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ARTICLE INFO ABSTRACT

Keywords: The 17 century was a period when several major (VEI > 5) tropical and extratropical volcanic eruptions
Long Island occurred. Amongst these is the VEI 6 eruption of Long Island (Papua New Guinea), which is suggested to have
Tarumae i occurred between 1665 and 1668 CE based on historical accounts, radiocarbon dating constraints, and an ice-
IGcfscsof::ChemIStry core record from South Pole. Accepting such an attribution on the basis of this ice-core chronology would
Sulfate imply a hitherto undiagnosed dating error of up to 6 years during the 17 century within all ice-core records
Tephra from Antarctica. Here we constrain the timing of the Long Island eruption through tephrochronology and high-

resolution glaciochemical measurements from an array of records from Antarctica and Greenland. We identify
cryptotephra glass shards in association with the Greenland 1667 CE sulfate peak and geochemically attribute
them to the historic Japanese Tarumae (Shikotsu) eruption. This attribution shows that the ice-core records are
not misaligned during this period and refines the timing of the Long Island eruption to two candidate dates: 1654
+1 CE and 1662 +1 CE. Both candidate dates are within previous best age estimates based on radiocarbon dating
(1651 and 1671 CE, 95.4 % probability). However, here we tentatively use 1662 +1 CE as the timing of the Long
Island eruption, as previous radiocarbon constraints suggest a 68.2 % probability of occurrence between 1655
and 1665 CE. With a higher confidence in the dating, we revised volcanic stratospheric sulfur injection (VSSI)
estimates across the 177 century. Using these alongside paleo-proxy records, we explored the Northern Hemi-
sphere climate response to the Long Island and Tarumae eruptions and found them to be more limited compared
to other major (VEI >5) eruptions during this century. Ultimately, this study has highlighted the accuracy of ice
core chronologies, having wider implications for volcanic forcing reconstructions and detection and attribution
studies of natural climate variability.

1. Introduction Huhtamaa et al., 2022; Stoffel et al., 2022). Amongst the largest, with an

estimated 21 km® airfall tephra volume and a volcanic explosivity index

Several notable major volcanic eruptions occurred during the 17
century, including Huaynaputina (Peru) 1600 CE (White et al., 2022;
Burke et al., 2023), Koma-ga-take (Japan) and Mt. Parker (Mélébingoy,
Philippines) 1640 CE, and an eruption cluster with unidentified volcanic
sources starting in 1694 CE (Sigl et al., 2013; D’Arrigo et al., 2020;

(VED) of 6 (Blong and Kurbatov, 2020), is the caldera-forming eruption
of Long Island, Papua New Guinea (5.33°S, 147.1°E; see Fig. 1a). Ash
deposits from this eruption, referred to as the Tibito tephra, are widely
dispersed across mainland Papua New Guinea (up to 400 km from the
source; Coulter et al., 2009; Schneider et al., 2017). Yet, despite the large
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magnitude of this caldera-forming eruption, and thus the potential for
strong climate impacts by stratospheric sulfate injection, the precise
date remains unknown due to the absence of historical records.

Determining the date of the Long Island eruption has proved chal-
lenging, with a wide range of methods employed across several disci-
plines, resulting in eruption ages that span three centuries (Blong et al.,
2018; Blong and Kurbatov, 2020). At present, the eruption is considered
to have most likely occurred in the late 17t century (1651-1671 CE,
95.4 % probability, based on radiocarbon dating and other age con-
straints; Blong et al., 2018). More recent efforts to further constrain the
timing, based on the attribution of sulfate signals within polar ice-core
records, have suggested an age of 1665-1668 CE (Blong and Kurba-
tov, 2020).

Polar ice cores, with their annual-layer counted chronologies, often
facilitate the precise dating of past volcanic events, as they capture the
atmospheric burden of sulfate aerosols and occasionally cryptotephra
following a volcanic eruption (Cole-Dai, 2010; Plunkett et al., 2023).
The clustering of major volcanic eruptions in the 17% century has pre-
sented challenges for some scholars in the correct attribution of volcanic
sulfate layers within and between the polar ice-core records of
Antarctica and Greenland. The newly proposed age of 1665-1668 CE by
Blong and Kurbatov (2020) is based on their attribution of the Long
Island eruption to an acidity signal in the Greenland Crete ice core
peaking in 1667 CE (Hammer et al., 1980), which they link to a sulfate
signal dated to 1668 CE in the Antarctic South Pole SPO1 ice core
(Budner and Cole-Dai, 2003). However, in other Antarctic ice-core re-
cords, this same sulfate signal is more widely dated to 1673 CE and
tentatively assigned to Gamkonora (Philippines, 1673 CE; e.g., Trau-
fetter et al., 2004; Plummer et al., 2012; Sigl et al., 2013; Nardin et al.,
2020). The suggested corresponding sulfate signal in Greenland is
widely assigned to the September 1667 CE Tarumae eruption in the
Shikotsu volcanic system (Japan) (Sigl et al., 2013; Toohey and Sigl,
2017; Stoffel et al., 2022). This large (VEI 5) Plinian eruption of Tar-
umae, located in southern Hokkiado, Japan, concluded a two-millennia
long period of dormancy of the volcanic system (Nakagawa et al., 2011).

Accepting the attributions of Blong and Kurbatov (2020) would
indirectly imply a previously undiagnosed dating error of up to six years
during the 17t century within the polar ice-core records. This would
have major implications on the current forcing utilised in the Paleo-
climate Modelling Intercomparison Project (PMIP)4 past1000 simula-
tions (Jungclaus et al., 2017) and hinder ongoing efforts to reconcile
volcanic climate impact assessments in both models and proxies (e.g.,
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Zhu et al., 2020; Fang et al., 2023). A more accurate attribution of the
volcanic sulfate signals within the ice is needed to better constrain
volcanic forcing during this period. This would in turn, facilitate a better
assessment of the contribution of external forcing (i.e., solar radiation)
to climate change, as a number of large volcanic events, including the
Long Island eruption, occurred during a period of reduced solar forcing
referred to as the Maunder Grand Solar Minimum (1621-1718 CE;
Brehm et al., 2021, see Fig. 1b and c).

