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Abstract. Dated to ca. 13,000 years ago, the Laacher See (East Eifel Volcanic Zone) eruption was one of the largest mid-latitude

Northern Hemisphere volcanic events of the Late Pleistocene. This eruptive event not only impacted local environments and

human communities but probably also effect Northern Hemistpheric climate. To better understand the impact of a Laacher

See-type eruption on NH circulation and climate, we have simulated the evolution of its fine ash and sulfur cloud with an5

interactive stratospheric aerosol model. Our experiments are based around a central estimate for the Laacher See aerosol cloud

of 15 Tg of sulfur dioxide (SO2) and 150 Tg of fine ash, across the main eruptive phases in May and a smaller one in June

with 5 Tg SO2 and 50 Tg of fine ash. Additional sensitivity experiments reflect the estimated range of uncertainty of the

injection rate and altitude and, assess how the solar-absorptive heating from the fine ash emitted in the first eruptive phase

changed the volcanic cloud’s dispersion. The chosen eruption dates were determined by the stratospheric wind fields to reflect10

the empirically observed ash lobes as derived from geological, palaeo-ecological and archaeological evidence linked directly

to the prehistoric Laacher See eruption. Whilst our simulations are based on present-day conditions, and we do not seek

to replicate the climate conditions that prevailed 13,000 years ago, we consider our experimental design to be a reasonable

approximation of the transport pathways in the mid-latitude stratosphere at this time of year. Our simulations suggest that the

heating of the ash plays an important role for the transport of ash and sulfate. Depending on the altitude of the injection, the15

simulated volcanic cloud begins to rotate one to three days after the eruption. This meso-cyclone, as well as the additional

radiative heating of the fine ash, then changes the dispersion of the cloud itself to be more southward compared to dispersal

estimated without fine ash heating. This ash cloud-generated southerly migration process may at least partially explain why,

as yet, no Laacher See tephra has been found in Greenland ice-cores. Sulfate transport is similarly impacted by the heating of

the ash, resulting in a stronger transport to low latitudes, later arrival of the volcanic cloud in the Arctic regions and, a longer20

lifetime compared to cases without injection of fine ash. Our study offers new insights into the dispersion of volcanic clouds

in mid-latitudes and addresses a likely behaviour of the ash cloud of the Laacher See eruption that darkened European skies at

the end of the Pleistocene. In turn, this study can also serve as significant input for scenarios that consider the risks associated

with re-awakened volcanism in the Eifel.
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1 Introduction

The very large magnitude explosive eruption of the Laacher See volcano (LSE), Volcanic Explosivity Index 6, dated to ca.

13,000 yrs ago (13 ka before present (BP)) (Reinig et al., 2020) marked the end of explosive volcanism in the now dormant

East Eifel Volcanic Zone (Germany). It was amongst the largest Late Pleistocene volcanic events in the Northern Hemisphere

(NH) and has previously been suggested to have temporarily impacted not only local environments (Baales et al., 2002), but30

also regional NH climate (Graf and Timmreck, 2001), as well as human communities even at some distance, e.g. in southern

Scandinavia (Riede, 2008; Blong et al., 2018). It has also been suggested repeatedly - most recently by Baldini et al. (2018) -

that the eruption may in fact be implicated in the onset of the Greenland Stadial 1 cold spell that significantly interrupted the

general warming trend of the Last-Glacial-Interglacial Transition and which led to the Younger Dryas ecological deterioration.

The latter hypothesis is contested, however, due to uncertainties related to the dating of the LSE itself (see, Bronk Ramsey et al.,35

2015; Reinig et al., 2020; Svensson et al., 2020) and the difficulty of linking this eruption conclusively to the Greenlandic ice-

cores (e.g., Abbott and Davies, 2012), where a clear chemical signal or actual tephra shards from this eruption remain unclear.

Rather detailed reconstructions of the Laacher See eruption dynamics have been proposed (e.g., Schmincke et al., 1999;

Bogaard and Schmincke, 1985; Schmincke, 2010). The eruption might have lasted several weeks possibly even months, most

likely with an initial short (about 10 h) and intense phase (LLST), followed by a later explosive phase (MLST-C) interspersed40

with and followed by eruption activity of varying intensity. Finds of plant macrofossils and animal tracks embedded in the

proximal fallout of the eruption have revealed some important details: Finds of leaves and the tracks left by young animals

indicate a late spring/early summer date of the eruption (Baales et al., 2002); this seasonal determination is supported by

highly resolved palaeoecological observations in, for instance, varved lake sediments that indicate fallout ash deposition after

the formation of the winter layer but also prior to the deposition of sediments associated with summer (e.g., Merkt and Müller,45

1999; Hajdas et al., 1995). The same animal prints also suggest that the eruption lasted long enough and was characterised by at

least some subdued phases for rain to fall and for animals to make their way through the ash-covered landscape. The distal ash

distribution is also interesting in this regard. The LSE shows an unusual, two-lobed pattern (Fig. 1) with deposits belonging to

a massive primary lobe stretching over north-east Germany and the Baltic Sea towards north-west Russia, and a secondary lobe

leaving deposits to the south of the volcano towards the Alps (Riede et al., 2011; Reinig et al., 2020). This two-lobed fallout50

distribution also suggests that (i) the eruption phases were of very different intensity with ejecta reaching different heights

dominated by different wind directions, and/or that (ii) the duration of the eruption was long enough for the dominant wind

directions to shift significantly. The eruptive phases are, following Schmincke (2010), divided into Lower Laacher See Tephra

(LLST, first Plinian stage) and Middle Laacher See Tephra (MLST A, B, C; second Plinian stage), and a late and generally less

explosive Upper Laacher See Tephra (ULST). These data are used to constrain the novel simulations presented here.55

Ash particles are relatively large and sediment quickly out of the stratosphere usually already during the first days after an

eruption, although some very fine ash particles can remain in the stratosphere for longer (Vernier et al., 2016). Mossop (1964)

showed that after the Mt Agung eruption only particles with diameters smaller than 0.6 µm stayed about one year or longer in

the stratosphere. Since the first in-situ measurements more than 50 years ago (e.g., Mossop, 1964; Lamb and Sawyer, 1970)
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Figure 1. A: The currently known extent of the Laacher See tephra. The cyan circle marks the eruptive centre, the cyan lines approximate

the main fall-out lobes. Find localities outside of these lobes likely reflect on very minor tephra fall or fluvially deposited ejecta (e.g along

the River Rhine. B: The stratigraphy of the near-vent Mendig facies (where the MLST is poorly represented, from Harms and Schmincke

2000) and a schematic of the reconstructed eruption column height, following Schmincke (2004). LLST and MLST-C were the main eruptive

phases.

fine volcanic ash has been observed with various in-situ measurement techniques over the last decades (see e.g. overview60

articles by Mackie et al., 2016; Prata, 2016). The volcanic cloud interacts with solar and terrestrial radiation. The ash is heated

by absorption of solar radiation causing an additional vertical updraft (Muser et al., 2020) and may cause the development of

a meso-cyclone (Baines and Sparks, 2005; Chakraborty et al., 2009; Niemeier et al., 2009; Ungarish et al., 2016). This heating

occurs right after the eruption, before the substantial formation of sulfate aerosols. Regionally, the heating can have an impact

on the transport of the volcanic cloud in the first three weeks after the eruption, but following (Niemeier et al., 2009), the impact65

on global sulfate burden is small in the year after the eruption. Sulfate aerosols absorb terrestrial and near-infrared radiation as

well. The consequent heating of the volcanic cloud enhances transport towards the equator when aerosol-radiation interaction

was incorporated into the models (Timmreck and Graf, 2006; Aquila et al., 2012).

