansen et al. (2005),
the total time-integrated volcanic radiative forcing derived by the multiple
aerosol-chemistry-climate simulations is 79% when used for volcanic eruptions over the past

2500 years (Fig. 1.12).
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Figure 1.12 Volcanic forcing calculated from the SAOD using the constant scaling factor (orange) and using
nonlinear scaling factor (red) (Marshall et al., 2020).

1.6.2 Observations and climate proxies

Large sulfur-rich explosive volcanic eruptions are one of the main drivers of climate variability,
that has been revealed in the temperature records (Crowley, 2000; Briffa et al., 1998; Sigl et al.,
2015). We can understand the volcanic impact through the application of tree-ring width proxies,
ice-core water isotopes, and marine sediment records, etc.

Ice-core evidence of large explosive volcanic eruptions, combined with a well-dated array of
tree-ring width records in the NH over the past 600 years, revealed summer cooling related to the
recent volcanic events in 1816 AD, 1884 AD and 1912 AD and to unknown volcanic events that
occurred in 1601, 1453, 1452, 1641/42, 1666, 1695 and 1698 AD (Fig. 1.13; Briffa et al., 1998).
Quantifying the climate variability for different magnitudes of historical volcanic sulfur-rich
eruptions can be resolved through synchronization between ice-core volcanic sulfate records and
climate proxies such as tree-ring width records and ice-core water isotopes. With the
improvement of ice-core dating and synchronization with the tree-ring width records, the
reconstruction of volcanic radiative forcing and past temperature variability reveals the volcanic
impact on climate in the past 2500 years (Sigl et al., 2015). The sequenced volcanic-induced
cooling proxies (tree-ring width records) have been well connected to the volcanic sulfate
magnitude derived from ice-core sulfate records in the past 2,500 years (Fig. 1.10 and Table 1.2).
The cooling induced by volcanic eruptions has been observed to be proportional to the volcanic
sulfate magnitude of the large explosive eruptions (Fig. 1. 14; Sigl et al., 2015; Toohey et al.,
2019).
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Figure 1.13 NHD1 shows the averge NH tree-ring width records (left-hand axis, standard anomaly values) and the
estimated temperature (right-hand axis, standard anomaly values) response to the main explosive volcanic eruptions

(VEL 5, 6 and 7, Briffa et al., 1998).

Figure. 1.14 Three-year average NH temperature anomalies, reconstructed by NH tree-ring width records, versus
the estimated stratospheric sulfur injections (TgS) of tropical (blue) and NH extratropical (NHET, orange)

explosive volcanic eruptions. Number labels show the eruption years (Toohey et al., 2019).
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Table 1.2 Large sulfur-rich explosive volcanic eruptions over the past 2,500 years. Years with negative numbers are
BC. The average temperature of Europe and the Arctic is associated to the volcanic cold year. Volcanic radiative
forcing was estimated by scaling the volcanic sulfate depositions in polar ice sheets for the Pinatubo 1991 (Sigl et

al,, 2015).

The climate response to large tropical eruptions since the beginning of the 19th century has
been derived from multiple proxies and reconstructions of surface temperature, for the volcanic
years of 1809, 1815, 1831, 1835, 1840, 1843, 1883, 1902, 1912, 1924, 1982, and 1991 (Guillet et
al., 2017). In the last millennium, tree-ring records and ice-core data were applied to reconstruct
the spatial and temporal surface temperature response to large volcanic eruptions. The recent
extreme average surface cooling occurred in 1259 AD following the Samalas 1258 AD eruption,
reaching -1.2 °C, ranking as the third cooling summer in the last millennium, whereas 1816 AD
(-1.2°C), 1601 AD (-1.2 °C), and 1453 AD (-1 °C) are ranking as the first, the second and
seventh coldest summers, and the most severe persistent cooling event is followed by the
Samalas eruption (Guillet et al., 2017; Stothers, 1984; Churakova et al., 2014; Biintgen et al.,
2016; Sigl et al., 2015).
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Volcanic eruptions play an important role in centennial and millennial-scale changes in
Greenland temperatures, which are reconstructed using argon and nitrogen isotopes in the
Greenland ice cores (Kobashi et al., 2017). The cold climate and mountain glacier growth in
Alaska, New Zealand, European Alps, and the southern Andes, growth in the Little Ice Age
(LIA) have been related to the enhanced sulfur-rich volcanic activity, potentially resulting in a
centennial-scale or longer change of state in Arctic climate by model simulation (Miller et al.,
2012). Solar variability is considered to be the primary factor to have induced the LIA (Lean and
Rind, 1999), however, Hegerl et al. (2003) states that the enhanced volcanic forcing response to

climate is substantially more important.

1.6.3 Climate modelling of volcanic-climate impact

Climate models have high spatial resolutions and are useful tools to capture both the regional and
large scale climate impact of large volcanic eruptions. Climate models with complex
stratospheric aerosol-chemistry and microphysics modules can simulate the aerosol formation
and depletion process from an initial volcanic sulfur injection. Examples of these models are the
MAECHAMS5-HAM, CESM-WACCM and CESM-WACCM-CARMA. The sulfur emission
latitude, the injection season and the altitude are important factors, which can influence the size,
transport time, dispersal process and lifetime of volcanic sulfate aerosols, and are critical to
quantify the volcanic impact on climate. Changing the eruption parameters to explore the
volcanic-climate impact in these models is possible and may be close to the realism (Marshall et
al., 2020).

The mass of volcanic sulfur injection and injection latitude of historical volcanic eruptions can
be estimated based on ice-core volcanic sulfate depositions. That is important for the climate
model experimental setup when investigating the volcanic sulfate cloud formation, transport and
deposition processes and the related climate response. Toohey et al. (2013) applied the
MAECHAMS-HAM aerosol-climate model to test the sensitivity between the sufur injection
strength (ranging from 8.5 to 700 Tg) and the sulfate depositions in Greenland and Antarctica,
and found that the ice-core sulfate depositions vary as a function of the sulfate magnitude and the
season of the injection. For the large volcanic eruptions, the relationship between Greenland and
Antarctic sulfate depositions is nonlinear, with the Greenland sulfate depositions being
significantly stronger than that in Antarctica (Fig. 1.15). In MAECHAMS-HAM model

simulations, a linear relationship between the stratospheric sulfur injections and peak global
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mean AOD is simulated for for smaller volcanic eruptions with 2.5 Mt sulfur injection (Metzner

etal., 2014).

Figure 1. 15 Antarctica vs Greenland mean volcanic sulfate deposition for different stratospheric SO; injections
(labelled in different shape markers). Shading represents the linearly interpolated envelopes of the range of
variability of each experiment (Toohey et al., 2013).

The climate impact of supereruptions has been discussed for decades. The Toba eruption,
dated radiometrically to 73.88 + 0.32 ka (Storey et al., 2012), related to a glacial abrupt climate
event (Schulz et al., 1998; Deplazes et al., 2013) and human population bottleneck (Rampino and
Self, 1992; Ambrose, 1998). The Los Chocoyos eruption, which occurred in Guatemala at 75 £ 2
ka (De Leon et al., 2021), coupled with the Toba eruption has been suggested to have triggered
the Greenland Stadial-20 cooling transition (Paine et al., 2021).

For super-eruptions, the aerosol-climate models can provide a thorough investigation of the
climatic and environmental impacts. Experiments with different sulfur injection strengths in the
global aerosol climate models show that the volcanic sulfur injection strength is nonlinearly
related to the global average SAOD (Fig. 1.16 (a)), although the experimental setups (the
eruption date, altitude and latitude) are different among models (Timmreck, 2010; English et al.,
2013; Jones et al., 2005; Metzner et al., 2014; Brenna et al., 2020; Robock, 2009). The
explanation for the difference could be that following the large magnitude eruptions, aerosols
quickly become large-size aerosols and fall out of the atmosphere (Timmreck, 2010).
Meanwhile, in the CESM2-WACCM6 model, the smaller-size aerosols have a longer lifetime
and have larger SAOD (Brenna et al., 2020). These model simulations consistently demostrate a
linear relationship between the surface cooling and peak SAOD (Fig. 1.16 (¢)). The sulfur
injections is nonlinear to the maximum temperature anomaly. The global mean precipitation

anomaly is linearly related to the surface temperature anomaly (Fig. 1.16 (d)), that could be
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Figure 1.16 Scatterplots of large to extreme volcanic eruption simulations from Robock et al. (2009), Jones et al.

(2005), Timmreck et al. (2010), Metzner et al. (2014) and English et al. (2013) (Brenna et al., 2020).

explained as larger cooling coupled with weak global hydrological dynamics, leading to lower
precipitation. With 523 4+ 94 Mt sulfur, 10 % and 1 % halogen of stratospheric injections in the
model simulations (CESM2-WACCMS6), Brenna et al. (2020) simulated SAOD above 6, surface
precipitation decreased to 25% and sea ice area increased by around 40% in the first three years
following the eruption. The Intertropical Convergence Zone was found to shift southward and
the recovery time of the ozone layer took 15-30 years.

Climate models coupled with a volcanic aerosol radiative forcing dataset can be low
computational cost and make the volcanic forcing is consistent with the other models when
testing the climate impact of volcanic eruptions (Timmreck, 2012). The Community Earth
System Model (CESM) and the Max Planck Institute Earth System Model (MPI-ESM) are
comprehensive and widely used global climate models. Black et al. (2021) set different emission
scenarios of volcanic sulfur dioxide gas from 200 to 2,000 Tg for the Toba eruption using CESM
1.3 simulations, that resulted in 2.3 - 4.1 °C global cooling and lasting for five years. Although a
significant regional climate disruption follows the Toba eruption in the model, the regional
climate in South Africa shows low variablility in temperature and precipitation, which is

consistent with paleoclimate proxies (Smith et al., 2018; Jackson et al., 2015).
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Abstract. Large volcanic eruptions occurring in the last glacial period can be detected by their
accompanying sulfuric acid deposition in continuous ice cores. Here we employ continuous
sulfate and sulfur records from three Greenland and three Antarctic ice cores to estimate the
emission strength, the frequency and the climatic forcing of large volcanic eruptions that
occurred during the second half of the last glacial period and the early Holocene, 60-9 ka years
before AD 2000 (b2k). Over most of the investigated interval the ice cores are synchronized
making it possible to distinguish large eruptions with a global sulfate distribution from eruptions
detectable in one hemisphere only. Due to limited data resolution and large variability in the
sulfate background signal, particularly in the Greenland glacial climate, we only list Greenland
sulfate depositions larger than 20 kg km™ and Antarctic sulfate depositions larger than 10 kg km"
2, With those restrictions, we identify 1113 volcanic eruptions in Greenland and 740 eruptions in
Antarctica within the 51ka period - where the sulfate deposition of 85 eruptions is found at both
poles (bipolar eruptions). Based on the ratio of Greenland and Antarctic sulfate deposition, we
estimate the latitudinal band of the bipolar eruptions and assess their approximate climatic

forcing based on established methods. Twenty-five of the identified bipolar eruptions are larger
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than any volcanic eruption occurring in the last 2500 years and 69 eruptions are estimated to
have larger sulfur emission strengths than the Tambora, Indonesia eruption (1815 AD).
Throughout the investigated period, the frequency of volcanic eruptions is rather constant and
comparable to that of recent times. During the deglacial period (16-9 ka b2k), however, there is a
notable increase in the frequency of volcanic events recorded in Greenland and an obvious
increase in the fraction of very large eruptions. For Antarctica, the deglacial period cannot be
distinguished from other periods. This confirms the suggestion that the isostatic unloading of the
Northern Hemisphere (NH) ice sheets may be related to the enhanced NH volcanic activity. Our
ice-core based volcanic sulfate records provide the atmospheric sulfate burden and estimates of
climate forcing for further research on climate impact and understanding the mechanism of the

Earth system.

2.1 Introduction

The dispersal of gas, aerosols and ash particles by volcanic eruptions play a major role in the
climate system (Gao et al., 2007; Robock, 2000). Large volcanic eruptions injecting sulfuric
gases into the stratosphere and forming sulfate aerosols have a global or hemispheric cooling
effect of several degrees lasting for several years after the eruption (Sigl et al., 2015; Sinnl et al.,
CPD, 2021).

Estimations of volcanic stratospheric sulfur injections and of the timing and frequency of large
volcanic eruptions are essential for the ability to understand and model past and future global
climate conditions (Timmreck et al., 2016). For the last 1200 to 2500 years, the ice-core based
volcanic forcing records derived from Greenland and Antarctica (Crowley and Unterman, 2013;
Gao et al., 2008; Toohey and Sigl, 2017) provide an essential forcing record for climate model
simulations (Jungclaus et al., 2017), supporting detection and attribution studies (Schurer et al.,
2014) including those applied in the IPCC. However, so far the global ice-core based volcanic

record of the last glacial period is poorly documented.

2.1.1 Ice-core records of volcanic sulfate deposition

Several studies have reconstructed the volcanic sulfate deposition for part or all of the Holocene
in Greenland (Cole-Dai et al., 2009; Gao et al., 2008; Sigl et al., 2013) or in Antarctica
(Kurbatov et al., 2006; Castellano et al., 2004; Plummer et al., 2012; Nardin et al., 2020; Cole-
Dai et al., 2021). Sigl et al. (2015) applied accurately dated ice cores synchronized between the

two hemispheres to reconstruct global volcanism over the last 2500 years. This so-called bipolar
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synchronization allows to distinguish large global eruptions from those of hemispheric or more
regional impact. During the last 2500 years, they identified 50 global (bipolar) volcanic
eruptions, 5 of which had a sulfur emission strength larger or similar to the Tambora eruption
occurring in Indonesia in 1815 CE. Prior to the last glacial maximum no bipolar volcanic sulfate
deposition record is currently available from ice cores.

One conclusion drawn from historical eruptions is that there is a significant variability of the
same volcanic event in the sulfate deposition records derived from different ice cores both on a
regional and a local scale (Sigl et al., 2014; Gao et al., 2007). Part of this regional variability can
be explained by the difference in sulfate deposition fluxes at different locations. For example, in
Antarctica where geographical distances are large, the sulfate deposition at a specific site will be
strongly dependent on the location of the eruption, governing wind patterns, seasonality, etc.
Another reason for the lateral sulfate deposition variability is the amount and patchiness of
snowfall, which may locally enhance the sulfate deposition for high snowfall areas compared to
low snowfall areas for a volcanic event. Moreover, there may be more absent sulfate deposition
events caused by post depositional processes on the snow surface, such as wind erosion (Gautier
et al., 2016). The spatial variability of sulfate deposition in Antarctica was studied at 19 sites
covering the past 2000 years by Sigl et al. (2014), and here both accumulation and post-
deposition effects were found to be important factors. In particular, on the East Antarctic plateau
where snow-accumulation is very low, the sulfate deposition is lower than at more coastal and
higher accumulation sites in Antarctica. The snow accumulation effect is also observed in
Greenland (Gao et al., 2007), although the effect is much less pronounced here, because the
accumulation rates are less variable in Central Greenland than in different parts of Antarctica. In
order to reduce the accumulation bias, Gao et al. (2008) selected five large low-latitude volcanic
events from 54 Arctic and Antarctic ice cores and calculated the mean ratio of deposition in
individual ice cores; they then applied the deposition ratio between different cores to correct the
sulfate deposition for all events in all cores to obtain the Arctic and Antarctic mean sulfate
depositions. In general, it is clear that more robust volcanic deposition patterns can be obtained
when larger sets of ice cores are included, preferably ice cores from high-accumulation sites
should be applied (Gao et al., 2007; Sigl et al., 2014).

One complication related to the derivation of volcanic sulfate deposition in ice cores is the
thinning of the ice layers with increasing depth and age. Due to glacier flow, the annual layers
and thus the volcano-derived sulfate deposition becomes thinned with depth; an effect that is

most pronounced at high-accumulation sites and close to bedrock. In central Greenland, typical
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thinning rates of annual layers in the 60-10 ka range are 50-90% depending on age and local
flow conditions (Johnsen et al., 2001). To calculate the sulfate deposition of a specific eruption
from a measured ice concentration a correction for the thinning at the corresponding depth is
needed to obtain the past accumulation rate at the time of snowfall. Thinning functions are
obtained from ice flow modelling, and thus, there is a site-specific dependency on accurate flow

modelling associated with the sulfate deposition determination.

2.1.2 Studies of the frequency of volcanic eruptions

The volcanic sulfate record of the Greenland GISP2 ice core has been investigated by Zielinski
et al. (1997), who found that there has been increased volcanic activity during the deglacial
period (22-8 ka b2k) as compared to the average activity of the last glacial cycle. This is
interpreted as being related to the tectonic isostatic response to the melting of the large ice sheets
during that period. Based on the global volcanic databases (Siebert and Simkin, 2002; Bryson et
al., 2006), Huybers and Langmuir (2009) found that volcanism increased two to six times during
the deglacial period, 12-7 ka b2k, as compared to the average level of eruptions during 40-0 ka
b2k interval.

In Antarctica, Castellano et al. (2004) determined the frequency of volcanic eruptions over the
last 45 ka based on the EDC ice core. They found a rather constant level of volcanic activity
throughout that period except for the most recent millennia, where the activity shows an
increase. Kurbatov et al. (2006) detected volcanic signals during the last 12 ka in the Siple Dome
A ice core from West Antarctica. They found that the number of volcanic sulfate signals is
decreasing with age, possibly related to the relatively low sampling resolution in the deeper part
of that core. Recently, Cole-Dai et al. (2021) used the high-accumulation WAIS Divide ice core
to determine a fairly constant Holocene eruption frequency with larger-than-Tambora (1815 AD)
events occurring approximately once per millennium. Note, however, that all these
reconstructions differ in their volcanic signal detection method, which may lead to different

trends in peak frequencies.