Here we re-evaluate these prior attributions and present the most
likely date for the 17™ century Long Island eruption. We base this on a
multi-proxy investigation (combining glaciochemical records and
cryptotephra analysis) on an array of polar ice-core records from both
Greenland and Antarctica and consideration of radiometric and other
age constraints as summarised in Blong and Kurbatov (2020). We
demonstrate that the previous alignment of the South Pole (SP01, SP04)
ice cores was erroneous and, when correctly aligned, the records are
fully consistent with well-dated ice cores from high snow accumulation
sites from across Antarctica. In addition, we present revised volcanic
stratospheric sulfate injection (VSSI) estimates across the period
1590-1710 CE following this signal attribution. Using these revised
forcing estimates alongside a network of proxy and climate paleo-
reanalysis data from across the Northern Hemisphere, we further
explore the impacts of major (VEI >5) 17 century volcanic eruptions
on the climate system.

2. Methods
2.1. Ice-core records

This study uses a network of ice core sulfur and sulfate records from
across Greenland (NEEM-2011-S1, TUNU2013, B19, NGRIP1, EGRIP,
Summit2015-composite, Summit2023, and Humboldt; McConnell,
2013; Sigl et al., 2013; Keegan et al., 2014; Sigl et al., 2015; McConnell,
2016; Sigl and McConnell, 2022; Stoffel et al., 2022; Gabriel et al., 2024;
Sigl et al., 2025a) and Antarctica (WD, WDC05Q, SP01, SP04, SPC14,
DMLO5, DMLO7, B40, NUS08-4, NUS08-5, NUS08-7, NUS07-2,
NUS07-5, NUS07-7, DF01, DFS10, EDC96, Taylor Dome, and Talos
Dome; Sigl et al., 2013; Sigl et al., 2014; Thomas et al., 2022). Together
they fully cover the period 1590-1710 CE with an uncertainty across
this period of £1 year.

All Greenland ice-core records have been annual-layer counted or are
volcanically synchronised to the NS1-2011 chronology (Sigl et al., 2015)
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Fig. 1. (a) Map showing the location of the Long Island volcano (Papua New Guinea), Tarumae volcano (Japan), TUNU2013 and Summit2023 ice cores (Greenland).
(b) Radiative forcing [30°N-90°N] (black line; Toohey and Sigl, 2017) and (¢) Solar modulation reconstructed from ETH (navy) and QL (light blue) A'4C data
(Brehm et al., 2021) between 1400 and 1900 CE. Purple shading denotes the duration of grand solar minimum events (Sporer minimum; 1388-1558 CE, Maunder
minimum; 1621-1718 CE, and Dalton minimum; 1797-1823 CE). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article).
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and all Antarctic ice-core records are consistent with the WD2014
chronology (Sigl et al., 2016), with these chronologies underpinning the
latest reconstructions of volcanic forcing (Toohey and Sigl, 2017).
Fluoride measurements were undertaken for the EGRIP and NGRIP1 ice
cores at the Alfred Wegner Institute, Germany (AWI) and Physics of Ice,
Climate and Earth, Denmark (PICE) respectively, using ion chromatog-
raphy. Discrete samples at a 5 cm resolution were obtained for NGRIP1
(Siggaard-Andersen et al., 2002; Vinther et al., 2006; Plummer et al.,
2012; Siggaard-Andersen et al., 2022), whilst samples for EGRIP were
obtained during continuous flow analysis (CFA) measurements at the
University of Bern, Switzerland using a fraction collector and have a
depth resolution of ~6 cm (Schrod et al., 2020; Erhardt et al., 2023;
Horhold et al., 2025a; Horhold et al., 2025b). Full details regarding the
locations of each ice-core record used and the parameters analysed and
used within this study can be found in Table A.1 and Fig. A.1.

2.2. Volcano signal detection and sulfate deposition

Sulfur deposition on the polar ice sheets is seasonally variable, non-
uniform, and in the pre-industrial period consists of a background of
marine-biogenic and volcanic emissions (Legrand, 1997; Cole-Dali,
2010). Following major volcanic eruptions (typically VEI >5), a volcanic
excess sulfur signal is overlain on this background sulfate signal.
Therefore, to isolate the volcanic signal within each ice-core record from
Greenland and Antarctica and estimate the cumulative sulfate deposi-
tion (kg km~2) for each volcanic eruption, we adapt previous detection
methods which involve running medians of various window lengths and
detection thresholds (i.e., Traufetter et al., 2004; Ferris et al., 2011; Sigl
et al., 2013; see Methods A.1). We then estimate cumulative ice sheet
volcanic sulfate deposition for each identified event across the study
period (1590-1710 CE) by calculating mean cumulative sulfate depo-
sition for each volcanic event across the Greenland and Antarctic ice
sheets.

Owing to the highly variable accumulation rates across the Antarctic
ice sheet and thus spatial variability in sulfate deposition, a weighting of
20 % was applied to the mean from all high accumulation sites and 80 %
to the mean from all low accumulation sites, as adopted by Toohey and
Sigl (2017). This was to derive a representative mean sulfate deposition
value over Antarctica for each event. Sulfate depositional records from
Greenland and Antarctica were then scaled against previous estimates
used in the eVolv2k forcing reconstruction of Toohey and Sigl (2017) to
provide consistency between the depositional signals and the forcing
used in PMIP4 (see Fig. A.2).

In addition, to account for any smaller volcanic signals (events)
which may not have been observed in the detection applied to individual
records and to evaluate our threshold selection, we undertook a similar
volcano detection method as discussed above, on the stacked records
from Greenland (N = 7, GRL; 5x) and Antarctica (N = 19, ANT; s5x) (see
Methods A.1). We have increased both the number and spatial coverage
of records across Greenland and Antarctica compared to previous work
(i.e., Sigl et al., 2013; Sigl et al., 2014; Sigl et al., 2022), thereby
providing a more representative estimate of total volcanic sulfate
deposition for each eruption.