Considerable advances in the modelling of volcanically-induced climatic forcing of NH mid-latitude eruptions have recently

been made (Toohey et al., 2019), and these warrant renewed attention to the prehistoric LSE’s potential influence on NH70

climate. The rich volcanological detail associated with this Late Pleistocene eruption facilitates a robust understanding of its

interaction with the meteorological conditions shaping its ash and aerosol dispersal. These interactions, in turn, are important

for not only addressing the enigmatic absence of this eruption in the ice-core records as well as for unraveling what if any
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climatic effects associated with the eruption may have influenced the human responses observable in the archaeological record.

These responses range from regional depopulation to migration and cultural florescence but it remains contested as to whether75

the reduction in ecosystem services due to tephra fall or the climatic impacts of the eruption shaped these responses (Riede,

2017; Blong et al., 2018). In addition, recent research is also revisiting the LSE as a model worst-case scenario (cf., Aspinall

and Woo, 2019) for considering the damages, costs and surge capacity requirements of contemporary society to a potential

Laacher See-type eruption (Leder et al., 2017; Riede, 2017). The practice of using historical eruption data to constrain future

emergency planning is well-established in municipalities plagued by active volcanism (e.g. Vesuvius: Mastrolorenzo et al.,80

2006; Zuccaro et al., 2008; Martin, 2020). A number of national governments also use, for instance, Laki-type eruptions to

derive so-called Realistic Disaster Scenarios (Mazzorana et al., 2009) for the long-range aerosol-mediated impacts of NH

volcanism on contemporary societies (Schmidt et al., 2011; Sonnek et al., 2017). Developing robust models for a Laacher See-

type eruption and its potential impact would thus not only facilitate a further exploration of the impact of the actual eruption

on past communities but also its use as a Realistic Disaster Scenario that addresses the combination of ash- and sulfate-driven85

impacts as well as critical issues of communication, cross-border coordination, migration and infrastructural damage beyond

the proximal impact zone (Donovan and Oppenheimer, 2018).

Against this background and building on much earlier work by Graf and Timmreck (2001), we here present new simulations

of a Laacher See-type eruption under present-day climatic conditions. We do not attempt to reconstruct the climatic impact

of the LSE itself as it occurred during the Late Pleistocene, but draw on available volcanological and palaeoecological proxy90

data to realistically constrain our simulation (Section 2). We thus use the prehistoric LSE as a shorthand for a substantial,

highly explosive Plinian NH mid-latitude (Laacher See-type) eruption. We present significant new insights into ash transport

and deposition (Section3.1) as well as the role of fine ash for the transport of sulfate and for the magnitude of climatic forcing

associated with such a mid-latitude eruption (Section 3.2). While our simulations do not attempt to reconstruct the likely

climatic impacts of the Late Pleistocene LSE itself, our study does have implications for our understanding of that eruptive95

event and its socio-ecological consequences.

2 Model and Simulations

2.1 Model description

The volcanic aerosol simulations reported here were performed with the middle atmosphere version of the general circulation

model (GCM MAECHAM5 (Giorgetta et al., 2006). MAECHAM5 was applied with the spectral truncation at wave-number100

63 (T63), a grid size of about 1.8◦× 1.8◦, and 95 vertical layers up to 0.01 hPa. The model solves prognostic equations for

temperature, surface pressure, vorticity, divergence, and phases of water. MAECHAM5 was interactively coupled to the prog-

nostic modal aerosol microphysical model HAM (Stier et al., 2005), which calculates the sulfate aerosol formation including

nucleation, accumulation, condensation and coagulation, as well as its removal processes by sedimentation and deposition. To

simulate the evolution of a volcanic cloud, HAM was adapted to a stratospheric version (Niemeier et al., 2009). The initial105

conversion of SO2 into H2SO4 is simulated with a simple stratospheric sulfur chemistry scheme, which is applied above the
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tropopause (Timmreck, 2001; Hommel et al., 2011). We prescribe reactive gases (e.g. ozone (O3), nitrogene oxides, hydroxyl

radical (OH)) and photolysis rates of Carbonyl sulfide (OCS), H2SO4, SO2, SO3, and O3 on a monthly mean basis. Therefore,

we can parameterize the depletion of OH due to high sulfur load (Mills et al., 2017) only: reduction of OH by 90% for the

first 10 days, and by 50% until 30 days after the eruption. The uptake of SO2 on ash< (Zhu et al., 2020) is not included in110

our simulations. For these simulations, only sulfur sources relevant for stratospheric background concentration were taken into

account: DMS was emitted (Stier et al., 2005) and OCS concentrations are prescribed at the surface and transported within the

model. The stratospheric setup of HAM is described in detail by Niemeier and Timmreck (2015).

Ash particles are relatively large and sediment quickly out of the stratosphere, usually already during the first days after the

eruption. We simulate fine ash with one mode only and do not take into account large ash particles that fall out swiftly and115

usually very close to the eruptive centre. For the fine ash mode we assume a geometric standard deviation of σ = 1.8, a density

of 2400 kg m−3, a mean radius of r = 2.43 10−6 m and an effective radius of reff = 4.16 10−6 m similar to the simulation

of the June 1991 Pinatubo eruption by Niemeier et al. (2009). The direct radiative effect of fine ash and sulfate aerosol is

included for both solar (short wave, SW) and terrestrial (long wave, LW) radiation, and coupled to the radiation scheme of

ECHAM. The model diagnoses the instantaneous aerosol radiative forcing, via double-call to the radiation, once with aerosol120

and once with an extra diagnostic call without aerosols. The fine ash and sulfate aerosols both heat the stratosphere, and thereby

dynamically influence the resulting processes via circulation changes caused by absorption of near-infrared and LW radiation.

This model has already been successful applied for the simulation of recent and past large volcanic eruptions (e.g., Niemeier

et al., 2009, 2019; Toohey et al., 2016, 2019). However, earlier studies with MAECHAM5-HAM were often performed with a

lower horizontal and vertical resolution. The impact of model resolution on the results is discussed in Niemeier and Schmidt125

(2017) and Niemeier et al. (2020a).