2.1.3 Volcanic events identified in ice cores with tephra and sulfate peak synchronization

The ice-core volcanic source identification is important as it helps to constrain the magnitude —
interpreted here as sulfur emission strength rather than the mass of material erupted (Pyle, 2015)
— and the climate forcing of the eruption. Furthermore, it allows for a more detailed comparison
to modelling studies. In historical times, the volcanic origin of an ice-core acidity spike may be

corroborated by a precise dating of the ice core (Sigl et al., 2015). Further back in time, as the
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uncertainty of both the ice-core dating and the identification of the erupting volcanoes increases,
the origin of a volcanic ice-core layer can only be determined if it is associated with a volcanic
ash (tephra) deposition in the ice (Gronvold et al., 1995). However, tephra layers are not always
coinciding with sulfate peaks (Davies et al., 2010) and most volcanic sulfate signals have no
tephra associated with them.

In the last glacial period, many Greenland tephra deposits have been associated with Icelandic
eruptions while around a dozen of identified tephra layers originate in North America and
Eastern Asia (Abbott and Davies, 2012; Bourne et al., 2015; Davies et al., 2014). In Antarctica,
tephra layers have been identified and associated with eruptions occurring within Antarctica and
in the Southern Hemisphere (Narcisi et al., 2005; Narcisi et al., 2010; Narcisi et al., 2012).
Recently, Mcconnell et al. (2017) identified tephra from the long-lasting and halogen-rich
Antarctic Mount Takahe eruption that occurred around 17.80 ka. Tephra of the Oruanui eruption
from the Taupo volcano in present-day New Zealand has been identified and dated to 25.32 ka
BP1950 in the West Antarctic Ice Sheet Divide ice core (WDC) (Dunbar et al., 2017).

Volcanic eruptions generally do not deposit tephra in both Greenland and Antarctica, so the
bipolar synchronization of sulfur spikes in the ice cores is dependent on an alternative matching
technique. Svensson et al. (2020) applied annual layer counting in both Greenland and Antarctic
ice cores to match patterns of volcanic eruptions leading to the identification of some 80 bipolar
eruptions in the 60-12 ka interval. For the Holocene, a bipolar synchronization of volcanic
eruptions was released with the AICC2012 time scale (Veres et al., 2013). Using sulfur isotopes,
it has recently become possible to test if sulfate has indeed reached the stratosphere, which is a
prerequisite for being globally distributed, as the sulfate undergoes characteristic isotope
fractionation in the stratosphere (Burke et al., 2019; Gautier et al., 2018; Crick et al., 2021;

Baroni et al., 2008), but these analyses are still scarce for the last glacial period.

2.1.4 Extending the ice-core volcanic record into the last glacial period

Here we extend the ice-core record of sulfate deposition in Greenland and Antarctica by
employing sulfate records from three Greenland and three Antarctic ice cores in the interval 60-9
ka (in one core we use elemental sulfur measurements, but for the sake of brevity we will refer to
sulfate records). We investigate the sulfur emission strengths (i.e. defining the climate impact
potential) and the frequency of volcanic eruptions detected in either Greenland or Antarctica. For
eruptions identified in both hemispheres, we estimate the climate forcing using modern

analogues and determine the occurrence of very large eruptions.
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2.2 Methods

2.2.1 Ice-core records

For Greenland we used the North Greenland Eemian Ice Drilling ice core (NEEM) (Dahl-Jensen
et al., 2013), the North Greenland Ice Core Project ice core (NGRIP2) (Andersen et al., 2004),
and the Greenland Ice Sheet Project 2 ice core (GISP2) (Grootes et al., 1993), and in Antarctica
the WDC ice core (WAIS Divide Project Members, 2013; 2015), the EPICA Dome C ice core
(EDC) (EPICA community, 2004), and the EPICA Dronning Maud Land ice core (EDML)
(EPICA community, 2006).

The sulfate records were obtained by different analytical methods and with different temporal
resolution as detailed in the Table S1. For NGRIP the SO4* concentration was obtained by a
Continuous Flow Analysis system (CFA) (Bigler, Thesis, 2004; Rothlisberger et al., 2000). For
WDC, sulfur was measured by ICP-MS coupled to a CFA system (Sigl et al., 2016). For EDC
and EDML, SO4* was measured by Fast Ion Chromatography (FIC) coupled to a CFA system
(Severi et al., 2015). For GISP2 and for a second NGRIP profile, SO4* was obtained from
discrete samples by Ion Chromatography (IC) (Clausen et al., 1997; Mayewski et al., 1993;
Siggaard-Andersen, PhD thesis, 2004). The temporal resolution of the sulfate records decreases
with ice-core depth and ranges from sub-annual for the CFA profiles to decadal for the lower-
resolution discrete profiles (Table S1 and Fig. S2). The high-resolution NGRIP and WDC
records have been resampled to annual resolution, which we see as an upper limit for the
effective resolution during the oldest part of the analysis in last glacial. As discussed in section
3.4, we are also resampling these records to lower resolution in order to obtain comparable
resolution throughout the investigated period and in order to investigate eruption occurrences
among stadial and interstadial periods. Minor data gaps were interpolated using linear
interpolation and larger gaps are indicated as missing data. Sulfur and sulfate records were
corrected for the sea-salt-sulfur contribution based on sodium concentrations as sea salt tracer by
assuming 0.084 for the ratio of Na/S (Bowen et al., 1979), except for EDC. In all cases, the sea-
salt correction is less than 15% of the measured sulfate background signal, giving a slight change
to the non-sea-salt-sulfur. In a previous study of WDC for the Holocene period, methanesulfonic
acid (MSA) was used to make a minor correction of the Antarctic sulfur signal (Cole-Dai et al.,
2021). As there are no continuous MSA records available for WDC over the investigated period,

we do not make this correction here.
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For the 12-9 ka interval, the Greenland sulfate deposition is based on the NGRIP and GISP2
records only, as the NEEM dataset is not available. Apart from using the sulfate records, the
depth assignment of the volcanic peaks was occasionally assisted by application of other high-
resolution records that also are indicators of volcanic sulfate deposition. Those include the
Electrical Conductivity Measurement (ECM) profile, the Di-Electric Profiling (DEP) and the
liquid conductivity records, that are also available for most of the applied cores (Table S1 for a

complete list of records and references).

2.2.2 Background signal determination and volcanic peak detection

To determine the biogenic sulfate background level of the ice-core sulfate records and detect
volcanic peaks above this background, we apply robust peak detection methods similar to those
applied for Holocene records (Fischer et al., 1998; Karlof et al., 2005; Gao et al., 2007; Sigl et
al., 2013), which allow for a change with sulfate background variability over time. A running
median filter with a width of 50-180 years was applied to estimate the non-volcanic background
signal. Due to the different depth resolution of the individual records, and because of the highly
variable and abruptly changing background levels of the Greenland sulfate levels across DO-
events, it has been necessary to apply different filter widths for different records (Fig. S2.1 (a-y)
and Table S1). A second iteration of a reduced running median (RRM) filter using the same filter
widths was applied after removal of the spikes identified in the first iteration. For the coarse-
resolution NGRIP IC sulfate record, a continuous background determination was not possible
and the background has been estimated manually for selected events only.

For all records, a volcanic detection threshold was estimated as RRM plus three times the
running median of absolute deviations from the RRM (RMAD) using the same window widths
as for the background determination (Fig. S2.1 (a-y)). In Greenland, the RMAD value varies
strongly across DO-events due to the much greater background variability during stadial periods
as compared to interstadials (Table S2). This implies that the volcanic spikes may not be
detected for the time windows covering the fast transitions from stadials and interstadials (lasting
on the order of decades to up to about 150 years, Capron et al. (2021)) when the background
variability changes in a short time. Thus, the volcano frequency found in these short intervals
may be impacted, but the volcanic frequency outside of these short intervals is not affected. The
duration of a volcanic event is estimated from the depth interval of the sulfate spike that is above

the RRM and the sulfate deposition associated with the event is calculated by integrating the
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sulfate concentrations above the RRM across the duration of the event. The volcanic sulfate peak
area S in kg km™ is calculated as follows:

ey

where y is the nss-sulfate concentration in units of ppb, 0.917 is the ice-water density in g cm™,

and the sulfate layer in the ice core is constrained between the depths D1 and D2 in m ice
equivalent. At shallow depth, the temporal duration of the sulfate deposition can be determined
precisely, but in the last glacial period peak broadening by diffusion is hampering such a

determination, that is not considered in this work.

2.2.3 Correction for ice flow / layer thinning
As the volcanic layer is buried in the ice sheet, the layer is being thinned by ice flow. In order to
calculate the amount of sulfate deposited on the ice sheet at the time of the eruption a correction

for the thinning of the volcanic layer in the ice must be applied.

@

Here SF is the accumulated sulfate flux in kg km™ and T is the layer thinning (the ratio
between the layer thickness in the ice core and the original layer thickness). The layer thinning
has been calculated by site-specific ice-flow models (thinning function) that we applied here
(Table S1 and Fig. S2.2 (¢)). During the last glacial period, the layer thinning can be significant.
For the Greenland cores, the thinning rate ranges from a 60% reduction of the original layer
thickness (T=0.4) at 12 ka b2k to as much as 90% (T=0.1) at 60 ka b2k (Table S1). For
Antarctica, the thinning rate is most significant for the high-accumulation WDC core, where it
approaches 95% (T=0.05) at 60 ka b2k (Fudge et al., 2016; Buizert et al., 2015), whereas the
EDC core exhibits a modest thinning of 30% (T=0.7) at 60 ka b2k (Fig. S2.2 (¢)). For the WDC
core, we apply the thinning function of Fudge et al. (2016) for the upper 2800 m, whereas below
2800m we apply a simple linear fit to the gas-based thinning function (Buizert et al., 2015) that
has large and possibly unrealistic wiggles (Fig. S2.2 (c)). As the volcanic sulfate deposition
scales with the amount of thinning, an inaccurate thinning factor has large implications for the
calculated sulfate depositions.

For high snow accumulation sites, such as those in Greenland and coastal Antarctica, it is
quite likely that wet deposition is dominating the sulfate deposition at present day (Kreutz et al.,

2000; Schupbach et al., 2018). During the last glacial period, dry deposition may have played a
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more important role, giving rise to a potential bias of our glacial sulfate deposition estimates. We

do not attempt to make any corrections for this effect.

2.2 4 Correction of volcanic signals for low resolution data

As the depth resolution of the sulfate records for the GISP2 and NEEM cores is relatively low
(Fig. S2.2 (a)), adjacent acidity peaks may be merged into falsely large acidity spikes. We made
a manual correction for this effect by comparing to the corresponding higher-resolution ECM
and DEP recordsFi (depth resolution of 1 cm or higher) of the same core and removed or split
falsely large peaks according to the associated ECM or DEP peaks. The specific correction for

volcanic signals is indicated in Table S3.

2.2.5 Volcanic sulfate deposition records

We generate three lists of volcanic sulfate deposition for the 60-9 ka period: one for eruptions
identified in the Greenland ice cores (Table S3), one for eruptions identified in the Antarctic ice
cores (Table S4), and one for global (bipolar) eruptions identified in both Greenland and
Antarctica (Table S5). The bipolar list contains the large global eruptions identified by Svensson
et al. (2020) and also two large bipolar eruptions found in Veres et al. (2013) for the 12-9 ka
period. Furthermore, two additional bipolar eruptions at 44.75 ka b2k and 44.76 ka b2k have
been included, applying the same methods as described in Svensson et al. (2020). For the bipolar
list, no bipolar eruptions were unambiguously identified in the 24.5-16.5 ka period, not because
they may not have existed but because ice core synchronization is very difficult in this period.
Therefore, the list covers only an effective period of 43 ka. The list of NH volcanism contains
only volcanic deposits larger than 20 kg km™ in any of the applied Greenland ice cores, and the
list containing the Southern Hemisphere includes all deposition events larger than 10 kg km™ for
the Antarctic ice cores, which biases our list to larger eruptions. This cut-off is necessary because
of the highly variable sulfate background in the Greenland cold periods of the last glacial
predominantly associated with mineral dust (e.g. gypsum (Svensson et al., 2000)) (Table S2). A
sulfate deposition of 20 kg km™ corresponds to half the Greenland deposition from the 1815 AD
Tambora eruption (Sigl et al., 2015), thus only quite large events in terms of total sulfur
injections into the atmosphere are detected in this work. If the cut-off is set at a lower value, a
large number of presumably non-volcanic spikes will be identified in stadial periods. A similar
cut-off applied to the sulfate deposition record of the last 2000 years (Sigl et al., 2013) reduces

the number of identified eruptions in Greenland from 138 to 49 events. Likewise, for Antarctica,
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we are only identifying events that are referred to as ‘large’ or ‘very large’ by Cole-Dai et al.
(2021).

When eruptions are detected in several ice cores in Greenland or Antarctica, we provide the
sulfate deposition value for each core, the range spanned by all the cores, and the calculated
average sulfate deposition value. The average Greenland sulfate deposition is calculated by the
simple mean of the three cores due to their similar sulfate-deposition levels and proximity of the
ice coring sites (Fig. S2.3). In Antarctica, however, the ice-core sites are far apart and the EDC
core generally has the lowest sulfate deposition due to low snow accumulation or a reduced
amount of sulfate reaching the remote EDC ice-coring site. Therefore, when there is only a
sulfate signal present in one or two cores, the average sulfate deposition of Antarctica is
calculated with a rescaling factor, similar to the method applied by Gao et al. (2008). The scaling
factor is based on the relative ratio of sulfate deposition from the 30 largest eruptions (in terms of
the sulfate deposition) in the three cores in the period of 60-9 ka. For the 30 largest eruptions
identified in Antarctica, the ratio of the sulfate deposition among the three Antarctic cores is
EDC:EDML:WDC =0.72:0.87:1.4 (Fig. S2.3).

The volcanic sulfate deposition uncertainty estimate is obtainted from the error propagation in
formula (1) and (2). For NGRIP, NEEM, GISP2 and WDC, we apply an estimated 21%
uncertainty of the sulfate concentration levels independent of the analytical method (Fig. S2.3
(e)), an estimated 10% uncertainty of the applied thinning functions, and a 15% uncertainty
related to the varying temporal resolution of the sulfate records. This leads to an error estimate of
up to 26% for individual deposition events that we apply as error estimate for all the derived
sulfate depositions. For EDC and EDML, the low accumulation leads to an additional large local
variability in sulfate deposition of up to 29% (Gautier et al., 2016), so for those cores we arrive
at a combined error estimate of 40% for individual deposition events. When there are sulfate
signals from three ice cores in one hemisphere, we used the standard deviation of the rescaled
volcanic sulfate depositions for all ice cores to estimate the uncertainty for the average area
volcanic sulfate deposition. When there is a common signal in fewer than three cores, we use the

maximum uncertainty of the volcanic sulfate deposition from the individual cores.

2.2.6 Latitudinal band assignment of bipolar volcanic eruptions
The volcanic sulfate deposition in Greenland and Antarctica shows a distribution pattern related
to the latitudinal band of the eruption site (Fig. 2.1) (Marshall et al., 2019). To estimate the

latitudinal band of bipolar volcanic eruptions of unknown origin, we applied the Support Vector
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Machine (SVM) classification model of Hastie et al. (2009) and Vapnik (1998) that is based on a
kernel function generation and logistic regression. The model was trained using 4 eruptions from
the last glacial period and 17 eruptions from the last two millennia for which the eruption site is
known from the deposit tephra in the ice (Fig. 2.1(b) and Table S6). The input values of each
eruption for the model on the training set are the average Greenland sulfate deposition, the
average Antarctic sulfate deposition and the latitudinal band of the eruption site (above 40°N,
40°N-40°S, or below 40°S). The cross-validation is performed on the training set consisting of
10% of the total training eruptions selected at random. Then, this trained model is applied to give
a best estimate of the latitudinal band of the bipolar eruptions for which the eruption site is
unknown. The model output parameters - kernel scale, box constraints and Bayesian
optimization - show that the model has good performance (Fig. S2.4). Due to the low number of
known volcanoes erupted in the high latitudes of the Southern Hemisphere, the method does not
allow unambiguous identification of eruptions potentially located in this region. The bipolar
eruptions of unknown origin are thus predicted into two latitudinal bands — above 40°N (NHHL)
and below 40°N (LL or SH) (Table S5). The latitudinal band assignment for the four bipolar
eruptions at the onset of the Younger Drays period (Table S5) is similar to that expected from
comparing the relative sulfate deposition in Greenland and Antarctica (Abbott et al., 2021). A
weakness of the method is that the training set mostly consists of volcanic eruptions for which
the sulfate deposition is much smaller than that of the large eruptions occurring during the last

glacial period. Details of the SVM method are provided in Hastie et al. (2009), page 17.

2.3 Results

2.3.1 The Greenland volcanic sulfate deposition record (60-9 ka)

The sulfate deposition records derived from the NGRIP, NEEM and GISP2 ice cores are
displayed in Fig. 2.2 and Fig. S2.1 (a-y). The background level of the sulfate signal in the
Greenland cores is in the range of 50-200 ppb with both the absolute level and the signal
variability being much higher in stadial periods than in interstadial periods (Table S2). At the
abrupt climate transitions during the last glacial period the sulfate background changes abruptly,
making it difficult to determine the background level and volcanic detection limits (see Section
2.2). The higher background level and variability during the stadial periods is partly due to the

lower snow accumulation during these periods.
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Using a 20 kg km™ deposition threshold, 1113 volcanic events are identified in Greenland in
total (Table S3). Table S7 shows the number of volcanoes detected from one, two or three
Greenland ice cores, respectively. NGRIP has the highest event detection rate because of its
superior depth resolution. Depth resolution becomes increasingly critical in the cold climate of
the investigated period where annual layers get down to a few centimeters of layer thickness
(Fig. S2.2 (d)).

