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a b s t r a c t

The Younger Toba Tuff eruption ~74 ka ago in Indonesia, is among the largest known supereruptions in
the Quaternary and its potential impact on the climate system and human evolution remains contro-
versially debated. The eruption is dated radiometrically to 73.88 ± 0.32 ka (1s, Storey et al., 2012) and it
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 identify, quantify and characterize these Toba candidates in terms of their likely lat-
itudinal position of eruption, sulfur emission strength and radiative forcing. We identify that the
youngest event of the four candidates is 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 has the largest
sulfur output of the 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 source. We thus propose the second youngest event (74,156 years before 2000
CE) to be most likely associated with the Toba eruption. The estimated stratospheric sulfate loading of the
proposed Toba eruption is 535 ± 96 Tg, which is 3 times that of Samalas 1258 CE, 6 times that of Tambora
(1815) CE and 20 times that of Pinatubo (1991) CE. We derive the continuous time-series of volcanic
sulfate deposition, sulfur emission strength and radiative forcing over the 74.8e73.8 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 and they are found to be much stronger than those at
the onset of the Younger Dryas and those preceding the Little Ice Age. Stacked Greenland water isotope
records 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.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
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the largest known supereruptions over the past 2.5 million years
with 2500e3000 km3 of magma deposited (Chesner et al., 1991;
Rose et al., 1987). The eruption has been precisely dated by
40Ar/39Ar to 73.88 ± 0.32 ka in Malaysia (1s, Storey et al., 2012) and
at 73.7 ± 0.3 ka in India (1s, Mark et al., 2017). Ash from the
eruption has beenwidely discovered in marine sediments from the
Arabian Sea (Von Rad et al., 2002), the Indian Ocean (Shane et al.,
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1995) and the South China Sea (Song et al., 2000; Huang et al.,
2001; Liu et al., 2006; Buhring and Sarnthein, 2000), in lake sedi-
ments from Lake Malawi in Africa (Lane et al., 2013), and across the
Indian subcontinent (Pearce et al., 2014). Although, to date, no
tephra has been identified in ice cores (Abbott et al., 2012), the ash
layers identified in the marine sediment records of the Arabian Sea
strongly suggest that the eruption occurred at the cooling transi-
tion 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 Ant-
arctic ice cores have been proposed as Toba candidates (named T1,
T2, T3 and T4; Svensson et al., 2013). These are dated to 74,057,
74,156, 74,358 and 74,484 a b2k, respectively, using the Greenland
GICC05modelext time scale (Wolff et al.2010). Recently, sulfur
isotope analysis of Antarctic ice cores suggested that the T1 and T2
events are 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 radiative impact of the stratospheric
sulfate aerosol burden and also through feedbacks involving
oceanic and atmospheric circulation (Robock, 2000; Pausata et al.,
2015; McConnell et al., 2020; Sigl et al., 2015). It has been sug-
gested that the Toba eruption is associated with a human popula-
tion bottleneck that occurred in the period between 50 and 100 ka
(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), which indicates that the impact on those areas
may have been less severe.

The magnitude of the stratospheric sulfate loading from past
eruptions, commonly derived from reconstructing volcanic sulfate
deposition on the polar ice sheets, is key to estimating the cooling
effect of past eruptions. For volcanic eruptions that 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 emis-
sion strength of the Toba eruption, estimated using petrological
evidence, has a wide range from 105 Tg to 9900 Tg, that is almost 4
to 396 times that of theMt Pinatubo 1991 CE eruption (Chesner and
Luhr, 2010; Scaillet et al., 1998; Oppenheimer, 2002; Quaglia et al.,
2023). The debate regarding 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 5e900 times the SO2 emission of the 1991 CE
Pinatubo eruption used the idealized stratospheric chemistry or
aerosol micro-physics mechanism and suggested a 2.3e17.0 �C
mean global cooling following the eruption (Osipov et al., 2020;
Black et al., 2021; Robock et al., 2009), in comparison to the ~0.5 �C
global cooling following the 1991 CE Pinatubo eruption (Parker
et al., 1996).

