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Abstract 

A Statistical Modelling Approach Evaluating Explosive Volcanism as a Trigger of 

Millennial-Scale Climate Change 

Jack Campbell 

Although millennial-scale climate change events are well documented across an array of globally distributed 

paleoclimate records, their driving mechanics remain ambiguous; a single coherent theory with concrete 

evidence providing a comprehensive explanation of the nature and origin of these phenomena remains 

elusive. Here a statistical model uses explosive volcanism as the sole trigger of millennial-scale climate 

change to reconstruct the NGRIP 𝛿18O ice core chronology over the last 100 ka BP. The model takes numerous 

steps to address the inferred undercount in the volcanic catalogue by using a weighted probability Monte 

Carlo simulation approach to generate statistically grounded ‘missing’ eruptions. The results make a 

compelling case for the consideration of explosive volcanism as a potential trigger of millennial-scale climate 

change. A model using known eruptions generated a modelled 𝛿18O time-series significantly correlated with 

the NGRIP 𝛿18O time-series (R2 = 0.678, p < 0.001). Another model using both known eruptions and 

statistically generated ‘missing’ eruptions generated the strongest reproduction of the NGRIP 𝛿18O time-series 

(R2 = 0.681, p < 0.001), strongly supporting the hypothesis that unknown eruptions could have triggered 

millennial-scale climate change events that occurred during gaps in the known eruptions catalogue. The 

results also suggest it is highly likely that the abrupt climate transitions at the onset of the Younger Dryas 

and GS-20 had volcanic origins, using the recently dated rare supereruption doublet at the onset of GS-20 to 

underscore the importance of accurately dating eruptions to fully understand the potential climatic impacts 

of explosive volcanism. Future investigations should focus modelling attempts on shorter windows to 

adequately investigate the plausibility of explosive volcanism as a trigger of millennial-scale climate change 

at an individual event level while considering eruption dating uncertainties to address offset issues and 

maximise correlations between modelled and NGRIP 𝛿18O time-series. 
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List of Model Variants 

 

Model Name Details 

Model 1 

 ('Known Eruptions') 

A theoretical model which used only known eruptions 

from the LaMEVE database over the last 100 ka BP with 

medium to high dating quality which satisfied magnitude 

threshold constraints (SH > M5, NH > M6).  

Model 2  

('Uniform') 

An experimental model which used a uniform distribution 

of random probability to assign a net volcanic forcing in 

each year. Eruptions filtered to meet magnitude threshold 

constraints (SH > M5, NH > M6). An M8 and M1 eruption 

had the same chance of occurring throughout.  

Model 3  

('Weighted Probability’) 

A theoretical model which used a weighted probability 

calculation to generate random annual net volcanic 

forcing values. Calculations based on return periods from 

Rougier et al. (2018) and LaMEVE hemispheric 

distribution split (0.875(NH):0.125(SH)). An M1 eruption 

was much more likely to occur than an M8 eruption. 

Eruptions filtered to meet magnitude threshold 

constraints (SH > M5, NH > M6). 

Model 4  

('Combination') 

A theoretical model which used eruptions from Model 1 

('Known Eruptions') and filled in unknown years using the 

same approach as Model 3 ('Weighted Probability'). 

Eruptions filtered to meet magnitude threshold 

constraints (SH > M5, NH > M6). This model had the 

most accurate estimation of annual net volcanism 

(known eruptions plus an estimate for probable 'missing 

eruptions'). 
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Section 1: Introduction 

1.1:  Literature Review 

Abrupt climate change refers to significant alterations to climate, such as average 

temperature, over decades to centuries (National Research Council, 2001; Bengston et al., 

2020). Geologic records show that considerable and expansive abrupt climate change 

occurred many times throughout Earth’s history (Alley et al., 2003); perhaps the best-known 

examples of abrupt climate change occurred during the last glacial period (11.7 – 115 ka 

BP) in the form of Dansgaard-Oeschger (DO) events (Cimatoribus et al., 2013; Boers, 2018; 

Li and Born, 2019; Gottwald, 2021). Dansgaard-Oeschger events, first described by 

Dansgaard (1985), manifest in Greenland ice core 𝛿18O records over millennial time scales 

as sudden transitions from cold baseline Greenland Stadial (GS) conditions to warmer 

Greenland Interstadial (GI) conditions (Rasmussen et al., 2014; Boers, 2018; Lohmann and 

Ditlevsen, 2018). Based on relationships between 𝛿18O and temperature, abrupt warming 

between 10-15 °C occurs within decades (Lohmann and Ditlevsen, 2018), followed by a 

gentle return to baseline GS conditions within centennial to millennial timespans (Boers, 

2018) (Figure 1). 

DO events are well documented across an array of globally distributed records (Genty et 

al., 2003; Petersen et al., 2013; Lohmann et al., 2021), resulting in broad agreement 

regarding their duration and structure. However, the forcing mechanisms driving these 

events are not understood and remain widely debated (Schulz, 2002; Boers, 2018; Dima et 

al., 2018; Li and Born, 2019; Gottwald, 2021); the enigmatic nature of these phenomena 

means research surrounding their origin has become a cornerstone of paleoclimatology 
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(Ganopolski and Rahmstorf, 2002; Denton et al., 2005; Braun and Kurths, 2010). Debate 

within the researching community exists as a result of the vast number of contrasting 

theories proposing explanations for the nature of DO events (Schulz, 2002; Gottwald, 2021); 

developed theories range from prototype models to detailed computer simulations of 

coupled ocean-atmosphere general circulation models (Cimatoribus et al., 2013; Gottwald, 

2021), each with different controlling features on DO events ranging from external forcing 

triggers to cyclical calving of the Greenland ice sheet (Schulz, 2002). However, some 

theories have gained more traction than others, with theories built on the premise that the 

ocean is the primary agent controlling DO events receiving the most research attention 

(Gottwald, 2021).  

The Freshwater Pulse Hypothesis (FWPH) is the most widely accepted theory to explain 

DO events (Gottschalk et al., 2015). It argues that the delivery of a freshwater pulse to the 

North Atlantic perturbs and triggers large scale reorganisation of the Atlantic Meridional 

Overturning Circulation (AMOC) and cross-equatorial heat delivery (Guillevic et al., 2013; 

Gottschalk et al., 2015) because of altered salinity levels in top-waters (Bond et al., 1993). 

The FWPH relies on the link between the strengthening (weakening) of the AMOC and the 

delivery of warm equatorial water at an enhanced (decreased) rate, leading to warming 

(cooling) in the NH (SH) (Li and Born, 2019; Oka et al., 2021). The FWPH is popular due to 

the theory offering a possible explanation for the ‘bipolar seesaw’ documented in Antarctic 

and Greenland ice cores (Stocker and Johnsen, 2003; Oka et al., 2021), whereby the 

temperature expression of DO events in Greenland ice cores are broadly equal and opposite 
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to temperature expressions in Antarctic ice cores (Baldini et al., 2015; Li and Born, 2019; 

Oka et al., 2021). 

However, there are many unresolved issues with the fundamental assumptions made by 

the FWPH. Using the Bølling–Allerød (BA) – Younger Dryas (YD) transition as an example, 

there is no physical evidence identifying a clear source path of the theorised triggering 

freshwater pulse from Lake Agassiz (Broecker, 2006; Carlson, 2010). Some theories 

propose a different source of freshwater, such as the Fennoscandian ice sheet (Dokken et 

al., 2013; Muschitiello et al., 2015), or an alternative flow path, such as drainage by the 

Mackenzie River into the Arctic Ocean rather than into the North Atlantic Ocean by the St. 

Lawrence River (Murton et al., 2010; Condron and Winsor, 2012; Not and Hillaire-Marcel, 

2012). The lack of certainty in the source and drainage path of the freshwater pulse that 

supposedly triggered the BA-YD transition highlights the current lack of coherence and 

consistency of the FWPH, showing it is not a definitive theory explaining DO event 

occurrence.  