2.3. Cryptotephra analysis and source attribution

A diagnostic tracer for the presence of cryptotephra in polar ice cores
is an enrichment of coarse (3-10 pm), insoluble particles preceding or
coinciding with concentration anomalies of volcanic volatiles (i.e, S, CI,
F) (Plunkett et al., 2023 and references therein). Measurements of
insoluble particles were undertaken at the Desert Research Institute,
USA using an inline Abakus® laser particle counter (Ruth et al., 2003)
alongside CFA on the Greenland B19 (Gabriel et al., 2024), TUNU2013,
Summit2015 (Abbott et al., 2021; Stoffel et al., 2022), and Summit2023
(this study) ice cores (see Fig. A.3). The stratigraphic co-registration of
insoluble particles and sulfur peaks has proven successful in the
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detection of cryptotephra layers (e.g., Jensen et al., 2014; Sun et al.,
2014; Dunbar et al., 2017; McConnell et al., 2020; Plunkett et al., 2020;
Smith et al., 2020; Abbott et al., 2021; Plunkett et al., 2023; Abbott et al.,
2024; Gabriel et al., 2024). Archived ice core sections encompassing the
1667 CE peak were subsequently sampled in the TUNU2013 ice core
(from NE Greenland) between 58.04 m and 58.14 m and the Sum-
mit2023 ice core (from Central Greenland) between 108.22 m and
108.69 m for cryptotephra analysis at the University of Bern,
Switzerland and University of St Andrews, UK respectively. This was to
determine if glass shards were present and to use geochemical analysis
to isolate their provenance.

Following the identification of glass shards within the
TUNU2013_58.04m-58.14m, Summit2023_108.52m-108.69m, and
Summit2023_108.22m-108.37m samples by optical microscopy, sam-
ples were prepared for electron probe microanalysis (EPMA) at the
Institute of Geological Sciences, University of Bern, Switzerland and
University of St Andrews, UK respectively. The full cryptotephra sample
preparation method used at the University of Bern, which is adapted
from several recent papers (Kuehn and Froese, 2010; Hall and Hayward,
2014; Iverson et al., 2017; Hartman et al., 2019), can be found in Gabriel
et al. (2024) and that used at the University of St Andrews in Hutchison
et al. (2024). In brief, both labs employed a 15 kV accelerating voltage,
with a 5 pm and 2 nA beam used at the University of Bern, and a 3 pm
and 1 nA beam used at the University of St Andrews. Internationally
recognised secondary standards (Jochum et al., 2005; Jochum et al.,
2006; Kuehn et al., 2011) were run during the analytical sessions at both
labs to evaluate the precision of our measurements and facilitate robust
data comparisons. All raw geochemical data (Gabriel et al., 2025a) and
secondary standard data (Gabriel et al., 2025b) for analyses obtained as
part of this study is publicly accessible, with full details of the operating
conditions found in Table A.2.

The low abundance of cryptotephra and their small shard size
(frequently <20 pm) have presented major challenges in the geochem-
ical analysis of cryptotephra glass shards within the polar ice cores.
Consequently, this has often prevented geochemical analysis of identi-
fied material and thus the attribution of volcanic fallout in ice cores to
specific source eruptions. Iverson et al. (2017) suggested that a broad
beam overlap method could be adopted to facilitate data acquisition
where necessary, and although this method has shown a decrease in
precision (i.e., lower analytical totals), all the elements have been shown
to be statistically similar. The adoption of this approach has resulted in
confident geochemical attributions in other cryptotephra studies (i.e.,
Dunbar et al., 2017; Abbott et al., 2024; Innes et al., 2024) and was
therefore adopted within this study on the TUNU2013 samples, where
shards were small (<20 pm) and low in abundance (N = <10). We
filtered the data to totals >75 wt. %, with a lower total threshold
selected to account for this small shard size (<20 pm) and the subse-
quent overlap with the epoxy resin. In both Summit2023 samples, glass
shards were more abundant (N = >20), increasing the chance of a more
confident geochemical analysis and thus a higher total filter threshold of
>90 wt. % was used.

To facilitate correlations to existing published datasets, PoO5 and Cl
were removed from our obtained data to ensure secure comparisons.
Data was then normalised to an anhydrous basis following standardised
practices.  Following normalisation, the data from the
TUNU2013 58.04m-58.14m and Summit2023_108.52m-108.69m
samples formed a single homogenous population, despite the differences
in the raw total oxide values. The data were correlated to compiled
published tephra geochemical data for candidate eruptions consisting of
both proximal and distal deposits, with these correlations explored
graphically.

2.4. Estimating stratospheric sulfur injection

Estimates of stratospheric sulfur injection following a volcanic
eruption require the cumulative sulfate deposition from the ice sheets
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for each volcanic event, along with the latitude and timing of the in-
jection, to be known. For many of the eruptions across the study period
1590-1710 CE, the latitude and timing was assigned using historical
records and global inventories of volcanism (i.e., Global Volcanism
Program (Global Volcanism Program, 2024)). However, where the vol-
canic signal within the ice-core records was unattributed and thus the
latitude was unknown, a default latitude of 0° was used for unidentified
events with a bi-polar signal (i.e., a tropical eruption) and 45°N and 45°S
for unidentified extratropical eruptions in the Northern and Southern
Hemispheres respectively, following Toohey and Sigl (2017).

The full method for estimating volcanic stratospheric sulfur injection
(VSSI) is described in detail by Toohey and Sigl (2017) and Sigl et al.
(2022) and is based on the assumption that the sulfur deposition
recorded in the ice cores is proportional to the stratospheric sulfur in-
jection. Briefly, mean ice sheet cumulative sulfate deposition for
Greenland (fg) and Antarctica (fa) are related to injected sulfur mass
(Mg) in Eq. (1):

1
Ms = 3 [Lofc + Lafa] (€Y
Lg and Ly are transfer functions which account for the spatial dis-

tribution of sulfate deposition over each hemisphere, which has been
based on the analysis of the spread and deposition of nuclear bomb test

Table 1
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fallout, sulfate from well-studied historic volcanic eruptions (i.e., Pina-
tubo 1991 CE), and the analysis of atmospheric aerosol model experi-
ments. Following previous work (Gao et al., 2007; Gao et al., 2008;
Crowley and Unterman, 2013; Toohey and Sigl, 2017; Sigl et al., 2022),
we apply transfer function estimates of 1 x 10° km? for tropical erup-
tions, 0.57 x 10° km? for extratropical eruptions, and 0.1 x 10° km? for
Icelandic eruptions (see Table 1). For Northern Hemisphere extra-
tropical eruptions, revised (0.44 x 10° km?) estimates of the transfer
function and larger uncertainties have recently been proposed
(Fuglestvedt et al., 2024). We report these in addition to the other re-
ported values for consistency with existing reconstructions of volcanic
forcing in Table A.3.