2.2 Simulations

2.2.1 General setup

The simulation were started from a present-day control simulation and lasted for 1.5 years after the eruption. Land-sea mask,

sea surface temperature (SST) and sea ice are prescribed for present-day conditions. SST and sea-ice are set to climatological130

values (Hurrell et al., 2008), averaged over the period 1950 to 2000. Although our boundary conditions are not representative

for the SST during the Late Pleistocene, we assume that their impact on our results is small especially as the eruption itself

almost certainly caused a strong disturbance in stratospheric flow pattern. By the same token, given that Arctic sea ice cover

during the Late Pleistocene differed from today and given that stratospheric dynamics respond to sea ice conditions (Jaiser

et al., 2013), it is highly likely that stratospheric conditions also differed. This might also cause the timing of the break-up135

of the polar vortex to differ from the year these simulations are representing. Consequently, the the specific meteorological

situation that caused the observed ash lobes could have occurred later in spring than in the model world of our simulations.
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2.2.2 Source parameters

The eruption is initialized over the grid box where the Laacher See is located (50.24◦N, 7.16◦E). An eruption history of the

LSE has been reconstructed and described in detail by Schmincke et al. (1999) whose eruption chronology we follow here for140

setting the basic emission parameter ranges. The setup of the model experiment ensures that the transport of the ash in the

simulations captured the observed two-lobed pattern in the tephra deposits within two distinct eruption phases. Firstly, a ten

hour-long strong explosive eruption phase, corresponding to the LLST, were ash is transported to the north-eastward lobe and

a second less substantial three hour-long phase, corresponding to eruption phase MLST-C, depositing ash in the southward

direction.145

Only limited information exists for determining how much fine-ash has to be emitted in the model experiments. In addi-

tion, only limited particle size data for the distal Laacher See tephra are available (Riede and Bazely, 2009). These data are

heterogeneously generated and not directly comparable to present-day instrumental observations, nor are they representative

of the LSE on the whole – and hence not appropriate as modelling input. While comparable in Volcanic Explosivity Index

(Newhall and Self, 1982), the calculated magnitude of the LSE (M = 6.2) is slightly greater than the 1991 Mt. Pinatubo erup-150

tion (M = 6). Textor et al. (2003) estimated 1 to 10 km3 erupted tephra mass or 20 km3 of ejecta (Baales et al., 2002) for

LSE. Yet, the amount of fine ash that reached the stratosphere was likely much smaller. When simulating the Pinatubo volcanic

aerosol cloud, Niemeier et al. (2009) used a 1% figure to determining the fine ash mass to the stratosphere (Guo et al., 2004),

and given the large uncertainties, we consider it a reasonable approximation also for the LSE cloud. Over all, only very limited

information exists to determine how much fine-ash has to be emitted in the model experiments, and our best-estimate fine-ash155

emission of 150 Tg in eruption phase one is based on the eruption rate of 4× 108 kgs−1 given in Textor et al. (2003), based

on a 10-hour duration and approximately 1% of the mass emitted having been fine ash. for the explosive LLST and MLST-C

phases.

The amount of sulfur released during the ancient LSE is not very well known, and estimates span a range of almost three

orders of magnitude (Baldini et al., 2018). To explore the range of most likely estimates (Textor et al., 2003) in our study,160

we therefore performed simulations with three different SO2 emissions: 1.5, 15 and, 100 Tg (SO2). We define here the 15

Tg (SO2), which was also used in the study of Graf and Timmreck (2001) together with 150 Tg of fine ash as our reference

emission scenario. The ratio of erupted mass of SO2 to fine ash (1:10) is assumed to be constant in all the simulations discussed

here. The injected amount of particles stays in a constant ratio to the injected mass to keep the radii of the injected particles the

same in all simulations, e.g. 2.2 1023 for 15 Tg(SO2) injection and 14.8 1023 for 100 TgSO2 injection.165

No information is available for the injection profile. Observations made during recent eruptions as well as numerical sim-

ulations suggest a separation of ash and sulfate in the eruptive cloud (e.g., Schneider et al., 1999; Holasek et al., 1996; Prata

et al., 2017) with a lower neutral buoyancy height for fine ash than for sulfur. In the absence of pertinent data we assume for

our simulations an injection profile for SO2 and fine ash which has been derived from satellite observations and been employed

for the simulation of the 1991 Mt Pinatubo-like eruption (Niemeier et al., 2009). The 1991 Mt. Pinatubo-type eruption was a170

tropical one. Mid- to high-latitude eruptions might not reach as high into the stratosphere given that the erupted column reaches
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a buoyancy level with the local environment at lower altitude. We therefore also consider two scenarios with lower injection

altitudes: 60 and, 100 hPa for SO2, and 80 and, 120 hPa for fine ash, keeping the vertical offset between the sulfur and ash

emission layers constant.

For the second eruption phase we conservatively assume an injection of one third of the first eruption phase for SO2 and fine175

ash based on the respective tephra volumes of the proximal LLST and MLST-C deposits. We also adopt the injection profile of

the second eruption phase assuming with 220 hPa for SO2 and 240 hPa for fine ash lower injection altitudes compared to the

first phase which did just reach the lowermost stratosphere. An overview of the different LSE simulations is given in Table 1.

Table 1. Overview of the different LSE-type simulations. The emitted mass of the second eruption is 1/3 of the first eruption for SO2 and

ash, respectively. The first number of the injection altitude is the altitude of the SO2 injection, the second of the ash injection. The duration

of the first phase (LLST) was assumed to be 10 hours and the second phase (MLST-C) 3 hours.

First phase (LLST) Second phase (MLST-C)

No Emission Fine ash

mass

Injection

altitude

Date Emission Fine ash

mass

Injection

altitude

Date

[Tg SO2] [Tg ash] [hPa] [Tg SO2] [Tg ash] [hPa]

LSE-30 15 150 30/50 May 7th 5 50 220/240 June 20th

LSE-60 15 150 60/80 May 7th 5 50 220/240 June 20th

LSE-100 15 150 100/120 May 7th 5 50 220/240 June 20th

LSE-30-low 1.5 15 30/50 May 7th 0.5 5 220/240 June 20th

LSE-30-strong 100 1000 30/50 May 7th 33.3 333.3 220/240 June 20th

LSE-30-May15 15 150 30/50 May 15th 5 50 220/240 June 20th

LSE-30-May22 15 150 30/50 May 22nd 5 50 220/240 June 20th

LSE-30-noash 15 0 30/- May 7th 5 0 220/ - June 20th

LSE-100-noash 15 0 100/- May 7th 5 0 220/ - June 20th

LSE-30-May15-noash 15 0 30/- May 15th 5 0 220/- June 20th

LSE-30-May22-noash 15 0 30/- May 22nd 5 0 220/- June 20th

2.2.3 Eruption day

The initial distribution and subsequent evolution of the volcanic cloud depends on the meteorological conditions of the strato-180

sphere at the time of the eruption (Marshall et al., 2019; Toohey et al., 2019). This is particularly pronounced in mid-latitude

eruptions but holds also true for tropical eruptions (Jones et al., 2016). Fine ash deposition patterns reflect the transport of

volcanic ash over several hundred kilometers, which is mainly determined by the meteorological situation in the lower strato-

sphere at the time of the eruption. Test simulations aimed at finding an appropriate injection day showed that the meteorological

conditions in the troposphere were less important.185
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Figure 2. Streamlines over Europe of the undisturbed zonal wind [ms−1] at 48 hPa. The panels show 1-week separated snapshots of the

flow pattern in May with a) westward flow over central Europe on May 1st, b) eastward flow on May 7th and, north-westward flow on c)

May 15th and d) May 22nd. The red dots mark the eruptive centre.

The palaeontological (botanical and trace-zoological) evidence preserved in the proximal LSE ash deposits offers strong

indications of a late spring/early summer date of the eruption. Still, it is almost impossible to simulate an ash deposition pattern

in a numerical model that reflects exactly an empirically known one, not least a deposition pattern as complicated as that of

the ancient LSE. For a present-day eruption, observational data could be used together with nudging (e.g. ECMWF analysis

data), to push the model into a state that is similar to the weather and wind situation at the eruption day. As this nudging of190

meteorological variables is not possible for simulations of ancient eruptions, we used the known tephra lobe deposition as a

footprint on the surface helping us to identify possible conditions in the stratosphere during the LSE in the Late Pleistocene:

south-westerly wind causing transport to the Baltic Sea for the first explosive eruption phase (LLST) and northerly wind for

the second explosive eruption phase (MLST-C). Winds in the stratosphere vary strongly by season. During summer at an

altitude of 30 hPa, easterly winds between 50◦N and 60◦N are dominant, westerly winds during winter (Andrews et al., 1987).195
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During spring, and after the break-down of the polar vortex, different transport directions are possible due to more unstable

meteorological conditions with local low or high pressure systems. It is these that would allow a transport of the ash from the

East Eifel towards the Baltic Sea.