The difference in sulfate deposition among the cores reflects to some degree the spatial
variability in sulfate deposition within Greenland, but is also strongly influenced by the sulfate
analytical measurement technique (IC, FIC, CFA), the data resolution, the thinning correction
made for each site, and possibly the accumulation rates. A comparison of the sulfate deposition
between NGRIP, NEEM and GISP2 for the 30 largest volcanoes with identified signals in
Antarctica ice cores shows that there is a very large spread in the signal from event to event (Fig.
S2.3 (a-d)). Due to the large variability of sulfate deposition values among the cores, we provide
the full range of sulfate deposition values spanned by the cores as well as the average sulfate
deposition value, when an eruption is identified in several ice cores.

Fig. S2.3 (e) shows a comparison between the 57 largest volcanic events identified in the
NGRIP ice core, as derived from the high-resolution CFA SO4> record and from the lower
resolution IC SO4* record, respectively (Table S5). This comparison illustrates the differences in
calculated sulfate depositions due to the analytic method and record resolution only, as the
sulfate deposition and the thinning factor uncertainties are eliminated. It is obvious from the
comparison that the derived sulfate deposition of a single event in a single core should not be
taken at face value; there are very large uncertainties in addition to the variability caused by the
spatial distribution pattern. Still, being the first systematic compilation of large volcanic
eruptions from the last glacial period, the estimated depositions provide a good estimate of the
order of sulfur emission strength and the frequency of large volcanic eruptions in Greenland. Out
of'the 1113 volcanic events identified in Greenland we identify 10 very large events with sulfate
deposition estimated to be larger than 300 kg km™ — where 9 have an Antarctic counterpart
indicating their global impact. We identify 87 volcanic events with sulfate deposition larger than
135 kg km™, thereby exceeding the Icelandic Laki eruption occurring in 1783 CE, which
produced the largest Greenland sulfate deposition in the last 2500 years (Sigl et al., 2015). The
largest sulfate deposition in Greenland is by far the North Atlantic Ash Zone (NAAZ II) event
occurring at 55.38 ka b2k (Rutledal et al., 2020; Austin et al., 2004). The sulfate deposition of

this event is in the range of 866-1436 kg km™, which is more than a factor of two higher than any
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other event occurring in the investigated period. The second largest event is an unknown
eruption occurring at 45.55 ka b2k with a sulfate deposition in the range 200-849 kg km™. Those

and other large events will be discussed in more details in section 4.4.

Figure 2.1. Relationship between Greenland and Antarctic volcanic sulfate deposition for the large bipolar volcanic
eruptions. The size of the circle relates to the stratospheric sulfate aerosol loading. (a) Volcanoes in the last glacial
period are classified by a Support Vector Machine (SVM) model with latitudinal bands: above 40°N in red circles,
below 40°N in blue circles. (b) Volcanoes of the last 2500 years for which the eruption site is known (listed in Table
S6) are classified with the latitudinal bands as for (a).

2.3.2 The Antarctic volcanic sulfate deposition record (60-9 ka)

The volcanic sulfate deposition extracted from the EDML, EDC and WDC ice cores are shown
in Fig. 2.2 and Fig. S2.1 (a-y). The sulfate background level in Antarctica is comparable to that
of Greenland (Table S2), but there is much less signal variability and an absence of abrupt shifts
associated with Greenland DO transitions, making volcanic signal detection more robust. In
total, 740 (350) volcanic sulfate deposition values estimated to be larger than 10 (20) kg km™ are
identified in the Antarctic ice cores (Table S4 and Table S7). WDC has the highest accumulation
of the three records, but as the deepest part of the applied WDC record is close to bedrock, layer
thinning becomes very significant here (Fudge et al., 2016), making the loss of measured ice-
core temporal resolution (Table S1). Therefore, in the deepest section of the WDC core, fewer
eruptions are detected as compared to EDML and EDC, and the derived WDC sulfate deposition
has a very strong dependency on the applied thinning function. EDC has the lowest accumulation

of the three and also the lowest temporal resolution of the sulfate record. Therefore, smaller
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events are generally not detected in the EDC core, and the low accumulation contributes to some
eruptions being partly or entirely absent from the record (Gautier et al., 2016).

The volcanic deposition of the 30 largest events in Antarctica are compared among the cores
in Fig. S2.3. In general, there are large differences among the sulfate deposition in the different
cores for the same events, primarily owing to the large gradient of accumulation rates and
spatially different transport pathways over Antarctica (Sigl et al., 2014). The influence of
different analytical techniques (FIC or CFA-ICP-MS) and the temporal resolution of the records
may also accounts for some of the variability, as well as post-depositional processes (Gautier et
al., 2018).

In the 60-9 ka period, there are 31 large volcanic events with a sulfate deposition larger than
78.2 kg km™, which is the largest volcanic deposition in Antarctica over the most recent 2500
years (Sigl et al., 2015). Forty-eight volcanic events have a sulfate deposition larger than 64 kg
km™ corresponding to the Antarctic sulfate deposition of the Kuwae 1458 CE eruption (Sigl et
al., 2015). Among the 50 largest eruptions, 28 are also identified in Greenland ice cores. The
largest volcanic signal detected in Antarctica is occurring at around 46.69 ka b2k with a sulfate

deposition of 121.0-369.4 kg km™.

2.3.3 The bipolar volcanic sulfate deposition record (60-9 ka)

For the 60-9 ka period, the 85 bipolar volcanic eruptions that have been identified in both
Greenland and Antarctic ice cores (Veres et al., 2013; Svensson et al., 2020) are listed separately
in Table S5. We note that no bipolar eruptions have been identified in the interval 24.5-16.5 ka,
because of the general difficulty to synchronize ice cores in this period (Seierstad et al., 2014).
Twenty-eight out of the 85 bipolar eruptions have been identified in all six ice cores. Two of the
bipolar volcanic eruptions are known from Greenland ice-core tephra deposits to be of Icelandic
origin: The Vedde ash eruption (12.17 ka b2k) (Mortensen et al., 2005) and the NAAZ II
eruption (55.38 ka b2k) (Rutledal et al., 2020). Furthermore, there are tephra deposits in
Greenland from the Japanese Towada-H eruption (ca 15.68 ka b2k) (Bourne et al., 2016). In
Antarctica there is tephra deposited from the New Zealand Oruanui, Taupo, eruption (ca 25.32
ka BP1950) (Dunbar et al., 2017) (Table S6). For the bipolar eruptions the volcanic forcing can

be estimated using methods previously applied to Holocene eruptions (see section 4.3).
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2.3.4. Relationship between data resolution and the volcanic eruption record of the last glacial (60-
9 ka)

To investigate the frequency of different size categories of volcanic eruptions over time, we need
to consider the sample resolution of the underlying sulfate records (Fig. S2.2 (a+b)). As we go
back in time, the layer thinning becomes stronger which makes it increasingly difficult to detect
smaller eruptions signals. Depending on the ice-core sample resolution, the apparent number of
smaller eruptions decreases relatively faster with increasing age (or depth) than the larger
eruptions, as the former will no longer exceed the detection threshold determined by the
background signal due to smoothing of the records (Fig. S2.5). The effect is seen when the
frequency of detected eruptions is separated into fractions of sulfate deposition sizes. We
separated the eruptions according to the 0.7 and 0.9 quantiles of the volcanic sulfate deposition
distribution, which for Greenland are 68 kg km™ and 140 kg km and for Antarctica are 25 kg
km and 50 kg km™. When considering the frequency of volcanic eruptions across the
investigated period, we should preferably have the same or at least a comparable temporal sulfate
sample resolution throughout the period in order to minimize this age (or depth) bias.
For Greenland, only the NGRIP sulfate record has high (sub-annual) resolution for most of the
investigated interval (Fig. S2.2 (b)). Therefore, the number of eruptions detected in different
periods will depend strongly on the NGRIP sample resolution. The NGRIP sulfate has an
effective resolution of 8-20 mm due to smoothing of the record in the ice and — most importantly
— by signal dispersion during the measurement. Using an approach similar to that of Rasmussen
et al. (2005), we performed a spectral analysis of the NGRIP sulfate record to determine a signal
cut-off of around 2 cm, which is comparable to that of other components analyzed with the same
setup (Bigler et al., 2011) (Fig. S2.6). Two cm corresponds to about 2 annual layers in NGRIP in
the climatically coldest and oldest sections of the investigated interval. In Table S8 and Fig. S2.5
we investigate the effect of increased smoothing of the NGRIP sulfate record for the detection of
sulfate spikes. As expected the number of detected eruptions decreases with increased
smoothing, however, with 3 years smoothing, the number of larger sulfate spikes starts to
increase as adjacent sulfate peaks are being merged.

As a compromise between compensating for the decreasing resolution of the record with
depth and at the same time avoiding a strong influence of the peak merging effect, we smoothed
the NGRIP sulfate record to 2-year resolution for the eruption frequency analysis, knowing that

this is eliminating a fraction of the smaller eruptions in the younger section of the record. With
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Figure 2.2. The average volcanic sulfate deposition in Greenland and Antarctica (60-9 ka; 2.5-0 ka adapted from

Sigl et al., 2013, 2015). The blue curve shows 6’30 of the NGRIP core. Greenland volcanic sulfate depositions

larger than 20 kg km™ (cyan bars) and Antarctic volcanic sulfate deposition larger than 10 kg km™ (black bars) are

shown. Bipolar volcanic eruptions are indicated with an 'x’.

the 2-year smoothing there is probably still a bias towards a higher detection rate in the stadial

periods due to the high signal variability of the sulfate record in those periods (see discussion in

section 4.1). The GISP2 sulfate record has lower than 10-year resolution in the 60-14 ka period

(Fig. S2.2), so in this period we can only use the GISP2 sulfate record to estimate the sulfate

deposition of the larger eruptions. The NEEM sulfate record has a constant resolution of 10 years

and we use this record throughout the investigated period. In Fig. 2.3 we show the records of
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detected Greenland eruptions per millennium with the sulfate deposition grouped into three size
fractions.

For Antarctica, EDML and EDC have fairly constant thinning rates for the 60-9 ka period
(Fig. S2.2 (¢)), whereas WDC has very strong thinning in the oldest part of the period, due to the
high accumulation rate (Fig. S2.2 (¢)). Spectral analysis of the Antarctic sulfate records shows
the effective resolution (Table S1) and the signal cut-off is around 2 cm, 3 cm, and 1 cm for
EDML, EDC and WDC, respectively (Fig. S2.6). In order to have comparable resolution
throughout the investigated period, we smoothed the entire WDC sulfate record to 2-year
resolution to homogenize the record resolution across the investigated period. For EDML the

corresponding effective signal resolution is 1-2 year for the entire period, so we keep the original
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Figure 2.2. Number (top) and volcanic sulfate deposition (bottom) of volcanoes per millennium detected in
Greenland and Antarctic ice-core sulfate records with relatively similar data resolution for the last 2500 years and
the late glacial period. Positive values represent Greenland volcanoes and negative values represent Antarctic
volcanoes. The volcanic eruptions are grouped into three size fractions based on the 0.7 and 0.9 quantiles of the
volcanic sulfate deposition distribution. For Greenland the classes are separated at 68 kg km™ and 140 kg km™ and
for Antarctica the separation is made at 25 kg km™ and 50 kg km™. The magnitude of volcanoes is represented by
the average volcanic sulfate deposition in Greenland or in Antarctica. The records used for the figure as follows:
For the last 2000 years (911-1911 AD and 89-911 AD), the volcanic sulfate deposition is based on the NEEM S1
and NGRIP cores for Greenland and on the WDC core for Antarctica (Sigl et al. 2013) using smoothed 2-year
resolution sulfate records. For the period 60-9 ka the Greenland sulfate deposition is derived from NEEM, GISP2
and NGRIP. For GISP2, the data was smoothed to 5 years in the period of 14-9 ka and for the period older than 14
ka only large volcanic sulfate signals are detected. The NGRIP sulfate record has been smoothed to 2-year
resolution throughout. For the period 60-9 ka the Antarctic sulfate deposition is derived from EDML, EDC and
WDC sulfate records. The WDC sulfate record has been smoothed to 2-year resolution.
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resolution of the EDML sulfate record for the entire period. The EDC sulfate record has almost
constant resolution, so we apply this record throughout the investigated period. The result of the

frequency analysis is discussed in section 4.1.

2.4 Discussion

In the following we investigate possible climate-volcano links on different time scales, estimate
the last glacial volcanic forcing, and compare the glacial volcanic record to that of the last 2500
years. Many studies have discussed a possible impact of climate on the frequency and magnitude
of volcanic eruptions (Cooper et al., 2018). In particular, the melting of the large ice sheets at the
end of the last glacial period and the corresponding sea-level rise are thought to have created
crustal stress imbalances and increased the volcanic eruption frequency in that period (Watt et

al., 2013; Huybers and Langmuir, 2009; Zielinski et al., 1996; Zielinski et al., 1997).

2.4.1 Millennium scale volcanic eruption variability

We investigate the variability in eruption frequency and sulfur emission strength with the DO
cycles by separating the detected volcanic eruptions according to climate of ‘cold” and ‘milder’
periods, applying the onset and termination of DO events defined by Rasmussen et al. (2014).
‘Cold’ periods constitute the stadial periods from 21 ka b2k to 60 ka b2k, covering a total of 21.8
ka. ‘Mild’ periods are the remaining periods that include all of the interstadial periods from 21 ka
b2k to 60 ka b2k, adding up to 17.2 ka years. We grouped the detected eruptions according to the
size of deposited sulfate and also investigated the effect of smoothing the NGRIP sulfate record
to 1, 2, 3, and 5 years resolution (Fig. S2.7). For Antarctica, the number of detected eruptions
(per millennium) is very similar for stadial and interstadial periods, independent of deposition
size categories and record smoothing (Fig. 2.4). For Greenland, however, the number of volcanic
eruptions is higher in stadial periods than in interstadial periods (Fig. 2.4), in the smaller
deposition category (20-68 kg km) this effect decreases with increasing NGRIP sulfate record
smoothing (Fig. S2.7).

This observed difference leaves us two options: either there is a true millennium-scale
volcanic eruption variability related to northern hemispheric climate variability during the last
glacial period, or the dependency is an artefact caused by the very different properties of the
Greenland sulfate record in stadial and interstadial periods. In Greenland, the variability of the
sulfate background level is high in cold periods, stadials and the LGM, and low in milder periods

such as interstadials (see section 3.1). We try to take this difference into account by employing
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the variability-dependent RMAD to determine the eruption detection limit, but because of the
very different character of the sulfate profiles in cold and milder periods there is still the

possibility of having a climate related detection bias of sulfate spikes that is unrelated to the

Antarctica Greenland
25 - - - - 25 : : : : :
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DG = Deglacial period (21-9 ka b2k)

G = Glacial period (60-21 ka b2k)

Gl = Glacial interstadials (60-21 ka b2k)
GS = Glacial stadials (60-21 ka b2k)

Figure 2.4. Comparison of the number of volcanic eruptions per millennium detected in Greenland and Antarctic ice
cores grouped for different climatic periods with relatively similar data resolution for the last 2500 years and the
late glacial period. The applied datasets and smoothing are the same as used for Fig. 2.3. The detected eruptions

are classified into three size fractions similar to the approach of Fig. 2.3.

actual volcanic eruption record. For example, in cold periods, it could be that strong seasonal
sulfate spikes associated with marine or terrestrial (non-volcanic) sulfate production could be
detected as smaller volcanic eruptions. For recent times, Gao et al. (2007) has demonstrated that
the volcanic sulfate deposition to some degree is accumulation dependent, with increased
accumulation leading to higher sulfate deposition. Since, however, the highest accumulation
occurs in the interstadial periods, this effect would lead to relatively higher sulfate deposition in
interstadial periods, which is the opposite of what is observed.

We investigated the effect of a possible seasonal sulfate contributions of non-volcanic origin
by a smoothing exercise where successively increased smoothing of the NGRIP sulfate record
increasingly eliminates the detection of smaller short-lived (seasonal) sulfate spikes. Fig. S2.5,
Fig. S2.7 and Table S8 show the number of sulfate spikes detected in stadial and interstadial
periods as a function of the degree of smoothing. It is seen that for cold periods, the number of

detected small and short-lived sulfate spikes decreases significantly with increased smoothing,
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whereas the effect is almost absent for milder periods. This suggests that the higher number of
detected sulfate spikes in cold periods is mainly due to spikes of periodic duration of sulfate
background which we believe are less likely to be of volcanic origin. For volcanic eruptions that
are large enough to inject sulfate into the stratosphere modern observations show that the sulfate
fallout typically will last several years. We thus conclude that the apparent increased volcanism
detected in cold periods is most likely an artefact caused by non-volcanic seasonal contributions
from high-sulfate marine or terrestrial sources. It could for example be contributions from
gypsum that is known to have high deposition fluxes in Greenland during stadial periods
(Legrand and Mayewski, 1997). Indeed, for bipolar events we do observe a higher correlation in
stadial periods than in interstadial periods between the volcanic sulfate deposition and both
insoluble dust concentration and sodium concentration (Fig. S2.10). We cannot exclude,
however, that other mechanisms such as different atmospheric circulation patterns, or different
sulfate deposition process in terms of dry versus wet deposition, are also affecting the Greenland
volcanic detection rates in stadial versus interstadial periods. We note that because an increased
smoothing of the sulfate record mostly decreases the number of smaller detected sulfate
depositions, the effect of smoothing on the large accumulated sulfate deposition over time is less

important (Fig. S2.5 and Table S2.8).