2.5. Estimating the latitude and timing

Monthly resolved non-sea-salt (nss) sulfur (Sigl et al., 2025b) and
insoluble particle records from the Summit2015-composite (Greenland)
and a nss-S record from WDC (Antarctica) were used to help constrain
the timing of the largest volcanic and partly overlapping sulfate depo-
sitional signals, which we attributed to concurrent volcanic eruptions
within a few months to years of each other. Using these highly resolved
records, it was possible to separate the volcanic events by approximating

Summary of revised volcanic stratospheric sulfate injection (VSSI) estimates across the period 1590-1710 CE. Volcano name, eruption start date [CE], latitude [°N] (if
known - otherwise default latitudes based on Toohey and Sigl (2017) are used), cumulative event volcanic SO4 [kg km~?] deposition for Greenland and Antarctica, and
VSSI [Tg S] with 16 uncertainty provided in brackets. VSSI estimates are shown for this study, alongside previous estimates from Toohey and Sigl (2017) used in
PMIP4. Bold text indicates the VSSI estimates for the five sulfate peaks identified within the ice-core records which have subsequently been divided based on the

monthly sulfur records.

Volcano Eruption Date [CE] Latitude VolSO, (kg km3?) VSSI (Tg S) [+ 16
[°N] uncertainty]
Greenland Antarctic This study PMIP4 [
flux flux
Fuijisan (Japan) - December 1707 35.4 13 N/A 2.5[0.7] 1.1 [0.4]
. . 17.7 15.7
Unidentified 1694 0 31.1 22.1 [2.6] [2.9]
UE 1697 1697 -45 N/A 3.5 0.7 [0.2] -
UE 1696 1696 0 7.8 2.9 3.5 [1.0] -
UE 1695 1695 0 8.7 9.5 6.1 [1.5] -
UE 1694 1694 0 14.6 6.2 6.9 [2.0] -
Gamkonora (Indonesia) - May 1673 1.38 6.5 8.1 4.6 [0.7] 4.7 [0.8]
Tarumae (Japan) September 1667 42.69 21 N/A 4.9 [1.0] 3.5 [1.1]
UE 1669 1669 45 1.7 N/A 0.3 [0.1] -
Tarumae (Japan) September 1667 42.69 19.4 N/A 3.7 [1.4] 3.5[1.1]
Long Island (Papua New Guinea) - 1662 -5.36 8.3 4.4 4.2 [0.8] 0.8 [0.1]
Unidentified - 1654 0 7.5 6.5 4.7 [1.0] 3.7 [1.2]
Unidentified - 1645 45 15 N/A 2.8 [0.9] 2.4 [0.8]
4321 s L, th
Mt. P::u:kel: [Mélébingoy] 26" December 6.1 45.6 14.4 20.0 18.7
(Philippines) 1640 [3.31] [4.3]
Mt. Parker
[Mélébingdy] 26™ December 1640 6.11 37.4 14.4 17.3 [4.6] -
(Philippines)
Koma-ga-take July-October 1640 42.06 8.2 N/A 16[0.6] -
(Japan)
Hekla
- Feb: 1 . 13. N/A . .1 1. X
(Iceland) ebruary 1636 63.98 3.5 /. 0.5 [0.1] 3 [0.5]
Unidentified - 1625 45 12.5 N/A 2.4 [0.8] 1.6 [0.3]
Unidentified - 1622 -45 N/A 8.4 1.6 [0.2] -
Huaynaputina h 15.7 18.9
(Peru) 19" February 1600 16.61 28.7 18.3 [2.6] [4.0]
Huaynaputina 19% February 1600 -16.61 23.8 18.3 14.0[3.21 -
(Peru)
Paektu (China/DPRK) 1600 41.98 4.9 N/A 0.9 [0.4] -
Nevado del Ruiz (Colombia) 1595 -4.89 15.8 14.9 1[;):] 8.9 [1.5]
Unidentified 1596 0 9 6.1 5.1 [1.5] -
Nevado del Ruiz
(Colombia) 1594 -4.89 6.8 8.8 5.2 [1.4] -
Unidentified - 1590 -45 N/A 6.8 1.3 [0.4] 0.5 [0.3]

N/A indicates no sulfur deposition on ice sheet for that event.
# Based on Toohey and Sigl (2017).
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the start and end date of each sulfur peak. This in turn allowed the total
deposited volcanic sulfate across the peak to be redistributed amongst
these individual eruptions within the ice-core records (see Figs. A.4, A.5,
and A.6). To incorporate these within our VSSI estimate, a 30 % un-
certainty was assumed in peak separation.

For the smallest volcanic sulfur signals, such as 1662 CE, it remains
challenging to precisely quantify the start and duration of these events.
This in on account of the small size of the volcanic sulfur signal relative
to the natural sulfur cycle, and the large variability of these small signals
across all ice-core records. However, through improved detection
methods and increasing the number and spatial coverage of highly-
resolved ice-core records, we have been able to provide more repre-
sentative estimate of total volcanic sulfate deposition for these smaller
eruptions (see Section 2.2).

2.6. Temperature reconstructions and climate impact assessment

We explore the Northern Hemisphere temperature response to the
1662 CE (which we tentatively assign to Long Island) and Tarumae
1667 CE eruptions compared to the four largest eruptions (1595 CE
Nevado del Ruiz, 1600 CE Huaynaputina, 1640 CE Mt. Parker, and the
1694 CE unidentified eruption cluster), across the study period using a
combination of stable water isotope (6180) records from Greenland,
summer temperature proxy data (Wilson et al., 2016), and climate
paleo-reanalysis data, which combines such proxy records with model
simulations, early instrumental data, and documentary sources (Valler
et al., 2023; Valler et al., 2024).