We performed a 20-year control simulation without any volcanic emission, with climatological SST values but a free run-

ning atmosphere, and thus, constantly changing meteorological conditions. We checked the meteorological situation in the200

stratosphere in spring of three of the 20 years. In May of one year we found a situation similar to the assumed conditions at

the prehistoric LSE. Figure 2 shows the flow pattern at 48 hPa, close to our reference injection height for different days in May

of this specific year. Our model shows strong easterly winds from late May onwards, for instance, on May 22nd (Figure 2, d).

We therefore selected early May for the model initialisation and the volcanic ash and SO2 emission, even if this is not in full

agreement with the palaeontological evidence. The best agreement of the spatio-temporal distribution between simulated and205

observed ash deposits was found for May 7th as starting day for the LLST eruption phase (LSE-30, see definition of simulations

in Table 1). We performed two additional simulations with explosive eruption events on May 15th (LSE-30-May15) and May

22nd (LSE-30-May22) to highlight the impact of the dynamic state of the stratosphere on the dispersion of the volcanic cloud.

Additionally, we performed simulations without the injection of fine ash for the three injection dates. This small ensemble

allows us to discuss the role of fine ash on tracer distribution and transport.210

In order to determine a day for the SO2 and ash emissions during the second eruptive phase (MLST-C), we continued

the simulation after the first explosive eruption, but without a second explosive eruption phase. This simulation provided the

basis for identifying a date when the volcanic cloud of the MLST-C phase would be transported to the south/south-west. The

meteorological situation that gave best agreement to the empirically known MLST-C tephra deposits were obtained for June

20th. This emission timing was chosen for all simulations despite the fact that after the first eruptive phase LLST, the dynamic215

conditions changed (as a result of the ash radiative effects, Figure A2) and the deposition structure of the second explosive

eruption phase was only reproduced in LSE-30.

3 Results

3.1 Simulation of fine ash

3.1.1 Sensitivity to emission altitude and rate220

Emission rate and altitude have a major impact on the deposition pattern of fine ash. In our study, the explosive eruption

days, May 7th for the first phase and June 20th for the second, were chosen to simulate as closely as possible the empirically

known tephra distribution of the LSE phases (Schmincke, 2010; Riede et al., 2011; Reinig et al., 2020) shown in Figure 1).

The transport towards the Baltic Sea after the first eruption is captured well in all simulations (Figure 3 a,c-f and, b) for ash

lobes). Compared to LSE-30, the transport of ash is straighter eastward and the distribution of deposited ash is longer with a225

narrower eastward spread in LSE-60 and LSE-100, where SO2 and ash are injected at lower altitudes. The pattern of deposited

ash in LSE4-30-low is similar, but, due to a tenfold lower injected mass, the absolute value is much smaller. The opposite is the
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case for LSE-30-strong. The main area of deposition is similar to LSE-30, but the spread is much greater and the ash deposits

correspondingly cover a much larger area.

Figure 3. Deposition of fallout ash accumulated over May and June following the explosive eruption phases in simulations LSE-30 to LSE-

30-strong. Simulations with injection of 150 Tg fine ash at different altitudes (a,c,d), Simulations with two different injection rates, both at

50 hPa for the fine ash (d, f), and, b) currently know distribution of all Late Pleistocene tephra deposits (black) of the LSE (LLST= green,

MLST= orange) (Riede et al., 2011; Reinig et al., 2020). Note that many LST finds are not directly associated to any specific eruption phase.

The light blue dot marks the eruptive centre.

The estimated pattern of tephra distribution of the MLST-C phase, main deposition towards the south, is also well captured230

in our central experiment LSE-30. Ash deposition in model runs LSE-60 and LSE-100 shows a similar pattern, albeit with

deposition occurring preferentially over the Adriatic Sea, and also over England and the North Sea. The southward distribution
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of fine ash deposition in LSE4-30-low and LSE-30-strong is very different. The absorption of radiation, mainly solar radiation,

heats the layer of ash ( Fig. A1). The ash-induced heating changes the wind pattern in the stratosphere. These changes depend

on the injection altitude and, more importantly, on the emitted mass. Consequently, the wind in the stratosphere is in different235

states on June 20th in all simulations (Figure A2) with the result that transport directions of the ash associated with the second

explosive phase (MLST-C) differ substantially between model runs and in relation to the empirical benchmark of the Late

Pleistocene eruption (Fig. 3 b). The differences in transport after the first phase are more related to a direct impact of the heated

ash cloud on the wind pattern in the stratosphere, as described in the next section.

Importantly, our results indicate almost no transport of ash to high latitudes, except in LSE-30-strong characterised by a very240

strong eruption rate. LSE-30 results in a small amount of deposited ash over Iceland (not shown), LSE-60 even slightly further

north. LSE-100 shows no ash deposition north of 70◦N. However, do note that our simulations represent only a single state

of the atmosphere out of many possible ones which possibly could also lead to the observed ash deposits. Thus, the simulated

winds reflect the prehistorical wind conditions in central Europe. Further away from the eruption site the transport path of the

tracer has been, most probably, different during the Late Pleistocene LSE.245

3.1.2 Role of rotating ash cloud

The simulated deposition pattern of ash of the LLST explosive eruption phase in May, with deposition along the Baltic Sea,

differs in shape in LSE-30 from LSE-60 and LSE-100. This feature is related to the heating of the ash due to absorption of solar

radiation and the consequent impact on the stratospheric winds. The heated air causes a vertical updraft, a change of density

and positive divergence due to expanding air at the top of the cloud where the vertical motion within the volcanic cloud turns250

into a horizontal outflow (for theoretical details see explanations in Baines and Sparks (2005); Costa et al. (2013)). Under the

influence of the Coriolis force the horizontally expanding air turns clockwise and may even cause an anti-cyclonic rotation, a

meso-cyclone, of the heated volcanic cloud. At night, the upper part of the cloud becomes colder. Without the heating of solar

radiation, upward motion of the cloud ceases and sedimentation increases. Then the cloud is no longer expanding, divergence

becomes negative, and the anticyclonic rotation is less pronounced but not breaking down. Without the radiative heating of the255

cloud, no rotation develops.

Figure 4 shows the streamlines of the wind slightly above the eruption altitude — the area of positive divergence described

above — for the three days after the first eruption phase of simulations LSE-30 and LSE-100. At the higher injection altitude (50

hPa) of LSE-30, the ash cloud starts rotating shortly after the eruption while for LSE-100 only a slight change of divergence

of the flow is simulated. The rotating ash cloud of LSE-30 stays closer to the eruptive centre as transport in the rotating260

cloud dominates over passive transport (compare Figures 4 a and d). The fast passive easterly transport of ash in LSE-100 is

diminished at the third day after the eruption, when the ash cloud of LSE-100 has risen, the cloud starts to rotate (May 10th)

and, transport becomes dominated by the rotation of the ash cloud.

