
ACPD
10, 3189–3228, 2010

Laki eruption impact
on global CCN

A. Schmidt et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Atmos. Chem. Phys. Discuss., 10, 3189–3228, 2010
www.atmos-chem-phys-discuss.net/10/3189/2010/
© Author(s) 2010. This work is distributed under
the Creative Commons Attribution 3.0 License.

Atmospheric
Chemistry

and Physics
Discussions

This discussion paper is/has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

The impact of the 1783–1784 AD Laki
eruption on global aerosol formation
processes and cloud condensation nuclei
A. Schmidt1, K. S. Carslaw1, G. W. Mann2, B. M. Wilson1, T. J. Breider1,
S. J. Pickering1, and T. Thordarson3

1School of Earth and Environment, University of Leeds, LS2 9JT, UK
2NCAS, University of Leeds, LS2 9JT, UK
3School of Geosciences, Grant Institute, University of Edinburgh, Edinburgh, UK

Received: 9 December 2009 – Accepted: 22 January 2010 – Published: 5 February 2010

Correspondence to: A. Schmidt (a.schmidt@see.leeds.ac.uk)

Published by Copernicus Publications on behalf of the European Geosciences Union.

3189

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/3189/2010/acpd-10-3189-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/3189/2010/acpd-10-3189-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
10, 3189–3228, 2010

Laki eruption impact
on global CCN

A. Schmidt et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Abstract

The 1783–1784 AD Laki flood lava eruption commenced on 8 June 1783 and released
122 Tg of sulphur dioxide gas over the course of 8 months into the upper troposphere
and lower stratosphere above Iceland. Previous studies have examined the impact
of the Laki eruption on sulphate aerosol and climate using general circulation models.5

Here, we study the impact on aerosol microphysical processes, including the nucleation
of new particles and their growth to cloud condensation nuclei (CCN) using a compre-
hensive Global Model of Aerosol Processes (GLOMAP). Total particle concentrations
in the free troposphere increase by a factor ∼16 over large parts of the Northern Hemi-
sphere in the 3 months following the onset of the eruption. Particle concentrations in10

the boundary layer increase by a factor 2 to 5 in regions as far away as North Amer-
ica, the Middle East and Asia due to long-range transport of nucleated particles. CCN
concentrations (at 0.22% supersaturation) increase by a factor 65 in the upper tropo-
sphere with maximum changes in 3-month zonal mean concentrations of ∼1400 cm−3

at high northern latitudes. 3-month zonal mean CCN concentrations in the boundary15

layer at the latitude of the eruption increase by up to a factor 26, and averaged over
the Northern Hemisphere, the eruption caused a factor 4 increase in CCN concentra-
tions at low-level cloud altitude. The simulations show that the Laki eruption would have
completely dominated as a source of CCN in the pre-industrial atmosphere. The model
also suggests an impact of the eruption in the Southern Hemisphere, where CCN con-20

centrations are increased by up to a factor 1.4 at 20◦ S. Our model simulations suggest
that the impact of an equivalent wintertime eruption on upper tropospheric CCN con-
centrations is only about one-third of that of a summertime eruption. The simulations
show that the microphysical processes leading to the growth of particles to CCN sizes
are fundamentally different after an eruption when compared to the unperturbed atmo-25

sphere, underlining the importance of using a fully coupled microphysics model when
studying long-lasting, high-latitude eruptions.
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1 Introduction

The 1783–1784 AD Laki eruption commenced on 8 June 1783 and emitted ∼122 Tg
of sulphur dioxide (SO2) into the upper troposphere/lower stratosphere above Iceland.
The eruption lasted 8 months and represents one of the largest flood lava eruptions in
recent history, causing widespread atmospheric pollution and environmental devasta-5

tion (Thordarson, 1995; Thordarson et al., 1996; Thordarson and Self, 2003). Thordar-
son and Self (2003) presented a comprehensive review of the course of the Laki erup-
tion, including a detailed volatile release budget and a contemporary account of the at-
mospheric and environmental consequences observed for around two years following
the eruption. This comprehensive review has enabled the impacts of the Laki eruption10

to be studied using numerical models (Stevenson et al., 2003; Highwood and Steven-
son, 2003; Chenet et al., 2005; Oman et al., 2006a,b). Stevenson et al. (2003) studied
the atmospheric impact of the eruption using the STOCHEM chemistry transport model
(CTM) in the Hadley Centre’s Unified Model General Circulation Model (GCM) using the
Laki SO2 emissions dataset from Thordarson and Self (2003). Stevenson et al. (2003)15