Whether a single volcanic eruption could have triggered abrupt
climate change, such as the onset of Dansgaard-Oeschger (DO)
events in glacial periods (Lohmann and Svensson, 2022; Baldini
et al., 2015), have accelerated the deglaciation in the Southern
Hemisphere (Mcconnell et al., 2017), or whether a cluster of vol-
canic eruptions could lead to an extended period of climate cooling
and ice growth (Abbott et al.; Miller et al., 2012) are topics currently
being debated. Pinpointing the precise position of the Toba erup-
tion in the cooling transition leading to GS-20 will help to explore
these questions and to decipher the mechanisms involved. A recent
re-dating of the Los Chocoyos eruption (LCY) of Atitl�an volcano in
present day Guatemala suggests that this eruption occurred at
2

75 ± 2 ka (Cisneros de Leon et al., 2021) opening 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). However, this new date is at odds with the commonly
accepted age of the 84 ka BP (Brenna et al., 2020) based on isotope
profile matching of the respective tephra layer in marine records
(Drexler et al., 1980) and thus warrants further investigations.

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 four 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 locations of candidate eruptions based on the
method of Lin et al. (2022) and use the sulfur emission strength
from our reconstruction to pinpoint the Toba eruption. Further-
more, we reconstruct sequences of the sulfur emission strengths
and the spatial-temporal volcanic radiative forcing at the cooling
transition to GS-20 (74.8e73.8 ka b2k) using the synchronized
sulfate records of Greenland and Antarctic ice cores. Unless other-
wise stated, all ages in this study are referring to the model
extended Greenland Ice Core Chronology 2005 (GICC05)
(Rasmussen et al., 2014) using the datum 2000 AD (b2k).

2. Methods

We employed five sulfate records from four Greenland ice cores
e an Ion Chromatography (IC) sulfate record of the Greenland Ice
Core Project (GRIP) ice core (this work), a Fast Ion Chromatography
(FIC) sulfate record from the North Greenland Eemian Ice Drilling
(NEEM) ice core (Schüpbach et al., 2018), a Continuous Flow
Analysis (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 Ant-
arctic 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 al., 2013; Crick
et al., 2021) (Fig. S1, Table 1 and Table S1). From those records, we
reconstruct volcanic sulfate deposition on the ice sheets for the
period 74,800e73,800 a b2k (Fig. S2 and Table S2). For Greenland,
the effective time resolution of the sulfate measurements is 1e2
years for NGRIP (Svensson et al., 2013), 1e5 years for GISP2 (Yang
et al., 1996), 5e10 years for GRIP (this work), 10 years for NEEM
(Schupbach et al., 2018) and 50e150 years for GISP2 (Mayewski
et al., 1997). For Antarctica, the temporal time resolution of EDML
and EDC sulfate measurements fall in the range of 1e3 years
(Svensson et al., 2013). The EDML and EDC sulfate records from
Crick et al. (2021) were solely sampled for the Toba candidate
peaks, as identified by Svensson et al. (2013), at a 1e8 year temporal
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 line-
arly interpolated the GICC05 time scale for the period of 74.8e73.8
ka b2k for those cores. For the NEEM core, we apply the volcanic
synchronization between the NEEM and NGRIP cores (Rasmussen
et al., 2013) to identify the Toba candidates in NEEM and make a



Table 1
Detailedinformationabout volcanicage, depth,sulfatebackground, sulfatedeposition,effectivetimetemporalresolution,ice-coresiteflowmodeland estimateduncertaintyforindividualTobacandidateinpolaricecores.