One explanation of the later development of a rotating in LSE-100 is the vertical extension of the cloud which is driven by

the injection altitude. In LSE-30, the vertical distance to the tropopause is larger, allowing a larger vertical extension of the265

cloud and stronger heating. The vertical extension of the cloud is important for the development of the rotation (Baines and
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Figure 4. Ash concentration (shaded) and streamlines of the zonal wind for scenario LSE-30 (top, a-c) and LSE-100 (bottom d-f) at 12 UTC

on the 1st (left column) and 2nd (middle) and third (right) day after the 1st phase LLST. The ash is plotted in both scenarios in the second

vertical level above the injection altitude, 44 hPa and 96 hPa, respectively. The color scale of the streamlines is similar to Figure 2 but

represents 10 values between 0 and 20 ms−1. Note the different area in Figures e) and f) which can be seen as an extension of the area in

Figure d).

Sparks, 2005). In LSE-100 the ash cloud has to rise to higher altitudes, caused by the heating due to absorbed radiation (Muser

et al., 2020), before the rotation develops. In addition, the difference between the density of the cloud and the density of the

environment is larger at higher injection altitudes which may increase the velocity of the horizontal outflow. Previous work

on the formation of an umbrella or a rotating cloud (e.g. Baines and Sparks (2005); Costa et al. (2013)) does not discuss this270

aspect of ash cloud dynamics.

The rotating volcanic cloud may explain the local maxima and uneven deposition of Laacher See tephra in the eruption’s

medial field in particular (see Riede et al. (2011)). Our simulation scenarios demonstrate how the heated ash cloud impacts the

flow and the dispersion of the cloud itself. The clockwise turn of the wind field before the rotation develops (Fig. 3.1.2 and

the rotation of the air masses hinders transport to the north and this mechanism could therefore offer an explanation for the275

absence of LSE deposits in the Greenland ice-cores.
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Figure 5. Hovmøller diagram of zonally averaged sulfate burden, vertical integral of sulfate, over a period of 1.5 years after the first eruption

phase. Zero is in May, the month of the first eruption phase.
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3.2 Simulation of sulfate aerosols

3.2.1 Global distribution of sulfate burden

Sulfate aerosols have a longer lifetime than fine ash and elicit a stronger climate impact. The LSE is an extra-tropical eruption

and could, locally, have led to a stronger impact than a tropical eruption of the same size (Toohey et al., 2019). Following a NH280

eruption, sulfate is mainly transported within the Brewer-Dobson circulation (BDC) to higher northern latitudes (Figure 5).

The aerosols reach high latitudes about one to two months after the eruption. Smaller amounts of sulfate reach the equatorial

latitudes roughly three months after the eruption. They cross the equator with the transition to northern winter conditions and

are transported towards the southern high latitudes.

Meridional transport in the stratosphere is stronger within the lower stratosphere due to wave-induced turbulent structures285

which has implications for the simulated sulfate transport when injecting sulfur in different altitudes (Figure 5, a, c and e). In

LSE-30, the volcanic cloud arrives later at the pole with less sulfate than in LSE-60. Sulfur injection at 100 hPa, LSE-100,

causes the smallest burden but the aerosols stay longer in the stratosphere which is related to smaller particles (Figure A3).

The stronger meridional transport in the lower stratosphere results in a faster dilution of the injected sulfur and consequently

in smaller particles. This is in line with previous studies: Toohey et al. (2019) show that effective radii of volcanic sulfate290

particles are smaller for an initial injection at 100 hPa compared to an injection at 30 hPa. Stratospheric Aerosol optical Depth

and volcanic net radiative forcing results in Marshall et al. (2019) suggest a similar behaviour. Additionally, LSE-100 shows

the most pronounced transport to lower latitudes which reduces the local sulfur load as well as particle radii.

Changing the injection rate reveals a decreasing ratio of maximum burden to injected mass for the first step for LSE4-30-low

to LSE-30: 5.3 mgm−2 Tg−1 to 3.3 mgm−2 Tg−1, respectively. This is in line with previous work which shows a decreasing295

burden to injected mass ratio for tropical eruptions (English et al., 2013) and a comparative result of decreasing aerosol optical

depth to injected mass ratio for both tropical and extra-tropical eruptions (Marshall et al., 2019). This behaviour changes when

we increase the injection rate from LSE-30 to LSE-30-strong; the ratio increases from 3.3 to 3.7 mgm−2 Tg−1. This underlines

the non-linearity of the sulfate evolution and the role of the meso-cyclone in a strong eruption. In LSE-30-low the heating of

ash is too low for a pronounced rotation of the volcanic cloud and sulfate reaches high latitudes early. In LSE-30-strong the300

meso-cyclone causes both fast transport to high latitudes as well as stronger transport into the tropics and southern hemisphere

than in LSE-30. However, the lifetime of the aerosols is notably similar in both simulations.

The monthly mean sulfate burden in May and June (Figure 6) reveals more details regarding the differences in transport

within the first two months after the eruption for those simulations with different injection altitudes. In May, the main transport

occurs with easterly winds at 30 hPa (LSE-30) and with westerly winds in LSE-100 and LSE-60 (Figure A4). In LSE-30, the305

rotation of the volcanic cloud keeps the SO2 and sulfate aerosols over Scandinavia right after the eruption phase in May, while

in LSE-30-noash sulfate is transported to Greenland and Svalbard. In LSE-30 only a very small amount of sulfate reached the

pole in June, in contrast to LSE-30-noash. Comparing LSE-100 to LSE-100-noash the difference in transport is clearly related

to the rotation of the volcanic cloud. With ash (LSE-100) the cloud widens when it starts to rotate over Siberia in May. In

contrast, the cloud of simulation LSE-100-noash is transported straight over Siberia.310
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Figure 6. Monthly mean sulfur burden (SO2 plus sulfate) with (a, b, e,f) and without (c, d, g, h) the injection of ash. The Burden is averaged

over May and June for the scenarios LSE-30, LSE-100, LSE-30-noash and, LSE-100-noash with the same eruption rate but different injection

altitude (30 hPa, a to d) and 100 hPa, e to h).

In the 12 months following (Figure 7, b), we observe in the sulfate burden a stronger transport to high latitudes and less

equatorward transport into the tropics in LSE-30-noash compared to LSE-30 and similar for simulations LSE-100 and LSE-

100-noash. Overall, the rotating ash cloud adds a southern component to the transport. Additionally, the zonal mean heating

rates indicate a stronger heating right after the eruption at 50◦N in LSE-30 due to the presence of ash, as well as stronger heating

and vertical lofting in the volcanic cloud at 30◦N (Figure A1). Thus, the stronger equatorward transport with ash emissions315

results in a stronger heating as solar irradiation is stronger in mid- and low latitudes than at high latitudes.

The results of LSE-60 differ from LSE-30 as they show much faster transport to the pole (Fig. 5) LSE-60 and LSE-100 show

similar passive transport along the Baltic Sea right after the first eruption phase (LLST) (Figures 6 e and A4 a), but the transport

gets quite different with the onset of the rotation over Finland in LSE-60 and over Siberia in LSE-100. The consequence is

a strong poleward transport in LSE-60 but not in LSE-100. Thus, the rotation slows down the zonal transport but widens the320

cloud. These examples show that the transport depends on details of injection rate and altitude which impact the flow pattern

differently.