estimated that the eruption produced a total of 17–22 Tg(S) of sulphuric acid aerosol
(=71 to 92 Tg of volcanic sulphate aerosol assuming a composition of 75% H2SO4
and 25% H2O). In a follow-up study, Highwood and Stevenson (2003) used the Read-
ing Intermediate GCM to calculate an annual mean Northern Hemisphere temperature
anomaly of 0.21 K based on the aerosol fields obtained by Stevenson et al. (2003). Ch-20

enet et al. (2005) modelled the spatial and temporal distribution of 200 Mt of sulphate
aerosol (a theoretical value of the total sulphate aerosol yield as derived from Stothers,
1996 and Thordarson and Self, 2003) using the LMDZT-INCA GCM and found good
agreement with the observations presented in Thordarson and Self (2003). More re-
cently, Oman et al. (2006a) used the dataset of Thordarson and Self (2003) in the God-25

dard Institute for Space Studies (GISS) model EGCM (Schmidt et al., 2006) coupled to
a sulphur chemistry scheme (Koch et al., 2006) to simulate the chemical transformation
of ∼122 Tg of SO2 and the subsequent sulphate aerosol dispersal. Oman et al. (2006a)
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estimated that the Laki eruption yielded between 163 and 166 Tg of total volcanic sul-
phate aerosol (assuming a composition of 75% H2SO4 and 25% H2O) and calculated
a substantial radiative perturbation with a peak top-of-atmosphere net radiative forcing
of −27 W m−2 in August. Moreover, Oman et al. (2006b) found a weakening of the
Indian and Asian monsoon systems as a consequence of high-latitude volcanism such5

as Laki. This finding is supported by the earlier modelling study of Graf (1992) in which
a reduced incoming solar radiation north of 50◦ N represented the aftermath of a strong
volcanic eruption. Gauci et al. (2008) found a significant suppression of the northern
wetland CH4 source due to the presence and deposition of excessive amounts of vol-
canic sulphate aerosol during the Laki eruption. Moreover, increased mortality rates10

not only in Iceland but also in France, Britain and elsewhere in Europe (e.g., Grattan
et al., 2003; Grattan, 2005; Courtillot, 2005) are thought to be a direct consequence
of the 1783–1784 AD Laki eruption, implying drastically increased pollution levels over
Iceland and Europe in the summer of 1783.

Previous Laki studies were conducted using GCMs with varying degrees of realism15

of the emission scenario and the treatment of the aerosol processes. The Stevenson
et al. (2003) study used various emission scenarios in terms of injection height of SO2,
although the scenarios are likely not to be representative of the assessed course of
the Laki eruption (Thordarson et al., 1996; Thordarson and Self, 2003). Chenet et al.
(2005) injected 20% of the sulphate aerosol as smoothed monthly means at an altitude20

of 5 km and 80% at an altitude of 10 km. The Oman et al. (2006a) study is the most
sophisticated in terms of an accurate representation of the eruption as gathered from
the assessment of Thordarson and Self (2003).

The emphasis of our study is on the effect of the emitted SO2 on aerosol microphys-
ical processes and changes in particle concentrations. In contrast to previous studies,25

we use a dedicated global aerosol microphysics model to simulate the driving aerosol
processes, such as nucleation, condensation and coagulation, as well as the subse-
quent evolution of the aerosol size distribution, thereby allowing us to assess the impact
on the global budget of total particle number concentration and cloud condensation
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nuclei (CCN). In addition, we simulate a hypothetical Laki scenario commencing in De-
cember (rather than June) in order to provide insights into the impact of the season
of such an eruption on the above-mentioned processes. Several studies (Graf et al.,
1997; Mather et al., 2003, 2004; Gassó, 2008) showed that a detailed understanding of
volcanically induced CCN is vital for assessing the potential ability of volcanic eruptions5

to alter cloud microphysical processes. Moreover, Timmreck et al. (2009) suggested
that it is crucial to use fully coupled chemistry and microphysics models in order to
simulate the volcanic aerosol size distribution and correctly constrain the effect of very
large volcanic eruptions on temperature, aerosol optical depth, and subsequently the
environmental impact.10

2 Model and experiment description

2.1 The GLOMAP-mode model

We use the global aerosol microphysics model GLOMAP-mode (Mann et al., 2010)
implemented in the global 3-D off-line chemical transport model TOMCAT (Chipperfield,
2006). The simulations were conducted using a horizontal resolution of 2.8◦×2.8◦ and15

31 hybrid σ-p levels extending from the surface to 10 hPa. The model is forced by re-
analysed 2003 meteorology and large-scale atmospheric transport fields specified from
the European Centre for Medium-Range Weather Forecasts (ECMWF) at 6-h intervals.
We chose to use meteorological fields from the year 2003 as synoptic weather maps
of the summer 1783 reveal unusually hot July temperatures in Western Europe and the20

presence of persistent anticyclones over Central Europe (Thordarson and Self, 2003,
and references therein). The year 2003 was characterised by similar meteorological
features during the summer months.