2.4.2 Long-term volcanic eruption variability

In order to estimate the long-term pattern of volcanic activity, the accumulated number of
volcanic eruptions and resulting sulfate deposition in Greenland and Antarctica over the
investigated period are compared in Fig. 2.5 (same data as applied in Fig. 2.2). The cumulative
volcanic number (sulfate deposition) in Greenland is larger than in Antarctica by a factor of 3.2
(4.7), considering only sulfate depositions larger than 20 kg km at both poles. We attributed
this mainly to the larger number of volcanoes situated in the NH, but it is possibly also related to
the proximity of Iceland to Greenland and to other volcanic regions located upwind of
Greenland, as well as to the differing atmospheric circulation patterns between the two
hemispheres (Toohey et al., 2019). In terms of cumulated volcanic number there is some
temporal variability that could be climate related, but overall the eruption frequency is rather
constant in comparison to the geological record from Large Magnitude Explosive Volcanic
Eruptions (LaMEVE) database (Brown et al., 2014), most likely because the ice-core
preservation and identification are much more homogeneous over time than that of

radiometrically dated eruptions.
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The number of volcanic eruptions per millennium shows a fairly constant level both for
Greenland and for Antarctica (Fig. 2.3, Fig. S2.8 and Fig. S2.9). The Early Holocene increase in
global volcanism as suggested by Watt et al. (2013) is not identified in our record. Neither is the
periodicity of Campanian eruptions as identified by Kutterolf et al. (2019), but this pattern could
be masked by eruptions from elsewhere.

Based on the EDC sulfate record, Castellano et al. (2004) determined the Antarctic volcanic
sulfate deposition to be fairly constant over the last 45 ka, except for an increase during the last
2000 years. The eruption frequency level of 5-10 eruptions per millennium determined in that
study is on the low side compared to the present study, in particular for the older part of the
period (Fig. 2.3). This is likely because the EDC sulfate record has low resolution and could not
pick up all of the smaller short-lived eruptions, also because the low accumulation at the EDC
site does not record some eruptions (see methods/results section). Over the 60-9 ka interval we
have detected 224 volcanic eruptions in EDC as compared to 513 and 496 in the higher
resolution WDC and EDML records, respectively (Table S2.4).

Recently, Cole-Dai et al. (2021) compiled a Holocene volcanic record from the high-
resolution sulfate record of the high-accumulation WDC ice core. The authors determine a fairly
constant Holocene volcanic activity with identification of 426 eruptions of which 162 and 44
have sulfate depositions larger than 10 kg km and 30 kg km™, respectively. Those numbers are
very comparable to our findings for Antarctica in the period of 11-9 ka (Fig. 2.3).

Based on the same GISP2 sulfate dataset as applied in the present study and after introducing
a rescaling to compensate for the decreasing sample resolution with depth, Zielinski et al. (1996,
1997) identified an enhanced northern hemispheric volcanic eruption frequency in the deglacial
period (17-6 ka) compared to the 60-0 ka average. In our 3-core Greenland sulfate deposition
compilation, we also found an increased volcanic eruption frequency over the deglacial period,
which is 34% higher than the late Holocene period (2-0 ka), especially for the fraction of large
sulfate deposition events (Fig. 2.3 and Fig. 2.4). In Antarctica, neither the detected eruption
frequency nor the total sulfate deposition over the deglacial period are higher than the average
for the full 60-9 ka interval. We therefore conclude that the increased number of large eruptions
occurring in the deglacial period are mostly of northern hemispheric origin. This hypothesis is
supported by the elevated number of tephra deposits identified in Iceland records (Maclennan et
al., 2002) and in Greenland during the deglacial period mostly of Icelandic origin, a few from
Japanese and unknow origins (Bourne et al., 2016; Zielinski et al., 1997; Mortensen et al., 2005;

Gronvold et al., 1995). Van Vliet-Lanoe et al. (2020) found that the enhanced volcanic activity in
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southern Iceland is most likely related to stress unlocking during deglaciation events and related
to rifting events at the melting margin of the ice sheet. In the period of 14.6-13.1 ka in Southeast
Alaska, an enhanced volcanic activity from the Mount Edgecumbe Volcanic Field has also been

observed by Praetorius et al. (2016).
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Figure 2.5. Cumulative number and sulfate deposition of volcanoes with time (same as in Fig. 2.2 and Tables S2.3
and S2.4) for three classified size fractions (same fractions as in Fig. 2.3) of volcanoes for Greenland and

Antarctica (60-9 ka).

For the glacial period (60-21 ka), the frequency of detected eruptions is similar to that of the
last 2000 years, when comparing the same sulfate deposition fractions (Fig. 2.4). We note that
for the last 2000 years only eruptions with sulfate depositions larger than 20 kg km™ are included
and in order to make the profiles comparable - the sulfate records have been smoothed with a
two-year filter. The apparent increase in global volcanism over the last millennia in the geologic
records (Brown et al., 2014) is therefore most likely due to an under-representation of older

eruption identifications in that study (Papale, 2018; Deligne et al., 2010). When it comes to
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sulfur emission strengths of eruptions and accumulated sulfate deposition, however, the last 2000
years appear to be under-represented in very large eruptions as compared to long periods of the

last glacial period (Table 2.1).

2.4.3 Estimating the volcanic forcing of the last glacial 60-9 ka

To estimate the volcanic radiative forcing from eruptions occurring in the last glacial and early
Holocene we need to (i) constrain the sulfate stratospheric aerosol loading (we applied the
method of Gao et al. (2007)), (ii) convert the stratospheric aerosol loading into the global mean
stratospheric aerosol optical depth (SAOD) (we applied the methods of Crowley and Unterman.
(2013) and that of Aubry et al. (2020)), and (iii) convert global mean SAOD to the global mean
radiative forcing (we applied the methods of Hansen et al. (2005) and that of Marshall et al.
(2020)). The global stratospheric sulfate aerosol loading requires a separation of NH high-
latitude eruptions from other eruptions, as the two eruption groups are scaled differently (Gao et
al., 2007). We defined NH high latitude eruption as eruptions that occurred at a latitude above
40° N. To identify the NH high latitude eruptions, we applied a Support Vector Machine learning
classifier model (SVM — see methods section), that is trained by the bipolar sulfate deposition of
volcanic eruptions for which the eruption site is known. We applied 17 Holocene and 4 glacial
volcanic eruptions of known origin (Table S2.6) to predict that 50 out of 85 bipolar eruptions of
unknown origin are likely to have occurred in the NH high latitudes (Fig. 2.1 and Fig. 2.6). We

then reconstruct the volcanic radiative forcing using three different approaches:

Absolute number of eruptions Eruptions per millennium
9-16.5 ka 9-16.5 ka
0-2.5ka 24.5-60 ka 0-2.5ka 24.5-60 ka
<-13.2 W m? (Oruanui, Taupo) 0 3 0 0.07
<-9.5 W m? (EU 426 BC) 1 25 0.4 0.58
<-6.5 W m? (Tambora) 6 69 2.4 1.60

Table 2.1. The number and frequency of large bipolar volcanic eruptions for the last 2500 years and for the last
glacial and early Holocene (this study). The climate forcing is calculated using the SAOD scaling of Aubry et al.
(2020) and the radiative forcing conversion from Marshall et al. (2020).
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Figure 2.6. Schematic of the latitudinal location for the identified bipolar volcanic eruptions (Table S2.5).
Volcanoes for which the eruption site is predicted above 40°N are marked at 50°N and those predicted below 40°N
are marked at Equator. Volcanic locations that are known from ice-core tephra deposits are indicated by name and
age of the eruption (Table S2.5). Due to its high relative sulfate deposition in Antarctica, the eruption at 46.68 ka,
marked at 40°S in the figure, is very likely from the Southern Hemisphere but the eruption site is unknown. The size

of the circles represents the strength of volcanic stratospheric aerosol loading.

1) The global mean SAOD is obtained using the method of Crowley and Unterman. (2013)
and the radiative forcing calculation applies the scaling factor of Hansen et al. (2005). Here the
volcanic radiative forcing is calibrated against Pinatubo 1991 AD (at 15°N). This approach is
similar to the one used by Sigl et al. (2015).

2) The global mean SAOD is obtained using the scaling factor of Aubry et al. (2020) and the
radiative forcing calculation applies the scaling factor of Hansen et al. (2005). This approach is
similar as [PCC ARS.

3) The global mean SAOD is obtained using the scaling factor of Aubry et al. (2020) and the
radiative forcing calculation applies the scaling factor of Marshall et al. (2020), which considers
rapid aerosol adjustment for large volcanic eruptions.

All of the reconstructed volcanic radiative forcings are calibrated and evaluated based on
modern volcanic eruptions, and they are therefore potentially biased when applied to the
eruptions occurring in the very different glacial climate (see section 4.1). Table S2.5 and Fig.

S2.11 present the reconstructed volcanic radiative forcing of individual volcanic events using the
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three approaches. The reconstructed volcanic forcing obtained by methods 2) and 3) is
significantly weaker than that obtained by method 1) by a factor of 1.3 and 2.8, respectively,
when integrated over all events. In the following, we adopt method 3) to present the
reconstructed volcanic forcing values.

Having estimated the volcanic forcing of the glacial and early Holocene eruptions, we can
compare it to the well-constrained eruptions that occurred over the last 2500 years (Sigl et al.,
2015). In Table 2.1 we compare the number of eruptions with a climate forcing larger than
Oruanui, Taupo, 25.32 ka BP1950; the unidentified eruption of 426 BC, and Tambora, 1815 AD
for the periods of 2.5-0 ka, and 60-9 ka. Note that the investigated period of the last glacial and
the early Holocene covers some 43 ka (60-9 ka minus the section of no identified bipolar
eruptions 24.5 to 16.5 ka). Among the 85 bipolar events investigated in the last glacial and early
Holocene, three eruptions are found to be larger than Oruanui, Taupo, and 25 eruptions are found
to be larger than the largest eruption of the past 2500 years.

Based on geological evidence, the occurrence of large volcanic eruptions was estimated in
terms of their VEI (Volcanic explosivity index), which is based on the volume of ejected magma.
The average occurrence rate of VEI-7 (VEI-8) volcanoes discovered in the last 125 ka BP (2600
ka BP) is 0.3 (0.01) per millennium, respectively, based on databases of LaMEVE and GVP
(Papale, 2018). From ice-core records, we cannot directly derive the VEI index, but the
estimated volcanic radiative forcing is likely to be another good indicator of volcanic eruption
magnitude. The average rate of volcanoes in the 60-9 ka interval with a climate forcing larger
than the 1815 AD Tambora eruption (VEI-7) is 1.60 per millennium (Table 2.1). In the same
interval, we have 4 eruptions with a climate forcing larger or equal to the 25.32 ka BP1950
Taupo Oruanui (VEI-8) eruption. Of those, the Icelandic 55.38 ka NAAZ II volcanic event is
likely to be overestimated due to its proximity to Greenland (see section 4.4.). Thus, we identify
three eruptions with a climate forcing larger than or equal to Taupo Oruanui 25.47 ka, occurring
at a rate of 0.07 eruptions per millennium. Those ice-core based eruption frequency estimates are
thus about 5.3 times larger than those based on geological evidence for Tambora 1815 AD, and 7
times larger as Taupo Oruanui 25.32 ka BP1950 resting on the observation that there exists a
positive relationship between the volume of ejected magma and the emission of sulfur gas for a

volcanic eruption (Table S2.6).
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2.4.4 Large and notable volcanic eruptions of the last glacial period (60-9 ka)

The largest eruptions of the last glacial period and early Holocene are ranked by the average
climate forcing in Table 2.2. The highest ranking on the list is the Icelandic eruption associated
with the NAAZ II occurring in GS-15.2 at 55.4 ka b2k (Gronvold et al., 1995; Zielinski et al.,
1997). The sulfate deposition in Greenland from this eruption is enormous (almost 15 times
higher than the deposition for Laki 1783 AD), but none or only very little sulfate is deposited in
Antarctica. With its close proximity to Greenland, it is therefore likely that a large fraction of the
sulfate was transported to Greenland through the troposphere and thus the estimated climatic
forcing of —15.9 W m? is probably overestimated and should not be taken at face value. From
the marine sediment records, the NAAZ II layer consists of different Icelandic events (Rutledal
et al., 2020). For the above reasons, the eruption should not be considered as the largest eruption
of the last 60 ka in a global context. The very wide range of sulfate deposition of 866.2-1435.6
kg km among the Greenland ice-core records (Table S2.5) is probably due to a combination of
1) a true geographical variability in deposition in Greenland, 2) the quite significant and possibly
inaccurate correction for layer thinning at great depth in the ice cores for this eruption, and 3) an
unexplained difference related to the different analytical methods applied (see results section).
The second largest event on the list occurred in GI-12 at 45.56 ka b2k and is identified in all
Greenland and Antarctic ice cores, but the deposition at EDC is very low, most likely due to its
low accumulation and the low time-resolution of the sulfate record. The eruption is of unknown
origin, but based on its relative Greenland and Antarctic sulfate deposition, it occurred in the NH
extratropical area and its climate forcing is estimated to be -15.0 W m™.

Number three on the list of large eruptions occurred at 38.13 ka b2k; 100 years after the onset
of GI-8 and 11 years before the occurrence of the Faroe Marine Ash Zone I1I (FMAZ III) tephra
in Greenland (Davies et al., 2012). The eruption is detected in all ice cores (but there is a data
gap for the WDC sulfur in this interval), and with very similar Greenland and Antarctic sulfate
depositions this is most likely a low-latitude eruption with an estimated average climate forcing
of —13.6 W m™2, about 2 times that of Tambora (1815 CE).

The forth largest bipolar ice-sheet sulfate deposits are from the New Zealand Taupo, Oruanui,
eruption that occurred in GS-3 at 25.32 ka BP1950, verified by the presence of a tephra deposit
in Antarctica (Dunbar et al., 2017). The estimated average climate forcing of the eruption is -
13.2 W m™, about 1.5 times that of Samalas 1257AD (-9.1 W m) (Sigl et al., 2015), which
caused large variability of atmospheric temperature of global climate for several years (Lim et

al., 2016), prolonged the drought in North American and leading to the famine (Herweijer et al.,
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2007). Despite its magnitude, the sulfate deposition of the eruption is undetected in the
Greenland GISP2 ice core, which has the lowest temporal sulfate-data resolution of all the used
cores in this time period.

In GS-5.1 at 29.68 ka b2k there is a pair of volcanic eruptions separated by some 40 years, of
which the younger event ranks seventh on the list of the largest eruptions. The estimated climatic
forcing of this eruption is -12.5 W m™ and it has a clear NH signature in the bipolar sulfate
distribution. There is no associated tephra deposit in the ice cores, but we speculate the event
originates from the Italian Campi Flegrei Y-3 eruption, being the only bipolar volcanic eruption
of that magnitude within a range of several millennia. The Y-3 eruption is independently
Carbon-14 dated to 29.0 ka b2k (Albert et al., 2015).

Number 8 on the list of the largest eruptions occurred at 46.68 ka b2k in GI-12 and is the only
eruption in this study apart from the 25.32 ka BP1950 Taupo, Oruanui, eruption that has a clear
southern hemispheric origin. The Antarctic sulfate deposition of the eruption is approximately
twice that in Greenland (Fig. 2.1) and the eruption has an average estimated climatic forcing of -
12.3 W m™ or about 0.9 times that of Oruanui.

Right after the onset of GS-9 at 39.92 ka b2k there is another pair of large eruptions separated
by some 46 years. Those are ranking respectively number 14 (39,915 a b2k; -10.6 W m™) and
number 38 (39,869 a b2k; -8.8 W m™) of the large eruptions listed in Table 2.2. Both eruptions
have bipolar sulfate distributions suggesting a NH eruption. Because of their magnitude and their
stratigraphic setting right at the onset of GS-9 these volcanic events are both possible candidates
for the Italian Y-5 Campanian Ignimbrite eruption. There is no tephra evidence for this
suggestion in the ice cores, but tephra from this eruption has been identified in the Black Sea in
very similar stratigraphic setting at the onset of GS-9 and the eruption is independently dated by
Ar/Ar to 39.9 + 0.1 ka b2k (Giaccio et al., 2017).

In the late GI-1 right before the onset of GS-1/ Younger Dryas there is a quadruple of bipolar
eruptions covering a period of 110 years (Svensson et al., 2020). The oldest (13,028 a b2k; -10.5
W m?) and the youngest (12,917 a b2k; -10.0 W m™) of those eruptions are number 16 and 17
on the list of large eruptions. Both eruptions are likely to have occurred in the NH at above
40°N. The 12,917 b2k eruption has been suggested as a candidate for the Laacher See Eruption
(LSE) that occurred in the East Eifel region in present-day Germany (Brauer et al., 1999; Baldini
et al., 2018), but no tephra has been identified in the ice cores from this eruption. A recent
publication, however, suggested that the LSE was around 130 years older (Reinig, et al., 2021)

and is synchronous instead (within age uncertainty) with the oldest event of this quadruple of
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Table 2.2. The largest bipolar volcanic eruptions of the last glacial period and early Holocene ranked by the
volcanic aerosol forcing that is derived from the average Greenland and Antarctic volcanic sulfate depositions. The
stratospheric aerosol loading was estimated according to Gao et al. (2007) and the radiative volcanic aerosol
forcing was reconstructed with a scaling factor of SAOD obtained from Aubry et al. (2020) and a scaling factor to
obtain the radiative forcing following Marshall et al. (2020) (section 4.3). ‘NHHL’ refers to high-latitude northern-
hemisphere locations of volcanoes, meaning above 40° N, ‘LL or SH’ refers to low latitude or southern hemisphere
locations, meaning below 40° N. ‘Number of ice cores’ refers to the number of ice cores in Greenland and

Antarctica in which the volcanic sulfate signal has been detected.