The impact of the second eruption is less strong, mainly because of the lower altitude of the eruption, but also because of the

smaller erupted mass. The lower altitude avoids a strong interaction with the sulfate of the first eruption. Otherwise enhanced
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Figure 7. Hovmøller diagram of zonally averaged sulfate burden for an assumed LSE-like eruption over a period of 1.5 years after the first

eruption phase. Left: Simulations with injection of fine ash a) LSE-30 c) LSE-100. Right: the corresponding simulations without the injection

of fine ash, b) LSE-30-noash and d) LSE-100-noash.

coagulation would cause larger particles. However, the second eruption adds to the sulfate burden as can be seen in results of325

June in Figure 5.

3.2.2 LSE eruption later in May

We discussed earlier the conditions in the stratosphere during a specific eruption date, May 7th. Fixing the eruption date in

this way allows us to match the ash lobes of the prehistoric LSE. The consequence of this forced date-fixing is, however,

that ensemble modeling was not possible. To mitigate this missing ensemble, usually necessary to take into account different330

states of dynamical conditions, we show results of LSE-like simulations, on May 15th (LSE-30-May15) and May 22nd (LSE-

30-May22) respectively (Figure 8). Both have a clear north-west component of the wind, with LSE-30-May15 oriented more

northward in the vicinity of an anti-cyclone (Figure 2). The distribution of sulfate is very different in both simulations (Figures
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Figure 8. Hovmøller diagram of zonally averaged sulfate burden for an assumed LSE-like eruption over a period of 1.5 years after the first

eruption phase. Eruption at May 15th (a, b) May 22nd (c, d) with injection of fine ash (a, c) and, without the injection of ash (b, c).

8 and 9). The slightly stronger northward transport at the edge of the clockwise rotating pressure system over Scandinavia

in LSE-30-May15 results in a volcanic cloud mostly located between 45◦N and 60◦N in May, compared to 30◦N to 50◦N in335

LSE-30-May22 (Figure 9). This minor difference in early transport results, eventually, in very different sulfate burden patterns

in June: the burden maximum in LSE-30-May15 is located at the pole, but in the sub-tropics in LSE-30-May22 This feature

continues later in time (Figure 8). This example underlines the importance of the specific wind pattern during the eruption

influencing downstream climate impacts.

3.2.3 Radiative forcing340

The radiative forcing at top of the atmosphere (TOA) of sulfate aerosols, is, in general, negative with regional values below

-2.5 Wm−2 in the NH for roughly one year after the eruption (Figure 10). During polar nights the additional absorption of

near infrared and LW radiation due to the volcanic aerosol lead to positive forcing anomalies around 2 Wm−2 at high latitudes.

The lower injection altitude in LSE-100 results in a slightly stronger negative forcing peak compared to LSE-30, caused by
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Figure 9. Monthly mean sulfur burden (SO2 plus sulfate) shortly after the eruption (May, left and June, right) for the scenarios LSE-30-

May15 (top) and LSE-30-May22 (bottom) with the same eruption rate but eruption at May 15th and May 22nd.

Figure 10. Hovmøller diagram of zonally averaged radiative forcing (all sky, top of atmosphere) of sulfate aerosols of simulation LSE-30(left)

and LSE-100 (right).
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1

Figure 11. Area average of sulfate burden (a,c) and radiative forcing (b,d, all sky, TOA) of sulfate aerosols over time. Top: Global average.

Bottom: Average over the northern hemisphere extratropics (NHET, 30◦to 90◦N). Solid lines show the simulations with an initial injection

of 15 Tg SO2 at different eruption days (LSE-30, LSE-30-May15, LSE-30-May22), dotted lines at different injection altitudes (LSE-60,

LSE-100) and dashed lines simulations without the injection of fine ash (LSE-30-noash, LSE-30-May15-noash, LSE-30-Mar22-noash).

smaller particle radii, and is also further extended to the south. In both cases substantial negative forcing anomalies last until345

the end of the second summer after the eruptions not only in the NH but also the SH tropics and subtropics.

Compared to Graf and Timmreck (2001) the peak radiative forcing anomalies are smaller in our study but reach further into

NH mid- and low-latitudes than previously simulated, mostly because of the different transport dynamics in our simulations

with ash. Graf and Timmreck (2001) used a parameterization for the effective radius based on Russell et al. (1996) for the

calculation of the optical parameters. These radii with peak values of 0.55 are much smaller than in our study ( > 0.7 µm,350

Figure A3) and scatter more efficiently which could explain the higher forcing values in their study.

We compare global and Northern Hemisphere extratropics (NHET, 30◦N to 90◦N) mean values of net TOA radiative forcing

and sulfate burden for all our simulations with an initial emission of 15 Tg SO2 (Figure 11). The global burden is rather similar

between the most simulations in the first six months after the eruption but the decay time differs by up to four months (Figure 11

a). In general, the higher the injection altitude the stronger the global burden maximum (LSE-30 to LSE-100, reddish curves).355

The shortest sulfate lifetime, i.e. the fastest decay rate of all simulations with fine ash, show LSE-30-May15, and LSE-60. Both
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simulations show a strong poleward transport (Figures 5 and 8). LSE-30-May22 shows the latest decay of the maximum values

of the global burden because of a strong equatorward component of the transport (Figure 8).

This pattern is not fully mirrored in the radiative forcing (Figure 11 b). Scattering of solar radiation by sulfate aerosols

depends on particle size; smaller particles scatter more strongly. The globally averaged radiative forcing increased with de-360

creasing injection altitude because particles injected into an altitude of 100 hPa remain smaller compared to an injection

into 30 hPa. which results in stronger global forcing. The ensemble mean of the three simulations with an injection of 15

Tg SO2 and fine ash (LSE-30, LSE-30-May15, LSE-30-May22) at the same altitude (Figure A5) shows a higher burden,

longer lifetime and, stronger forcing in the global average compared to the ensemble without injected fine ash (LSE-30-noash,

LSE-30-May15-noash, LSE-30-May22-noash). This is mainly caused by the stronger southward component in transport (see365

also the Discussion, Section 3.3) and smaller particle radii in simulations with fine ash.

Interestingly, our NHET results (Figure 11 c, d) are only partly in line with the globally averaged data. This difference

is mainly caused by transport dynamics and consequently the amount of aerosol that moves into the tropics and southern

hemisphere. Simulations with a strong poleward component of transport (LSE-60, LSE-30-May15) differ only slightly in their

global and NHET burden (Figure 11 c), while the NHET burden evolves differently for LSE-30-May22. Figure 8 shows the370

stronger southward transport of LSE-30-May22 with the main aerosols located south of 40◦N until the 5th month after the

eruption. Consequently also NHET burden and radiative forcing remain smaller than in the other simulations as large amounts

of the burden did not add to the NHET values. The strongest negative radiative forcing in NHET is simulated in LSE-60 and

LSE-30-May15, where most of the aerosols stay in NHET (Figure 11 d). In contrast, in LSE-30-May22 the regional impact

in NHET is comparably small but the simulation shows a strong, long lasting decrease of the global radiative forcing. In the375

simulations without ash (dashed lines), the burden and global radiative forcing of NHET are stronger in the first 6 months after

the eruption (see also ensemble mean in Figure A5), as more aerosols stay in NHET than in the corresponding simulations

with ash. We discuss details in the Discussion (Section 3.3) when comparing our results to previous studies, which have been

simulated without an injection of fine ash.

