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Table S1: List of abbreviations: 

AICC2012: Antarctic Ice Core Chronology 2012 (Veres et al. 2013)  

ANT12k: Antarctica Volcanic Sulfate Stack (N=3 ice cores) covering the past 11,500 years 

AVS2k: Antarctica Volcanic Sulfate Stack (N≤14 ice cores) covering the past 2,000 years (Sigl et al., 2014) 

BCE: Before the Common Era 

BP: Before present (defined as before 1950 CE) 

CE: Common Era; notation for the Gregorian calendar, equivalent to Anno Domini (AD) 

DEP: Dielectric Profiling; non-destructive method using rapid scanning of ice cores' electric permittivity and 

conductivity with the latter related mainly to acidity, salt and ammonia concentrations of ice cores 

DRI: Desert Research Institute 

ECHAM5-HAM: Coupled aerosol-climate model in which model processes related to sulfate aerosols are calculated 

by the aerosol microphysical module HAM adopted for volcanic simulations 

EDC: EPICA Dome C deep ice core from East Antarctica 

EDML: EPICA Dronning Maud Land deep ice core from East Antarctica 

EPICA: European Project for Ice Coring in Antarctica; a multinational European project for deep ice core drilling in 

Antarctica. 

EVA: Easy Volcanic Aerosol (EVA) forcing generator (Toohey et al., 2016b) 

eVolv2k: Ice-core volcanic eruption catalogue (500 BCE – 1900 CE) reconstructed from synchronized bipolar ice-

core records 

FIC: Fast ion chromatography; high-resolution ion chromatography method using a melter-based continuous flow 

analysis system for the analysis of sulfate and other ionic species 

GHG: Greenhouse gases (e.g., H2O, CO2, CH4, N2O, O3) 

GICC05: Greenland Ice Core Chronology 2005; annual-layer counted chronology developed from the three Greenland 

ice cores NGRIP, GRIP, and DYE-3 

GISP2: Greenland Ice Sheet Project Two deep ice core from Central Greenland 

GRIP: Greenland Ice Core Project deep ice core from Central Greenland 

GVP: Global Vocanism Program; a catalog of Holocene and Pleistocene volcanoes, and eruptions from the past 12,000 

years. Smithsonian Institution, https://volcano.si.edu/gvp_about.cfm  

HolVol v.1.0: Ice-core volcanic eruption catalogue (9500 – 1900 CE; Holocene) reconstructed from synchronized 

bipolar ice-core records 

IC: Ion chromatography 

ICPMS: Inductively coupled plasma mass spectrometry 

IPCC: Intergovernmental Panel on Climate Change 

LGM: Last Glacial Maximum 

MAD: Median of absolute deviation 

NEEM-2011-S1: Intermediate length ice-core drilled at the North Greenland Eemian Ice Drilling (NEEM) deep ice-

core drilling site covering the time period 87-2011 CE. 

NGRIP: North Greenland Ice Core Project deep ice core from North Greenland (also NorthGRIP) 

https://volcano.si.edu/gvp_about.cfm
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NH: Northern hemisphere 

NHET: Northern Hemisphere Extratropics (23.5-90°N) 

NS1-2011: Annual-layer counted chronology developed from the NEEM-2011-S1 ice core 

PMIP: Paleoclimate Model Intercomparison Project 

RF: Radiative forcing (in W m-2) 

RM: Running median 

RRM: Reduced running median (after removal of all volcanic peaks) 

SAOD: Stratospheric aerosol optical depth (at 550 nm wavelength) 

SH: Southern hemisphere  

SHET: Southern Hemisphere Extratropics (23.5-90°S) 

TE-CFA: Trace Element – Continuous Flow Analysis; high-resolution mass spectrometry method using a melter-based 

continuous flow analysis system for the analysis of multiple trace elements (e.g. sulfur) and other impurities 

TUNU2013: Intermediate length ice-core drilled in NE-Greenland covering the time period 270-2013 CE. 

VEI: Volcanic Explosivity Index 

VSSI: Volcanic stratospheric sulfur injection (in teragram sulfur, TgS) 

WAIS-Divide: the ice flow divide on the West Antarctic Ice Sheet (WAIS) which is a linear boundary that separates 

the region where the ice flows to the Ross Sea, from the region where the ice flows to the Weddell Sea. It is similar to 

a continental hydrographic divide.   

WD: deep ice core drilled at WAIS-Divide 

WD2014: WAIS Divide Chronology 2014; chronology developed for the WD ice core, which is based down to 31,000 

years before present on annual layer counting on multiple impurity records 
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Table S2: Dating assessment using tree-rings. Marker events in which a ring-width minima (Salzer et al., 2014) 

corresponded with a frost damaged ring within an error margin of ±1 year (Salzer and Hughes, 2007) in relation to 

reconstructed volcanic deposition events over the Late Holocene (this study) and the past 2,500 years (Toohey and Sigl, 

2017). WD2014 ages are provided for bipolar eruption signals (Sigl et al., 2016). Ages from attributed Northern 

Hemisphere extratropical eruptions are on the NS1-2011 chronology (Sigl et al., 2015). All ages are reported using the ISO 

8601 international standard, which does (in contrast to the historical Gregorian calendar) include a year 0. 