Ice Core Record T1a T1b

Start age End age Depth Bckgrd Thinning Deposition Uncertainty Start age End age Depth Bckgrd Thinning Deposition Uncertainty

a b2k a b2k m ppb kg km�2 kg km�2 a b2k a b2k m ppb kg km�2 kg km�2

EDC (Svenssonet al., 2013) FIC SO4 74,048 74,063 1078.96 170.3 0.64 56.0 22.4
EDC (Crick et al., 2021) ICPMS 74,042 74,071 1078.95 230.4 0.64 65.0 26.0
EDML (Svenssonet al., 2013) FIC SO4 74,050 74,065 1866.62 106.5 0.28 108.0 43.2
EDML (Crick et al., 2021) ICPMS 74,049 74,068 1866.60 86.2 0.28 85.7 34.3
NGRIP (Svenssonet al., 2013) CFASO4 74,041 74,049 2547.16 166.7 0.13 159.4 41.4 74,055 74,059 2547.22 165.1 0.13 122.8 31.9
GRIP (This work) IC SO4 2564.68 133.7 0.05 199.7 51.9 2564.68 133.7 0.05 156.9 40.8
NEEM (Schupbachetal., 2018) CFASO4 2015.15 365.1 0.08 333.5 86.7 2015.15 365.1 0.08 262.0 68.1
GISP2 (Mayewskiet al., 1997) IC SO4 2591.10 258.1 0.07 556.2 144.6 2591.10 258.1 0.07 437.0 113.6
GISP2 (Yanget al., 1996) IC SO4 2591.60 300.0 0.07 399.6 103.9 2591.70 300.0 0.07 181.3 47.1

Ice Core Record T2 T3
Start age End age Depth Bckgrd Thinning Deposition Uncertainty Start age End age Depth Bckgrd Thinning Deposition Uncertainty
a b2k a b2k m ppb kg km�2 kg km�2 a b2k a b2k m ppb kg km�2 kg km�2

EDC (Svenssonet al., 2013) FIC SO4 74,150 74,168 1079.72 147.5 0.64 49.6 19.8 74,348 74,368 1081.27 144.5 0.64 134.6 53.9
EDC (Crick et al., 2021) ICPMS 74,146 74,172 1079.72 168.4 0.64 70.4 28.2 74,348 74,368 1081.27 204.7 0.64 124.6 49.8
EDML (Svenssonet al., 2013) FIC SO4 74,147 74,175 1867.56 115.8 0.28 437.3 174.9 74,348 74,363 1869.51 83.7 0.28 107.2 42.9
EDML (Crick et al., 2021) ICPMS 74,144 74,178 1867.55 101.7 0.28 427.0 170.8 74,345 74,365 1869.51 78.5 0.28 103.5 41.4
NGRIP (Svenssonet al., 2013) CFASO4 74,154 74,161 2547.97 76.3 0.13 324.4 84.3 74,356 74,360 2550.06 57.6 0.13 60.7 15.8
GRIP (This work) IC SO4 2565.18 90.0 0.05 442.6 115.1
NEEM (Schupbachetal., 2018) CFASO4 2015.48 52.3 0.08 116.3 30.2 2016.38 83.0 0.08 83.0 21.6
GISP2 (Mayewskiet al., 1997) IC SO4 2591.64 72.3 0.07 94.8 24.6 2593.03 77.2 0.07 77.2 20.1
GISP2 (Yanget al., 1996) IC SO4

Ice Core Record T4 References

Start age End age Depth Bckgrd Thinning Deposition Uncertainty Effective time resolution Thinningfunction Sulfate record and match point