Furthermore, the pivotal role of the overturning circulation in the FWPH is also disputed 

(Petersen et al., 2013; Gottschalk et al., 2015; Dima et al., 2018; Gottwald, 2021), and many 

modelling attempts using AMOC alterations to reconstruct DO events have proven 

problematic. For example, actual data reveals that freshwater pulses tend to come after 

abrupt climate transitions, which is a problem for many models which use these pulses to 

trigger the onset of DO events (Li and Born, 2019). Moreover, other modelling attempts 

have shown that the amount of warming caused by alterations in the AMOC alone is 

insufficient at replicating the magnitude of warming during DO events seen in ice core data 
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(Petersen et al., 2013). Finally, the assumption that DO event triggers always occur in the 

NH is a considerable issue with the FWPH. Recent proxy data reveals both leads and lags 

between DO event expression in Greenland and Antarctica (Dima et al., 2018); instances of 

DO event expression in Antarctica before Greenland highlights the possibility that DO event 

triggers are sometimes situated in the SH (Dima et al., 2018). These issues illustrate critical 

flaws in the fundamental assumptions made in the FWPH; this theory cannot account for 

all features of DO event nature. 

The shortcomings of the FWPH encouraged the development of alternative theories, which 

propose different mechanisms to explain DO events. For example, one theory suggests that 

the periodic breaking and regeneration of a thick ice shelf east of Greenland controlled DO 

event duration by modulating the recovery rate from GI conditions back to baseline GS 

conditions (Petersen et al., 2013; Boers et al., 2018). Focussing on the most recent DO 

event, the Younger Dryas Impact Hypothesis (FWPH) suggests that an extra-terrestrial 

meteor impact potentially triggered the abrupt climate transition (Firestone et al., 2007; 

Israde-Alcántara et al., 2012; Holliday et al., 2014). However, this is a case-specific 

explanation for a period which is not statistically different from any other DO event (Nye 

and Condron, 2021); therefore, the YDIH is not an explanation that can extend to most other 

events. 

To summarise, even though the FWPH is currently the dominant theory used to explain DO 

events, it cannot account for key features of DO event nature or accurately reconstruct DO 

events. In addition to this, the debate surrounding the application of the FWPH to the BA-

YD transition, alongside the presence of alternative hypotheses suggesting contrasting 
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forcing mechanisms, illustrates the ongoing discourse surrounding DO events; a single 

coherent theory with concrete evidence providing a comprehensive explanation of the 

nature and origin of these phenomena remains elusive (Li and Born, 2019). 

As the debate surrounding DO event nature remains unresolved, it is important to continue 

exploring how alternative mechanisms could potentially trigger DO events; explosive 

volcanism offers a possible and tenable alternative potential DO event trigger. Strong 

historical documentation of the significant natural forcing of explosive volcanic eruptions 

on abrupt climate change means no other natural forcing on climate is better understood 

over the last few hundred years (Minnis et al., 1993; Robock, 2000; Cole-Dai, 2010; 

Timmreck, 2012). For example, detailed instrumental monitoring measured a 0.5°C global 

average cooling spanning two years after the eruption of Mount Pinatubo (1991), revealing 

important empirical evidence that explosive volcanism can trigger abrupt climate change 

(Hansen et al., 1992; Oppenheimer, 2011; Stenchikov et al., 1998). Furthermore, anecdotal 

and proxy evidence shows strong links between the eruption of Mount Tambora (1815 C.E.) 

and the widely reported ‘year with no summer’ in 1816 C.E. (Oppenheimer, 2011; 

Kandlbauer et al., 2013); for two years post-eruption, there was an estimated 5-6 Wm-2 

reduction in radiative forcing (Brázdil et al., 2016; Brönnimann and Krämer, 2016). These 

eruptions are among the best-known examples of volcanism triggering abrupt climate 

change, albeit on timescales shorter than those associated with DO events. Furthermore, 

the Mount Pinatubo (1991 C.E.) eruption offers an exciting insight into future research on 

the link between volcanism and abrupt climate change through direct climate monitoring 

during explosive volcanic eruptions. 



15 

Historically, paleoclimatologists have disregarded a causal link between explosive 

volcanism and DO events because of the popularity of the FWPH and the high dating 

uncertainties of both climate and volcanological records (Baldini et al., 2018). The 

disregarding of the potential causal link persists due to the considerable chronological 

undercounts in the known volcanic catalogue, which is especially severe for eruptions large 

enough to trigger DO events (Furlan, 2010; Brown et al., 2014; Baldini et al., 2015; Kiyosugi 

et al., 2015; Cooper et al., 2018; Papale, 2018; Rougier et al., 2018; Lohmann and Svensson, 

2020). Consequently, dating uncertainties and chronological gaps have prevented in-depth 

exploration of the link between explosive volcanism by compounding efforts to confidently 

attribute single DO events to large individual eruptions (Baldini et al., 2018; Lohmann and 

Svensson, 2020). 

However, previous investigations that explored the link between DO events and explosive 

volcanism have found some critical breakthroughs. The finding that the DO event sequence 

is consistent with a random stationary process is especially notable (Lohmann and 

Ditlevsen, 2018), as this aligns perfectly with the nature of volcanic activity (Rougier et al., 

2018). Furthermore, bipolar volcanic eruptions dated just before the onset of DO events 

occurred more frequently than by chance, with considerable confidence (>99%) (Lohmann 

and Svensson, 2020). Similarly, all known and radiometrically-dated large NH eruptions 

between 30-80 ka BP show association with abrupt Greenland cooling (>95% confidence) 

(Baldini et al., 2015). In contrast, the timing of SH explosive volcanism (known and 

unknown) correlates with the onset of DO events (>99% confidence) (Bay et al., 2004; 

Baldini et al., 2015). Furthermore, some well-dated eruptions strongly suggest that 
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explosive volcanism could potentially trigger DO events. For example, a recently 

documented volcanogenic sulphur spike associated with the Laacher See eruption at 

12.880 ±0.040 ka BP represents a potential plausible trigger of the BA-YD transition 

(Baldini et al., 2018; Sun et al., 2020). Finally, volcanically triggered abrupt climate change 

potentially occurred during the Holocene, as revealed by the attribution of the onset of the 

Little Ice Age (1500 – 1900 A.D.) to explosive volcanism (Miller et al., 2012); consequently, 

it is crucial to acknowledge the potential present-day threat of volcanically triggered abrupt 

climate change. 

Although recent studies have considerably progressed the understanding of the potential 

link between the timing of explosive volcanism and DO events, there has yet to be a focused 

effort to quantify a possible causative mechanism. Therefore, this study aims to investigate 

the feasibility of explosive volcanism as a trigger of abrupt millennial-scale climate change 

by modelling the potential impacts of explosive eruptions on abrupt climate changes over 

the last 100 ka BP. A better understanding of millennial-scale climate change is paramount 

for detecting and forecasting climate system alterations driven by anthropogenic activity 

(Blunier and Brook, 2001; Bard, 2002; Schulz, 2002; Riechers and Boers, 2021). These 

periods of abrupt climate change have widespread impacts globally and have often been 

the dominant expression of past paleoclimate variability (Alley et al., 1999; Keigwin, 1999; 

Li and Born, 2019), which is concerning considering the lack of acknowledgement of the 

potential rapidity of climate change currently shown by climate change policymakers (Alley 

et al., 2003; IPCC, 2021). With the Holocene revealing lower magnitude features of 

millennial-scale climate change, it is dangerous to assume these events will not occur in 
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the future (Schulz, 2002). With the events manifesting on human timescales, a modern 

contextualisation and consideration of these events is crucial (Baldini et al., 2015) because 

a similar warming occurring today superimposed on anthropogenic greenhouse gas 

warming could destabilise the Greenland ice sheet.  