Greenlan Antarcti Global Predictio Number of ice cores
d volc. ¢ volc. Stratospheri climat nof .
Age depo. depo. ¢ aerosol e volcanic Greenlan Antarctic
Rank (b2k) (kg/km?) (kg/km?) loading (Tg) forcing site d a

1 55383 1117.4 16.5 653.4 -15.9 NHHL 3 2
2 45555 652.6 172.7 544.7 -15.0 NHHL 3 3
3 38133 209.4 204.5 413.9 -13.6 LL or SH 3 2
4 25460 189.5 192.8 382.3 -13.2 LL or SH 2 3
5 52302 293.0 185.4 3524 -12.8 NHHL 3 3
6 44763 169.7 171.0 340.7 -12.7 LL or SH 2 3
7 29680 3333 137.6 3275 -12.5 NHHL 2 3
8 46683 105.1 211.1 316.2 -12.3 LL or SH 2 3
9 41144 410.0 81.8 315.5 -12.3 NHHL 3 3
10 49065 164.9 142.3 307.2 -12.1 LL or SH 3 3
11 42037 327.7 119.8 306.6 -12.1 NHHL 2 3
12 32032 210.8 145.6 265.8 -11.4 NHHL 3 3
13 25759 214.8 110.6 233.1 -10.8 NHHL 3 3
14 39915 316.0 44.0 224.1 -10.6 NHHL 3 3
15 34718 301.0 52.5 224.1 -10.6 NHHL 2 3
16 13028 272.8 65.0 220.5 -10.5 NHHL 3 3
17 12917 248.1 59.4 200.8 -10.0 NHHL 3 3
18 11305 297.8 30.1 199.8 -10.2 NHHL 2 3
19 47023 255.4 52.3 197.9 -10.0 NHHL 3 3
20 16469 102.9 89.8 192.7 -9.9 LL or SH 2 3
21 14761 307.8 10.7 186.2 9.7 NHHL 3 3
22 28942 88.4 97.5 185.9 -9.7 LL or SH 1 3
23 42250 183.0 80.9 185.2 9.7 NHHL 2 3
24 35556 236.4 454 180.1 9.5 NHHL 3 3
25 44507 98.6 80.3 178.9 9.5 LL or SH 1 2
26 40183 211.5 47.5 168.1 -9.2 NHHL 3 3
27 58182 156.9 78.6 168.1 9.2 NHHL 1 3
28 27797 263.9 17.6 168.0 9.2 NHHL 2 3
29 46116 66.5 99.4 165.9 9.2 LL or SH 3 3
30 42658 133.1 85.6 161.5 -9.0 NHHL 3 3
31 24669 172.9 62.1 160.7 -9.0 NHHL 3 3
32 15559 84.0 72.2 156.2 -8.9 LL or SH 2 3
33 30244 208.7 36.3 155.2 -8.9 NHHL 3 2
34 29722 206.1 36.8 154.3 -8.8 NHHL 2 2
35 10481 170.6 56.7 153.9 -8.8 NHHL 2 3
36 12170 248.6 11.2 153.0 -8.8 NHHL 3 2
37 16334 187.5 45.8 152.7 -8.8 NHHL 3 3
38 39869 158.5 61.2 151.6 -8.8 NHHL 1 2
39 38366 227.6 16.0 145.7 -8.6 NHHL 3 3
40 59647 129.0 72.0 145.6 -8.6 NHHL 1 3
41 37965 88.7 56.0 144.7 -8.6 LL or SH 3 2
42 53259 146.1 56.8 140.0 -8.4 NHHL 3 3
43 14966 81.7 50.5 132.1 -8.2 LL or SH 2 3
44 57051 69.6 57.6 127.2 -8.0 LL or SH 2 2
45 37277 149.3 353 120.4 -7.8 NHHL 2 2
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bipolar eruptions, but also with some minor sulfate signals. Stratospheric sulfur injections and
changes in aerosol optical depth have recently been independently estimated in the late GI-1
based on a subset of four ice cores with less stringent cut-off criteria (Abbott et al., 2021)
indicating this time period experienced stronger volcanic forcing than any other comparable
period during the Common Era.

The Vedde Ash layer (number 36 in Table 2.2) originates from a significant euption from
Katla, Iceland with widespread tephra deposition in Greenland (Mortensen et al., 2005; Gronvold
et al., 1995) and the North Atlantic region in the middle of GS-1 / Younger Dryas at 12.17 ka
(Lane et al., 2012). Surprisingly, this Icelandic eruption not only deposited large amounts of
sulfate in Greenland but also a much smaller amount in Antarctica, where it is identified in the
WDC and EDML sulfate profiles suggesting that it had a large stratospheric injection. The
average volcanic forcing is estimated to about -8.8 W m™, but this value has to be taken with the

caution as some of the sulfate could have made it to Greenland through the troposphere.

2.5 Conclusion

We have employed three Greenland and three Antarctic sulfate/sulfur ice-core records to
document the global volcanic activity over the period 60-9 ka b2k. Detection of volcanic signals
in the last glacial is challenging due to extensive layer thinning of the ice cores with depth and a
highly variable sulfate background level in the Greenland ice cores across DO events. Due to
those challenges, we limited ourselves to identify Greenland (Antarctica) eruptions with sulfate
deposition larger than 20 (10) kg km™, which for Greenland is about half the volcanic sulfate
deposition of the Tambora 1815 AD and for Antarctica comparable to the Pinatubo 1991 AD
eruption.

With those restrictions we identified 1113 volcanic eruptions in Greenland and 740 volcanic
eruptions in Antarctica verifying the NH to be the most volcanic active. Of those, 85 volcanic
eruptions had global impact (bipolar volcanos) as they were previously identified in Greenland
and Antarctic ice-core records. Compared to the past 2500 years, the ratio of bipolar volcanoes to
total identified volcanic events is very low in last glacial period, highlighting the challenges of
robust synchronization over the glacial period. Based on the hemispheric partitioning of sulfate
deposition following well-known historical eruptions, we determined if the bipolar volcanoes are
likely to be situated above or below 40 ° N latitude. We then estimated their climatic impact

potential in terms of radiative forcing based on established methods. Throughout the investigated
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period, we find that 69 volcanoes are larger than the Tambora 1815 AD eruption, and one
unknown volcano occurring at 45.56 ka b2k in the NH and one unknown volcano at 38.13 ka
b2k in low latitude or in the Southern Hemisphere are larger than the Taupo, Oruanui, eruption
occurring at 25.32 ka BP1950 in present day New Zealand. The Icelandic NAAZ II eruption
(55.38 ka b2k) has by far left the largest sulfate deposition in Greenland, but due to its minor
sulfate deposition in Antarctica, it is thought that only a fraction of the sulfur gases was injected
into the stratosphere. In general, we observe significantly higher occurrences of very large
eruptions (VEI 7 or larger) than estimated from the geological record, indicating that ice cores
provide a more complete picture of volcanic activity in the past.

Overall, the frequency of volcanic eruptions per millennium is rather constant throughout the
investigated period and comparable to that of the most recent millennia. In agreement with
previous studies, however, we find elevated levels of volcanic activity in the NH during the
deglacial period (16-9 ka b2k). In particular, many very large eruptions occurred in this interval,
quite likely associated with the redistribution of mass related to the melt down of the major
glacial ice sheets in this period. In contrast, an apparent increase of Northern Hemispheric
volcanic activity in cold stadial periods as compared to milder interstadial periods is likely to be
an artefact due to the highly variable nature of the Greenland sulfate signal of those periods. It is
unlikely to be related to the sea level variations occurring in parallel to stadial/interstadial
changes, which are much smaller than the sea level increases that occurred over the glacial

termination.
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Data availability: The high-resolution NGRIP CFA sulfate dataset is available as supplementary

information for this publication. All other applied datasets are available elsewhere.

Supplement. The supplement related to this article is available online at:

https://doi.org/10.5194/cp-18-485-2022-supplement.
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Abstract. The Younger Toba Tuff eruption occurring ~74 ka ago in Indonesia is among the
largest known supereruptions in the Quaternary and its potential impact on the climate system
and on human evolution remains controversially debated. The eruption is dated radiometrically
to 73.88 = 0.32 ka (1o, Storey et al., 2012) and is known to have occurred at the abrupt cooling
transition from Greenland Interstadial 20 to Greenland Stadial 20. The precise stratigraphic
position of volcanic fallout detected in ice cores from both polar ice sheets has previously been
narrowed down to four potential candidates. Here, we compile all available Greenland and
Antarctic sulfate records, together with electrical conductivity records and recently obtained
sulfur isotope records to quantify and characterize these Toba candidates in terms of their likely
latitudinal position of eruption, sulfur emission strength and radiative forcing. We identify the
youngest event of the four candidates to be composed of two separate eruptions, both likely
located in the extra-tropical Northern Hemisphere. We deem the two older events unlikely
candidates for the Toba eruption because of their limited sulfur emission strengths. The second
youngest event is larger regarding sulfur output than the other Toba candidates, and it is also
larger than any other volcanic event identified in ice core records over the last 60 kyr.

Comparable amounts of sulfate deposits in Greenland and Antarctica strongly suggest a tropical
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source. We thus propose the second youngest event to be most likely associated with the Toba
eruption. A recent age revision for the Los Chocoyos supereruption occurred in Guatemala (74.8
+ 1.8 ka (1o, Cisneros de Ledn 2021)) may assign that eruption to one of the second older
events. The estimated stratospheric sulfate aerosol loading of the proposed Toba eruption is 535
+ 96 Tg, which is 3.3 times that of Samalas 1258 CE, 6.3 times that of Tambora 1815 CE and 9.7
times that of Pinatubo 1991 CE. We derive the continuous time-series of volcanic sulfate
deposition, sulfur emission strength and radiative forcing over the 74.8 - 73.8 ka time window,
suitable for conducting experiments with climate models that either require prescribed forcing
field or interactively reproduce aerosol processes. We estimate the cumulative volcanic sulfur
emission strength and the radiative forcing of the two younger events that are found to be much
stronger than those at the onset of the Youngers Dryas and those preceding the Little Ice Age.
Stacked Greenland water isotopes record show an accelerated transition trend and abrupt shift
after the proposed Toba eruption and suggest that the Greenland moisture source moved
southward shortly after the Toba eruption. The Toba eruption may thus have an amplifying effect

on the cooling transition leading to Greenland Stadial 20.

3.1 Introduction

The Youngest Toba Tuff (Toba) eruption in Indonesia is among the largest known
supereruptions over the past 2.5 million years with 2500-3000 kg m* of magma deposited (Rose
and Chesner, 1987; Chesner et al., 1991). The eruption has been accurately dated by *°Ar/*Ar to
occur at 73.88 = 0.32 ka in Malaysia (1o, Storey et al., 2012) and at 75.0 + 0.9 ka in India (1o,
Mark et al., 2014). Ash from the eruption was widely discovered in marine sediments from the
Arabian Sea (Von Rad et al., 2001), the Indian Ocean (Shane et al., 1995) and the South China
Sea (Song et al., 2000; Huang et al., 2001; Liu et al., 2006; Buhring et al., 2000), in lake
sediment at Lake Malawi in Africa (Lane et al., 2013), and across Indian peninsular (Pearce et
al., 2014). Although, to date, no tephra has been identified in ice cores (Abbott et al., 2012), the
identified ash layers in the marine sediment records of the Arabian Sea strongly suggests that the
eruption occurred at the cooling transition from Greenland Interstadial 20 (GI-20) to Greenland
Stadial 20 (GS-20) (Schulz et al., 1998; Deplazes et al., 2013). In this interval, four volcanic
sulfate events identified in both Greenland and Antarctic ice cores have been proposed as Toba
candidates (named T1, T2, T3 and T4; Svensson et al., 2013) that are dated to 74,057, 74,156,
74,358 and 74,484 a b2k, respectively, using the Greenland GICCO5modelext time scale.
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Recently, Antarctic ice-core sulfur isotope analysis has been applied to determine the T1 and T2
events as the most likely candidates for the Toba eruption (Crick et al., 2021).

A large explosive eruption can heavily disturb the regional and global climate through direct
impact of the stratospheric sulfate aerosol burden and also through feedbacks involving the
ocean and atmospheric circulations (Robock, 2000; Pausata et al., 2015; Mcconnell et al., 2020;
Sigl et al., 2015). It has been suggested that the Toba eruption is associated with a human
population bottleneck that occurred in the period of 50-100 ka period (Rampino and Self, 1993;
Ambrose, 1998). However, this hypothesis has been challenged as continued human activity is
suggested (Ge and Gao, 2020), and modern humans appeared not to be strongly impacted by the
Toba eruption at a South African site (Smith et al., 2018; Jackson et al., 2015) as well as in India
(Clarkson et al., 2020; Mark et al., 2014) indicating the cooling impact on those areas may have
been less severe.

The magnitude of the stratospheric sulfate loading from past eruptions, commonly derived
from the volcanic sulfate depositions on the polar ice sheets, is key to estimate the cooling effect
of past eruptions. For the recent volcanic eruptions occurred in the last 2500 years, Sigl et al.
(2015) established a strong relationship between the reconstructed post-eruption temperature
cooling estimated from tree ring records and the enhanced stratospheric sulfate aerosol burden
estimated from ice cores. The sulfur emission strength of the Toba eruption, estimated using
petrological evidence, has a wide range from 105 Tg to 9,900 Tg of emitted sulfate, that is
almost 10 to 360 times that of the Mt Pinatubo 1991 CE eruption (Chesner and Luhr, 2010;
Scaillet et al., 1998; Oppenheimer, 2002). The debate on the climatic consequences of the Toba
eruption is strongly tied to the poorly constrained sulfur emission strength in model simulations.
Model simulations of the Toba eruption applying 5 - 900 times the SO, emission of the 1991
Pinatubo eruption used the idealized stratospheric chemistry or aerosol micro-physics
mechanism and suggested a 2.3 -17.0 °C mean global cooling following the eruption (Osipov et
al., 2020; Black et al., 2021; Robock et al., 2009), in comparsion to the ~0.5 °C global cooling
following the 1991 Pinatubo eruption.

Whether a single volcanic eruption could have triggered abrupt climate change, such as the
onset of Dansgaard-Oeschger (DO) events in glacial period (Lohmann et al., 2022; Baldini et al.,
2015), or have accelerated the deglaciation in the Southern Hemisphere (Mcconnell et al., 2017),
or whether a cluster of volcanic eruptions could lead to an extended period of climate cooling
and ice growth (Abbott et al., 2021; Miller et al., 2012) are topics currently being debated.

Pinpointing the precise position of the Toba eruption in the cooling transition leading to GS-20
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will help to explore these questions and to decipher the involved mechanisms. A recent dating of
the Los Chocoyos eruption of Atitlan volcano that occurred in Guatemala at 75 + 2 ka (Cisneros
De Leodn et al., 2021) opens the possibility that two supereruptions occurred close to the onset of
GS-20 and, in combination, could have triggered the GS-20 cooling (Paine et al., 2021).
Volcanic forcing needs to be better constrained and incorporated in model simulations to better
understand the role of volcanism associated with the onset of GS-20 and other abrupt climate
transitions in the glacial period.

In this study, we compile all available sulfate, conductivity and electrical conductivity
measurement (ECM) records from Greenland and Antarctic ice cores to reassess the Toba
candidates and estimate the associated volcanic sulfate deposition in Greenland and Antarctica.
Sulfate records from three Greenland and two Antarctic ice cores are firstly utilised to derive the
volcanic sulfate deposition. Although Toba candidates have been previously identified from
polar ice cores (Svensson et al., 2013) and the ice-core sulfur isotope signal has been used to
indicate the altitude of eruption plume (Crick et al., 2021), the exact position of the Toba
eruption in the ice-core records has not been determined. Here, we predict the latitudinal band of
eruption site based on the method of Lin et al., (2022) and use the sulfur emission strength from
our reconstruction to pinpoint the Toba eruption. Furthermore, we estimate the sequenced sulfur
emission strengths and reconstruct the spatial-temporal volcanic radiative forcing at the cooling
transition to GS-20 (74.8-73.8 ka b2k) using the synchronized sulfate records of Greenland and
Antarctic ice cores. Unless otherwise stated, all ages in this study are referring to the model
extended Greenland Ice Core Chronology 2005 (GICCO05) (Rasmussen et al., 2014) using the
datum 2000 AD (b2k).

3.2 Methods

We employed five sulfate records from three Greenland ice cores — an Ion Chromatography (IC)
sulfate record of the Greenland Ice Core Project (GRIP) ice core (this work), a Fast lon
Chromatography (FIC) sulfate record of the North Greenland Eemian Ice Drilling (NEEM) ice
core (Schupbach et al., 2018), a CFA record from the North Greenland Ice Core

Project (NGRIP) ice core (Svensson et al., 2013) and two IC sulfate records from the Greenland
Ice Sheet Project 2 (GISP2) ice core (Mayewski et al., 1997; Yang et al., 1996). Four sulfate
records from two Antarctic ice cores are used - two records measured by FIC and IC from the
EPICA Dome C (EDC) ice core (Crick et al., 2021; Svensson et al., 2013) and two records

measured by FIC and IC from the EPICA Dronning Maud Land (EDML) ice core (Svensson et
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al., 2013; Crick et al., 2021) (Fig. S1, Table S1 and Table S2). From those records, we derive the
polar volcanic sulfate depositions for the period 74,800-73,800 a b2k (Fig. S2 and Table S3). For
Greenland, the effective time resolution of sulfate measurements range is 1-2 years for NGRIP
(Svensson et al., 2013), 1-5 years for GISP2 (Yang et al., 1996), 5-10 years for GRIP (this
work), 10 years for NEEM (Schupbach et al., 2018) and 50-150 years for GISP2 (Mayewski et
al., 1997). For Antarctica, the temporal time resolution of EDML and EDC sulfate measurements
fall in the range of 1-3 years (Svensson et al., 2013). The EDML and EDC sulfate records from
Crick et al. (2021) were solely sampled for Toba candidate peaks, as identified by Svensson et al.
(2013), in 1-8 years temporal time resolution. Due to the magnitude of the Toba candidates,
those events are detectable in sulfate records of lower temporal resolution.

