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How I got interested  
in volcanoes… 
 
(left): Volcanic event is observed 
as a massive increase in the 
conductivity of the melted ice – 
in many different ice cores! 
 
 
Tool to align and evaluate ice-
core chronologies. 
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Outline 

1) Ice Cores 

2) Past Volcanism 

3) Climate 4) New Proxies 

5) Post-Pinatubo 
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Ice Cores 

Hammer et al., 1980, Nature; Langway et al., J Geophys Res Atmos; 1995; Zielinski et al., 1994, Science 06 



Ice Cores 

06 Hammer et al., 1980, Nature; Langway et al., J Geophys Res Atmos; 1995; Zielinski et al., 1994, Science 



Ice Cores 

Robock & Free, 1995; J Geophys Res Atmos; Crowley, 2000, Science; Gao et al., 2008, J Geophys Res Atmos;  
Crowley & Unterman 2013; Earth System Science Data 

07 



Ice Cores 

TUNU2013 – A new 2,000 year ice core 
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Ice Cores 
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Ice Cores 
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By using new, real-time, high-resolution measurement techniques  we could develop 
a history of sulfate deposition for Antarctica and Greenland for the past 2,500 years. 

3 cm 3 cm 

Real-time ultra trace analyses 

10 



Melter Head 
DRI’s Analytical System 

McConnell et al., 2017,  
Proc. Natl. Acad. Sci. U.S.A 
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Melter Head 
DRI’s Analytical System 
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By using new, real-time, high-resolution measurement techniques  we could develop 
a history of sulfate deposition for Antarctica and Greenland for the past 2,500 years. 

3 cm 3 cm 

Real-Time Ultra-Trace Analysis 

Low detection limits  
  sulfur concentrations  

High depth (i.e. time) resolution  
  dating precision 

Short acquisition time  
  ice core arrays 
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Image: Claudia Timmreck, Max-Planck-Institut für Meteorologie, Hamburg 
ImageZoe Courville 

2013 

Ice Core Dating 

13 Sigl et al. 2015, Nature 



Image: Claudia Timmreck, Max-Planck-Institut für Meteorologie, Hamburg 
ImageZoe Courville 

2013 1979 

biomass burning  

Ice Core Dating 
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Ice Core Dating 

Source:  NASA 14 



Ice Core Dating 

Source:  NASA Sigl et al., 2016; Clim. Past 14 



SDSU 

Image: Claudia Timmreck, Max-Planck-Institut für Meteorologie, Hamburg 

2013 

Ice Core Dating 
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High-accumulation + high-resolution = high-precision 

Sigl et al., 2014; Nat. Clim. Change 
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SDSU 

Image: Claudia Timmreck, Max-Planck-Institut für Meteorologie, Hamburg 
ImageZoe Courville 

2013 

Tambora 1815: Ice cores and climate models 

Volc. SO4 Greenland 
(D4 core) 

Antarctica 
(DIV core) 

Start 6 6 

Peak 12 20 

Duration 
(start-end) 

24 30 

Months since eruption  
(Apr. 1815)  

Marshall et al., 2018, Atmospheric Chem. Phys 16 



Past Volcansim 
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Ice Cores 

Brown et al., 2014,  
Journal of Applied Volcanology 

Global recording rate: 

 before 1600 AD: <50% 

 before 1100 AD: < 20%  

Geologic eruption records are incomplete! 
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Greenland 

Antarctica 

WDC05Q 

Humboldt 

  
Sigl et al. 2013,  

J Geophys Res Atmos 

Due to the bipolar sulfate distribution about 50 volcanic eruptions  
dated and attributed to tropical eruptions, indicated by the triangles.  
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From single ice cores… 
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Sigl et al. 2014, Nat. Clim. Change 

With 12 records covering the past 1,500 years, we can reconstruct  
robust estimates of sulfate deposition on larger spatial scales.    