1.2: Understanding the Forcing Mechanisms of Explosive Volcanism on Abrupt 

Climate Change 

Understanding how explosive volcanic eruptions force abrupt temperature changes over 

long timescales is crucial to model their potential impact over the last 100 ka BP 

successfully. The primary control of the direct climate change caused by explosive 

volcanism is the volume of sulphur-containing gases (such as sulphur dioxide and hydrogen 

sulphide) ejected into the stratosphere (Ramaswamy et al., 2006; Cole-Dai, 2010; 

Timmreck, 2012; Swingedouw et al., 2017). In the stratosphere, sulphur-containing 

particulates oxidise to form sulphuric acid vapours, which condense with water to form 

sulphate aerosols with a residence time between 1–3 years (Stenchikov et al., 1998; 

Robock, 2000; Ramaswamy et al., 2006; Timmreck, 2012; Pausata et al., 2015; Aubry et al., 

2021). Stratospheric sulphate aerosols advect rapidly around the globe, directly altering the 

global radiation balance and energy budget (Stenchikov et al., 1998; Cole-Dai, 2010; 

Timmreck, 2012; Baldini et al., 2018); an increase in sulphate aerosol concentration in the 

stratosphere enhances the scattering of incoming shortwave radiation and increases the 

albedo of the stratosphere, resulting in net average global cooling (Stenchikov et al., 1998; 

Robock, 2000; Lechleitner et al., 2017; Aubry et al., 2021). For example, during the eruption 

of Mount Pinatubo (1991), radiative forcing mechanisms caused global average diffuse 
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sunlight to increase by 20% and total sunlight to decrease by 2.5% (Proctor et al., 2018). 

The understanding of how explosive volcanic eruptions alter the global energy budget is 

one of the most developed and best understood mechanisms of natural forcing on climate 

change (Cole-Dai, 2010) since its formulation after the eruption of Krakatoa (1883) 

(Schalter et al., 2009). 

However, a currently poorly constrained but possible commonplace sustained volcanic 

influence on global climate up to several hundred years after an eruption may exist, 

suggesting that the impact of explosive volcanism on abrupt climate change is more 

complex than simply 1–3-year cooling caused by altering the net radiative forcing budget 

(Schalter et al., 2009; Baldini et al., 2015). The initial sulphate aerosol cooling may trigger 

long-term atmospheric reorganisation by forming a hemispheric temperature asymmetry, 

perturbing global atmospheric circulation patterns (Baldini et al., 2015; Lechleitner et al., 

2017; Pausata et al., 2015). After an explosive NH eruption, the NH initially cools to a greater 

degree than the SH due to amplified aerosol scattering of insolation, increasing the 

temperature gradient across the hemispheres (Baldini et al., 2015; Lechleitner et al., 2017). 

Consequently, the Intertropical Convergence Zone (ITCZ) displaces southwards as it 

migrates towards the warmer hemisphere (Baldini et al., 2015; Muschitiello et al., 2015; 

Ridley et al., 2015; Colose et al., 2016; Lechleitner et al., 2017; Pausata et al., 2020). This 

displacement potentially compresses the Hadley and Ferrel cells in the SH, driving the SH 

Polar front south, warming northern regions of the Antarctic (Baldini et al., 2015). During 

periods of low greenhouse gas concentrations and low levels of insolation, such as the last 

glacial period, an explosive NH eruption may have initiated a cooling positive feedback loop 
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in the NH, resulting in Greenland cooling as well as Antarctic warming (Baldini et al., 2015). 

With these boundary conditions, sulphate aerosols injected into the NH stratosphere after a 

large NH explosive eruption would cause a more rapid and drastic initial cooling of the NH 

atmosphere compared to periods with higher insolation and greenhouse gas concentrations. 

The drastic cooling would facilitate NH glacier expansion consequent to NH sea ice 

expansion, causing a combined increase in the NH albedo effect. As a result, the AMOC would 

weaken, reducing the rate of warm water delivery from the equator to the NH, resulting in 

further NH cooling. The low levels of insolation and greenhouse gas concentrations would 

perpetuate this cycle, as low levels of NH heat accumulation could not counteract the cooling 

mechanisms triggered by the initial NH explosive volcanic eruption (Baldini et al., 2015) 

(Figure 2). Halting the positive feedback would rely on increased solar activity, greenhouse 

gas concentrations, or a larger explosive volcanic eruption in the SH to outweigh cooling 

mechanisms in the NH.  During periods with similar boundary conditions, SH eruptions 

cause equal but opposite impacts compared to NH eruptions: the ITCZ shifts northwards 

because of a reversed hemispheric temperature gradient, compression of Hadley and Ferrel 

cells causes the northward displacement of the NH Polar front, resulting in DO event like 

warming periods in Greenland and cooling in Antarctica (Baldini et al., 2015; Ridley et al., 

2015; Colose et al., 2016; Pausata et al., 2020). 

It is crucial to acknowledge these dynamic impacts to understand the overall effect of 

explosive volcanism on climate. The assumption that all eruptions lead to only global 

uniform average cooling is overly simplistic (Baldini et al., 2015); focussing solely on global 

radiative forcing impacts of explosive volcanic eruptions underestimates the importance of 
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large high latitude eruptions (Baldini et al., 2015; Pausata et al., 2015). Furthermore, a 

consideration of the dynamic impacts of explosive volcanism is vital to plausibly link 

volcanism and the bipolar seesaw (Stenni et al., 2011; Baldini et al., 2015), as radiative 

forcing mechanics cannot account for warming after an explosive volcanic eruption beyond 

the lifetime of atmospheric aerosols; therefore, a tenable relationship between explosive 

volcanism and millennial-scale climate change only exists when considering the impacts of 

explosive volcanism on global atmospheric circulation (Baldini et al., 2015).  

Figure 2: NH cooling positive feedback loop that occurred during the last glacial 

period, initiated by the increased stratospheric sulphate aerosol concentration 

after an explosive NH eruption. Visualised from Baldini et al. (2015). 
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Section 2: Methods 

2.1: Intricacies of the Statistical Model 

The model used to investigate the link between explosive volcanic eruptions and millennial-

scale climate change utilised the following data: NGRIP 𝛿18O (‰) (North Greenland Ice Core 

Project members, 2004), Atmospheric CO2 concentration (ppm) (Bereiter et al., 2015), 

global sea level (m) (Spratt and Lisiecki, 2016), and the VOLGRIPA (Volcano Global Risk 

Identification and Analysis Project) LaMEVE (Large Magnitude Explosive Volcanic 

Eruptions) database (M) (Crosweller et al., 2012; Brown et al., 2014) (Table 1). Calculating 

z-scores (a linear transformation calculating the difference between an individual data

point and the dataset mean, expressing this in terms of standard deviations) for the 

paleoclimate datasets and transferring each dataset to years BP with annual resolution 

facilitated data handling and cross-correlation. The model used one of five equations to 

calculate annual Greenland 𝛿18O z-score values for each time slice; each equation is either 

an abrupt change equation (Eq. 1 and Eq.2), the baseline equation (Eq. 3) or a gradual 

recovery equation (Eq.4 and Eq.5), which take the form 

Eq. 1: 𝑋𝑡 = 𝑋𝑡+1 + (𝑛𝑡 . 𝑢𝑡), 

Eq. 2: 𝑋𝑡 = 𝑋𝑡+1 − (𝑛𝑡 . 𝑢𝑡), 

Eq. 3: 𝑋𝑡 = 𝐵𝑡, 

Eq. 4: 𝑋𝑡 = 𝑋𝑡+1 − 𝑅t ,

Eq. 5: 𝑋𝑡 = 𝑋𝑡+1 + 𝑅t ,
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where X is the modelled 𝛿18O value, t is the year of calculation (a BP), n is the climate 

sensitivity, B is the temperature baseline, R is the gradual recovery rate (yr-1), and u is the 

magnitude constant. The pathway taken through the decision-tree algorithm determined 

the equation used in each year (Figure 3). The subsequent subsections explain the 

variables in each equation. The final output was a modelled Greenland temperature proxy 

record over the last 100 ka BP in the form of an annual resolution modelled Greenland 𝛿18O 

time-series (Rozanski et al., 1992). 