Using the T1-T4 Toba candidates identified in the NGRIP, GRIP, GISP2, EDC and EDML
ice cores by Svensson et al. (2013), we linearly interpolated the GICCO0S5 time scale for the
period of 74.8-73.8 ka b2k for those cores. For the NEEM core, we apply the volcanic
synchronizations between the NEEM and NGRIP cores (Rasmussen et al., 2013) to the identify
Toba candidates in NEEM and make a similar linear interpolation. We then identify all of the
volcanic sulfate events in Greenland and Antarctic ice cores during the 74.8-73.8 ka b2k period.
If volcanic sulfate signals are identified in both Greenland and Antarctic ice cores within the
annual layer counting uncertainty, we define them as bipolar volcanic events, otherwise, we
classify them as unipolar events.

We applied established methods to distinguish volcanic sulfate signals from sulfate
background and derive the volcanic sulfate content of the ice (Fischer et al., 1998; Gao et al.,
2007; Karlof'et al., 2005; Sigl et al., 2013; Lin et al., 2022). For each core, an ice-core flow
model is applied to correct for layer thinning and to obtain volcanic sulfate deposition (Table S2;
Bazin et al., 2013; Johnsen et al., 2001; Hvidberg et al., 1997; Rasmussen et al., 2013; Lin et al.,
2022). The average volcanic sulfate deposition in Greenland is obtained by averaging all of the
sulfate records for the same volcanic event. Due to the large distance among the Antarctic ice-
core sites and the accumulation dependence of the sulfate deposition, we apply weighing factors
for the two involved ice cores to obtain the average volcanic sulfate deposition following the
approach of Lin et al. (2022). These weighing factors are based on the relative ratio of volcanic
sulfate depositions in three synchronized (Buizert et al., 2018) Antarctic ice cores (WAIS Divide
Ice Core, EDML and EDC) for the 30 largest bipolar eruptions occurred in the 60-9 ka period.
The derived weighing factors for EDML and EDC are 1.15 and 1.39, respectively. The relative

sulfate deposition in Greenland and Antarctica can be used to estimate the latitudinal band of the
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eruption site for bipolar volcanic events. We applied the same method as Lin et al. (2022) to
classify the volcanic latitudinal bands - above 40°N, Northern Hemisphere High Latitude
(NHHL), and below 40°N, Low Latitude or Southern Hemisphere (LL or SH) - for bipolar
events (Table 3.1 and Table S3.3). From the polar volcanic sulfate depositional values, the
stratospheric sulfate loading can be estimated and the associated volcanic radiative forcing can
be reconstructed (Toohey and Sigl, 2017; Gao et al., 2008). We estimate the stratospheric sulfate
loading by the transfer function of Gao et al. (2007). We then apply the EVA H model to
estimate the stratospheric sulfate aerosol optical depth (SAOD) from the stratospheric sulfate
loading (Aubry et al., 2020) using default parameters for plume height and source location taken
from historical analogue eruptions. For the EVA H model, the injection conditions - altitude and
latitude parameters - for unipolar eruptions follow an Eldgja 939 CE like eruption (12.5 km
altitude, 60°N or 60°S), for the bipolar (NHHL) eruptions an Okmok 43 BCE like eruption (24
km altitude, 40°N) is applied, and for the bipolar (LL or SS) eruptions a Tambora 1815 CE like
eruption (24 km altitude, 0°N) is applied. The tropopause height is defined as the average value
of tropopause height from 1979 to 2016 (Thomason et al., 2018). The eruption date of unknown
volcanoes is set to 1 January consistent with previous work (Crowley and Unterman, 2013;
Toohey and Sigl, 2017). To obtain the aerosol radiative forcing from SAOD we use the scaling
factor of Marshall et al. (2020).

3.3 Results and Discussion

3.3.1 Zooming in on the Toba candidates

We compile multiple ice-core sulfate, ECM and conductivity records and derive the related
volcanic sulfate deposition for the four Toba candidates - T1, T2, T3 and T4 (Fig. S3.1, Table
S3.2 and Fig. S3.2). For the EDC sulfate records, one volcanic sulfate peak, originally labelled as
T4b by Crick et al., (2021), is repositioned at the T4 event due to a correction of that dataset (see
corrigendum to Crick et al., 2021). Using the high-resolution NGRIP sulfate record and the high-
resolution conductivity records of NEEM and NGRIP, it becomes evident that the Greenland T1
event is composed of two separate volcanic sulfate peaks, named as Tla and T1b, that are
separated by about 12 years (peak to peak) (Fig. S3.3 (a)). There is a ‘dead’ period (no volcanic
sulfate signal above background) of around 6 years duration between the two events, confirming
that the T1 event is composed of two distinct volcanic events (Fig. S3.3 (a)). Adjacent volcanic

sulfate peaks can be merged in low-resolution sulfate records, but such occurrences can be
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identified in high-resolution DEP or ECM records of the same core. We manually separate the
merged sulfate peak of the T1 events detected in the GISP2 and NEEM sulfate records by the
associated area ratio of high-resolution DEP or ECM peaks of the same core and derive the
volcanic sulfate depositions (Fig. S3.1 and Table S3.2).

As only one volcanic sulfate peak of the T1 event is detected in Antarctic ice cores (EDC and
EDML), the counterpart signal in Greenland is proposed to be the T1b event. This is based on
the annual layer counting, for which the period between the T2 and T1 events in Antarctica
(EDML) is 84 + 7 yrs and in Greenland (NGRIP) the period between the T2 and T1b events is 87
+ 6 yrs (Fig.7 in Svensson et al. (2013)). As the annual layer counting between the T1a and T1b
events in Greenland (NGRIP) is 12 years, it is most likely that T1b is the bipolar volcanic event.
However, as exact annual layer counting is challenging at this depth, we can not firmly rule out

that the T1a event is related to the T1 event in Antarctica.

Table 3.1 Volcanic sulfate deposition of Greenland and Antarctica, stratospheric aerosol loading and erupted
latitude prediction for Toba candidates, compared to well-known eruptions-Pinatubo, Tambora, Salamas, Taupo

and the largest unknown eruption at 45.56 ka b2k. * represents the largest eruption in the period of 60-0 ka.

Eruption Volc. age Volc. Antarct  Greenla  Predicted Stratosp Aerosol Global Number of ice
GICCO05 duratio  ic volc. nd vole.  erupted latitude  heric optical aerosol cores
n S04 S04 sulfate depth radiative
loading forcing
a b2k yrs kg km? kg km? Tg W m? Gree  Anta  Reference
nland  rctica
Tla 74045 10 292.6 Unipolar 166.8 0.59 -9.19 5 This study
T1b 74057 5-16 97.6 212.7  Bipolar (NHHL) 218.9 0.70 -10.46 5 4 This study
T2 74156 7-18 290.0 2445 Bipolar (LL or 534.6 1.28 -14.92 4 4 This study
SH)
T3 74358 4-15 150.6 73.6 Bipolar (LL or 2242 0.71 -10.57 3 4 This study
SH)
T4 74484 5-12 207.2 115.4 Bipolar (LL or 322.6 0.91 -12.38 3 4 This study
SH)
Pinatubo 1991 CE 0.5-2 18.2 37.2 15°8°N, 55.4 0.28 -5.08 1 1 Sigletal,
120°21’E 2013
Tambora 1815 CE 2-3 45.8 39.7 8°15°S, 118°E 85.5 0.38 -6.49 1 2 Sigletal.,
2015
Salamas 1258 CE  2.4-3.8 90.4 73.2 8°42°S, 163.6 0.58 -9.10 1 2 Sigletal,
116°24'E 2015
Taupo 24.46 ka b2k 3-7 192.8 189.5 Bipolar (LL or 3823 1.02 -13.24 2 3 Linetal,
SH) 2022
Unknown* 45.56 ka b2k 6-14 172.7 652.6  Bipolar (NHHL) 544.7 1.29 -15.01 3 3  Linetal,
2022

3.3.2 Tracing the Toba eruption

In the following, we will combine multiple lines of evidence to propose the likeliest candidate
for the Toba event from the four Toba candidates. From the Greenland and Antarctic sulfate
deposition derived in this study, we have estimated the sulfur emission strength of the individual

eruptions. The ratio of volcanic sulfate deposition in Greenland and Antarctica provides an
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approach to predict the latitudinal band of the eruption site (NHHL, and LL or SH). In addition,
the ice-core sulfur isotopic composition of the Toba candidates indicates whether the eruption
plume reached the stratosphere and provides an indication of the height of the eruption plume
(Savarino et al., 2003; Crick et al., 2021).

As discussed in section 3.3.1, the T1 event is suggested to be associated with two separate
events (T1a and T1b), of which the T1b event is most likely to be related to the Antarctic T1
event, and the T1a event is proposed to be a Northern Hemisphere extratropical eruption with no
imprint in Antarctic ice cores (NHHL). Independent of which of the two Greenland events is
bipolar, the rather low T1 Antarctic sulfate deposition compared to the T1a or T1b sulfate
depositions in Greenland strongly suggests that both events are related to eruptions that occurred
above 40°N. The clear Northern Hemispheric dominance of the T1a and the T1b events thus
makes both of them unlikely to originate from the Toba eruption.

The T2 event has by far the largest stratospheric sulfate loading of the four Toba candidates

(Fig.3.1 (b)). It is also stronger than any bipolar eruption signal identified from ice cores in the

60-9 ka period (Lin et al., 2022). The even distribution of sulfate deposition between the two

Figure 3.1 Ice-core derived volcanic sulfate depositions in Greenland and Antarctica. *’ denotes that the predicted
latitudinal band of eruption site occurred below 40°N (LL or SH) and ‘o’ denotes ones occurred above 40°N
(NHHL) for bipolar volcanic eruptions. (b) The stratospheric sulfate loading derived from Greenland and
Antarctic volcanic sulfate depositions list. (c) The sulfur isotope A°>S measured by Crick et al. (2021) from Antarctic

ice cores for the Toba candidates.

hemispheres (Greenland versus Antarctica) suggests the event occurred at low latitudes (Fig.3.1

(a) and Table 3.1). The Antarctic sulfur isotopic composition shows that the eruption plume
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reached the stratosphere and that the top of plume height may have exceeded 45 km (Crick et al.,
2021). Therefore, the T2 event fulfils all criteria for being related to the Toba eruption.

The T3 event has a sulfur emission strength about four times that of the Pinatubo, 1991 CE
eruption, but it is weaker than those of the T2 and T4 events. The hemispheric sulfate
distribution of the T3 event suggests that the event occurred below 40°N. The Antarctic sulfur
isotopic signals of the T3 event suggests that the eruption plume reached the stratosphere, but the
top of the plume height is lower than those of the T2 and T1 events (Fig.3.1 (c¢) (Crick et al.,
2021). Overall, this implies that the T3 event was not of a sufficient magnitude to be associated
with the Toba eruption.

The sulfate emission strength of the T4 event is larger than that of the T3 event but smaller
than that of the T2 event. The relative hemispheric sulfate depositions in Greenland and
Antarctica implies that the eruption site was most likely in the tropics or the Southern
Hemisphere. The magnitude of the Antarctic sulfur isotopic signals suggests that the eruption
plume of the T4 event did not reach the ozone layer (Crick et al., 2021) (Fig.3.1 (¢)). For this
reason, the T4 event is unlikely to be associated with the Toba eruption.

A recent (U-Th)/He dating age of the Los Chocoyos (LC) eruption of the Atitlan volcano,
that occurred in present-day Guatemala, is 75 + 2 ka (Cisneros De Ledn et al., 2021) suggesting
that the eruption may have occurred close to or within the cooling transition leading to GS-20
and thus close to the Toba eruption (Paine et al., 2021). As the stratigraphic setting of the Toba
eruption is right at the cooling transition leading to GS-20 in several marine records (Fig. S6 in
Deplazes et al., 2013; Fig. 3 in Schulz et al., 1998), we know for certain that the Toba eruption
has to be found among the T1-T4 events. With the T2 event is being associated with the Toba
eruption that event can not be related to the LC eruption. An additional argument for the T2
event being related to the Toba eruption is the magnitude and the relative dimensions of the Toba
and LC calderas. The Toba eruption is suggested to be the largest known eruption in the
Quaternary with a magnitude of 8.8 compared to the LC eruption with an estimated magnitude of
8.1 (Kutterolf et al., 2016; Storey et al., 2012; Paine et al., 2021). The Toba caldera is 100x30
km, ~900 m depth (Rose et al., 1987) and the Atitlan caldera is 18x12 km, ~600 m depth
(Newhall, 1987). If the T2 event is the Toba eruption, the T1a and T1b events are related to the
NH extratropical eruptions, and the eruption plume of the T4 is mostly constrained to the
troposphere, the T3 event appears the most likely candidate for the LC eruption. Another option
is that the LC eruption could be related to another large volcanic signal outside our investigated

time frame.
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The stratospheric aerosol loading of the T2 event is estimated to be 1.4 times that of the
Oruanui, Taupo (New Zealand, VEI-8) supereruption dated 25.37+ 0.25 ka in the annual-layer
counted WD2014 chronology from Antarctica (Sigl et al., 2016), which remains the only
supereruption ever identified in an ice core through cryptotephra fingerprinting (Dunbar et al.,
2017) and its sulfur emission strength is ranked fourth in the ice-core volcano list of the last 60
ka (Lin et al., 2022). In terms of stratospheric aerosol loading, the T2 eruption is comparable to
the largest eruption identified in the 60-9 ka period, that occurred at 45.56 ka b2k. However, as
the 45.56 ka b2k eruption most likely occurred in the extratropical NH (Lin et al., 2022), the T2
event is suspected to have the strongest volcanic impact of the two based on the assumption that
the sulfate aerosol burden time of tropical eruptions is longer than that of extratropical NH
eruptions (Marshall et al., 2019). The climatic impact of these most recent large bipolar eruptions
- Samalas 1257 CE, Tambora 1815 CE and Pinatubo 1991CE — was a lowering of the global
mean temperature of 0.5-1.2°C, which lasted for several years (Brazdil et al., 2010; Parker et al.,
1996; Guillet et al., 2017). The stratospheric aerosol loading of the T2 event is 3.3 times that of
Samalas, 6.3 times that of Tambora and 9.7 times that of Pinatubo, indicating that a more
extreme cooling could have followed the Toba eruption (Table 3.1).

Compared to the wider range of the sulfur emission strength estimated from petrological
evidence (10 to 360 times that of the Pinatubo eruption), we estimate a stratospheric sulfate
loading of 535 + 96 Tg derived from ice cores for the Toba eruption, that is 8-10 times that of the
Pinatubo eruption. This estimate supports the relatively low sulfur emission scenarios in model
simulations for the Toba eruption (Black et al., 2021; Osipov et al., 2021; Robock et al., 2009;
Timmreck et al., 2012). Black et al. (2021) found that 300 Tg of stratospheric sulfate loading led

to a 2.3 £0.4 °C lowering of the annual mean global surface temperature.

3.3.3 Volcanic forcing at the GS-20 onset and comparison with other periods of enhanced volcanic
activity

There are 35 volcanic eruptions identified from polar ice cores in the investigated period of 74.8-
73.8 ka b2k (Table S3.3). Among them, eight volcanic sulfate signals are identified as bipolar
volcanic eruptions with stratospheric sulfate loading above 10 Tg. Fourteen volcanic sulfate
signals are only identified in Greenland ice cores and 13 volcanic sulfate signals are identified
only in Antarctica. The global mean and the 30°- 90°N mean of the SAOD as well as the

radiative forcing are reconstructed over this period (Table S3.4).
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We define the ‘Toba’ period at the end of the cooling transition leading to GS-20 as 74,158-
74,045 a b2k, and we compare this interval to younger periods of enhanced volcanic activity that
are associated with long-term cooling and ice growth. The ‘Toba’ interval contains three major
eruptions (T1a, T1b and T2). The three periods selected for comparison are located at the onset
of Youngers Dryas event (YD_S, 13030-12921 a b2k), at the start of the Little Ice Age (LIA_S,
1171-1286 CE) and at the end of the Little Ice Age (LIA E, 1783-1890 CE), following

Figure 3.2 Comparison of monthly global mean SAOD and estimated volcanic radiative forcing for the enhanced
volcanic period of 74158-74045 (a b2k) including the Toba candidates (T2, Tla and T1b) to the three well
investigated periods — at the onset of Youngers Dryas (13030-12921 a b2k; Abbott et al., 2021, labelled as YD _S),
the Little Ice Age (1171-1286 CE; labelled as LIA_S), and Little Ice Age (1783-1890 CE; labelled as LIA_E; Toohey
& Sigl, 2017).

the approach of Abbott et al. (2021) (Fig. 3.2 and Table S3.5). For these three volcanically
enhanced periods, we applied the same approach as Lin et al. (2022) to estimate the stratospheric
aerosol loading and to reconstruct the volcanic radiative forcing from the published Greenland
and Antarctic volcanic sulfate deposition records (Abbott et al., 2021; Sigl et al., 2013; Table
S5). The results presented here differ from those of Abbott et al. (2021) due to the different
weighing of the Greenland volcanic sulfate deposition applied to derive the stratospheric aerosol
loading for extratropical NH bipolar eruptions. Here we assume that volcanic sulfate transport
and deposition over Greenland is influenced by the polar vortex transport patterns (Gao et al.,
2007). Using this approach, the centennial cumulative stratospheric aerosol loading for the

volcanic active periods - YD S, LIA_S and LIA_E - are respectively 40%, 8% and 7% lower
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than those estimated by Abbott et al. (2021) and Toohey and Sigl (2017). The centennial
cumulative stratospheric aerosol loading, the mean global SAOD and the mean SAOD at 30-
90°N of the ‘Toba’ period is much stronger than those of the other three periods (Table S3.5).
Due to the distinct volcanic cluster and the extreme volcanic forcing at the onset of the GS-20,
we speculate in the following about the possibility of an amplified and prolonged cooling beyond

the stratospheric sulfate aerosol burden induced cooling.