We collate 15 high-resolution published §!%0 records from sites
across the Greenland ice sheet (GRIP, NGRIP1, EGRIP, Summit2015-
composite, NEEM-2011-S1, B17, B18, B21, B23, B26, B27/B28, B29,
B30, GISP2, and Crete; WeiBbach et al., 2016; Osman et al., 2021;
Horhold et al., 2023; Rasmussen et al., 2023). These records were
selected as each record (1) covers the period 1590-1710 CE, (2) has at
least an annual resolution, (3) and has a high age accuracy. We compile
the dataset of 15 5180 records into a single stack by calculating the mean
5180 value for each year. A conversion from isotopic composition to
temperature (°C) was estimated through linear regression with a cali-
bration slope of 0.77°C/ %o, calculated using paleo-reanalysis data from
a spatial grid over Greenland between 1800 and 1980 CE (Fig. A.7). The
uncertainty for our temperature reconstruction was estimated to be
0.4°C and was calculated using the root mean square error (RMSE)
across the verification period (1699-1799 CE; Fig. A.7). In addition, we
compare our results to a range of other independent calibration slopes
derived for ice cores from Greenland (Horhold et al., 2023 and refer-
ences therein). Annual temperature anomalies (°C) were calculated with
respect to the 1550-1750 CE interval (Fig. A.8) to isolate a post-volcanic
cooling response to these volcanic eruptions. Further details on the
calibration method can be found in Methods A.2.

The Northern Hemisphere temperature response to selected erup-
tions was additionally explored through spatial composite analysis using
the Modern Era Re-analysis (ModE-RA) global climate reanalysis data
(Valler et al., 2023). ModE-RA is a global paleo-reanalysis covering the
period 1422-2008 CE, reconstructing the past climate through the
assimilation of natural proxies, documentary, and instrumental mea-
surements into a climate model simulation ensemble (Valler et al.,
2024). Annual temperature anomalies with respect to 1550-1750 CE
were used, and composite maps were constructed for four periods (DJF,
MAM, JJA, and SON) in the year of and up until three years after the
eruption.

We use Superposed Epoch Analysis (SEA; Haurwitz and Brier, 1981)
to explore the mean temporal temperature response across the Northern
Hemisphere to the selected eruptions using our Greenland §'%0 stack (N
= 15), ModE-RA global climate paleo-reanalysis data, and N-TREND
tree-ring data. The latter is a tree-ring based summer (MJJA) tempera-
ture reconstruction encompassing 54 records from across the Northern
Hemisphere covering the period 918 to 2004 CE (Wilson et al., 2016;
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Anchukaitis et al., 2017). To facilitate this analysis, temperature
anomalies were calculated for each dataset with respect to a five-year
period void of any known volcanic eruptions closest to each volcanic
event (Table A.4). The start years of these selected eruptions were
validated with historical records. SEA was restricted to five years after
each event due to the strong clustering of many events. The statistical
significance of any post-eruption cooling response was calculated using
a Mann-Whitney U test.

3. Results and discussion
3.1. Signal attribution and the timing of the Long Island eruption

The recently proposed age for the 17 century eruption of Long Is-
land, based on ice-core records from South Pole, is 1665-1668 CE (Blong
and Kurbatov, 2020). Across this proposed age span in ice cores from
Greenland, a large increase in sulfur concentrations in 1667 CE is
observed (Fig. 2). This signal, which is absent from Antarctica (see
Fig. 2), is widely attributed to the eruption of Tarumae (Shikotsu),
Japan. A sharp peak in insoluble particles (2.6-10 pm; Figs. A.3 and A.4)
coincides with the rise of the sulfur peak beginning in 1667 CE in the
Greenland B19, Summit2015, Summit2023, and TUNU2013 ice cores. A
smaller separate sulfur peak only present in the Greenland Summit2015,
NEEM-2011-S1, and Summit2023 ice cores is observed in 1669 CE, and
was also accompanied by a smaller particle peak (Fig. A.4). Both peaks
were sampled for cryptotephra geochemical analysis in Summit2023
(Fig. A.4), and the 1667 CE peak was sampled in TUNU2013 (Fig. 2a).
Glass shards identified in the TUNU2013 (N = <10) and Summit2023
(N = >30) 1667 CE samples were colourless with mostly thin platy-
cuspate morphologies and a diameter of 10-25 pm in size (see
Fig. A.9). In the Summit2023 1669 CE sample a total of 18 glass shards
were identified. Fifteen of these had a slightly larger size (a diameter of
15-40 pm) and were colourless-yellow with platy — angular morphol-
ogies, whilst 3 shards had a diameter of 15-20 pm and very vesiculated
rounded edges.

Major element geochemical data obtained from these glass shards
was plotted alongside geochemical fields for the Shiveluch (SH-1) 1652
+11 CE, Long Island (Tibito), and Tarumae (Ta-b) eruptions, as the age
uncertainties of all three events fall within the proposed age range.
Major element geochemical analysis of the identified glass shards from
the TUNU2013 and 1667 CE Summit2023 samples provides a correla-
tion with the VEI 5 Tarumae eruption (Ta-b tephra) (see Fig. 3) and are
geochemically distinct from that of the Long Island eruption fallout.
Next to eruptions of Towada (To-H; Cook et al., 2022) and Mashu
(Davies et al., 2024) this is the third eruption from Japan identified in
the Greenland ice cores. Geochemical analysis of the Summit2023 1669
CE sample yields two geochemically distinct populations; group 1, a
trachyandesite population (comprising 15 shards) and group 2, a tra-
chydacite population (comprising only of 3 shards, Fig. 3). These ana-
lyses do not provide a correlation with any of the known events during
this period, as identified in global inventories of volcanic eruptions (i.e.,
Global Volcanism Program; Global Volcanism Program, 2024).

The attribution of the Greenland 1667 CE ice core volcanic sulfate
signal to Tarumae shifts the search window for the 17t century eruption
of Long Island to other candidate events in the 1650s and 1660s and
extends the known dispersal range of the Ta-b tephra to northeastern
Greenland (>6000 km from source). Additionally, our attribution of the
1667 CE volcanic signal in Greenland highlights that previous attribu-
tions from the South Pole Antarctic ice cores (SP04 and SPO1) are
erroneous, which implies these ice-core records are misaligned (Budner
and Cole-Dai, 2003; Ferris et al., 2011). A dating bias has previously
been detected in the SP04 ice core (~ 150-years around 434 CE; Sigl
et al., 2014) and has mostly been attributed to the site’s low accumu-
lation rate (<8 cm yr~ 1) and local glaciological surface processes (Ferris
et al.,, 2011). Owing to this, Sigl et al. (2014) corrected the dating of
these records, amongst others, through precise synchronisation to the
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and 1693 CE eruptions.