3.2.4 Sulfate deposition380

While deposition of volcanic ash occurs mostly in the first days after the eruption, volcanic sulfate aerosol has a longer lifetime

and is distributed more globally. Deposition of sulfate occurs mostly by wet deposition in the troposphere and deposition

patterns are determined by the storm tracks and the inter-tropical convergence zone. Figure 12 shows for LSE-30 the global

distribution of accumulated sulfate deposition over 1.5 years after the eruption. As expected following a NH mid-latitude

eruption deposition, values in the Southern Hemisphere are smaller than in the Northern Hemisphere, e.g over the southern385

ocean values are only half of the values over the northern Atlantic. Importantly, according to our results, it might therefore

in principle be possible to find LSE sulfate deposits in Greenlandic as well as Antarctic ice cores. For LSE eruptions of 100,

15, and 1.5 Tg (LSE-30-strong, LSE-30, LSE4-30-low) respectively, we find averaged deposition values of 300 mgm−2, 40

mgm−2, and 6.7 mgm−2 over central Greenland (70◦to 80◦N, 30◦to 50◦W), while over Antarctica (75 to 85 S, 0E to 60E),

roughly 54. mgm−2, 6. mgm−2 and, up to 1.8 mgm−2 would have been deposited (Fig. A6). Our study thus indicates that a390
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Figure 12. Sulfate deposition [mg m−2] of the results of LSE-30 accumulated over a period of 1.5 years after the first eruption.

large NH mid-latitude eruption such as the Laacher See eruption could show a bipolar signature (cf. (Svensson et al., 2020)).

This finding may guide the identification of Laacher See eruption signals in ice-core data. Previous identification attempts

were anchored in assumed dates of the eruption and most commonly looked towards major spikes around the 13ka BP mark .

Baldini et al. (2018) ascribe a large sulfate spike at 12,867 BP in the GISP2 (Greenland Ice Sheet Project) ice-core record to the

Laacher See eruption. In contrast, Svensson et al. (2020) point at four large bipolar sulfate spikes clustered around 13 ka BP. It395

remains unclear whether the prehistoric LSE should be associated with one of these major spikes, one of the minor spikes in

the adjacent decades, or whether we can at all reliably link any of these sulfate spikes with this eruption. Increased age control

on the eruption through, for instance, refined dendrochronological analyses may allow a more confident assignment of sulfate

spikes to this particular eruption.

3.3 Discussion400

At present, only few studies exist which have investigated the climatic impact of a NH mid-latitude eruption with global aerosol

models (e.g., Graf and Timmreck, 2001; Niemeier et al., 2009; Toohey et al., 2019; Marshall et al., 2019). Comparing our results

to the emulator approach of Marshall et al. (2019) who analyzed the radiative forcing of eruptions at different altitude, latitude

and magnitude, we see broadly similar features. The effective radius of sulfate gets smaller with lower injection altitude and at

the same time increases the radiative forcing, as well as the lifetime of the aerosols.405
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When comparing our results to previous simulations of NH mid-latitude eruptions with ECHAM (Graf and Timmreck,

2001; Niemeier et al., 2009; Toohey et al., 2019) we can point at small yet important differences. These earlier studies suggest

a stronger transport towards high northern latitudes than our results. Graf and Timmreck (2001) performed the first global

simulation of a LSE-type eruption. Their eruption took place in May, they used a much larger injection area, as well as an

already prescribed northeastward transport of the volcanic cloud over the Baltic Sea. Therefore, we do not compare variables410

other than the radiative forcing described in Section 3.2.3.

Importantly, our study comes to a somewhat different result regarding the role of ash than Niemeier et al. (2009) for a

simulated eruption of Mt. Katmai (58◦N) with an assumed SO2 emission of 15 Tg S and a fine ash emission of 100 Tg.

In contrast to most of our simulations, they found a very small difference of global sulfur burden (1%) between results of

simulations with and without the injection of fine ash. Possible reasons for this differences can be smaller the amount of fine415

ash, the meteorological situation during the eruption and, the grid resolution. Niemeier et al. (2009) assumed an eruption at

the first of June with a clear northward flow which might have kept the difference small. Also Figure 11 shows a smaller

difference of the global burden between the simulations with the strongest northward transport (LSE-30-May15 and LSE6-

noash). Additional, the simulations of this study were performed with a better horizontal and vertical resolution than the

previous study (T63/L95 Vs T42/L37). This can be an important difference when discussing the role of a meso-cyclone, an420

important issue for future studies to address.

Toohey et al. (2019) compared winter (January) and summer (July) eruptions at different NH latitudes, i.e 56◦N, 36◦N.

The stratospheric dynamic state is different close to the winter and summer solstice when compared to the dynamic state in

spring, as discussed above. Hence our results are not directly comparable to those of Toohey and colleagues. In our simulation

LSE-30-May22, with an eruption day in late May, the eruption injects sulfate into a stratospheric dynamic state that is akin425

to summer conditions. However, simulation LSE-30-May22 does not match well with results of the 56◦N summer eruption

by Toohey et al. (2019). Our simulated sulfate transport (Figure 7) corresponds more to their pattern of a subtropical volcanic

eruption at 36◦N (see, Toohey et al., 2019, Suppl. Figure 3). Both our study and Toohey et al. (2019) use MAECHAM5-HAM,

but we also consider volcanic ash. The additional impact of the heated ash cloud on the dynamics and flow pattern in the

stratosphere causes a more southward transport and, therefore, a sulfate distribution comparable to that of a summer eruption430

at 36◦N without the injection of ash. In contrast, the corresponding simulation without volcanic ash (LSE-30-May15-noash)

closely reflects the model results of a mid-latitude summer eruption at 56◦N by Toohey et al. (2019). In general, the ensemble

without ash injection shows much smaller sulfate burden between the equator and 30◦N but higher values at high latitudes

shortly after the eruption, resulting in lower global sulfate burden, earlier maxima and shorter atmospheric lifetime of the

aerosols (Figures 11 and A5). In line with Toohey et al. (2019), the maximum burden also decays faster in the simulation435

without ash (LSE-30-noash and LSE-100-noash) with decreasing injection altitude.

Our study strongly suggests that the injection of ash is important for the simulation of an eruption in the extratropics,

independent of the eruption date in May. All our simulations with ash showed a stronger transport to lower latitudes than the

ones without. Our study reveals also that the development of a meso-cyclonic volcanic ash cloud depends on emission altitude

and rate. Other factors which might likely be important are gas-to-particle interactions and the ash size distribution.440
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Observations after the eruption of El Chichon (e.g., Woods and Chuan, 1983; Chuan and Woods, 2013; Pueschel et al.,

1994) found ash in the atmosphere that was mantled with sulphuric acid, which could be relevant for the simulated sulfate

composition in the stratosphere (Zhu et al., 2020; Muser et al., 2020). Our simulations neglect this effect, resulting in a possible

slight overestimation of the SO2 lifetime. We also include a single mode of fine ash which is merely a small part of the possible

spectrum of grain sizes of ejecta. Varying grain size distributions may not only alter the radiative heating due to volcanic ash445

in duration and strength but also impact the onset of cloud rotation. In addition, our simulated ash deposition shows only a

fraction of the possible deposition. Models, e.g. ICON-ART (Muser et al., 2020) which consider several ash modes and take

gas-to-particle processes into account (e.g. ash coating due to sulphuric acid) may allow more detailed studies regarding the

impact of the rotating volcanic cloud on stratospheric dynamics and tracer transport.