3.3.4 Potential longer-term climatic impact of the T1 and T2 eruptions

The behaviour of the ice-core water isotopic proxies - 8'%0 and deuterium excess (d-excess) - at
the T1 and T2 events may provide clues about the climatic impact of those eruptions in both
hemispheres.

For Greenland, we calculate the anomaly of the water isotopic signal over the period of 75.0-
73.0 ka b2k by quantifying the integration of the negative peak area of the NGRIP and NEEM
8130 records in 5 cm resolution (3-18 yrs temporal resolution) below a 101 and 201-yrs moving
average, respectively (Fig. S3.4). A merged negative peak is detected in both §'%0 records
following the T1a and T1b events. In terms of the empirical cumulative distribution of the
magnitude of negative peaks for the NEEM and NGRIP &30 records, the fractions of the merged
peak related to the Tla and T1b events are both below 10%, while there is no obvious dip
following the T2 event (Fig. S3.4). The reason for the stronger Greenland impact of the T1a and
T1b events may be that both are predicted to have occurred above 40°N as opposed to the T2
event that originates in the tropics.

Using the stacked 8'30 record from four §'®0 records of the NGRIP (North Greenland Ice
Core Project members, 2004), GISP2 (Grootes and Stuiver, 1997), NEEM (Gkinis et al., 2021)
and GRIP (Johnsen et al., 2001) cores (Fig. S3.5 (d-g)), we observe an accelerated cooling
transition (a steepening of the isotopic trend) right after the T2 event for a 110 yrs period leading
to the GS-20 (Fig.3.3 (¢)). The interpretation of this increased cooling trend could be that the
very large volcanic eruption induced a cooling of the atmosphere and the upper mixed ocean,
leading to increased sea-ice cover in the North Atlantic. This hypothesis is supported by the
NGRIP and NEEM d-excess records (Svensson et al., 2013; Gkinis et al., 2021), a proxy for the
temperature of the Greenland vapor source areas (Steffensen et al., 2008). Both the individual
and the stacked d-excess records show an abrupt shift right at the T2 eruption (Fig. 3.3 (a) and
Fig. S3.5 (b, ¢)), suggesting a southern shift of the water vapor source resulting from the

extended sea ice cover.
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The 8'80 records of the EDML (EPICA community members, 2006), EDC (EPICA
community members, 2004), and Dome F (Kawamura et al., 2007) ice cores in Antarctica do not
indicate any extended cooling following the T2 eruption (Fig.3.3 (d) and Fig. S3.5 (h)).
However, there is a short-term warming after the T1 eruption recorded only in the EDC §'¥0
record (Fig. S3.5 (i)), indicating the uneven regional temperature followed the T1 eruption in
Antarctica. An interpretation of this behaviour is that the Greenland and Antarctic temperature
proxies follow a ‘bipolar seesaw’ pattern and the NH extended sea ice cover triggered by the T2

eruption may weaken the Atlantic meridional overturning circulation and induce a delayed

Figure 3.3 Abrupt climate variability at the termination of GI-20. (a), The volcanic stratospheric sulfate loading
(VSSL). (b), The stacked normalized NGRIP and NEEM deuterium excess records. Two disconnected linear fits
(intervals: >74156, 74156-73121) represent in red color. (c), The stacked 5180 records of NGRIP, NEEM, GISP2
and GRIP ice cores in Greenland. Three disconnected linear fits (intervals: >74156, 74156-74041, 74041-73121)
represent in red color. (d), The stacked %0 records of EDC, EDML and DF ice cores in Antarctica.

warming in Antarctica that is most likely perturbed by the strong T1 eruption. This mechanism is
in an agreement with the interpretation of Stocker and Johnsen. (2003) and with model

simulation results (Robock et al., 2009; Timmreck et al., 2012).

3.4 Conclusions

We pinpoint the Toba eruption from ice-core records with the combined information from
synchronized high-resolution impurity records, the sulfur isotopic signals, the sulfate emission

strength and the estimated latitudinal band of eruption sites. From the previously identified Toba
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candidates - T1, T2, T3 and T4, we propose the T2 event to be related to the Toba eruption,
because the T2 event has a clear tropical origin and its sulfur emission strength is larger than the
other Toba candidates and than any other volcanic events identified in ice core records over the
last 60 kyr. Previous estimates of the Toba eruption using a single ice-core, mineral chemistry or
experimental petrology have produced a wide range of emitted sulfate from 105 Tg to 9,900 Tg.
Here, the estimated stratospheric sulfate loading of the proposed Toba eruption is 535 + 96 Tg,
which is 3.3 times that of Samalas 1258 CE, 6.3 times that of Tambora 1815 CE and 9.7 times
that of Pinatubo 1991 CE. Further support for this proposition could be gained if tephra from the
Toba eruption was found in direct association with the T2 chemical signal, however, tephra
investigations of NGRIP for all the Toba candidates did not yield any glass shards (Abbott et al.,
2012).

Within one thousand years of volcanic reconstruction at the cooling transition to Greenland
Stadial 20, thirty-five volcanic eruptions have been identified. Towards the end of this period,
three major eruptions -T1a, T1b and T2 — show an extreme volcanic forcing that is unparalleled
in later periods such as at the onset of the Younger Dryas period and the Little Ice Age.
Following the proposed Toba eruption, an abrupt shift is observed in Greenland temperature
proxies, suggesting that the climatic forcing of the Toba eruption has accelerated the cooling
transition leading to the extremely cold GS-20 period, possibly due to an extended sea-ice
extension in the North Atlantic. The reconstructed volcanic forcing can be incorporated in model
simulations in order to investigate mechanisms of abrupt climate change, and to quantify the
global climatic impact of the Toba eruption and the volcanic cluster occurring at the cooling

transition leading to GS-20.
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Abstract:

Large sulfur-rich explosive volcanic eruptions are globally disruptive events. The return times
and probability of occurrence of future large eruptions are poorly constrained due to the limit
number of observations. Here, two ice-core based datasets of global volcanism with bi-
hemisphere volcanic sulfate depositions are compiled to estimate the probability and recurrence
rate for different size categories in terms of their stratospheric sulfate injections. The first dataset
is an existing bi-hemispheric volcanic record that includes eruptions with stratospheric sulfate
injections above 3 Tg. The second dataset combines the Holocene dataset with a composite
record from the last glacial period covering a total of 16,670 years (composite duration), but only
with stratospheric sulfate injections above 30 Tg due to the fact that smaller eruptions cannot be
reliably identified in the glacial period. Overall, we find the distribution of the return times of the
global sulfur-rich explosive eruptions at different scales to be close to exponential. For eruptions
with volcanic stratospheric sulfate injections of 3-30 Tg, the estimated mean return time is 63
years. The mean return time is 129 years for volcanic eruptions with stratospheric sulfate
injections between those of the Pinatubo 1991 AD and the Tambora 1815 AD eruptions. Over
the next 100 years, the probability of an eruption recurrence of magnitude between that of the
Tambora and the Samalas 1257 AD is 19-21%. These results constrain the likelihood of
impending eruptions in different size categories and underlines the need to engage in volcanic

emergency management for human society.

4.1 Introduction:

Explosive sulfur-rich volcanic eruptions with stratospheric sulfur injections impose numerous
regional and global impacts on climate, the biosphere and human society through reduction of
the flux of solar radiation to the Earth’s surface (Robock, 2000). To first order, the cooling
induced by volcanic eruption is proportional to the magnitude of the volcanic stratospheric

sulfate loading (VSSL). The VSSL can be reconstructed from ice cores when volcanic sulfate
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deposits have occurred in both the Greenland and Antarctica (Sigl et al., 2015; Toohey et al.,
2019). The well-observed Pinatubo eruption that occurred in 1991 AD injected 55 Tg of sulfate
into the stratosphere as estimated from ice-core records at both poles (Sigl et al., 2013; Lin et al.,
2022). This eruption was responsible for a multi-annual global cooling (Guillet et al., 2017; Sigl
et al., 2015; Tejedor et al., 2021), that led to crop failure and famines (Huhtamaa and Helama,
2017). The largest volcanic eruption of the past 500 years — the Tambora 1815 AD, Indonesia -
ejected about 86 Tg sulfate into the stratosphere (Sigl et al., 2015), resulting in ‘the year without
a summer’ with the global mean surface temperature lowering by 0.4-0.7 °C (Stothers, 1984;
Oppenheimer, 2003). In the past 2000 years, the largest well-known volcanic eruption - the
Samalas 1257 AD, Indonesia - ejected 164 Tg sulfate into the stratosphere (Sigl et al., 2015).
This event led to extreme cooling in the year 1259 AD of -1.2 °C cooling in the Northern
Hemisphere (Guillet et al., 2017). Compared to the cooling induced by La Niia (Morice et al.,
2012), the cooling episodes following such eruptions are more severe and persistent. If a
volcanic eruption of that magnitude or larger would occur today, society would be severely
impacted by the induced cooling and ensuring hazards. Thus, we need to forecast the probability
and manage such large eruptions.

Existing analyses of return times and eruption rates are based on global volcanism databases
of emitted magma summarized by the volcanic explosivity index (VEI). One such database
contains 9517 individual eruptions over the past 2 Ma, and includes a quantitative description of
the time and size distribution of global volcanism (Papale et al., 2021; Papale, 2018; Rougier et
al., 2018; Mason et al., 2004). However, such volcanic lists are incomplete, as they are based on
discontinuous geological records. In contrast, ice-core based volcanic sulfate deposition records
are continuous, although their extension back in time is limited to the last glacial cycle, that is
time span covered by the Greenland ice core records. Furthermore, the detection threshold for
the identification of volcanic eruptions increases with age and it is generally not possible to
assign geological information about a volcano to the individual acidity spikes of the ice core
records (Lin et al., 2022).

Here, we apply for the first time two datasets of bi-hemisphere (bipolar) volcanic records with
eruption date and VSSL derived from polar ice cores. A quantitative description of the return
times and probability of occurrence of global sulfur-rich volcanism is obtained for different size

categories of volcanic eruptions.

106



Chapter 4 Recurrence rates and probability of global sulfur-rich volcanism as seen from ice cores

4.2 Results and discussion

4.2.1 Two continuous bi-hemispheric eruption datasets
We apply two datasets of bipolar volcanism with the eruption date and the VSSL based on
Greenland and Antarctic ice-core sulfate or sulfur records.

The first dataset, BiVol-1, is published by Sigl et al., 2022 and covers the Holocene period
(100-11,550 a b2k, before 2000 AD). The dataset contains 328 bipolar volcanic events with a
VSSL above 3 Tg, which is the lower detection limit from the applied ice core records (Fig. S4.1
(a) and Table S4.1).

The second dataset, BiVol-2, is a composite of several time intervals consisting of the
Holocene, as well as nine intervals from the last glacial period of which two are published and
the others are applied here for the first time. The two published datasets cover the inception of
the Younger Dryas cold event (12,752-13,225 a b2k) (Abbott et al., 2021), and the ‘Toba
interval’ related to volcanic enhanced activity in which the Indonesian Toba mega-eruption is
likely to have occurred (73,800-74,800 a b2k) (Lin et al., 2022, under review). The seven
remaining periods for which bipolar volcanoes are identified continuously from Greenland and
Antarctic ice cores, are 14,467-15,723 a b2k, 19,500-24,700 a b2k, 37,890-38,406 a b2k, 40,700-
41,405 a b2k, 41,715-42,250 a b2k, 57,074-57,509 a b2k and 59,100-59,800 a b2k (Fig. S4.2).
The method we applied to identify continuous bipolar volcanic signals exploits unique pattern of
volcanic spikes and the same counting years between adjacent volcanic tie-points, that have been
applied to synchronize global volcanic signals from polar ice cores (Svensson et al., 2013;
Svensson et al., 2020). There have been 85 bipolar volcanic match points identified from the
Greenland and Antarctic ice cores (Lin et al., 2022; Svensson et al., 2020). As annual layer
counting in the younger half of the last glacial period has been employed for Greenland and
Antarctic ice cores (Svensson et al., 2008; Svensson et al., 2020; Sigl et al., 2016), it is possible
to continuously identify bipolar volcanic sulfate signals. Here, we identify continuous bipolar
volcanic signals when the uncertainty of the counted annual layers between the published
adjacent bipolar volcanic tie-points is below 18 years, that equals to the lowest resolution of ice
core impurities (Fig. S4.2). The last glacial maximum (19,500-24,700 b2k) is generally difficult
to synchronize using bipolar volcanic tie-points (Svensson et al., 2020). However, recently two
new bipolar '°Be match points have been discovered in Greenland and Antarctic ice cores at 24.4
ka and 21.7 ka b2k, respectively (Sinnl et al., 2022, under review), enabling us to synchronize

this interval (Methods, 4.4.1).
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For the last glacial period, it is not possible to detect weaker volcanic signals, because the
glacial impurity levels in Greenland ice cores and the sulfate background are higher and more
variable than in the Holocene. For the BiVol-2, the lower detection limit of volcanic sulfate
deposition is 20 kg km™ for Greenland and 10 kg kmfor Antarctica. We therefore apply the
lower limit of VSSL of 30 Tg converted from Greenland and Antarctic lower detection limit by
the established method of Gao et al. (2007). The BiVol-2 contains 151 bipolar volcanic events
with the VSSL above 30 Tg of which 68 are in the Holocene and 83 are in the glacial period
(Table S4.2 and Fig. S4.1 (b)). The total duration of the composite dataset is about 22,220 years.

Several factors may contribute to the uncertainty of the estimated VSSL: a) Different
approachs have been applied to identify volcanic signals from ice-core sulfate background over
the investigated period. B) The VSSL is derived from ice-core volcanic sulfate depositions,
based on the established transfer function (Gao et al., 2007). This function may be influenced by
injection altitudes, latitudes, seasons and the meteorological conditions in the volcanic cloud
dispersal and deposition process (Toohey et al., 2013). ¢) The number of ice-core sulfate or

sulfur records and the related data resolutions varies over the investigated period.

4.2.2 Features of cumulative volcanic eruptions

Footprints of global volcanism and climatic conditions are preserved in ice cores from both
poles. Whether volcanic activities are influenced by climate change, such as the warm of the
Holocene pr the cold last glacial period. To adress this question, we compare the global volcanic
records of the Holocene period to those of the last glacial period based on the BiVol-2. We test
the distributions of volcanic eruptions in these two climate states using the two-sample
Kolmogorov-Smirnov test (Hodges, J.L. Jr, 1958). The p-value = 0.18 (statistics = 0.17) suggests
that we can not reject the consistent volcanic occurrence over the Holocene and the last glacial
periods.

We further test whether the volcanic event process is similar over all investigated time
intervals of the last glacial period. We assume that the volcanic occurrence is homogenous and
that the volcanic events are independent of each other, yielding a Poisson process as null
hypothesis. We estimate the mean eruption rate over the investigated period, then calculate the
90% confidence level based on the Poisson distribution at the given fixed rate. The result is
shown in Fig. 4.1. The number of volcanoes in 4 (thousand-year) intervals is out of the 90%
confidence level among 25 time periods. Two outliers are in the transition to the Youngers Dryas

and in the final stage of last glacial period, respectively, one is at the beginning of the Last
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Glacial Maximum, and the last is in an abrupt transition from a warm to a cold state. An
enhanced volcanic activity in the last deglacial period has been observed from Greenland
volcanic records and tephra deposits of Icelandic records (Lin et al., 2022; Maclennan et al.,
2002). We could not rule out that these four volcanic active intervals may be associated to the
abrupt climate changes. However, the volcanic occurrence doesn’t change significantly over the

last glacial period, when there are three outliers expected to follow the Poisson distribution.

Figure 4.1 Number of bipolar volcanic eruptions per thousand years over the investigated periods in the last glaical
period based on the BiVol-2. The colors represent the volcanic records collected from different periods, that are
labelled on the horizontal axis. The red dash line stands for the upper and lower bound of the 95% confidential

interval.

We categorize volcanic eruptions in five size classes according to the volcanic sulfate
magnitude (Methods 4.4.2, Table 4.2). The recorded numbers of Large, Very Large and Super
Large volcanic events are comparable, only 14 Super Large events are recorded in the Holocene,
28 in the last glacial period (Fig. 4.2). The Small events are more frequent compared to the other
recorded eruptions of larger size categories. For the Holocene, the volcanic eruptions of the
Small and Moderate categories show a higher frequency (BiVol-1). However, this can not be
compared to the last glacial period, as the volcanic detection limit (VSSL of 30 Tg from BiVol-
2) is higher. The cumulative number of volcanic eruptions of all size categories shows a linear
trend that indicates a stationary process (Fig. 4.2), similar to the cumulative number of eruptions

classified by the VEI (Papale, 2018; Rougier et al., 2018; Nishimura et al., 2016).
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Long return times (gaps) in the plot of the cumulative number of eruptions versus time are

observed in 15-17 ka of Very Large events on a ‘composite continuous’ timescale (Fig. 4.2 (e)),
and in 13-18 ka of Super Large events on a ‘composite continuous’ timescale Fig. 4.2 (f). These
gaps possibly represent either the natural variability of the volcanic occurrence, or due to down

recording that may be misinterpreted as long pauses between eruptions.