Ice cores 

…towards a composite reconstruction 
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Stratospheric aerosol loading in the S. Hemisphere  

22 Sigl et al. 2014, Nat. Clim. Change 



Miyake et al. 2012, Nature  

774-775 
 
 

+12‰  

For the timing of eruptions some refinements on the dating have recently become available  
with the discovery of an unique, global-scale time marker by the “solar energetic particle”  
event in the year 775 CE: rapid increase of 14C content in tree rings and of 10Be in ice cores… 

Global Age Marker in 775 AD in tree-rings… 
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…and in ice cores 

Greenland 
 
NEEM 
(2011-S1) 

Sigl et al. 2015, Nature 24 



Sigl et al. 2015, Nature 
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Volcanic forcing of the past 2,500 years  
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Sigl et al. 2015, Nature 

    ≥ Tambora  ≥Pinatubo 
Number   6   35   
Recurrence time: 400 yrs   70 yrs 
NH Cooling (5 yrs):  -1.0°C   -0.5°C 
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Volcanic forcing of the past 2,500 years  
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Justinian Plague 

Sigl et al., 2015, Nature 

Long-term variability 

annual 

Toohey & Sigl  
2017, ESSD 

Sulfur Injection (Tg S/100yr)  
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MQP RQP 

Toohey & Sigl, 2017, ESSD 

LIA LALIA 

Centennial mean global SAOD 

Long-term variability 

Justinian Plague 

Sigl et al., 2015, Nature 26 



Climate 

1850 

Sigl et al. 2018, The Cryosphere Discuss. 27 



GCM Simulation 
GCM-simulated Tree Ring Pseudoproxies 
Tree Ring Reconstruction 

Mann et al. 2012, Nature Geoscience 

Model/Data Mismatches in Climate Response 
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GCM Simulation 
GCM-simulated Tree Ring Pseudoproxies 
Tree Ring Reconstruction 

Mann et al. 2012, Nature Geoscience 

Model/Data Mismatches in Climate Response 

27 
Wilson et al. 2016 
Quat. Sci. Rev 

Samalas 1257 
Indonesia 

1258 

Lavigne al. 2013 
Proc. Natl. Acad. Sci. U.S.A 
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2011 

Wilson et al. 2016, QSR 

Years relative to volcanic event 
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Large Eruption 

N=11 

(900 -2000 AD) 

N-TREND 

Years relative to volcanic event 
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Large Eruption 

N=11 
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(CMIP) 

CLIMATE 

MODELS 

Model/Data Mismatches in Climate Response 

Ring Width (D’Arrigo et al., 2006) 
Mixed (Wilson et al., 2016) 
MXD (Schneider et al., 2015) 
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536 AD: The year of darkness 

2013 

Stothers 1986, Nature 
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D’Arrigo et al., 2001; 
Geophys. Res. Lett 
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536 AD: The year of darkness 

2013 

Stothers 1986, Nature 
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D’Arrigo et al., 2001; 
Geophys. Res. Lett 
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536/540 
Sea-Ice 

Toohey et al., 2016, Clim. Change 33 



Asymmetric Aerosol Forcing…  

…causes monsoon failure and riverflow reduction 

Manning, et al., 2017, Nat. Commun. 

Laki  
1783-84 

Nile River 
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New Proxies 

Credit: Jonathan Poulter 35 



SDSU 

2013 

Constraining eruption source parameters 

Diagnostic signatures in ice cores  

Chellman et al., 2017, Environ. Sci. Technol.  Kellerhals et al., 2009, Environ. Sci. Technol.  
Sigl et al. 2018, The Cryosphere Discuss. 36 



SDSU 

ImageZoe Courville 

2013 

Constraining eruption source parameters 
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A diagnostic signature for tephra in ice cores  

Changbaishan 946 
White River Ash 853 

37 Sun et al., 2014, Geophys. Res. Lett 
 



 
…traditionally 
 

SDSU Taupo-Oruanui Super-eruption 

38 Dunbar et al., 2017, Sci Rep.  

Oruanui-Taupo (NZL, VEI=8) 
25,319 ± 250 yr BP 
 
 
 
 
25,360 ± 160 cal yr BP   

Sigl et al., 2016, Clim. Past 
Vandergoes et al., 2013, Quat. Sci. Rev 



D33S ≠ 0 

D33S = 0 

Injection height + Location  Atmospheric lifetime of sulphate aerosols 

Can we constrain the injection height ? 