WD2014 chronology (Sigl et al., 2016) (Fig. A.10). The WD2014 chro-
nology provides improved dating accuracy due to the higher accumu-
lation rates and consistent annual layering at the WDC site. As a result, it
has been used in the development of the SPC19 chronology for the
SPC14 ice core which contains a volcanic signal in 1662 CE (Winski
et al., 2019). Utilisation of this highly resolved record shifts the SPO1
and SP04 Antarctic 1668 CE peak to 1662 CE, consistent with other
Antarctic records. We therefore suspect that in the search for Long Is-
land, Blong and Kurbatov (2020) used the original dating based on
annual-layer counting of the South Pole (SP01) ice core (Budner and
Cole-Dai, 2003). This was only later synchronised to the precise WDC
chronology (Sigl et al., 2014), thereby resulting in a misinterpretation of
the volcanic signals in the mid-17 century.

Using our stack of annually resolved Greenland and Antarctic sulfur
records, which have a dating uncertainty of +1 year across the study
period, we identify the 1662 CE and 1654 CE signals as the only unat-
tributed bi-polar peaks within the 2-sigma search window for the Long
Island eruption suggested by Blong et al. (2018) (Fig. 2b). The moderate
1662 CE sulfur peak has previously been identified in the Antarctic re-
cords (Sigl et al., 2014), but not in Greenland, and we consider this to be
the most likely candidate for the 17 century eruption of Long Island,
owing to previous radiocarbon constrained best age estimates
(1655-1665 CE; 68.2 % probability (Blong et al., 2018)). Through our

identification of a smaller sulfate peak with an unidentified source in
1669 CE, we have redistributed the ice core deposited volcanic sulfate
for the Tarumae 1667 CE eruption using the monthly resolved Summit
data, with Tarumae accounting for 92 % of the deposited volcanic sul-
fate (Fig. A.4).

In total, we identify 14 volcanic events in our stacked ice-core re-
cords across the period 1590-1710 CE (Fig. 2b), representing 21
different eruptions (Table 1). The detected eruption frequency is 0.16
yr~! which is 40 % larger than the estimated mean eruption frequency
for the past 2500 years (Toohey and Sigl, 2017) and 50 % larger
compared to the Holocene (Sigl et al., 2022). The increased eruption
frequency in the 17" century compared to the long-term mean is the
result of higher volcanic activity at this time, next to an improved ability
to detect and resolve smaller eruptions using the comprehensive
network of ice cores in this study and the availability of more ice cores
covering this time period.

3.2. Attribution and timing of other 17 century volcanic eruptions

Absent from our stack of Greenland sulfur records (Fig. 2b) is the
1693 CE February eruption of Hekla, Iceland, the timing of which is
confirmed through historical sources and geological records
(Thordarson and Larsen, 2007; Janebo et al., 2016; Pedersen et al.,
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2018). A broad sulfur peak, beginning in 1694 CE and lasting until 1700
CE in some ice cores, is observed in both Greenland and Antarctic re-
cords and has previously been attributed to an event with an assumed
tropical source. Monthly sulfur data from the Greenland Summit2015
ice core does, however, show a small sharp single separate peak in 1693
CE (21.3 ng/g) coinciding with a pronounced peak in insoluble particles
(Fig. A.5d). The detection of smaller volcanic events and the separation
of clustered volcanic events is possible in Summit2015, due to the high
accumulation rate (22 cm yr’l; Maselli et al., 2017) at the drill site.
Coinciding with this single sulfur peak in 1693 CE is a pronounced
enrichment (0.73 ng/g) in a stacked fluoride record from the NGRIP1
and EGRIP ice cores, with a more prominent peak in fluoride observed at
the time of the larger 1636 CE Hekla eruption (1.49 ng/g) (Fig. 2c).
Observations of past Hekla eruptions (i.e., 1947, 2000) have shown that
this volcanic system is characterised by enrichments in fluorine
(Sigvaldason and Oskarsson, 1986; Moune et al., 2006). Previous studies
have suggested the use of volcanic volatiles and heavy metals as an in-
dicator for volcanic activity more proximal to ice core sites (Mason et al.,
2022; Gabriel et al., 2024; McConnell et al., 2024), due to the behaviour
of such volcanic volatiles (i.e., rapid scavenging from the plume with
increased distance; Ilyinskaya et al., 2021). Proximal isopach mapping
confirms a general northwest direction of the Hekla 1693 CE eruption
plume towards Greenland (Janebo et al., 2016). Following this and
based on the attribution of other Icelandic volcanic eruptions due to

enrichments in these species within the Greenland ice-core records, we
attribute the 1636 CE and 1693 CE fluoride peaks to the Hekla eruptions
of the respective years. This latitudinal assignment has allowed im-
provements to be made in pre-existing forcing reconstructions used in
eVolv2k (Toohey and Sigl, 2017).

In addition, using the monthly resolved Summit2015 and WDC sulfur
records, we identify four volcanic sulfur peaks across the period
1694-1700 CE, which we attribute to one Southern Hemisphere extra-
tropical eruption and three tropical eruptions (Figs. A.5d and A.6d).
Global inventories of volcanism (i.e., Global Volcanism Program; Global
Volcanism Program, 2024) suggest that during the 1690s CE several
large eruptions occurred, including eruptions from Indonesia and Japan.
However, with cryptotephra yet to be identified across this period in the
polar ice-core records, no confident attributions have been made.
Therefore, we refer to this broad sulfate peak as the unidentified 1694
CE event but acknowledge that this depositional signal could be the
result of a cluster of eruptions.