a b2k a b2k m ppb kg km�2 kg km�2 years

EDC (Svenssonet al., 2013) FIC SO4 74,479 74,491 1082.29 151.9 0.64 27.8 11.1 1.5e3 Bazin et al. (2013) Svenssonet al. (2013)
EDC (Crick et al., 2021) ICPMS 1083.44 152.5 0.64 24.9 10.0 1e2 Bazin et al. (2013) Crick et al. (2021)
EDML (Svenssonet al., 2013) FIC SO4 74,479 74,492 1870.93 89.2 0.28 237.7 95.1 1e2 Bazin et al. (2013) Svenssonet al. (2013)
EDML (Crick et al., 2021) ICPMS 74,474 74,495 1870.93 79.0 0.28 269.6 107.8 1e2 Bazin et al. (2013) Crick et al. (2021)
NGRIP (Svenssonet al., 2013) CFASO4 74,480 74,485 2551.44 41.2 0.13 72.9 18.9 1e2 Johnsenet al. (2001) Siggaard-Andersen,PhDthesis, 2004
GRIP (This work) IC SO4 5e10 Hvidbergetal. (1997) This work
NEEM (Schupbachetal., 2018) CFASO4 2016.98 78.4 0.08 102.1 26.5 10 Rasmussenet al. (2013) Schupbach et al. (2018)
GISP2 (Mayewskiet al., 1997) IC SO4 2593.87 68.0 0.07 171.2 44.5 50e150 Lin et al. (2022) Mayewskiet al. (1997)
GISP2 (Yanget al., 1996) IC SO4 1e5 Lin et al. (2022) Yanget al. (1996)
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similar linear interpolation. We then identify all of the volcanic
sulfate events in Greenland and Antarctic ice cores during the
74.8e73.8 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 background levels 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 1; 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 depo-
sition, we apply weighting factors for the two involved ice cores to
obtain the average volcanic sulfate deposition following the
approach of Lin et al. (2022). These weighting factors are based on
the relative ratio of volcanic sulfate depositions in three synchro-
nized (Buizert et al., 2018) Antarctic ice cores (WAIS Divide Ice Core,
EDML and EDC) for the 30 largest bipolar eruptions occurred in the
60e9 ka period. The derived weighting 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 eruption site for bipolar volcanic events indicated by ice
core and volcanic aerosol modelling studies (Marshall et al., 2019;
Toohey et al., 2019). From previous works, the volcanic latitudinal
bands for bipolar events - above 40�N, Northern Hemisphere High
Latitude (NHHL), and below 40�N, Low Latitude or Southern
Hemisphere (LL or SH) - can be assigned through the sulfate
deposition pattern between Greenland and Antarctica (Lin et al.,
2022; Abbott et al. 2021). The estimated hemispheric asymmetry
ratio between Greenland and Antarctica sulfate depositions for the
NHHL eruptions is above 0.69 and for the LL or SH eruptions the
ratio is below 0.69. The volcanic latitudinal bands for the four Toba
candidates are shown in Fig. 1, Table 2 and Table S2. 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 trans-
fer function of Gao et al. (2007). We then apply the EVA_Hmodel to
estimate the stratospheric sulfate aerosol optical depth (SAOD)
from the stratospheric sulfate loading using default parameters for
plume height and source location taken from historical analogue
Fig. 1. Detailed information of Toba candidates - T1a, T1b and T2 on the high-resolution NGR
records.
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eruptions (Aubry et al., 2020). For the EVA_H model, the injection
conditions - altitude and latitude parameters - for unipolar erup-
tions follow an Eldgj�a 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) and
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. Results and discussion

3.1. Zooming in on the toba candidates

The ice-core volcanic signals and the reconstructed volcanic
sulfate deposition in polar ice sheets for the four Toba candidates -
T1, T2, T3 and T4 - are shown at Fig. S1, Table 1 and Fig. S2. 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).
The former T4b peak is now aligned with the T4 event in the other
cores. 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 T1a and T1b, that are separated by
about 12 years (peak to peak) (Fig.1 (a)). There is a ‘dead’ period (no
volcanic sulfate signal above background) of around 6 years dura-
tion between the two events, confirming that the T1 event is
composed of two distinct volcanic events (Fig. 1 (a)). Adjacent
volcanic sulfate peaks can be merged in low-resolution sulfate re-
cords, but such occurrences can be identified in high-resolution
dielectric profile (DEP) or electrical conductivity measurement
(ECM) records of the same core. We manually separate the merged
sulfate peak of the T1 events detected in the lower resolution GISP2
and NEEM sulfate records by the associated area ratio of high-
resolution DEP or ECM peaks from the same cores and derive the
volcanic sulfate depositions of T1a and T1b (Fig. S1 and Table 1).

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
IP sulfate record, NGRIP conductivity, NEEM conductivity, EDC sulfate and EDML sulfate



Table 2
Volcanic sulfate deposition of Greenland and Antarctica, stratospheric sulfate loading, latitude of eruption site and number of ice cores used to derive volcanic sulfate de-
positions for the Toba candidates, compared to thewell-known eruptions-Pinatubo, Tambora, Salamas, Taupo and the largest unknown sulfur-rich eruption-in the past 60 ka at
45.56 ka b2k.