Dataset Units Details Source 

𝛿18O per mille (‰) 

• GICC05modelext

chronology

• -30 – 122210 a BP

North Greenland Ice Core 

Project members (2004) 

CO2 

parts per 

million (ppm) 

• AICC2012 chronology

• 0 - 800 ka BP

Bereiter et al. (2015) 

Sea Level 

meters above 

present day 

(m) 

• Annual chronology

• 0 - 798 ka BP

• Stacked based on 7

independent records

Spratt and Lisiecki (2016) 

Table 1: Details of the four key datasets used to calculate the modelled Greenland 

𝛿18O time-series. 
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Dataset Units Details Source 

LaMEVE 

Catalogue 

Magnitude 

(M) 

• All known explosive

volcanic eruptions

over the Quaternary

Crosweller et al. (2012) 

Brown et al. (2014) 

Figure 3: The statistical model decision tree algorithm with input and boundary 

condition dictated pathways. Equations at the end of each pathway determine the 

modelled 𝛿18O value for that time slice; any terms refer to those in Eq.1 – Eq.5. If t = 

1000 (a BP), t+1 = 1001 (a BP). 
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2.1.1: Temperature Baseline (B) 

The temperature baseline reflects the climate system in a stable and unperturbed state 

relative to dynamic background conditions; the model assumes that a perturbed and 

unstable climate system will always tend to the temperature baseline after the dissipation 

of perturbing climate forcing mechanisms. Although insolation is a significant influence on 

long-term climate and temperatures (Kukla, 1972; Berger, 1988; Felzer et al., 1998; 

Campisano, 2012; Croll & Sugden, 2021), insolation modulates changes in atmospheric CO2 

concentration, which then drives most of the temperature shifts (Caillon et al., 2003). 

Furthermore, the decoupling between insolation and global temperature - documented in 

proxy records in the Holocene - illustrates that in recent millennia atmospheric CO2 

concentration had more influence on long-term global climate patterns (Kuo et al., 1990; 

Felzer et al., 1998; Rohling et al., 2010; Pasini et al., 2012; Shakun et al., 2012; Humlum et 

al., 2013; Wallmann, 2014; Moossen et al., 2015; Ruddiman et al., 2016). Even though both 

factors influence long-term global temperatures, the NGRIP 𝛿18O Greenland temperature 

proxy is better defined by atmospheric CO2 concentrations; abrupt change magnitude, 

timing, and frequency in the NGRIP 𝛿18O record are generally better matched by 

atmospheric CO2 concentration (R2= 0.63) than insolation (R2 = 0.21) over the Quaternary 

(Figure 4a). Furthermore, the decoupling of temperature and insolation during the late 

Holocene is identifiable in the NGRIP 𝛿18O record at ~8 ka BP (Figure 4b). Consequently, 

temperature baseline values in the statistical model paralleled atmospheric CO2 

concentration throughout; the first modelled Greenland 𝛿18O value (100 ka BP) was always 
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at the Greenland temperature baseline, which closely paralleled the NGRIP 𝛿18O at this time 

slice. 
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2.1.2: Climate Sensitivity (n) 

Sensitivity to abrupt climate change varied throughout the Quaternary (Armour et al., 2013; 

McCarroll, 2015); land-based ice volume is a well-documented influence on the degree of 

climate change sensitivity during the Quaternary (Grant et al., 2012), because millennial-

scale climate change was most likely to occur during periods of intermediate land-based 

ice volumes (Grigg et al., 2001; Baldini et al., 2015, 2018; Zhang et al., 2014, 2017). 

Therefore, a simple predictive model using sea level as a land-based ice volume indicator 

quantified the sensitivity to abrupt climate change annually throughout the modelled 

period. The model extracted NGRIP 𝛿18O standard deviation (σ) and mean average z-score 

normalised sea level values over windows varied by 1000 years in duration between 1000 – 

10000 years. The σ value of NGRIP 𝛿18O over a given window defined the climate sensitivity 

of the period, where high σ values reflected a window of greater sensitivity compared to 

low σ values. The most appropriate time window was the window with the strongest 

statistical relationship alongside a lack of overfitting to the predictor variable data. The 

regression coefficients in an overfitted model represent noise rather than the underlying 

relationships of that individual dataset. As a result, generalising outside the original dataset 

using an overfitted model is not appropriate as the model cannot account for random noise 

patterns of other datasets. Using this approach, the best model was a cubic relationship 

with a window size of 3000 years, with a reported R2 = 0.35 and p-value < 0.01 (Figure 5) 

(Eq.6), which took the form  

Eq.6: 𝑌 = (𝑎. 𝑋3) −  (𝑏. 𝑋2) − (𝑐. 𝑋) + 𝑑 
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where Y is climate sensitivity, a is a constant of 0.0042 (2 s.f.), X is sea level (z-score), b is 

a constant of 0.10 (2 s.f.), c is a constant of 0.091 (2 s.f.), and d is a constant of 0.53 (2 s.f.). 
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Models that used a greater window size did not have significantly higher R2 values and 

introduced overfitting concerns, while models with a reduced window size had a lower R2 

values than the selected model. The interpretations made using this model are consistent 

with other results suggesting that climate sensitivity peaks during periods of intermediate 

land-based ice volumes (Grigg et al., 2001; Baldini et al., 2015, 2018; Zhang et al., 2014, 

2017). Using this model, the boundary conditions at the time of an eruption had a key 

influence on the nature of the modelled abrupt Greenland 𝛿18O change event as volcanic 

eruptions of equal magnitude would not always cause an abrupt change of equal 

magnitude. This analysis added influential weight to the timing of explosive volcanism on 

the nature of modelled abrupt Greenland 𝛿18O change, reducing the likelihood of random 

chance causing any similarities between the NGRIP 𝛿18O and modelled Greenland 𝛿18O 

datasets. 

2.1.3: Gradual Recovery Rate (R) 

The gradual recovery rate (GRR) is the rate of the return of perturbed unstable 

temperatures to baseline stability during periods where perturbing climate forcing is 

absent. Temperature changes from one year to the next are small during these periods 

compared to large temperature changes caused by abrupt climate forcing mechanisms. As 

with the temperature baseline, boundary conditions influenced GRRs throughout the model 

period. The absorption and reemission of longwave radiation emitted by Earth’s surface 

back into the atmosphere by greenhouse gases such as water vapour and CO2, known as 

the ‘Greenhouse Effect’, is a crucial moderator of Earth’s temperature (Bowman, 1990; 

Cline, 1991; Ledley et al., 1999; Lacis et al., 2010; Kweku et al., 2018). Periods of high 
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greenhouse gas concentrations, such as the late Holocene, have enhanced levels of the 

greenhouse effect, resulting in warmer conditions because of unbalanced radiative forcing; 

greater greenhouse gas concentrations cause more absorption and remission of longwave 

radiation, resulting in warmer temperatures compared to periods with lower greenhouse 

gas concentrations (Bowman, 1990; Cline, 1991; Ledley et al., 1999; Lacis et al., 2010; 

Kweku et al., 2018).  

Therefore, during perturbed climate periods, the annual concentration of atmospheric 

greenhouse gasses is a critical control on the annual GRR. During periods of low 

atmospheric greenhouse gas concentrations, glacial surface mass balance tends to be 

more positive (Ridley et al., 2010); during such periods, GRRs are greater as melted ice 

regrowth in the compressed Polar cell occurs rapidly, causing the Polar cell to decompress 

quickly, driving the Hadley and Ferrel cells back to unperturbed positions rapidly. 

Consequently, the ITCZ migrates back to an unperturbed position soon after the decline of 

perturbing climate forcing caused by explosive volcanism. In comparison, during periods of 

high greenhouse gas concentrations, glacial mass balance tends to be less positive, or even 

negative (Ridley et al., 2010); consequently, such periods have low GRRs as ice regrowth 

of melted ice in the compressed Polar cell is slow, meaning that the Polar cell 

decompresses slowly. As a result, the Hadley and Ferrel cells return to unperturbed 

positions gradually, meaning the ITCZ migrates slowly back to an unperturbed position after 

the decline of perturbing climate forcing caused by explosive volcanism.  