Our monthly resolved glaciochemical dataset further allowed sepa-
ration and the distribution of ice core deposited volcanic sulfate for the
1595 CE event (Figs. A.5a and A.6a), the 1640 CE double event of Mt.
Parker and Koma-ga-take (Figs. A.5b and A.6b), and the 1600 CE
Huaynaputina eruption from a presumed Northern Hemisphere extra-
tropical source (Figs. A.5c and A.6¢). The latter has been previously
identified during recent S isotope analyses (Burke et al., 2023) and
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tentatively assigned to Paektu (China, DPRK; Plunkett et al., 2023). the subject of several studies, with strong cooling and long-lasting socio-

Having constrained the timing and source of volcanic signals across economic impacts experienced following these events (i.e., De Silva and
the period 1590-1710 CE, we present revised estimates of volcanic Zielinski, 1998; Fei et al., 2016; Huhtamaa and Helama, 2017; Stoffel
stratospheric sulfur injections (VSSI) for the 17t century (see Table 1). et al., 2022; White et al., 2022). Our Greenland 5180 stack (N = 15)

These are based on new arrays of ice cores from across Greenland and shows pronounced regional cooling anomalies following the Huayna-
Antarctica (Fig. A.1), increasing the number of records used in current putina 1600 CE and Mt. Parker 1640 CE eruptions (—0.6°C), as well as
estimates for Greenland and Antarctica from three and 14, to seven and the third and fourth largest VSSIs of the period, the unidentified event in

19 respectively. VSSI estimates do not change significantly across the 1694 CE (—0.8°C) and Nevado del Ruiz in 1595 CE (—0.5°C) (Fig. 4a).
period, with Mt. Parker (Mélébingdy) (17 +5 Tg S), Huaynaputina (14 Superposed epoch analysis (SEA) of temperature reconstructions (tree-
+3 Tg, S), the unidentified 1694 CE event (7 +2 Tg S), and Nevado del rings, Greenland 5'80 records, and paleo-reanalysis data) show that this

Ruiz (5 +£2 Tg S), remaining as the four largest events of 1590-1710 CE, post-volcanic cooling is most pronounced one to two years after the
despite the small, applied reductions resulting from the separation of eruptions (Fig. 4b).

contemporaneous volcanic eruptions. Using these revised estimates, we In agreement with previous studies, our composite map analysis
have explored the climate impacts following these eruptions across the suggests that cold summers (JJA) [with respect to 1550-1750 CE] were
Northern Hemisphere where there is an extensive network of paleo- experienced across the Northern Hemisphere following the 1600 CE
environmental and historical proxy records. Huaynaputina and 1640 CE Mt. Parker eruptions (Fig. 5b and c,

Figs. A.11 and A.12). However, Burke et al. (2023) suggested that some
of the cooling following Huaynaputina 1600 CE could be attributed to a
Northern Hemisphere extra-tropical eruption which coincided with
Huaynaputina in 1600 CE, tentatively linked to Paektu (China, DPRK)
based on a single tephra shard (Plunkett et al., 2023). Both the 1595 CE
eruption of Nevado del Ruiz and the unidentified 1694 CE event show a

3.3. Northern Hemisphere climate impacts of 17™ century volcanic
eruptions

The climatic impacts following the major eruptions across the study
period, i.e., Huaynaputina 1600 CE and Mt. Parker 1640 CE, have been
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Fig. 5. Summer (June-August) temperature anomaly (°C) [30°N-90°N] in the years of and 3 years after the volcanic eruptions of (a) Nevado del Ruiz, 1595 CE, (b)
Huaynaputina, 1600 CE, (c) Mt. Parker [Mélébingdyl, 1640 CE, (d) the unidentified event, 1694 CE, (e) Long Island, 1662 CE, and (f) Tarumae, 1667 CE using
ModE-RA (Valler et al., 2024). Data visualisation is based on ClimeApp (Warren et al., 2024). Anomalies are calculated with respect to 1550-1750 CE.

similar summer cooling signature. Whilst a considerable amount of the
cooling following the unidentified 1694 CE event occurred in Europe
and Asia, much of the cooling that followed the 1595 CE Nevado del
Ruiz eruption was confined to Central and Northern Europe (Fig. 5a and
d; Figs. A.13 and A.14).

Notably, the Greenland 5180 records show that several of the coldest
years (6 of the 69 lowest 10™ percentile) of the entire compiled stable
isotope record (1400-2011 CE) occurred at the time of and after the
unidentified 1694 CE event (Fig. 4a), with the 1690s CE considered
amongst the coldest periods of the Little Ice Age within Europe (Wanner
et al., 2022). Finnish historical records cite that impacts on harvests
already began in 1693 CE and conditions were exacerbated by succes-
sive severe winters, most notably in 1694-1695 CE, with the latter
coinciding with a strong negative North Atlantic Oscillation (NAO)
(Luterbacher et al., 1999; Luterbacher et al., 2001; Huhtamaa et al.,
2022). This prolonged and pronounced cooling could therefore be a
consequence of both natural variability (i.e., a negative NAO and low
solar activity) and the clustering of three tropical volcanic eruptions,
which we have attributed to the broad 1694 CE sulfur peak.

In contrast, both the 1662 CE eruption (which we tentatively link to
Long Island) and the 1667 CE eruption (confirmed as Tarumae) appear
to have caused limited post-volcanic cooling in the Northern Hemi-
sphere (Fig. 5e and f), with a variable response detected in the SEA of
Greenland ice-core records, tree-ring, and paleo-reanalysis datasets
(Fig. 4c). An absence of a cooling signature in the Greenland records
may be due to the winter warming, beginning in the early 1660s CE,
occurring over Greenland and the Arctic (Figs. A.15 and A.16). Several
studies have shown that background conditions play an important role
in determining the response of the climate system to a volcanic eruption
(Zanchettin et al., 2013; Weierbach et al., 2023). However, these studies
have only focused on strong (i.e., Pinatubo-Tambora sized) tropical
volcanic eruptions. Thus, the response to much smaller VSSIs (<5 Tg S)
would need to be further explored via climate model simulations, as the
quantity of sulfur injected into the stratosphere is a key parameter

dictating the climate response (Toohey and Sigl, 2017; Marshall et al.,
2019; Marshall et al., 2020; Sigl et al., 2022).

The low VSSI of the Long Island eruption (4 +1 Tg S) is a likely
explanation for its negligible climate impacts within the Northern
Hemisphere. Although the caldera-forming eruption of Long Island was
ash-rich (airfall tephra volume >21 kmg; Blong and Kurbatov, 2020),
having an estimated explosivity comparable to the 1883 CE eruption of
Krakatau (bulk volume >16 km3; Self, 1992), the ice-core records sug-
gest that it was sulfur poor, with an estimated VSSI of 4 Tg S compared to
the 9 Tg S of Krakatau (Toohey and Sigl, 2017). This is similar to other
eruptions with large magnitudes but limited atmospheric sulfur in-
jections (i.e., Santorini, Taupo, Paektu Millennium Eruption; Pearson
et al., 2022; Piva et al., 2023; Scaillet and Oppenheimer, 2024; Lee et al.,
2024) and reiterates that a large erupted tephra mass does not neces-
sarily equate with a higher atmospheric sulfur loading and thus stronger
climate impacts. However, the large volume of erupted material did
have significant local impacts; reshaping the island and its vegetation
and affecting nearby communities on mainland Papua New Guinea
(Blong, 1982; Thornton et al., 2001).