GLOMAP-mode represents the aerosol size distribution as log-normal modes with
two moments of the distribution (particle number concentration and component mass25

concentrations) prognosed in each mode. For this study the runs were conducted
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using two internally mixed aerosol components, sulphate (SO4) and sea salt. We used
4 particle modes: water-soluble nucleation, Aitken, accumulation and coarse modes.
GLOMAP-mode treats microphysical processes such as binary homogeneous nucle-
ation, hygroscopic growth, coagulation, condensation, cloud processing (oxidation of
dissolved SO2 to SO4 in cloud droplets), as well as dry and wet deposition. Aque-5

ous phase oxidation of SO2 to SO4 is assumed to occur in low-level clouds, which are
specified in terms of monthly mean cloud top pressure and cloud fraction fields from
the International Satellite Cloud Climatology Project (ISCCP). The sulphur chemistry
scheme is based on Pham et al. (1995) and includes 7 species (DMS, DMSO, MSA,
SO2, H2SO4, COS, CS2). The sulphur chemistry is coupled to the full background10

chemistry (Ox-NOy-HOx-C1-C3, NMHCs, isoprene) in TOMCAT, allowing for interac-
tions between the sulphur species and oxidants (Breider et al., in press).

Mann et al. (2010) present a detailed description of GLOMAP-mode including the
aerosol scheme and its evaluation against observations showing that the model is ca-
pable of simulating realistic present-day aerosol mass concentrations, number con-15

centrations, size distributions, and CCN concentrations in both marine and continental
locations.

2.2 Experimental design and emissions

We simulated the impact of the eruption in a pre-industrial setting (i.e. in the absence
of anthropogenic emissions) with the following natural emissions: 13.3 Tg (S) a−1 vol-20

canic SO2 using the recommendations by Dentener et al. (2006) which are based on
datasets by Andres and Kasgnoc (1998) and Halmer et al. (2002); 17.7 Tg (S) a−1

oceanic dimethylsulfide (DMS) (Kettle and Andreae, 2000) assuming a sea-air trans-
fer velocity parameterisation of Nightingale et al. (2000). Sea spray emissions were
driven by wind speeds updated every 6 h using the emissions parameterisation of Gong25

(2003). Our simulations do not include aerosol formation due to biomass burning as its
magnitude is highly uncertain for pre-industrial times.
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We conducted two Laki simulations: 1) a standard summer Laki scenario with the
eruption beginning on 8 June (hereafter referred to as L-s) reproducing the actual erup-
tion; 2) a hypothetical winter Laki scenario commencing on 8 December (hereafter re-
ferred to as L-w). We used the dataset of Thordarson and Self (2003) to define the
magnitude, altitude and timing of the release of SO2 into the atmosphere (Fig. 1). It5

should be noted from Fig. 1 that the Laki eruption was most vigorous during the first
1.5 months. To represent emissions from the Laki vent system, a total of 94.3 Tg SO2
was emitted into model grid boxes between 9 and 13 km above Iceland (17◦ W, 64◦ N)
as 10 discrete SO2 mass loadings (as suggested by Thordarson and Self, 2003) each
injected within one 6 h period. In addition, a total of 27.6 Tg SO2 was continuously10

emitted into gridboxes between the surface and 1 km, representing passive degassing
from the Laki lava flows. Both, L-s and L-w use the same SO2 mass loadings and the
same temporal development, but L-s commences on 8 June and L-w on 8 December.
We note that our representation of the SO2 mass loadings is identical to that used by
Oman et al. (2006a) but differs from that of Stevenson et al. (2003) in that we used15

discrete SO2 mass loadings to represent degassing from the vent system instead of
monthly mean SO2 emissions or daily SO2 emissions falling to 1/e of their initial value
at the end of each eruption episode. We do not attempt to simulate the dispersal of
volcanic ash injected into the atmosphere by the Laki eruption, nor do we account
for heterogeneous formation of H2SO4 on ash particles which could potentially modify20

the aerosol size distribution due to condensation and coagulation, and scavenge sul-
phur (e.g., Turco et al., 1983). However, these limitations only apply as long as ash is
present in the atmosphere – commonly a lifetime on the order of days is assumed for
fine volcanic ash resulting in a rather localised and small long-term effect, as shown for
stratospheric volcanism by Niemeier et al. (2009).25

We evaluate our findings by comparing them with previous modelling studies by
Stevenson et al. (2003) and Oman et al. (2006a), and with records of SO4 deposition in
Greenland (Clausen and Hammer, 1988; Mosley-Thompson et al., 2003) and Svalbard
ice-cores (Kekonen et al., 2005).
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3 Results and discussion