Using this concept, a predictive model quantified annual GRRs based on annual 

atmospheric CO2 concentrations over the last 100 ka BP. Using all large magnitude DO 
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events that deviated from stable baseline conditions, measurements of the duration of the 

gradual recovery period documented in the NGRIP 𝛿18O record after each abrupt warming 

period allowed the extraction of a straight-line equation to describe the nature of the 

gradual recovery after each event. The straight-line extrapolated based on the gradual 

recovery rate of each period, ignoring any abrupt changes (Figure 6). After measuring the 

duration of the gradual recovery of each event, a cross-check quality analysis assessed the 

usability of each event. The analysis assigned a rank to each event (1 = unusable, 10 = 

very usable) based on the noise around each straight-line equation and the duration of 

each event. Unusable events were those with short-term periods of noisy gradual cooling 

(Figure 6c); Usable events were those with usability ranks ≥ 6 and straight-line 

relationships with a p-value < 0.0001 (Figure 6a and 6b). The atmospheric CO2 

concentration at the peak of the abrupt warming (Peak CO2) indicated the climate boundary 

conditions at the onset of gradual recovery. An exponential relationship defined the 

relationship between GRR and Peak atmospheric CO2 concentration best (Figure 7) (Eq.7), 

which took the form 

Eq. 7: 𝑌 = (𝑏. (𝑋 + 𝑘)𝑐) + 𝑑 

where Y is the Gradual Recovery Rate (yr-1), b is a constant of -0.0017 (2 s.f.), X is the Peak 

atmospheric CO2 concentration (z-score), k is a constant of 2.0 (2 s.f.), c is a constant of -

5.6 (2 s.f.), and d is a constant of -0.00077 (2 s.f.). Using this exponential relationship (Eq. 

7), the statistical model calculated annual GRR values over the last 100 ka BP. 

This analysis indicated that the highest GRR sensitivity to Peak atmospheric CO2 was 

between values of 0.5 – 1 (constant k included); GRR decreased sharply with small 
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increases in Peak atmospheric CO2 concentrations within this range. GRR was much less 

sensitive to changes in Peak atmospheric CO2 values between 1 – 1.5; GRR showed little to 

no sensitivity to Peak atmospheric CO2 concentrations that surpassed a threshold value of 

1.5. This analysis revealed a threshold behaviour between GRR and atmospheric CO2 

concentrations and highlighted the important influence of atmospheric greenhouse gas 

concentrations on the rate of return to stable temperatures. This analysis supports the 

concept that boundary climate conditions have an important influence on millennial-scale 

climate change; considering these conditions is key to understanding the nature of these 

events. The climate model incorporated this analysis to produce scaled and dynamic 

periods of gradual recovery during windows where the climate was not influenced by 

volcano-triggered forcing mechanisms but perturbed from baseline conditions. The model 

did not allow for GRR to cause fluctuations around the baseline temperature, meaning that 

if the GRR value surpassed the baseline in any given year, adjustments to the GRR capped 

the recovery at the baseline; the repetition of Eq.3 in the decision-tree algorithm ensured 

this (Figure 3). 

2.1.4: Magnitude Constant (u) and Magnitude Thresholds 

The climate model assumed that larger magnitude eruptions would result in larger 

magnitude abrupt millennial-scale climate change events. A complex relationship between 

eruption magnitude and radiative forcing exists; factors such as eruption latitude, eruption 

timing, magma type, tectonic settings, wind direction and many others influence the net 

radiative forcing impacts of volcanic eruptions (Sigurdsson, 1990; Scaillet et al., 1998; 

Bursik, 2001; Aiuppa et al., 2005; Self, 2006; Hoshyaripour et al., 2012). However, the 
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inferred under-recording in the known volcanic catalogue (Brown et al., 2014; Rougier et 

al., 2018) alongside the absence of instrumental data means the relationship between 

eruption magnitude and radiative forcing impacts of known eruptions over the last 100 ka 

BP is very ambiguous. With larger explosive volcanic eruptions tending to have larger 

eruption columns on average (Carey and Sigurdsson, 1989; Durant et al., 2010; Wilson et 

al., 1978), the model assumed that any sulphur ejected by a volcanic eruption had a greater 

probability of reaching the stratosphere during larger magnitude eruptions. Consequently, 

the model assumed that larger magnitude eruptions led to greater initial radiative cooling 

in the host hemisphere compared to smaller magnitude eruptions. In the context of the 

hypothesis underpinning the model, compared to small magnitude events, large eruptions 

cause more severe hemisphere temperature asymmetries because of the greater radiative 

cooling of the host hemisphere, leading to the ITCZ migrating further towards the warmer 

hemisphere, resulting in larger magnitude abrupt climate change events. 

Therefore, the statistical model ensured magnitude constant values were strictly 

proportional to eruption magnitude. After running the ‘Known Eruptions’ model (see next 

subsection) with no magnitude constants, Excel ‘Solver’ calculated the constant for each 

magnitude to minimise the SSRs between NGRIP 𝛿18O and the modelled 𝛿18O time-series. 

With the magnitude constant values included, ‘Solver’ calculated the threshold magnitude 

of eruptions which minimised the SSR value between NGRIP 𝛿18O and the modelled 𝛿18O 

time-series. As a result, the climate model only considered SH eruptions > M5 and NH 

eruptions > M6 large enough to cause abrupt climate change events. 
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2.1.5: Statistical Model Variants and Model Output Types 

The mechanics of the climate model outlined above remained consistent throughout the 

investigation, but the input of volcanic eruptions had four distinct variants. Model 1 (‘Known 

Eruptions’) used all known eruptions from the LaMEVE database (Crosweller et al., 2012; 

Brown et al., 2014) over the last 100 ka BP with medium to high dating quality, which 

satisfied the climate model magnitude threshold constraints (Figure 8) (Appendix 1). 

Figure 8: All known eruptions from the LaMEVE catalogue between 0 – 100,000 a BP 

with medium to high dating quality which satisfied the climate model magnitude 

thresholds. 
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The average volcanism during years with multiple eruptions defined the net abrupt climate 

forcing impact. For example, if a single year had two eruptions, one M7 (NH) and the other 

M5 (SH), the average would be M1 (NH) due to the opposing relationship between the 

eruptions; in this case, the year does not satisfy the climate model magnitude thresholds, 

so the model would deem it a period without abrupt climate change forcing. Model 2 

(‘Uniform’) was an experimental model, which used a uniform distribution of random 

probability to assign a net volcanic forcing annually throughout the model; in this model, an 

M8 eruption (NH or SH) was just as likely to occur as an M1 eruption (NH or SH). Model 3 

(‘Weighted Probability’) took a similar approach to Model 2 (‘Uniform’), but instead of a 

uniform distribution of magnitude, annual magnitude values resulted from a weighted 

probability calculation. Probability values based on magnitude return periods from Rougier 

et al. (2018) and the hemispheric distribution split of the Model 1 eruptions (0.875(NH): 

0.125 (SH)) resulted in a generated eruption time-series based on the current knowledge 

of volcanic distribution and frequency-magnitude behaviour (Appendix 2). With this model, 

an M1 (NH) eruption was much more likely to occur than an M8 (SH) eruption in any given 

year (Table 2). Finally, Model 4 (‘Combination’) used eruptions from Model 1 (‘Known 

Eruptions’) and filled in the unknown years using the same approach as Model 3 (‘Weighted 

Probability’) to produce an eruption distribution time-series with a magnitude-frequency 

relationship within the 95% confidence interval given by Rogier et al. (2018); therefore, 

Model 4 (‘Combination’) had the most accurate estimation of net volcanism in each year 

(known eruptions plus an estimate for probable ‘missing eruptions’). All models that 

included probability-based calculations completed one million iterations, which allowed 
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 documentation of model error and success over a varied input; each iteration produced an 

R2 value of modelled Greenland 𝛿18O against NGRIP 𝛿18O over the last 100 ka BP to describe 

reconstruction success, ultimately leading to the extraction of the single ‘best’ performing 

(highest R2) modelled 𝛿18O time-series over the entire iteration cycle - any modelled 𝛿18O 

time-series discussed in subsequent sections refers to the ‘best’ iteration unless stated 