Eruption Volc. Age
GICC05

Volc.
Duration

Antarctic volc.
SO4

Greenland volc.
SO4

Latitude oferuption
site

Strat. Sulfate loading
(SO4)

Number ofice cores Reference

a b2k yrs kg km�2 kg km�2 Tg Greenland Antarctica

T1a 74,045 10 292.6 Unipolar 166.8 5 This study
T1b 74,057 5e16 97.6 212.7 Bipolar (NHHL) 218.9 5 4 This study
T2 74,156 7e18 290.0 244.5 Bipolar (LLor SH) 534.6 4 4 This study
T3 74,358 4e15 150.6 73.6 Bipolar (LLor SH) 224.2 3 4 This study
T4 74,484 5e12 207.2 115.4 Bipolar (LLor SH) 322.6 3 4 This study
Pinatubo 1991 CE 15�80N, 120�210E 25.0 Quaglia et al. (2023)
Tambora 1815 CE 2e3 45.8 39.7 8�150S, 118�E 85.5 1 2 Sigl et al. (2015)
Salamas 1258 CE 2.4e3.8 90.4 73.2 8�420S, 116�240E 163.6 1 2 Sigl et al. (2015)
Taupo 24.46 ka b2k 3e7 192.8 189.5 Bipolar (LLor SH) 382.3 2 3 Lin et al. (2022)
Unknowna 45.56 ka b2k 6e14 172.7 652.6 Bipolar (NHHL) 544.7 3 3 Lin et al. (2022)

a The largesteruption inthe period (60e0 ka).
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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.
3.2. Tracing the toba eruption

In the following, we combine multiple lines of evidence to
propose the most likely candidate for the Toba event from the four
proposed eruptions. As the stratigraphic setting of the Toba erup-
tion 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 propose that the Toba eruption has to be found among
the T1-T4. 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 allows us to predict the
latitudinal band of the eruption site (NHHL, and LL or SH). In
Fig. 2. (a) Ice-core derived volcanic sulfate depositions in Greenland and Antarctica. (b) ‘*’ d
SH) and ‘o’ denotes ones occurred above 40�N (NHHL) for bipolar volcanic eruptions. (c) Th
depositions list. (d) The sulfur isotope D33S measured by Crick et al. (2021) from Antarctic

5

addition, the ice-core sulfur isotopic composition of the Toba can-
didates indicates whether the eruption plume reached the strato-
sphere and provides an indication of the minimum height of the
eruption plume (Savarino et al., 2003; Crick et al., 2021).

As discussed in section 3.1, the T1 event is 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 pro-
posed to be a Northern Hemisphere extratropical eruption with no
imprint in Antarctic ice cores (NHHL). Despite the lack of certainty
regarding 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 (Fig. 2 (a) and
Fig. 2 (b)). 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
(534.57 ± 96.3 Tg) of the four Toba candidates (Fig. 2 (c)). It is also
stronger than any bipolar eruption signal identified from ice cores
enotes that the predicted latitudinal band of eruption site occurred below 40�N (LL or
e stratospheric sulfate loading derived from Greenland and Antarctic volcanic sulfate
ice cores for the Toba candidates.
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in the 60e9 ka period (Lin et al., 2022). Relative to the stratospheric
sulfate loading for the T2 event derived by Crick et al. (2021), our
value is 24% lower, mainly because five more sulfate records from
Greenland and Antarctica are included in this study. The even
distribution of sulfate deposition between the two hemispheres
(Greenland versus Antarctica) suggests the event occurred at low
latitudes (Fig. 2 (b) and Table 2). The Antarctic sulfur isotopic
composition shows that the eruption plume reached the strato-
sphere and that the top of plume height may have exceeded 45 km
(Crick et al., 2021). Therefore, the T2 event fulfills all criteria for
being related to the Toba eruption.