3.1 SO2 and SO4 mixing ratios and burdens

Figure 2 shows changes in zonal 3-month mean SO2 and SO4 aerosol mixing ratios
for L-s and L-w. SO2 mixing ratios increase by ∼140 ppbv and ∼96 ppbv at altitudes
between 10 and 12 km for L-s and L-w, respectively. For both eruption scenarios el-5

evated SO2 mixing ratios of ∼5 ppbv are simulated in the boundary layer close to the
eruption site due to continuous emission of SO2 from the lava flows. In comparison,
mean SO2 mixing ratios of ∼1 ppbv are modelled in anthropogenically polluted regions
over Europe using GLOMAP (Spracklen et al., 2005a). Thus the 1783–1784 AD Laki
eruption would have been a strong pollutant in the pre-industrial atmosphere. Zonal 3-10

month mean SO4 aerosol mixing ratios reach 17.8 ppbv during L-s and 2.9 ppbv during
L-w at altitudes from 10 to 12 km. SO4 mixing ratios in the boundary layer and middle
troposphere from 30◦ N to 75◦ N are a factor 4.4 higher for L-s than for L-w. SO4 mixing
ratios show a much greater difference than SO2 mixing ratios when comparing L-s and
L-w due to a faster photochemical conversion of SO2 to SO4 during L-s.15

We note that a small fraction (up to ∼1 ppbv) of both SO2 and SO4 is transported into
the Southern Hemisphere (SH) via the tropical tropopause layer. From an atmospheric
transport point of view, these results are consistent with Levine et al. (2007, 2008) who
showed that the TOMCAT CTM is capable of realistically simulating the relatively fast
transport of tracers along isentropic surfaces and the efficient mixing process between20

the tropical upper troposphere and the lower stratosphere. From a volcanological point
of view, however, these findings differ from previous model studies (Chenet et al., 2005;
Oman et al., 2006a), which showed that the impact of the Laki eruption tends to be
confined to the Northern Hemisphere (NH). However, a recent compilation of historic
observations (Trigo et al., 2009) supports a possible impact of the 1783–1784 AD Laki25

eruption in Brazil (20◦ S). Also, Stevenson et al. (2003) stated that the impact of the Laki
eruption is basically confined to the NH, but mentioned the transport of a small amount
of SO4 into the SH. Our Laki simulations show that the descent of SO2 gas and SO4
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aerosol into the SH troposphere starts during the second month after the onset of
the eruption. Despite there being only relatively minor changes in mixing ratios, the
additional SO2 gas and SO4 aerosol entrained into the SH will affect microphysical
processes such as coagulation and direct growth of particles. We show in Sect. 3.5.2
that even small amounts of SO4 can have a substantial effect on CCN, consistent with5

our previous study (Manktelow et al., 2009).
Figure 3 shows the global monthly mean atmospheric SO2 and SO4 burdens (i.e.

the amount of SO2 and SO4 in the atmosphere at a given time), the ratio of SO2 to
SO4 burden, and global monthly mean SO2 and SO4 residence times for L-s and L-w,
respectively. The most obvious differences between the summer and winter simula-10

tions are the higher SO2 burden and the longer 3-month mean SO2 residence time
of 34 days for L-w compared to 24 days for L-s. This compares to typical SO2 resi-
dence times of ∼2 days (e.g., Spracklen et al., 2005a) under current, anthropogenically
polluted atmospheric conditions. The significant increase in SO2 residence times in
the volcanically perturbed simulations is a result of the injection of SO2 well above the15

boundary layer where removal rates are low as well as suppression of the oxidants
(see Sect. 3.2). The higher wintertime SO2 burden and residence time are a result of
a less efficient oxidation of SO2 to H2SO4 vapour when compared to the summertime
eruption.

Figure 4a shows the simulated global 12-month mean sulphur species budget for20

the unperturbed run and for L-s (as an absolute difference from the unperturbed run)
and Fig. 4b compares the same budgets for L-w. For L-s the dry oxidation of SO2 by
OH to form SO4 dominates the in-cloud oxidation pathway. In comparison, Manktelow
et al. (2007) showed that in-cloud oxidation is the dominant SO4 formation process
under present day atmospheric conditions. The reason for this difference is that most25

of the volcanic SO2 is injected into the cloud-free mid-troposphere. For L-w, however,
in-cloud oxidation and dry oxidation are approximately equally important pathways to
form SO4. The different SO4 production pathways significantly affect the aerosol micro-
physical processes (see Sect. 3.4 for more details). Production of H2SO4 vapour (and
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subsequently particulate SO4) via gas-phase oxidation of SO2 by OH is a factor ∼1.6
lower in L-w than in L-s due to slower photochemistry. This summer-winter difference
affects the timing of the peak SO4 burden relative to the onset of the simulated erup-
tion. In L-s, the peak SO4 burden occurs in the month following the eruption, whereas
the peak in L-w occurs almost 4 months after the onset of the eruption during spring.5