Magnitude Return Period (years) 
Annual Exceedance 

Probability 

-8 19400 5.15 x 10-5 

-7 1370 7.29 x 10-4 

6 880 1.14 x 10-3 

7 9600 1.04 x 10-4 

8 136000 7.35 x 10-6 

Table 2: Return Period and Annual Exceedance Probability values derived from 

Rougier et al. (2018) and Model 1 eruption hemisphere distribution for magnitudes 

satisfying the model thresholds. Negative magnitudes represent NH eruptions; 

positive magnitudes represent SH eruptions. 
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otherwise. Graphical comparisons between the NGRIP 𝛿18O and each ‘best’ modelled 𝛿18O 

time-series supported the regression analyses by verifying the degree of reconstruction 

success. The statistical model could output different abrupt temperature change types, 

resulting from unique combinations of input eruption time-series, as well as dynamic 

boundary conditions at the time of eruptions altering the nature of each abrupt temperature 

change event (Figure 9). 
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Figure 9:  Schematic examples of different output types from the statistical model 

over any given 10,000-year window during the last 100,000 years. Each colour 

shows an independent event variant. For each variant, an explosive volcanic 

eruption triggers an abrupt Greenland temperature change (solid-coloured line) 

from the temperature baseline (B) (SH eruptions = warming, NH eruptions = 

cooling). Subsequent restoration of baseline conditions occurs during periods of 

gradual recovery (dashed-coloured lines) and abrupt temperature changes 

caused by explosive volcanic eruptions located in the opposing hemisphere of the 

initial perturbing eruption. Simple events include a single abrupt temperature 

change followed by a gradual recovery to the temperature baseline (orange and 

grey events), whereas complex events can include multiple abrupt temperature 

changes with intermittent periods of gradual recovery (blue and pink events), 

which can cause temperatures to oscillate around the temperature baseline (red 

and black events). Events occur in the past and develop in the direction of the 

present day (right to left). 
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Section 3: Results and Discussion  

3.1: Addressing the Aim of the Investigation 

The results of this investigation make a compelling case for the consideration of explosive 

volcanism as a potential trigger of millennial-scale climate over the last 100 ka BP. This 

draws on a holistic consideration of both graphical and statistical results, as there is no 

single test that can define the success of the statistical model variants (Martis, 2006; Ling 

& Mahadevan, 2013). For example, over the entire 100 ka interval, the theoretically 

modelled 𝛿18O time-series underpinned by volcanic magnitude-frequency statistics 

(Rougier et al., 2018) (Model 1 (‘Known Eruptions’), Model 3 (‘Weighted Probability’) and 

Model 4 (‘Combination’)) showed considerable graphical and statistical similarities with the 

NGRIP 𝛿18O time-series (Table 3; Figure 10, 11 and 12); Periods of Interest (POIs) show 

windows of key similarities and differences between both time-series (Figure 10, 11 and 

12). Furthermore, the percentage error distribution of each theoretically modelled output 

does not cause concern (Figure 13); each modelled output had a considerable proportion 

(>60%) of error within the ±100% of the true NGRIP 𝛿18O time-series value (Table 4). 

Accounting for the extensive time frame and the sensitivity of each model to annual 

eruption timing and magnitude, these errors indicate a good performance overall. These 

results suggest that explosive volcanism is a feasible potential trigger of millennial-scale 

climate change. The weak performance of the Model 2 (‘Uniform’) 𝛿18O time-series 

highlights the importance of acknowledging volcanic magnitude-frequency statistics when 

investigating the relationship between explosive volcanism and millennial-scale climate 

change (Rougier et al., 2018). For example, little to no graphical or statistical similarity  
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between the Model 2 (‘Uniform’) and the NGRIP 𝛿18O time-series exists (Table 3; Figure 

14). In addition, the percentage error values for this model are problematic, as a 

considerably small proportion (0.07%) of the percentage error fell within ±100% of the true 

NGRIP 𝛿18O time-series value compared to the theoretical modelled outputs (Table 4). 

This result concurs with the wider literature investigating the relationship between 

volcanism and millennial-scale climate change. For example, previously reported 

statistically significant relationships between the timing of explosive volcanism and 

millennial-scale climate change (Bay et al., 2004; Baldini et al., 2015; Lohmann & Svensson, 

2020) have suggested that explosive volcanism is closely linked to millennial-scale climate 

change. Of the results here, the strong similarities between the NGRIP 𝛿18O and the 

theoretically modelled 𝛿18O time-series strongly supports the hypothesis that explosive 

volcanism could trigger millennial-scale climate change through global atmospheric 

reorganisation (Baldini et al., 2015), and is consistent with the finding that an external 

random stationary process forced DO events (Lohmann and Ditlevsen, 2018). This 

investigation considers the inferred undercount in the volcanological catalogue (Brown et 

al., 2014; Baldini et al., 2015; Kiyosugi et al., 2015; Cooper et al., 2018; Papale, 2018; Rougier 

et al., 2018; Lohmann & Svensson, 2020) by generating statistically robust eruption time-

series in Model 3 (‘Weighted Probability’) and Model 4 (‘Combination’) (Section 2.1.5) (‘List 

of Abbreviations’, p. 5). The results strongly suggest that ‘missing’ eruptions could have 

triggered millennial-scale climate change (Baldini et al., 2015); for example, the Model 4 

(‘Combination’) time-series strongly reproduced GI-8c and GI-7c (Rasmussen et al., 2014) 

(Figure 12; POI 2), which Model 1 (‘Known Eruptions’) failed to reproduce. 
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3.2: The Abrupt BA-YD Transition 

All theoretically modelled 𝛿18O time-series reproduced the NGRIP 𝛿18O time-series well over 

the BA-YD transition (Figures 10, 11 and 12: youngest POI; Table 3: POI 1). The fewer 

eruptions in the Model 1 (‘Known Eruptions’) volcanic time-series could have led to a more 

muted reproduction of the NGRIP 𝛿18O time-series and caused the lower R2 value (0.495) 

between Model 1 (‘Known Eruptions’) and the NGRIP 𝛿18O time-series, compared to the 

higher R2 values for the Model 3 (‘Weighted Probability’) and Model 4 (‘Combination’) 

outputs which had statistically generated volcanic time-series (Table 5 and Figure 15). Both 

Model 1 (‘Known Eruptions’) and the Model 4 (‘Combination’) 𝛿18O time-series support 

volcanism as the trigger for the abrupt BA-YD transition. The large (M6.2) and high-sulphur 

Laacher See Eruption (LSE) was previously proposed as a plausible trigger of the BA-YD 

transition (Baldini et al., 2018). Until recently, 12.880 ±0.040 ka BP was the widely 

accepted date of the LSE (Baldini et al., 2018; Bronk Ramsey et al., 2015; Lane et al., 2015). 

However, a new radiocarbon-based age places the LSE at 13.006 ±0.009 ka BP (Reinig et 

al., 2021), apparently precluding a direct link between the LSE and the BA-YD transition 

(Abbott et al., 2021; Reinig et al., 2021). Nevertheless, recent research identified an 

extremely large sulphur spike within the NGRIP ice core occurring precisely at GS-1 cooling 

onset, also coinciding with the 12.880 ka BP age for the LSE (Cheng et al., 2020; Abbott et 

al., 2021), suggesting that the Brauer et al. (2008) age for the LSE may in fact be correct. 

Regardless of whether that sulphur spike represents the LSE, a very large NH eruption 

apparently occurred at 12.870 ka BP, and volcanism therefore remains a possible trigger 
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of the BA-YD transition according to the sulphur record (Abbott et al., 2021). Furthermore, 

the reproduction of the abrupt BA-YD transition by the Model 3 (‘Weighted Probability’) 

modelled 𝛿18O time-series (Figure 11: youngest POI), with its independent statistically 

generated volcanic time-series, supports the consideration of any large eruption during that 

time as a potential trigger of the YD. As a result, the suggested consideration of an 

explosive volcanic eruption as a potential trigger of the abrupt BA-YD transition remains an 

important result (Baldini et al., 2018; Abbott et al., 2021), despite the Model 1 (‘Known 

Eruptions’) and Model 4 (‘Combination’) modelled 𝛿18O time-series relying on a disputed 

date of the LSE (Baldini et al., 2018; Abbott et al., 2021; Reinig et al., 2021). 