The T3 event has a stratospheric sulfate loading of
224.21 ± 15.7 Tg, about 9 times that of the Pinatubo 1991 CE
eruption and 2.6 times that of the Tambora 1815 CE eruption, but it
is weaker than those of the T2 and T4 events (Table 2). The hemi-
spheric 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. 2 (d) (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 deposition 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 site was likely located in the extra-
tropical SH area (Crick et al., 2021) (Fig. 2 (d)). For this reason, the
T4 event is unlikely to be associated with the Toba eruption.

The positive relationship between the stratospheric sulfate
loading quantified from ice cores and the volcanic explosivity index
(VEI) of the same event has been observed from well known his-
torical eruptions. 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 of another unknown
large sulfur-rich eruption. A recent (UeTh)/He dating age of the Los
Fig. 3. Comparison of monthly global mean SAOD and estimated volcanic radiative forcing fo
(T2, T1a and T1b) to the three well investigated periods e at the onset of Youngers Dryas (1
(labelled as LIA_S), and Little Ice Age (1783e1890 CE) (labelled as LIA_E) (Toohey and Sigl,
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Chocoyos (LC) eruption of the Atitl�an volcano, that occurred in
present-day Guatemala, is 75 ± 2 ka (Cisneros de Leon et al., 2021),
that is not consistent with previously dated age of 84 ka BP (Drexler
et al., 1980). As no tephra of the LC eruption has been identified
either in Greenland or Antarctic ice cores, we could not assign the
LC eruption to one of the T1-T4.

The stratospheric sulfate 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 was
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 sulfate loading, the T2 eruption is com-
parable to the largest eruption identified in the 60e9 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 climatic 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 more recent large
bipolar eruptions - Samalas 1257 CE, Tambora 1815 CE and Pina-
tubo 1991 CE e was a lowering of global mean temperature of
0.5e1.2 �C, lasting for several years (Raible et al., 2016; Parker et al.,
1996; Guillet et al., 2017). The stratospheric sulfate loading of the T2
event is 3 times that of Samalas, 6 times that of Tambora and 20
times that of Pinatubo (Table 2), indicating that a more extreme
cooling could have followed the Toba eruption. Compared to the
wider range of the sulfur emission strength estimated from
petrological evidence (10e360 times that of the Pinatubo eruption;
Chesner and Luhr, 2010; Scaillet et al., 1998; Oppenheimer, 2002),
we estimate a stratospheric sulfate loading of 535 ± 96 Tg derived
from ice cores for the Toba eruption, that is 20 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., 2020; 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
r the enhanced volcanic period of 74,158e74045 (a b2k) including the Toba candidates
3,030e12921 a b2k) (Abbott et al.) (labelled as YD_S), the Little Ice Age (1171e1286 CE)
2017).



Fig. 4. 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: >74,156,
74,156e73121) represent in red color. (c), The stacked d18O records of NGRIP, NEEM,
GISP2 and GRIP ice cores in Greenland. Three disconnected linear fits (intervals:
>74,156, 74,156e74041, 74,041e73121) represent in red color. (d), The stacked d18O
records of EDC, EDML and DF ice cores in Antarctica.
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annual mean global surface temperature.

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

Thirty-five volcanic eruptions have been identified in polar ice
cores in the investigated period of 74.8e73.8 ka b2k (Table S2).
Among them, eight volcanic sulfate signals are identified as bipolar
volcanic eruptions with stratospheric sulfate loading above 10 Tg.
Fourteen volcanic sulfate signals are identified only in Greenland
ice cores and 13 volcanic sulfate signals are identified only in
Antarctica. The global mean and the 30�- 90�Nmean of the SAOD as
well as the radiative forcing are reconstructed over this period
(Table S3).