The limited climate impacts following the 1667 CE Tarumae erup-
tion could be explained by a greater burden of the sulfate aerosols being
retained and transported in the troposphere towards the Greenland ice
sheet. Unlike tropical eruptions, a large proportion of the sulfur ejected
from extratropical eruptions does not have to be injected into the
stratosphere for the volcanic signal to be detected in the polar ice sheets
(i.e., Burke et al., 2019). In the troposphere, injected sulfur has a shorter
residence time (days to weeks) than sulfur which reaches the strato-
sphere (months to years) and thus, the climate impacts associated with
tropospheric eruptions are typically less pronounced (Robock, 2000;
Cole-Dai, 2010). Ultimately, S isotope analysis (Burke et al., 2019; Burke
et al., 2023) of sulfate preserved within the Greenland ice cores asso-
ciated with the Tarumae eruption may offer further insights. This
method allows the discrimination between sulfate that reached the
stratosphere and that which remained in the lowermost stratosphere/
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troposphere and has been applied to the 1600 CE eruption of Huayna-
putina, quantifying the stratospheric burden of sulfate for this eruption
(Burke et al., 2023). However, as with the eruption of Long Island, the
localised impacts following the Tarumae eruption were far more pro-
nounced, with Hokkaido’s vegetation impacted by pyroclastic flows and
ash fall deposits (Oka and Takaoka, 1996; Namikawa et al., 1997).

3.4. Spatial and seasonal biases in temperature reconstructions

Climate reconstructions for these eruptions are invariably biased to
Northern Hemisphere records, despite five of the six eruptions being
tropical eruptions. This is due to the scarcity of available proxies within
the Southern Hemisphere, with the PAGES2k database for example
(PAGES2k Consortium, 2017), having few (<16 % of all archives) high-
resolution records from the Southern Hemisphere (e.g., Neukom et al.,
2014). If such records were available, a better assessment of the global
impacts of the caldera forming Long Island eruption, here tentatively
dated to 1662 +1 CE, would be possible, with a stronger response
potentially observed in Southern Hemisphere proxies.

Moreover, most volcano-climate impact studies have focused on the
summer temperature response to volcanic eruptions, which we have also
largely done in this study. This is on account of many of the existing
records (i.e., tree-rings) having a strong seasonal bias. However, it is
well known that the seasonality of the eruption is important in defining
the climate response (Kravitz and Robock, 2011; Marshall et al., 2021)
and thus, a more pronounced response may have occurred where there is
no coverage of paleoenvironmental proxies. For example, the ice core
sulfate depositional signals and historic records suggest that the Hekla
1693 CE eruption occurred in February 1693 CE, with paleo-reanalysis
data showing a pronounced cooling across Central Europe in spring
1693 CE (Fig. A.17a). Closer inspection of the records which are
incorporated into the reanalysis show that this spring response is based
on documentary evidence.

In contrast, summer (JJA) paleo-reanalysis data, which is dominated
by tree-ring records, captures far less of this cooling signature
(Fig. A17b). Therefore, historical documents, where available, with
their monthly to seasonal resolution can help better explore the wider
temporal climate responses to volcanic eruptions. However, the use of
these records is not without limitations, owing to their poor spatial
coverage (i.e., clustered in Europe). Ultimately, by identifying and
incorporating records with a greater spatial and temporal coverage (i.e.,
sub-annual), the climate response to volcanic eruptions may be better
assessed on a global and seasonal scale.

4. Conclusions

Following our geochemical attribution of the Greenland 1667 CE
peak to the historic Tarumae (Shikotsu) eruption, we consider 1662 +1
CE as the most likely date for the caldera-forming Long Island eruption,
with 1654 +1 CE as an alternative candidate. Both candidate dates are
within existing radiocarbon constrained best age estimates for the date
of the Long Island eruption (1651-1671 CE; 95.4 %). However, we
tentatively use 1662 +1 CE due to previous radiocarbon constraints
suggesting a 68.2 % probability of occurrence between 1655 and 1665
CE. Future identification of tephra accompanying this peak in the polar
ice cores would provide further confidence in this attribution. This dif-
fers from previous work, which suggested an age between 1665 and
1668 CE, thereby reaffirming the misalignment of South Pole ice-core
records as previously identified by Sigl et al. (2014).

Through the geochemical attribution of the Tarumae eruption to
1667 CE within the polar ice-core records and the tentative assignment
of the Long Island eruption to 1662 CE, we have revised volcanic sulfur
emissions across the 17 century using a newly compiled dataset of
sulfur from an array of ice cores from Antarctica and Greenland. Our
revised VSSI estimates support the accuracy of ice core chronologies
used within this work and agree well with global radiative forcing
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estimates.

Using paleoenvironmental proxies and a paleo-reanalysis dataset, we
found that both the Long Island 1662 +1 CE and Tarumae 1667 CE
eruptions had limited climate impacts across the Northern Hemisphere
and suggest that this may be a result of the low atmospheric sulfur
loading after the tropical Long Island eruption and a larger tropospheric
sulfate burden following the extratropical Tarumae eruption. These
impacts contrast with the pronounced persistent (up to 3 years) North-
ern Hemisphere summer cooling following the four largest VSSIs across
the study period (Mt. Parker, 1640 CE; unidentified event cluster, 1694
CE; Huaynaputina, 1600 CE; and Nevado del Ruiz, 1595 CE), with these
responses agreeing well with previous studies. However, we recognise
that there is a strong seasonal and spatial bias in the records used for
assessing the climate impacts and emphasise a more representative
global assessment would be possible through the availability of more
high-resolution Southern Hemisphere records.

Finally, the attribution of Tarumae within the polar ice-core records
has further constrained volcanic forcing during the Maunder Grand
Solar Minimum. Ultimately, this may allow us to better understand the
individual contributions of volcanic and solar forcing to climate change
which may be explored through future climate model simulations.
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