3.3: Volcanic Origin of Greenland Stadial 20 

Both the Model 1 (‘Known Eruptions’) and Model 4 (‘Combination’) modelled 𝛿18O time-

series show considerable graphical and statistical similarities with the NGRIP 𝛿18O time-

series over the GS-20 onset period (Figures 10 and 12: oldest POI; Table 3; POI 3). The lack 

of a known NH eruption coinciding with the GS-21.1 onset (Rasmussen et al., 2014) lowers 

the statistical performance between the NGRIP 𝛿18O time-series and Model 1 (‘Known 

Eruptions’) modelled 𝛿18O time-series over the broader period (Table 3: POI 3), but this 

does not impact the strong graphical reproduction of the narrower abrupt GS-20 transition 

(Figure 10; oldest POI). Both the Model 1 (‘Known Eruptions’) and Model 4 (‘Combination’) 

modelled 𝛿18O time-series rely on the M8.8 Youngest Toba Tuff (YTT) eruption (Sumatra) 

dated at 73.88 ±0.32 ka BP (Storey et al., 2012) and the M8.1 Los Chocoyos eruption of 

the Atitlán volcano (Guatemala) recently re-dated to 75 ±2 ka BP (Cisneros de León et al., 

2021b). The ~1,000-year gap between each eruption is particularly noteworthy, as super-
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eruption doublets are extremely rare (Rougier et al., 2018; Paine et al., 2021). Over a single 

iteration, the chance of Model 3 (‘Weighted Probability’) or Model 4 (‘Combination’) 

generating two M8 eruptions within a 1,000-year window at any point over 100,000-years 

is ~0.04%; therefore, the chance of a single iteration of Model 3 (‘Weighted Probability’) 

generating two M8 eruptions within ~1,000 years at the onset of GS-20 within a generated 

volcanic time-series that performed well over the entire 100,000-year time frame is small. 

Consequently, it was extremely unlikely that Model 3 (‘Weighted Probability’) would 

reproduce GS-20 over one million iteration cycles relying on the current knowledge of 

volcanic magnitude-frequency relationships (Rougier et al., 2018); this offers a reasonable 

explanation for why the Model 3 (‘Weighted Probability’) modelled 𝛿18O time-series 

performed well over this period but did not reproduce GS-20 (oldest POI; Figure 11). As a 

result, abrupt millennial-scale climate change events not successfully reproduced by the 

models (e.g., GI-18) may simply reflect unknown clusters of eruptions. 

Most investigations exploring volcanism as a potential GS-20 trigger focus solely on the 

YTT eruption ~74 ka BP because the previous 84 ka BP date of the Los Chocoyos eruption 

(Drexler et al., 1980) placed the eruption well before GS-20. Some investigations make a 

case for considering the Toba eruption phases as a trigger for GS-20 (Zielinski et al., 1996), 

but others debate the role of Toba in driving GS-20 when considering climate modelling 

outputs and dating and sulphur load uncertainties (Oppenheimer, 2002; Robock et al., 2009; 

Williams et al., 2009; Polyak et al., 2017; Crick et al., 2021; Paine et al., 2021). For example, 

some investigations suggest that the Toba eruption phases amplified GS-20 to extremely 

severe conditions rather than triggering the abrupt cooling (Baldini et al., 2015; Crick et al., 
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2021). This is a vitally important suggestion in the context of the new date of the Los 

Chocoyos eruption, as it introduces the possibility that GS-20 relied on a supereruption 

doublet to trigger and amplify the extreme conditions of the period (Cisneros de León et 

al., 2021; Paine et al., 2021), a perspective supported by both previous results that a doublet 

eruption event during the Holocene triggered climatic impacts (Toohey et al., 2016; 

Cisneros de León et al., 2022) and the results of this investigation. The dating uncertainties 

of the two eruptions overlap, currently preventing an accurate reconstruction of the series 

of events leading up to GS-20 (Cisneros de León et al., 2021; Paine et al., 2021). Regardless, 

this investigation supports the recent suggestion that a supereruption doublet requires 

consideration when looking at the potential triggers and amplification of GS-20 (Baldini et 

al., 2015; Paine et al., 2021), which would also explain why previous modelling attempts 

using only the Toba eruption ~74 ka BP could not trigger and sustain GS-20 (Robock et al., 

2009). 

3.4: Cross Model Comparisons 

The statistical approach addressing the volcanic catalogue’s inferred undercount improved 

modelling performance over the 100,000-year time frame. Over the entire range of errors, 

there was no significant difference between the average error across all modelled 𝛿18O 

time-series at the 95% confidence interval (Welch’s ANOVA: F = 1.28, p = 0.28); post hoc 

analysis with a Bonferroni adjustment to reduce the probability of a Type I error (McEwan, 

2017) revealed that this was consistent when comparing all modelled 𝛿18O time-series 

individually (p > 0.05 in all cases). However, within the IQR of error, a significant difference 

between average errors across all modelled 𝛿18O time- series exists (Welch’s ANOVA: F = 



54 

2.81x103, p < 0.001); post hoc analysis with a Bonferroni adjustment revealed that the 

Model 4 (‘Combination’) output reproduced the NGRIP 𝛿18O time-series significantly better 

than any other model on average (µ = 3.23%, p < 0.001 in all cases). Furthermore, there 

was a significant difference in the average R2 produced over one million iterations of Model 

2 (‘Uniform’), Model 3 (‘Weighted Probability’), and Model 4 (‘Combination’) (Welch’s 

ANOVA: F = 2.13x107, p < 0.001); post hoc analysis with a Bonferroni adjustment revealed 

that Model 4 (‘Combination’) produced significantly higher R2 values than any other model 

on average (µ = 0.443, p < 0.001 in all cases). Moreover, the Model 4 (‘Combination’) output 

produced the single highest R2 value over the entire 100,000-year time frame (Figure 16; 

Table 3).  

Graphically, the Model 3 (‘Weighted Probability’) and Model 4 (‘Combination’) modelled 

𝛿18O time-series reproduce the erratic nature of the NGRIP 𝛿18O time-series better than the 

Model 1 (‘Known Eruptions’) modelled 𝛿18O time-series. The Model 1 (‘Known Eruptions’) 

output is more muted in general, especially between 45 – 100 ka BP (Figure 10, 11 and 12). 

The fact that Model 4 (‘Combination’) outperformed Model 1 (‘Known Eruptions’) 

statistically and graphically suggests that the weighted probability approach to address the 

inferred undercounts in the volcanic catalogue is effective; the combination of the known 

volcanic catalogue with the generation of statistically-grounded ‘missing’ eruptions 

considerably enhanced the explanatory power of explosive volcanism in terms of catalysing 

millennial-scale climate change over the last 100 ka BP. However, the Model 4 

(‘Combination’) 𝛿18O time-series produced some considerable overestimations of the  
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NGRIP 𝛿18O time-series (Section 3.1.2 and Figure 12). Therefore, it is important to 

acknowledge that, even though the weighted probability approach to generating ‘missing’ 

eruptions has merit, it has the potential to produce anomalies with sizable errors, even in 

well-performing 𝛿18O time-series. However, these over-estimations were caused by the 

coincidence of more than one large eruption, some of which were randomly generated and 

may not have occurred at that time. Significantly, this observation supports the previous 

contention that GS-20 (which was particularly severe) was triggered by a super-eruption 

doublet.  

This observation is also significant in the context of the wider literature. For example, it 

provides a developed statistical grounding supporting the hypothesis that it is likely that 

‘missing’ eruptions in the volcanic catalogue could explain some periods of abrupt climate 

change (Baldini et al., 2015). Furthermore, this research underscores the importance of 

considering possible rare but high impact large magnitude volcanic eruptions in climate 

forecasting and hazard planning (Papale, 2018; Rougier et al., 2018), because these 

eruptions triggered the most severe abrupt millennial-scale climate change across all 

modelled outputs. Finally, this research illustrates how identifying and dating eruptions is 

vital for better understanding the impacts of volcanism, including quantifying climate 

effects and for evaluating risks associated with eruption return periods. The improved date 

of the Los Chocoyos eruption exemplifies this by offering a new reasonable explanation to 

counter the previous negation of the potential that explosive volcanism triggered GS-20 

(Paine et al., 2021). 
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3.5: Limitations 

A limitation of this investigation was the existence of slight offsets between some modelled 

outputs and the NGRIP 𝛿18O time-series over abrupt climate change periods, limiting the 

statistical significance. The abrupt climate change period reproduced by Model 1 (‘Known 

Eruptions’) ~39 ka BP illustrates this issue (middle POI; Figure 10); the abrupt climate 

change nature was well reproduced by triggers such as the Campanian eruption at 40 ±

0.1 ka BP (Fedele et al., 2008), but it is offset from the NGRIP 𝛿18O time-series by ~1,000 

years. Graphically, identifying and considering this offset is straightforward. However, the 

regression analysis relied on the modelled and NGRIP 𝛿18O time-series being almost 

perfectly coincident for a strong statistical reproduction of each abrupt climate change 

event. The regression analysis reports a poor performance for events that are not perfectly 

coincident, as revealed by the poor statistical performance of Model 1 (‘Known Eruptions’) 

over 35-45 ka BP (POI 2; Table 3). As a result, between 35-45 ka BP, the graphical and the 

statistical results for Model 1 (‘Known Eruptions’) produce inconsistent reports of model 

success. Considering eruption dating uncertainties could maximise the correlation between 

the two-time series and offer a solution to this issue. 