For our reference scenario LSE-30 with an injection of sulfur and ash at 30 hPa and 50 hPa, we find conditions for simulating450

a realistic scenario in one of three years only. At lower altitudes the wind in the stratosphere is more variable and one may

find more days with wind patterns that allow an ash deposition comparable to the reconstructed LSE lobe also slightly later

in the year. Hence, our LSE-100 simulation with an injection altitude of sulfur and ash at 100 hPa and 120 hPa respectively

might present, under present-day conditions, a more realistic injection scenario for the LSE. It also reflects aptly the fact that

no volcanic ash from this eruption reached Greenland. The simulated deposition pattern of fine volcanic ash also indicates that455

our strong emission scenario, LSE-30-strong with an injection of 100 Tg SO2 and 1000 Tg of fine ash is not likely.

MAECHAM-HAM is known for a shorter lifetime for stratospheric volcanic aerosols compared to other aerosol models

(Clyne et al., 2020; Marshall et al., 2018; Zanchettin et al., 2016). The reason for the shorter lifetime is complex, e.g. missing

gas phase chemistry with more realistic OH depletion, gravity wave parameterization, strength of meridional transport and,

grid resolution of the models. A longer lifetime of even just a couple of months would prolong the climate impact of the460

eruption, but would not lead to a dramatic climate shift as implied by Baldini et al. (2018). This would almost certainly require

other processes to be involved. A multi-model comparison of global aerosol models revealed that the simulated volcanic

sulfate deposition differs considerably between the models in timing, spatial pattern and magnitude due to differences in both

the transport and the formation of sulfate aerosol (Marshall et al., 2018). Deposition values should therefore be taken as

approximate only.465

For our study, we had to make assumptions regarding several parameter values. One of the most critical ones is the rela-

tionship between the ejecta of volcanic sulfur and fine ash, which we set constant to 1:10. A different fraction would certainly

change our results. The transport pattern will most likely be dominated by the amount of ash in the volcanic cloud during

the weeks immediately after the eruptive phase while after a month the amount of sulfate released is most important. Other

factors are unknown or estimated with high uncertainty at best. We aimed to test the sensitivity of our results to some of these470

uncertainties (emission rate, altitude, meteorological conditions) but exhaustive sensitivity testing has not been possible in this

experimental design. To arrive at a more comprehensive picture on the impact of these parameters (e.g. injection altitude, in-

jection duration, ash to sulfate ratio, time of the year) on the volcanic radiative forcing and climate, emulation studies akin to

that by Marshall et al. (2019) would be desirable.
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4 Conclusions475

We here report renewed attempts to model a large and explosive mid-latitude NH eruption akin to the cataclysmic eruption

of the Laacher See volcano around 13,000 years ago. We simulate such an eruption under volcanological and meteorological

conditions mirroring those of the Late Pleistocene eruption as documented in diverse geological, palaeoenvironmental and

archaeological archives. Our study aligns well with that of Toohey et al. (2019) in highlighting the impact potential of extra-

tropical eruptions, but complements their general model by exploring specific source parameters in a quasi-realistic scenario.480

In line with previous studies, we also find that source parameters have a substantial impact on aerosol transport as well as

downstream climatic impacts. Apart from this, we could demonstrate for the first time the importance of volcanic ash for the

burden, lifetime and radiative forcing of a large NH mid-latitude eruption. We find that heating of ash and the consequent

rotation of the ash cloud plays a crucial role in the initial transport of the fine ash and of sulfate. The additional heating of

the fine ash causes a more southward transport into areas with stronger solar irradiation, which increases the impact further.485

Consequently, in this study, the sulfate burden resulting from an eruption at 50◦N with fine ash is more comparable to a

simulation of a subtropical eruption without ash in Toohey et al. (2019). This shows the importance of ash for the sulfate

distribution after a strong extratropical volcanic eruption. Therefore, fine ash should be taken into account in future studies —

a recommendation that differs from our previous results reported by Niemeier et al. (2009).

The formation of a meso-cyclone in the aftermath of the eruption may, at least partly, provide an explanation for the max-490

imum and uneven deposition of Laacher See tephra in the eruption’s medial field and the elusive tephra signal of LSE ash

deposits in the Greenlandic ice-cores. That said, our study does suggest that the assignment of a particular, albeit almost

certainly minor, ice-core sulfate spike to the LSE may yet be possible, both in the Arctic and the Antarctic.

Given the dramatically different land-sea relations in the Late Pleistocene as well as differences in NH climate systems, it

is unlikely that climate models for the present day suitably capture the stratospheric wind patterns that prevailed 13 ka BP.495

Our modeling study does, however, provide new insights into both the ancient eruption of the Laacher See volcano and it

provides pointers for risk assessment scenarios related to potential future volcanism in the Eifel (cf. Leder et al. (2017)). Our

initial conditions were taken to fit the modelled ash deposition to the observed lobes of the LSE. Therefore, they depend on the

specific conditions found — in our case, on a single day in early May. Such an eruption date fits well with that suggested for

the ancient eruption, although it likely represents an earliest starting date.500

Our simulations provide tantalising hints regarding the likely climatic and environmental impacts of the LSE, yet it remains

difficult to asses these impacts fully from general circulation models alone. Instead, it stands clear that the impact on climate of

both the Late Pleistocene Laacher See eruption itself as well as any future eruption scenarios have to be calculated with a fully

coupled atmosphere-ocean model that, for the ancient eruption, takes account of contemporaneous land-sea relations including

the fast and abrupt climate changes that occurred during the transition from the glacial to the interglacial. For future eruptions,505

such modelling efforts similarly need to account for the rapidly changing climatic boundary conditions of the Anthropocene.
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Appendix A: Supplement525

Figure A1. Zonal mean heating rate at 30◦(top) and 50◦N (bottom) of LSE-30 (left) and LSE-30-noash (right).
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Figure A2. Streamlines of the zonal wind [ms−1] over Europe for LSE-30 at 272 hPa and LSE-100 at 185 hPa at June 20th, 21st and 22nd

right after the second eruption phase. The altitude shown is the level with the highest ash concentration over the three days.
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Figure A3. Zonal mean of effective radius [µm] of sulfate aerosols over time as cross section at 50◦N of LSE-30, LSE-100 and LSE-

30-noash. Injection at lower latitude (LSE-100) shows smaller radii and the simulation without fine ash (LSE-30-noash) larger radii than

LSE-30
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Figure A4. Monthly mean sulfur burden (SO2 plus sulfate) shortly after the eruption (May, left and June, right) for the scenarios LSE-60.

1

Figure A5. Area average of the ensemble mean of sulfate burden (left) and net radiative forcing (right, all sky, top of atmosphere) of sulfate

aerosols over time. Top: Global average. Bottom: averaged over the northern hemisphere extratropics (30◦to 90◦N). The ensemble mean

was calculated of of simulations with an initial injection of 15 Tg SO2 at different eruption days, with injection of fine ash (solid, LSE-30,

LSE-30-May15, LSE-30-May22) and without (dashed, LSE-30-noash, LSE-30-May15-noash, LSE-30-May22-noash).
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1

Figure A6. Deposition of simulations with 1.5, 15 and 100 Tg SO2. Deposition over central Greenland (70◦N to 80◦N, 30◦W to 50◦W)

6.7 mgm−2, 40. mgm−2, and 300. mgm−2. Over Antarctica (75◦S to 85◦S , 0◦to 60◦E) roughly 1.8 mgm−2, 6. mg,m−2 and, up to 54

mgm−2.
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