As a consequence SO2 burdens and SO2 removal rates during L-w remain higher than
during L-s throughout the first 5 months. In L-w ∼32% of the SO2 is removed via dry
deposition and ∼21% via wet deposition. In contrast, L-s is characterised by lower SO2
dry and wet deposition fluxes of ∼20% and ∼17%, respectively. During L-s, ∼94% of
the SO4 aerosol is wet deposited (mainly via nucleation scavenging of accumulation10

mode-sized (0.1<dp<1.0 µm) particles), and ∼6% is dry deposited. This compares to
∼89% of the SO4 aerosol being wet deposited and ∼11% being dry deposited during
L-w.

3.2 Depletion of oxidants

Our simulations reveal a significant impact of a Laki-style eruption on the principal15

oxidants (OH and H2O2) involved in the chemical conversion of SO2 to SO4 aerosol.
Figure 5 shows zonal 3-month mean change in H2O2 and OH concentrations while
Figs. 6a and 6b show the spatial distribution of H2O2 and OH at altitudes where per-
turbations are largest. In the lowermost troposphere, H2O2 is the main oxidant of SO2
in low-level cloud water, so it is depleted by the excess volcanic SO2 emitted from the20

lava flows and re-entrained SO2 from higher altitudes. In contrast, OH is the principal
oxidant above ∼3 km, so it is depleted by the excess volcanic SO2 emitted from the
vent system.

L-s and L-w have a similar impact on zonal 3-month mean OH concentrations com-
pared to the unperturbed simulations, depleting them by up to ∼55% at ∼10 km altitude25

at high northern latitudes, where SO2 concentrations are highest. However, L-w ex-
hibits a greater impact on OH at ∼10 km in the latitude band from 70◦ N to 90◦ N, which
is a result of naturally lower OH production rates during wintertime.
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Zonal 3-month mean H2O2 concentrations for L-s are depleted by up to 35% in the
lowermost troposphere but enhanced by over 150% in the Arctic free troposphere. The
free troposphere enhancements in H2O2 are due to the gas phase reaction of SO2 with
OH:

OH+SO2(+O2+H2O)→H2SO4+HO2 (R1)5

which is the only source of atmospheric H2O2.
In L-w, zonal 3-month mean boundary layer H2O2 concentrations show a complete

depletion at high northern latitudes (>80◦ N), and are depleted by >80% between 45◦ N
and 75◦ N. In contrast, H2O2 concentrations at ∼1 km altitude for L-s exhibit on average
a ratio of 0.75 for the latitude band 60◦ N to 90◦ N, and depletion is generally latitudinally10

and vertically more confined when compared to L-w (see also Fig. 6). The wider extent
of H2O2 depletion in winter can be explained by the longer SO2 residence time, which
allows long-range transport of the SO2 and depletion of H2O2 further away from the
SO2 source.

3.3 Comparison with other modelling studies and observations15

3.3.1 Other modelling studies

Our peak global SO2 burden in the L-s simulation is similar to that predicted by Oman
et al. (2006a), but our peak SO4 burden is lower by a factor 4. The same holds true
when comparing SO2 and SO4 residence times, with our results indicating shorter
residence times for both. In contrast, GLOMAP-mode simulates longer SO2 and SO420

residence times and higher SO2 and SO4 concentrations than Stevenson et al. (2003).
However, we find a total volcanic aerosol yield (the integrated mass of aerosol produced
in the year after the onset of the eruption) of 155 Tg for L-s (assuming a composition
of 75% H2SO4 and 25% H2O), which is remarkably close to the 163–166 Tg calculated
by Oman et al. (2006a) but higher than the 71–92 Tg found by Stevenson et al. (2003).25
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In contrast to L-s, the total SO4 aerosol yield for L-w is, with 121 Tg of volcanic aerosol,
substantially lower, implying a less profound impact on radiation.

In summary, our model chemistry produces an amount of volcanic aerosol similar to
that of the GISS modelE but tends to remove SO4 faster. The difference between the
models is similar to the range in model simulations of global SO4 in previous assess-5

ments (e.g., Textor et al., 2006). Large differences can arise due to the parameteri-
sation of wet removal processes, which are different in the various models. However,
we note that GLOMAP-mode predicts present-day global annual mean aerosol SO4
concentrations with a normalised mean bias of 0.24 (Mann et al., 2010).