Another limitation of this investigation was calculating the iteration cycle performance over 

100 ka BP; calculating performance over this long period disproportionately favoured the 

reproduction of abrupt climate change events which required single, highly probable 

eruptions compared to those which required rare clusters of large magnitude eruptions, 

such as GS-20 (Section 3.3). As a result, the feasibility of explosive volcanism as a potential 

trigger of abrupt millennial-scale climate change at individual event level requires further 
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investigation. A solution for this issue could involve running additional iteration cycles over 

short windows which have known abrupt millennial-scale climate change events. This 

would provide a more equally weighted investigation of the feasibility of volcanism as the 

potential trigger of rarer and more extreme abrupt millennial-scale climate change events. 
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Section 4: Conclusion 

In conclusion, this investigation suggests it is highly likely that explosive volcanism could 

have triggered millennial-scale climate change over the last 100 ka BP. All modelled 𝛿18O 

time-series underpinned by current knowledge of volcanic magnitude-frequency behaviour 

generated compelling reproductions of the NGRIP 𝛿18O time-series over the last 100 ka BP, 

through both graphical comparisons and statistical analysis. This investigation has found 

that explosive volcanism was especially likely to have triggered both the BA-YD and GS-20 

abrupt climate change transitions, as modelled outputs that integrated the known eruption 

catalogue reproduced these periods well. Furthermore, as the Model 4 (‘Combination’) 

time-series output outperformed Model 1 (‘Known Eruptions’), this investigation strongly 

supports the hypothesis that unknown eruptions could have triggered millennial-scale 

climate change events that occurred during large gaps in the known eruptions catalogue. 

Future research investigating explosive volcanism as a potential millennial-scale climate 

trigger should consider eruption dating uncertainties to address offsets between modelled 

and the NGRIP 𝛿18O time-series, as well as focussing modelling on shorter windows to 

investigate the plausibility of explosive volcanism as a potential trigger of millennial-scale 

climate change at an individual event level.  

Finally, the finding that atmospheric CO2 concentrations modulated climatic baseline 

conditions and abrupt climate change recovery rates in the statistical model indicates the 

crucial importance of reducing anthropogenic CO2 emissions. The exponential relationship 

between atmospheric CO2 concentration and millennial-scale climate change GRR (Section 

2.1.3) indicates how important low atmospheric CO2 concentration may be for reducing the 
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longevity of millennial-scale climate change events, especially after an extremely 

perturbing large magnitude eruption; reducing atmospheric CO2 concentration is likely one 

of the few ways humans can mitigate the severity of abrupt climate change effectively. In 

the context of modern-day atmospheric CO2 concentration, the results of this investigation 

illustrate how crucial it is that climate change forecasts adequately acknowledge the 

potential severity and abrupt nature of climate change that an explosive eruption could 

trigger; although modern-day sea-level prevented large millennial-scale climate change 

events in this investigation, informed forecasting requires further research efforts to gain a 

better understanding of the potential control of eruption nature and climate boundary 

conditions on future millennial-scale climate change events. 
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Appendix 

Appendix 1 

Volcano Year of Eruption (a BP) Magnitude (M) 

Long Island 304 6.3 

Huaynaputina 350 6.1 

Healy 590 5.9 

Okataina 640 6.3 

Rinjani 693 6.4 

Cotopaxi 719 5.1 

Billy Mitchell 849 5.8 

Dakataua 998 7.4 

Changbaishan 1008 -7.4 

Churchill 1103 -6.1 

Pago 1106 6.3 

Pago 1260 5.8 

Rabaul 1267 6 

Maca 1400 5.2 

Krakatau 1534 7.1 

Pago 1640 5.8 

Details of all known eruptions used to trigger abrupt climate change events in 

Model 1 (‘Known Eruptions’) and Model 4 (‘Combination’). Negative magnitudes 

represent NH eruptions; positive magnitudes represent SH eruptions.  
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Volcano Year of Eruption (a BP) Magnitude (M) 

Ksudach 1710 -6.2 

Taupo 1720 6.9 

Ambrym 1760 6.8 

Churchill 1837 -6.2 

Okmok 2026 -6.7 

Misti, El 2030 5.2 

Antillanca Group 2180 5.5 

Atacazo 2232 5.3 

Sollipulli 2927 5.9 

Aguilera 3200 5.8 

Pago 3320 6.5 

Taupo 3410 6.2 

Vesuvius 3500 -6.6 

Santorini 3560 -6.5 

Aniakchak 3595 -6.9 

Villarrica 3800 5.7 

Burney, Monte 4270 5.4 

Long Island 4353 6.3 

Cotopaxi 4808 5.4 

Atacazo 5040 5.2 

Pinatubo 5500 -6.1 
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Volcano Year of Eruption (a BP) Magnitude (M) 

Okataina 5530 6 

Fisher 5841 -6.2 

Pago 5950 6 

Cotopaxi 6574 5.8 

Macauley Island 7170 6.7 

Mashu 7500 -6.3 

Mentolat 7530 5.1 

Crater Lake 7627 -6.8 

Khangar 7649 -6.3 

Hudson, Cerro 7710 6.3 

Okataina 8010 5.8 

Karkar 8268 6 

Tao-Rusyr Caldera 8290 -7 

Kurile Lake 8387 -7.2 

Cotopaxi 8487 5.8 

Vesuvius 8890 -6.1 

Burney, Monte 9400 5.5 

Okataina 9510 5.7 

Chaitén 9700 5.5 

Taupo 10080 5.5 

Grímsvötn 10180 -6.6 
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Volcano Year of Eruption (a BP) Magnitude (M) 

Minchinmávida 10380 6 

Lvinaya Past 10650 -7 

Longonot 10860 6.7 

Taupo 11190 5.4 

Toluca, Nevado de 12450 -6.3 

Laacher See 12880 -6.2 

Okataina 13598 6.4 

Mashu 13850 -6.2 

Reclus 14817 6 

Misti, El 14984 5.2 

Okataina 15425 5.4 

Hudson, Cerro 17370 6.3 

Okataina 17625 6.1 

Agua de Pau 17838 -6.1 

Rabaul 20982 6 

Okataina 21800 5.9 

Taranaki [Egmont] 23649 5.3 

Sete Cidades 24691 -6.1 

Okataina 25271 6.5 

Kerguelen Islands 26000 6.7 

Diablotins, Morne 26581 -6.1 
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Volcano Year of Eruption (a BP) Magnitude (M) 

Taupo 27100 8.1 

Nemo Peak 28084 -6.7 

Apoyo 28762 -6.2 

Misti, El 29796 5.4 

Láscar 30000 6.3 

Taupo 30092 5.8 

Sheveluch 32161 -6.2 

Okataina 32301 6 

Menengai 33000 6.4 

Trois Pitons, Morne 36385 -6.4 

Misti, El 36585 5.4 

Rabaul 38640 5.7 

Misti, El 38716 5.4 

Erebus 39000 6 

Misti, El 39174 5.2 

Campi Flegrei 39300 -7.1 

Krasheninnikov 42410 -6.4 

Chillán, Nevados de 42565 6 

Ksudach 43858 -6.8 

Pacaya 44716 -6.6 

Opala 44902 -7 
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Volcano Year of Eruption (a BP) Magnitude (M) 

Coatepeque Caldera 56900 -6.3 

Ischia 58000 -7.1 

Kapenga 61000 6.4 

Akademia Nauk 69400 -6.1 

Coatepeque Caldera 70000 -6.6 

Toba 73880 -8.8 

Atitlán 75000 -8.1 

Asosan 87000 -7.7 

Rabaul 100000 6 
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Appendix 2 
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