Figure 4.2 Cumulative number of all size categories of volcanic eruptions with time for the BiVol-1 (a) and BiVol-2
(b-e) datasets. The horizontal axis of (a) represents years before 2000 AD from the BiVol-1. The horizontal axis of
(b-e) represents ‘composite continous years’ for the disconnected time intervals from the BiVol-2 (see 4.2.1). Linear

fits are represented by thick lines and the confidential bands are shown as shadow bands in the same colors.

4.2.3 Estimation of the volcanic eruption rate

Using the historical volcanic eruptions to forecast the recurrence rate and probability of volcanic
eruptions requires a statistical approach. We use the exponential model to fit the complementary
cumulative distribution of the return times for all size categories of eruptions. The eruption rate

parameters are estimated by the maximum likelihood estimation (MLE) (Table 4.1), that is
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described in Section 4.4.4-4.4.6. These complementary cumulative distributions approximate the
theoretical curve of the exponential distribution (Fig. 4.3), although some of the Anderson-
Darling (A-D) test are not within some significance level. The deviation of points is not evenly
distributed around the exponential fitting line (Fig. 4.3). This systemic deviation may be caused
by: a) the enhanced volcanic activity that is related to climate change such as the high number of
volcanoes in the deglacial period (Fig. 4.1), b) misinterpretation of the return times from bipolar
ice-core synchronization, c) the magnitude estimation that is biased in different climatic
conditions, such as the Holocene and the last glaciation. In order to evaluate the bias, the
confidential interval (0.05 and 0.95 quantile) for the estimated eruption rate for each size
category of eruptions is estimated using the bootstrapping method (Table 4.1, Methods, 4.4.3).
The current estimation of the eruption rate for all size categorise is based on the statistical
model, that is not much destroy on the effective estimation. Another trial of the fit to estimate the
volcanic eruption rate is to use the log-normal model, that is close to exponential distribution.
The log-normal model is more complex and needs two parameters to estimate the mean return
times. The fitting results and systematic deviations are shown in Fig. S4.4. As this model needs
one additional parameter and the fitting quality is not in high confidence, we prefer to apply the

sample exponential model.

Figure 4.3 The complementary cumulative frequency of return times of each category of global volcanic eruptions
(dots) and their fitted models (thick line). The blue color dots represent the volcanic records from the BiVol-1, the

puple dots are from the BiVol-2. The estimated eruption rates for each category eruptions are shown in Table 4.1.
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MLE of rate parameters lambda (year™)

Size/Magnitude (Tg) Mean (1) 0.95 quantile 0.05 quantile A-D test Dataset
Super Large (>164) 1.46E-03 9.93E-04 2.57E-03 10%

Very Large (85-164) 2.11E-03 1.58E-03 2.93E-03 2.5%

Large (55-85) 3.08E-03 2.42E-03 4.14E-03  rejected BiVol-1
Moderate (30-55) 7.74E-03 6.38E-03 9.60E-03  rejected

Small (3-30) 1.59E-02 1.42E-02 1.80E-02 10%

Super Large (>164) 1.41E-03 9.47E-04 2.37E-03 1%

Very Large (85-164) 2.30E-03 1.78E-03 3.13E-03  rejected BiVol-2
Large (55-85) 1.62E-03 1.30E-03 2.16E-03  rejected

Moderate (30-55) 2.14E-03 1.67E-03 2.91E-03  rejected

Table 4.1 The eruption rate parameters are estimated by the maximum likelihood estimation (MLE). The mean

return time is equal to 1/4. The 0.95 quantile and 0.05 quantile are estimated for the mean return times using the

bootstrap resampling method. The method for estimating eruption rate parameters are described in sections 4.2.3-

4.2.7. The A-D test provide significant level for the exponetial fitting.

The mean return times for the Small, Moderate, Large and Very Large events are estimated to

63, 129, 323 and 470 years, respectively, from the BiVol-1 (Fig. 4.4 (a)). The mean return times

for the Super Large events are estimated at 676(689) years based on the BiVol-1 (BiVol-2) (Fig.

4.4 (a)). This is 0.24 times that of the VEI 7 eruptions estimated from the geological database,

Figure 4.4 (a) represents the mean return time of each size category of eruptions estimated from the BiVol-1 and BiVol-2. (b)

indicates the number of bipolar volcanoes will occur in the next millennium for each size category based on the BiVol-1 and

BiVol-2. Dots and star markers represent 75th quantile and the median values.

whose mean return time is 2,810 years based on the observations back to 125 ka (Papale, 2018).

The mean return times of the Moderate and Large size eruptions of the BiVol-1 are much shorter

112



Chapter 4 Recurrence rates and probability of global sulfur-rich volcanism as seen from ice cores

than those of the BiVol-2. This is because the detection limit of the volcanic events is 30 Tg in

the BiVol-2 and no Small events are included.

4.2.4 Probabilistic volcanic hazard assessment

Our two datasets and the statistical model allow us to forecast the number of global volcanic
eruptions at certain magnitude in the next millennium. As is shown in Fig. 4.4 (b), on average 16
Small events, and 8 Moderate events are expected to occur in the next millennium based on the
BiVol-1. For the Large, Very Large and Super Large events, 1-3 number eruptions are expected
to occur in the next millennium according to the estimates from the BiVol-1 and BiVol-2 (Fig.
4.4 (b)).

It is possible to quantitatively assess the probability of the occurrence of volcanic hazards of
different magnitudes over a certain length of time, as the distribution of the return times of
volcanic eruptions is close to the exponential model (Methods, 4.4.7). The probabilistic volcanic
hazard assessment is shown in Fig. 4.5. In the next year, the probability of the occurrence is
below 2% for the Small events based on the BiVol-1, and decreasing to 0.1-0.2% for the Very
Large and Super Large events. In the next 10 years, the probability of the occurrence is up to15%
for the Small eruptions.

Very Large events are suspected to trigger extreme weather and will damage transport, energy,
food and finance around the world, as the sulfate magnitude is above that of the Tambora 1815
eruption. In the next 100 years, the probability of observing the Very Large events is 19-21%,
that is only 5-7% higher than that of the Super Large events. In the next 500 years, the
probability is expected to be 65-68%.

Figure 4.5 The probability of occurrence for all size categories of eruptions based on the BiVol-1 (a) and BiVol-2 (b) datasets. It
is calculated based on the exponential fitting of the return times (Table 4.2, Methods 4.4.7).

Compared to the estimate from geological evidence, the probability of occurrence is 3.6% for
the VEI-7 eruptions in a 100-year time window. This estimation is 4-5 times lower than the

probability of the Very Large events based on the ice-core volcanic records. To monitor and
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forecasting a sulfate magnitude related to the VEI 8 size volcanic eruption is certainly difficult

due to the limited observations of bipolar volcanic sulfate records.

4.3 Conclusion

Two datasets of sulfur-rich explosive eruptions are complied from ice cores, one covering the
Holocene period and the other covering the Holocene and selected sections of the last glacial
periods. The density distribution of return times for different sizes of volcanic eruptions, that
quantified by the magnitude of volcanic stratospheric sulfate loading comparable to the well-
known eruptions, is approximated by an exponential distribution function. This finding support
that the occurrence of volcanic eruptions follows a random process. In recent time, the smaller
sulfur-rich eruptions have occurred frequently and well observed, but the larger eruptions are
rare and have not occurred in the satellite era. Here, based on the volcanic records from ice cores
over the Holocene and the last glacial period, the frequency and probability of occurrence of all
size categories of volcanic eruptions are estimated in a statistical approach. For volcanic
eruptions larger than the Tambora 1815 AD eruption, the mean return time is estimated to 434
years. In the next 100 years, the probability of observing such event is above 19%, rising above
65% for the next 500 years. Volcanic eruption could disrupt the global trade and economy and
would trigger a strong climate anomaly. The next volcanic hazard is not far from human

civilization. The governments should develop strategies to defend it.

4.4 Methods

4.4.1 Bipolar synchronization of the last glacial maximum (19.5-24.5 ka)

With synchronized bipolar volcanic tie-points (Svensson et al., 2022, in preparation) and
applied linear interpolation, there are 38 bipolar volcanic match points identified in the LGM
(19.5-24.5 ka b2k), that are consistent to the two '°Be match points (Sinnl et al., 2022
undereview; Table S4.3 and Fig. S4.3). However, with this method, mis-matched bi-hemispheric
volcanic markers, composed by two close hemispheric volcanic signals can occur. The further
step for cross validation of these bipolar match points is using the smooth curve passing through
all bipolar match points between ice cores, assuming the relative stable annual snow

accumulation as seen from water isotope record of NGRIP (Fig. S4.3).
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4.4.2 Volcanic eruption size categories

Volcanic eruption sizes are commonly quantified and represented in terms of the magnitude of
the emitted magma volume or mass. A widely used classification index is the volcanic
explosivity index (VEI), that is based on the volume of lava and the plume height of column
(Newhall and Self, 1982). The VEI does not necessarily represent the magnitude of volcanic
eruption in terms of sulfur emissions, however, as the relationship between the volcanic sulfur-
containing gas and the magma mass/volume is complex. For volcanic eruption size
classifications from ice-core volcanic records, it is convenient to classify the eruption magnitude
in terms of the VSSL that can be estimated for all bipolar events that directly related to the
climatic cooling effect of the eruption. The VSSL of well-known volcanic eruptions can be used
as a metric to separate eruptions into different size categories for understanding volcanic impact
and aiding assessment of volcanic hazards. The climate response to the sufur-rich explosive
volcanic eruptions is a complex process and the VSSL does not exclusively measure their
climatic impact. However, the magnitude of VSSL is proportional to the volcanic induced
cooling, observed in tree-ring width records (Toohey et al., 2019), suggesting that the VSSL is a
good indicator. We use the VSSL of the well-known eruptions — 30 Tg of half magnitude of the
Pinatubo 1991, 55 Tg of the Pinatubo 1991, 85 Tg of the Tambora 1815, and 164 Tg of the
Samalas 1257 eruptions- as measures to categorize the volcanoes in five size eruptions. We use
terms of ‘Small’, ‘Moderate’, ‘Large’, ‘Very Large’ and ‘Super Large’ to represent the eruption-
size categories (Fig. S4.1). The number of events for each size category for the BiVol-1 and the

BiVol-2 is shown in Table 4.2.

Size Categorization VSSL (Tg) BiVol-1 BiVol-2
Super Large Samalas (1257) >164 14 28

Very Large Tambora (1815) - Samalas (1257) 85-164 22 47
Large Pinatubo (1991) - Tambora (1815) 55-85 33 35
Moderate 0.5*Pinatubo (1991) - Pinatubo (1991) 30-55 83 41
Small 0.5*Pinatubo (1991) 3-30 176

Total 328 151

Table 4.2 Classification of ice-core volcanic records into different size categories. The values of the VSSL are the
sulfate magnitudes of the categorized eruptions. The number of events refers to the related eruption size for the

BiVol-1 and BiVol-2 that is shown in the column ‘BiVol-1" and ‘BiVol-2".

4.4.3 Bootstrapping

To quantify the uncertainty for the mean return time of each size category eruption, we

applied bootstrapping to resample the return times with replacement.
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This process has 5000 iterations. For each iteration, the return times are chosen at random, and
the resampled datasets are identical in size to the original dataset. The mean return time is
calculated with each iteration. The confidence interval can be calculated from the distribution of

the mean return times of 5000 iterations.
4.4.4 Exponential density function of volcanic return times

The variable x represents the return times of volcanic eruptions, that has an exponential
distribution. A > 0 being the rate parameter of the distribution. 1/ 2 is the mean return time of

volcanic eruption.

The complementary cumulative distribution (CCD) of return times of volcanic eruptions can

be obtained as follows:

This function can also be seen as memoryless function

Here ‘T’and ‘s’ are interpreted as the two return times.
This CCD function or memoryless function is employed in Fig. 4.2 for the BiVol-1 and
BiVol-2.

4.4.5 Maximum likelihood estimation (MLE)

The MLE is a method to estimate the most likely parameters for the fitted exponential model.
The most likely parameters from the maximum joint probability based on the probability of the
observed data in a joint CCD or memoryless distributions governed by a set of parameters.

The joint exponential density function is defined as:

2

Where 6 = [4,, 1" is the parameter vector and x = [x,, 1" is the observed return

times of volcanic eruptions. The maximized parameter of A is to obtained from an equation of
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4.4.6 Anderson-Darling test (A-D test)
The A-D test is used to quantify the distance between the CCD model and the empirical

distribution function, which is used to estimate the goodness of fit.

4.4.7 Probabilistic assessment in certain time-windows
The possibility of occurrence of volcanic eruptions (Fs) in 1, 10, 50, 100, 500 and 1000-year
time lengths, that is represented by Ts.
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Chapter 5

5.1 Conclusion

This thesis employs continuous sulfate and sulfur records from polar ice cores to estimate the
emission strength, frequency, and climatic forcing from large volcanic eruptions that occurred
during the early Holocene and the last glacial period (60-9 ka). In addition, the global volcanic
records are identified from ice cores and applied to forecast the recurrence rate and probability of
volcanic eruptions at different scales. The main results are summarized in the following.

There are 1113 volcanic eruptions in Greenland and 740 eruptions in Antarctica identified
over the period 60-9 ka b2k (before 2000 AD) with volcanic sulfate deposition. Among them, the
sulfate deposition of 85 eruptions is quantified at both poles, defined as bipolar eruptions.

Twenty-five of the identified bipolar eruptions are larger than any volcanic eruption occurring
in the last 2500 years, and 69 eruptions are estimated to have stronger sulfur emission strengths
than that of the Tambora, Indonesia eruption (1815 AD).

Two largest sulfur-rich volcanic eruptions are identified over the investigated period — one
occurred at 45.56 ka b2k, with the eruption latitude predicted in the Northern Hemisphere, and
the other one occurred at 38.13 ka b2k, with the eruption site predicted in low latitude or in the
Southern Hemisphere. Both are larger than the Taupo, Oruanui, eruption, that occurred at 25.32
ka BP1950, in present day New Zealand.

Volcanic activity in the Northern Hemisphere is more enhanced compared to the Southern
Hemisphere because more volcanic sulfate signals are identified in Greenland ice cores than in
Antarctic ice cores. Besides, we found increased volcanic frequency in the Northern Hemisphere
during the deglacial period, which is related to the induced stochastic state of the plate due to the
melt down of the major glacial ice sheet.

For the largest volcanic eruption in the quaternary period, the ~74 ka Toba eruption, the
proposed stratigraphic position in polar ice cores is pinpointed. The estimated stratospheric
sulfate injection of the proposed candidate is 535 + 96 Tg, that is 3.3 times that of the Samalas
1258 AD, 6.3 times that of the Tambora 1815 AD and 9.7 times that of the Pinatubo 1991 AD.

Two datasets of bipolar volcanic records with eruption dates and stratospheric sulfate
injections are collected from ice cores, one covering the Holocene period and the other covering
the Holocene and the last glacial periods. The density distribution of return times of eruptions at
different scales, defined by the magnitude of known eruptions, is close to the exponential

distribution.
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According to statistical analysis, volcanic eruption larger than the Tambora 1815 AD is
characterized by low eruption rate and a conservative mean return time is estimated to be 434
years. Over the next 100 years, the probability of observing such an event exceeds 19%, rising
above 65% in the next 500 years. An eruption of this scale could disrupt global trade and

economies and trigger climate anomalies. Human society should prepare for such hazards.
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5.2 Outlook

Call for multiple high-quality ice-core sulfate records

During the last glacial cycle, three deep ice core records in Antarctica and three deep ice core
records in Greenland were used to derive volcanic sulfate deposition. However, in the common
era, there were 10-25 ice cores in Antarctica that were applied to have a better estimate of
regional average volcanic sulfate depositions (Sigl et al., 2014). Therefore, the uncertainty of the
volcanic sulfate depositions in the last glacial cycle is larger. More high-resolution sulfur or
sulfate records need to be developed from ice cores, that can provide a more precise estimation
for the regional volcanic sulfate fallout. This is more needed in Antarctica due to the long
distance between ice core sites and the large spatial variability of the sulfate fallout process.
Improve the reconstruction of volcanic sulfate fallout through climate models

The detection of volcanic sulfate signals is challenging in the last glacial period due to the high
sulfate background in Greenland ice cores, which is related to glacial climate conditions in the
Northern Hemisphere. What causes this mechanism has not yet been addressed. For further
research, the magnitude of sulfur-rich volcanism can be more accurately quantified through
improved understanding of the atmospheric and ocean circulation, the wet and dry deposition
processes in the polar area, the volcanic cloud transport and dispersal process, and the
hemispheric partitioning of sulfate deposition. The climate model with chemistry-aerosol and
microphysics modules would be a useful tool to test this process and understand the relationship
between sulfur injecition altitude and the amount of deposition in the Greenland and Antarctic
ice sheets.

To investigate volcanic features (the plume height and the source)

It has recently become possible to test whether sulphate does reach the stratosphere, a
prerequisite for global distribution, where it undergoes a characteristic isotopic differentiation
(Burke et al., 2019; Gautier et al., 2018; Crick et al., 2021). But these analyses are still scarce for
the last glacial period. More measurements need to be performed to improve features for large
volcanic eruptions in the last glacial period.

The ice-core volcanic source identification is important as it helps to distinguish bipolar
volcanoes from regional volcanoes and has a better constraint on the volcanic radiative forcing.
Tephra layers are not always coincident with sulfate peaks (Davies et al., 2010) and most
volcanic sulfate signals have no tephra associated with them. The number of bipolar volcanoes

identified from bipolar ice-core synchronization is lower compared to that in the Holocene
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period, due to the ice layer thinning with depth and more offset between Greenland and Antarctic
ice-core timescales. More age markers need to be investigated to better constrain the polar ice-

core timescale and identify more bipolar volcanoes.
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