3.3.2 Sulphate deposition record in ice-cores10

Several authors have measured acidity and total SO4 in Greenland and Svalbard ice
cores in order to reconstruct the total volcanic SO4 deposition (kg km−2) and the vol-
canic aerosol loading of the 1783–1784 AD Laki eruption (e.g., Clausen and Hammer,
1988; Fiacco et al., 1994; Zielinski et al., 1997; Mosley-Thompson et al., 2003). We
compare our modelled total SO4 deposition over 12 months following the onset of L-s15

(Fig. 7a) with measurements from Greenland (Clausen and Hammer, 1988; Mosley-
Thompson et al., 2003) and Svalbard (Kekonen et al., 2005). Generally, Greenland ice
core measurements reveal a highly spatially variable amount of total SO4 deposition,
ranging from 62 kg km−2 to 294 kg km−2 in 11 ice cores (Clausen and Hammer, 1988)
and from 80 to 324 kg km−2 in 6 ice cores (Mosley-Thompson et al., 2003). GLOMAP-20

mode predicts a total SO4 deposition ranging from ∼190 kg km−2 over northernmost
Greenland to ∼650 kg km−2 over Central Greenland with the majority being deposited
during the first 3 months after the onset of the eruption. Up to ∼1500 kg km−2 are
deposited over Northwest Greenland and the south-westernmost tip. GLOMAP mode
predicts the total SO4 deposition over Greenland with a mean bias of 4.2 when com-25

paring our results to measurements in 12 ice cores (Mosley-Thompson et al., 2003;
Clausen and Hammer, 1988, Table V). Generally, the lowest model biases (1.3 and
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1.6) are calculated for Central Greenland cores D3 and Milcent, and the highest biases
(6.0 and 5.8) are calculated for the Raven core in the South West and the Humboldt
core in Northern Greenland (Fig. 7b). For the Lomonosovfonna ice-core in Svalbard,
the model predicts a total SO4 deposition of 570 kg km−2 with the majority being de-
posited during the first 6 months after the onset of the eruption. This compares to5

390 kg km−2 being preserved in the Lomonosovfonna ice-core (Kekonen et al., 2005).
Korhonen et al. (2008) showed that GLOMAP may remove particles too efficiently

over Arctic regions, which is most likely due to the simplified treatment of nucleation
scavenging in frontal rain clouds. We note that, despite the model overpredicting the
amount of SO4 deposited to Greenland, we have confidence in our other results as10

a previous study (Mann et al., 2010) has shown that the model results are in good
agreement with modern observations over e.g., Europe. We also note that the deposi-
tion of SO4 to a particular location is strongly influenced by meteorology used to force
the model. For example, when forcing the model using ECMWF reanalyses for the year
2000, instead of 2003, the deposition pattern is similar but the magnitude of the total15

SO4 deposition between 2003 and 2000 ranges locally from 72% less to 140% more
total deposition over Greenland and adjacent regions.

3.4 Aerosol microphysical processes and size distribution

Figure 8 shows simulated zonal 3-month mean number-size distributions in the NH for
L-s and L-w, and the respective unperturbed simulations.20

In both L-s and L-w there is a substantial effect on the sizes and number concen-
trations of particles throughout the atmosphere. Moreover, the aerosol processes con-
trolling the evolution of the size distribution are noticeably different for the summer and
winter scenarios when compared to the unperturbed atmosphere (see Fig. 4a, b).

In both L-s and L-w the upper parts of the atmosphere are characterised by an25

increase in nucleation mode (dp<0.01 µm) and Aitken mode (0.01<dp<0.1 µm) parti-
cle concentrations due to more favourable conditions for nucleation at high altitudes
(Spracklen et al., 2005a). In L-s, zonal 3-month mean nucleation mode particle
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concentrations at 15 km are a factor ∼4 higher than in the unperturbed atmosphere,
and they are a factor ∼2 higher in L-w.

Accumulation mode particles are the most relevant to climate, and below about 8 km
the summer eruption increases their number concentration by a factor ∼9. The cause
of the very substantial effects on Aitken and accumulation mode particle concentrations5

throughout the atmosphere is the combination of increased nucleation in the high free
troposphere/upper troposphere and the availability of H2SO4 vapour for condensational
growth to larger sizes. Nucleation mode particles in the free troposphere grow by
H2SO4 condensation and coagulation as they descend. This in turn, leads to abundant
Aitken mode particles with changes in concentration of up to 1695 cm−3 at altitudes10

from 7 to 12 km for L-s.
Figure 4a highlights how much the microphysical processes change in response to