39 After Baroni et al., 2007, Science  



• 32S, 33S, and 34S isotope measurements in sulfate by Neptune Plus 
MC-ICP-MS  

on sulfur isotope ratios 

A novel method for sulfur isotopes 
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A novel method for sulfur isotopes 

Previous methods: New method: 

mmols of sulfate: 
 several months/years of ice accumulation 

mmols of sulfate: 
 several months/years of ice accumulation 

nmols of sulfate: 
 bi-monthly resolution 

nmols of sulfate: 
 bi-monthly resolution 

Paris et al., 2013, Chem. Geol. 
Paris et al., 2014, Science 

• 32S, 33S, and 34S isotope measurements in sulfate by Neptune Plus 
MC-ICP-MS  

on sulfur isotope ratios 
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Volcanism in the Post-Pinatubo Era 
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http://blogs.reading.ac.uk/climate-lab-book/files/2017/10/bethke_schematic.png


Greenland, Summit 3200m 

GISP2 
(ends 1985 AD) 

Summit 
2010 GEO-Summit 

2004-2013 

Aerosols in Air (daily) 

Aerosols in Snow (weekly) 

43 Sigl et al., 2011, Quaternary International 



Greenland, Summit 3200m 

GISP2 
(ends 1985 AD) 

Summit 
2010 

GEO-Summit 
2004-2013 

Aerosols in Air (daily) 

Aerosols in Snow (weekly) 

Laki  
1783 

Tambora  
1815 

Krakatao 
1883 

44 Zielinski et al., 1994, Science 
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Keegan et al., 2014 
Proc. Natl. Acad. Sci.  
U.S.A. 
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Greenland, Summit 3200m 

GISP2 

Summit 
2010 

Aerosols in Air (daily) 

Aerosols in Snow (weekly) 

120 ppb 

Preindustrial: 30 ppb                       2001-2010: 50 ppb 

GEO-
Summit 
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2013 45 
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No increase in background sulfur in Antarctica 

Sigl et al. 2014, Nat. Clim. Change 
Toohey & Sigl, 2017, ESSD 

Pinatubo  

1991 

Agung  

1963 

St. Maria  

1902 

Krakatao 

1883 



Future Climate 

IPCC, 2014:  
Climate Change  2014: 
Synthesis Report.  47 
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20th Century was 
relatively quiet!  

Volcanic activity since the Preindustrial 

48 Bethke et al., 2017, Nat. Clim. Change 



SDSU 

Image: Claudia Timmreck, Max-Planck-Institut für Meteorologie, Hamburg 
ImageZoe Courville 

Future volcanic eruption pathways 

49 Bethke et al., 2017, Nat. Clim. Change 
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Bethke et al., 2017, Nat. Clim. Change 51 



Projected Global Mean Surface Air Temperature 

Bethke et al., 2017, Nat. Clim. Change 52 
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SDSU 

Image: Claudia Timmreck, Max-Planck-Institut für Meteorologie, Hamburg 
ImageZoe Courville 

2013 

A 192-yr long eruption & the deglaciation 

65 

Mt. Takahe (Antarctica) 
 

 Duration: 192 years! 

 Age: 17.7 ka BP (deglaciation) 

Mt. Takahe 
17.7ka BP 

McConnell et al., 2017, Proc. Natl. Acad. Sci. U.S.A 
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SDSU 

Image: Claudia Timmreck, Max-Planck-Institut für Meteorologie, Hamburg 
ImageZoe Courville 

2013 

A 192-yr long eruption & the deglaciation 
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Mt. Takahe (Antarctica) 
 

Mt. Takahe 
17.7ka BP 

McConnell et al., 2017, Proc. Natl. Acad. Sci. U.S.A. 
 

53 

We should always be aware that what now 
lies in the past once lay in the future 

F.W. Maitland, historian 

 Duration: 192 years! 

 Age: 17.7 ka BP (deglaciation) 



The End The End 
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