We define the ‘Toba’ period at the end of the cooling transition
leading to GS-20 as 74,158e74,045 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’ in-
terval contains three major eruptions (T1a, T1b and T2). The three
periods selected for comparison are located at the onset of Younger
Dryas event (YD_S, 13,030e12,921 a b2k), the start of the Little Ice
Age (LIA_S, 1171e1286 CE) and the end of the Little Ice Age (LIA_E,
1783e1890 CE), following the approach of Abbott et al. (2012)
(Fig. 3 and Table S3). For these three volcanically enhanced pe-
riods, we applied the same approach as Lin et al. (2022) to estimate
the stratospheric sulfate loading and to reconstruct the volcanic
radiative forcing from the published Greenland and Antarctic vol-
canic sulfate deposition records (Abbott et al.; Sigl et al., 2013;
Table S3). The results presented here differ from those of Abbott
et al. (2012) due to the different weighting of the Greenland vol-
canic sulfate deposition applied to derive the stratospheric sulfate
loading for extratropical NH bipolar eruptions. Here we assume
that volcanic sulfate transport and deposition over Greenland are
influenced by the polar vortex transport patterns (Gao et al., 2007).
Using this approach, the centennial cumulative stratospheric
aerosol loading for the volcanically active periods - YD_S, LIA_S and
LIA_E - are respectively 40%, 8% and 7% lower than those estimated
by Abbott et al. (2012) and Toohey and Sigl (2017). The centennial
cumulative stratospheric aerosol loading, the mean global SAOD
and the mean SAOD at 30e90�N of the ‘Toba’ period is much
stronger than those of the other three periods (Table S4). Due to the
distinct volcanic cluster and the extreme volcanic forcing at the
onset of the GS-20, we discuss the possibility of an amplified and
prolonged cooling beyond the stratospheric sulfate aerosol burden
induced cooling in the following.

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

The behaviour of the ice-core water isotopic proxies - d18O and
deuterium excess (d-excess) - at the T1 and T2 events may provide
clues about the climatic impact of those eruptions in both
hemispheres.

Using a stack of four d18O records from the NGRIP (NGRIP
members, 2004), GISP2 (Grootes and Stuiver, 1997), NEEM (Gkinis
et al., 2021) and GRIP (Johnsen et al., 2001) cores (Fig. S3 (d-g)),
we observe an accelerated cooling transition (a steepening of the
isotopic trend) right after the T2 event for a 110 yr period prior to
GS-20 (Fig. 4 (c)). 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 NEEMd-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
7

stacked d-excess records show an abrupt shift right at the T2
eruption (Fig. 4 (a) and Fig. S3 (b, c)), suggesting a southern shift of
the water vapor source resulting from the extended sea ice cover.

The d18O 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. 4 (d), Fig. S3 (i) and
Fig. S3 (h)), indicating the uneven regional temperature followed
the T2 eruption in Antarctica. An interpretation of this behaviour is
that the Greenland and Antarctic temperature proxies follow a
‘bipolar seesaw’ pattern and that the NH extended sea ice cover
triggered by the T2 eruption may weaken the Atlantic meridional
overturning circulation and induce a delayed warming in
Antarctica that is most likely perturbed by the strong T1 eruption.
This mechanism is in agreement with the interpretation of Stocker
and Johnsen (2003) and with model simulation results (Robock
et al., 2009; Timmreck et al., 2012).
4. Conclusions

We pinpoint the Toba eruption from ice-core records by
combining information from synchronized high-resolution ECM
and DEP records, the sulfur isotopic signals, the sulfur emission
strength and the estimated latitudinal band of eruption sites. From
the previously identified Toba 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 any other volcanic
events identified in ice core records between 60 and 9 kyr. Previous
studies of the Toba eruption using a single ice-core, mineral
chemistry or experimental petrology have produced a wide range
of estimates for sulfur emitting, from 105 Tg to 9900 Tg. We esti-
mate that the stratospheric sulfate loading of the proposed Toba
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eruption is 535 ± 96 Tg. Since this is the largest recorded signal
within the radiometric age limits of the Toba eruption, our recon-
struction provides an upper bound of similarly to 20 times the in-
jection of the Pinatubo, which is used as input for many climate
model experiments for this eruption, e.g. 33 to 900 times the
Pinatubo injection (Robock et al., 2009).

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,
threemajor eruptions -T1a, T1b and T2e 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 sea-ice extension in
the North Atlantic. The reconstructed volcanic forcing can be
incorporated in model simulations in order to investigate mecha-
nisms 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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