the summertime eruption when compared to the unperturbed atmosphere. Conden-
sation of H2SO4 on to Aitken particles rises by a factor ∼8 in the 12 months after the
onset of L-s. The significant increase in Aitken particles also means that their coagu-15

lation adds a factor ∼42 more mass to the accumulation mode than in the unperturbed
atmosphere. Moreover, the abundant H2SO4 vapour means that the direct growth of
Aitken mode particles into the accumulation mode increases by a factor ∼50, account-
ing for around one-fifth of the accumulation mode SO4 mass. Likewise, direct H2SO4
vapour condensation on to accumulation mode particles increases by a factor ∼8 and20

accounts for around one-third of the accumulation mode SO4 mass.
The only process not greatly enhanced during the first 12 months after the onset of L-

s is in-cloud SO4 production (i.e. aqueous-phase oxidation of SO2 by H2O2 to form SO4
on Aitken and accumulation mode particles), which is enhanced by merely a factor 1.5
compared to the unperturbed run. This small increase in in-cloud SO4 production is due25

to the suppression of the main aqueous phase oxidant, H2O2 (Fig. 5). Thus, in-cloud
SO4 production contributes only a small fraction of the accumulation mode mass in the
perturbed atmosphere. In stark contrast, in-cloud SO4 production is the main pathway
for the increase of the accumulation mode in the unperturbed atmosphere and adds
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about a factor 8 more SO4 than the second most important process, condensation of
H2SO4 vapour.

To summarise the budget for L-s: in the 12 months after the onset of the eruption,
H2SO4 condensation on the accumulation mode and growth of Aitken mode particles
into the accumulation mode increase to such an extent (from 2.5 to 34 Tg (S) a−1) that,5

alongside the small increase of in-cloud SO4 production (from 17 to 25 Tg (S) a−1),
these processes become approximately equally important in determining the mass of
the accumulation mode.

In contrast, in the 12 months after the onset of L-w, in-cloud SO4 production is still
the dominant process determining the mass of accumulation mode SO4 due to less10

substantial increases in H2SO4 vapour condensation and direct growth of Aitken mode
particles (from 2.5 to 16.0 Tg (S) a−1) alongside a large increase in in-cloud SO4 pro-
duction (from 18 to 33 Tg (S) a−1) (Fig. 4b). The dominance of in-cloud oxidation is
a result of the less efficient conversion of SO2 to SO4 via OH during the winter months.

These results indicate that aerosol microphysical processes are fundamentally al-15

tered after the Laki eruption with the timing of the onset of the eruption playing an
important role in determining the microphysical processes dominating the evolution of
the aerosol size distribution.

3.5 Impact on particle concentrations and CCN concentrations

3.5.1 Total particle concentrations20

Figure 9 shows zonal mean total particle concentrations averaged over the first 3
months for L-s and L-w, together with the unperturbed runs and the ratio of the vol-
canically perturbed to the respective unperturbed period. Here we define the total
particle concentration in terms of the frequently used term condensation nuclei (CN),
counted as all particles larger than 3 nm in diameter.25
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For L-s, the model predicts an increase in CN concentrations of up to a factor 16
at high northern latitudes at 8 to 10 km altitude (corresponding to increases of up to
∼4400 cm−3 in this region). CN concentrations increase by as much as 16 000 cm−3 at
15 to 18 km altitude at ∼10◦ N, however, given the high natural background concentra-
tions, the increase in this region (factor of ∼11) is less than at higher northern latitudes.5

These results indicate that a fraction of the SO2 emitted from the vents into the lower
stratosphere enhances nucleation, and that new particles are transported over long dis-
tances. This result is consistent with findings from previous studies (Spracklen et al.,
2005a,b) suggesting that the CN-formation potential is strongly enhanced in the cold
upper troposphere where nucleation is most efficient. For L-w, the CN enhancement is10

a factor ∼12, which is lower than for L-s. For L-w, maximum changes in CN concen-
trations of 7800 cm−3 are simulated at ∼9 km at around 45◦ N. In the boundary layer,
changes in CN concentrations are on average a factor ∼5 for both L-s and L-w, while
L-s exhibits a local peak (factor ∼16) at around 1 km above the eruption site.

Both L-s and L-w show reduced 3-month mean CN concentrations in the SH rela-15

tive to the unperturbed atmosphere, with the strongest reduction (factor ∼0.8) in the
upper troposphere at 30◦ S. These reductions indicate that the net effect of the small
increases in SH aerosol loading (see Sect. 3.1) is to enhance coagulation of existing
and entrained particles. In the NH, closer to the emissions of SO2, the net effect is to
enhance nucleation of new particles from the produced H2SO4 vapour. However, the20

age of the pollution is older in the SH so most of the precursor gases have already
been converted to aerosol.