 

Ring-width 

minima year 

(BCE/CE) 

Frost-ring 

year 

(BCE/CE) 

Cooling start 

year 

(BCE/CE) 

WD2014 start 

year 

(BCE/CE) 

eVolv2k start 

year 

(BCE/CE) 

Age 

difference 

(year) 

VSSI 

(Tg S) 

-2840 -2840 -2840 no match N/A N/A N/A 

-2731 -2730 -2731 no match N/A N/A N/A 

-1651 -1652 -1652 -1656 N/A -4 45 

-1625 -1626 -1626 -1628 N/A -2 23 

-1417 -1418 -1418 -1423 N/A -5 33 

-1134 -1134 -1134 -1139 N/A -5 3 

-475 -475 -475 (NHET) -478 -3 2 

-244 -243 -244 -248 -247 -4 9 

-41 -42 -42 -47 -44 -5 39 

274 273 273 no match N/A N/A N/A 

627 627 627 (NHET) 626 -1 13 

681 681 681 682 682 1 27 

990 989 989 990 990 1 0 

1201 1200 1200 (NHET) 1200 0 3 

1288 1287 1287 1286 1286 -1 15 

1458 1457 1457 1458 1458 1 33 

1471 1470 1470 (NHET) 1470 0 1 

1578 1577 1577 no match 1576 -1 0 

1602 1601 1601 1600 1601 -1 19 

1641 1640 1640 1640 1641 0 19 

1681 1680 1680 no match N/A N/A N/A 
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Figure S1: Depth-age relationship for six deep ice cores from Antarctica and Greenland discussed in the paper. All ice core 

records have been transferred to the WD2014 annual-layer counted ice-core chronology (Sigl et al., 2016) using volcanic tie 

points during the Holocene (this study) and the last Glacial (Svensson et al., 2020). 

 

 

 

Figure S2: Sulfur concentration record from WD (monthly and annual) and EDC ice cores synchronized on the WD 

chronology using five volcanic tie points (green lines) and linear interpolation. Note that numerous smaller volcanic signals 

(arrows) are closely aligning without being used as fixed tie points during the first iteration of the synchronization.  
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Figure S3: (Upper panel): Sulfur concentrations in the three ice cores from Antarctica for a representative time period 4800-

4300 BCE. For the EDML and EDC ice cores, sulfur concentrations are derived from sulfate concentration data using [S] = 

[SO4
2-]/2.996. (Lower panel): EDML and EDC were scaled to WDC for better comparability of relative peak magnitudes 

with respect to the background. 

  



7 

 

 
 

Figure S4: (Upper panel): Mean Antarctica (N=3) stacked sulfur concentrations (scaled to WDC, blue) versus stacked 

standardized Antarctica z-scores (black). (Lower panel) Mean Antarctica (N=3) stacked sulfur concentrations (scaled to 

WDC, blue) versus normalized concentrations. 
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Figure S5: Reconstructed stratospheric aerosol optical depth (SAOD) between 30-90°N (Toohey and Sigl, 2017), mean 

sulfate concentrations from four ice cores (Summit 2010, D4, NEEM-2011-S1, TUNU2013) from Greenland (Maselli et al., 

2017; McConnell et al., 2007; Sigl et al., 2013) and volcanic sulfate from GISP2 (Mayewski et al., 1997). 
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Figure S6: Holocene volcanic stratospheric sulfur injection (VSSI) from tropical, NH and SH extratropical explosive 

volcanic eruptions. (Top) Reconstructed VSSI for single eruptions over the Holocene, (middle) number of eruptions per 

century, (bottom) total VSSI per century. 
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Figure S7: a. Total number of volcanic reconstructions and mean volcanic stratospheric sulphur injection (VSSI) per 

century for each millennia; b. Cumulative VSSI and number of eruptions grouped by their estimated location in Iceland 

and three latitudinal bands. Only eruptions with VSSI >1 Tg S are included. Note that the value of 10th millennia BC only 

contains eruptions starting in 9500 BCE. 
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Figure S8: a. Scatterplot of volcanic stratospheric sulphur injections (VSSI) during the Common Era in HolVol v.1.0 and 

evolv2k. b. Cumulative centennial and individual event-integrated (cross) VSSI in HolVol v.1.0 and evolv2k, respectively. 

Only eruptions with VSSI >1 Tg S are shown. 
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Figure S9: Number and volcanic stratospheric sulphur injection (VSSI) of volcanic eruptions over the past 2,500 years from 

evolv2k (Toohey and Sigl, 2017) grouped by their known and estimated location (NHET 30-90°N; tropics 30°-30°S; SHET 

30-90°S). Estimates from 1979 AD onwards are based on satellite retrievals (Carn et al., 2016). Only eruptions with VSSI 

>1 Tg S are included; source attributions for NHET and for Samalas 1257 CE are based on geochemistry of cryptotephra 

from Greenland ice cores (Abbott and Davies, 2012; Abbott et al., 2021; Jensen et al., 2014; Lavigne et al., 2013; McConnell 

et al., 2020; Oppenheimer et al., 2018; Oppenheimer et al., 2017; Plunkett et al., 2020; Smith et al., 2020; Sun et al., 2014).  
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Figure S10: Distribution of asymmetry ratios [DSO4_GRL/(DSO4_GRL+ DSO4_ANT)] in HolVol1.0 and eVolv2k for attributed 

tropical eruptions and eleven known tropical eruptions detected in ice cores, where DSO4 is the mean sulfate deposition over 

Greenland (GRL) and Antarctica (ANT), respectively. High occurrence of asymmetry ratios ≥0.75 (i.e., with 

disproportionately strong deposition over Greenland) is observed in particular between 9500-7000 BCE. Also shown are the 

mean and individual asymmetry ratios for eleven known tropical eruptions attributed to volcanic sulfate signals in HolVol 

v.1.0 and eVolv2k.      
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