Figure 10 shows the spatial distribution of 3-month mean CN concentrations at low-
level cloud altitude (∼1 km) together with the ratio of the perturbed to the unperturbed
simulations. Changes in concentrations reach a maximum of ∼14 000 cm−3 close to25

the eruption site for L-s and ∼12 000 cm−3 for L-w. These enhanced CN concentrations
close to the eruption site are a result of nucleation of sulphuric acid vapour from the dry
oxidation of SO2 emitted from the lava flows. The change in NH 3-month mean CN con-
centrations is greater in the winter (∼328 cm−3) than in the summer (∼135 cm−3). The
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main source of these additional low-level CN on a hemispheric scale is from nucleation
in the free troposphere and upper troposphere, and in the winter, with lower temper-
atures and higher humidities, nucleation occurs at lower altitudes and has a greater
impact lower down than in the summer. For L-s CN concentrations increase on aver-
age to ∼450 cm−3 over large parts of North America, Greenland, Europe, the Middle5

East and Asia (i.e. an enhancement in CN concentration by a factor ∼2 to ∼5 in those
regions). This far-reaching impact on CN concentrations is due to the long-range trans-
port of nucleated particles as previously reported by Manktelow et al. (2009).

However, both eruptions have a relatively minor effect on CN concentrations at low-
level cloud altitude south of the equator with L-s having a more profound and latitudi-10

nally more widespread effect (down by a factor 0.7) when compared to L-w (factor 0.9)
due to higher SO2 and SO4 aerosol mixing ratios in the SH atmosphere for L-s.

3.5.2 CCN concentrations

The substantial change in the total CN population implies that both eruption scenar-
ios have the potential to significantly contribute to the global CCN budget in the pre-15

industrial atmosphere, thus strongly impacting cloud microphysics. Here, CCN are
counted as particles with a dry radius larger than 35 nm, which is equivalent to the par-
ticles that would activate into cloud droplets at 0.22% supersaturation, which typically
occurs in low-level stratocumulus clouds. Several microphysical processes lead to an
increase in CCN concentrations: a) nucleation of H2SO4 vapour to SO4 aerosol and20

its subsequent growth to CCN sizes by coagulation and condensation; b) growth to
CCN sizes by condensation of H2SO4 onto existing particles; and c) cloud processing
of Aitken mode-sized particles. The balance of these pathways changes significantly
in the volcanically perturbed simulations, as discussed in Sect. 3.4.

Figure 11 shows zonal mean concentrations of CCN-sized particles averaged over25

the first 3 months for L-s and L-w, together with the unperturbed run, and the change in
CCN concentrations. The model predicts an increase in CCN concentrations for L-s by
a factor >65 in the upper troposphere, giving a change in zonal mean concentrations
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at 10 km altitude of ∼1400 cm−3. For comparison, Rogers et al. (1981) measured CCN
concentrations (at 1% supersaturation) around the plume of the Mt. St. Helens eruption
in May 1981, ranging from 100 to 1000 cm−3 at an altitude of 13.6 km. Boundary layer
zonal 3-month mean CCN concentrations increase up to a factor ∼26 to ∼415 cm−3

during L-s. The impact of L-w on CCN concentrations at 10 km altitude is a factor of5

∼24, so less profound than during L-s.
Figure 11 also shows the impact of the eruption on CCN in the SH. In the L-s sce-

nario zonal 3-month mean CCN concentrations increase by up to a factor 20 in the
upper troposphere at ∼10◦ S where freshly nucleated particles subside in the general
circulation and subsequently grow (by coagulation and condensation) to CCN sizes.10

Moreover, the model simulates an increase in boundary layer CCN concentrations of
up to 35 cm−3 (factor 1.4) as far as 20◦ S (see also Fig. 12). The increase in CCN con-
centrations, together with the decrease in CN concentrations in the SH (Sect. 3.5.1),
indicates a substantial impact of the eruption on microphysical processes leading to
fewer, but larger-sized particles relative to the unperturbed atmosphere.15

The main source of summertime CCN in the natural unperturbed lower troposphere
in the pre-industrial period is from wind-dependent sea spray, which is rather weak
during summer, and the formation of SO4 aerosol from H2SO4 vapour derived from
the oxidation of marine dimethylsulfide (Korhonen et al., 2008). At present, these
processes typically account for CCN concentrations of up to 100 cm−3 found in the20

lower troposphere in remote marine regions (Andreae, 2009). In our model (Fig. 12)
we predict NH CCN concentrations at 1 km altitude ranging from ∼5 to 450 cm−3 with
a mean of 55 cm−3 under unperturbed pre-industrial conditions. Thus, with changes
in NH 3-month mean CCN concentrations at low-level cloud altitude of ∼168 cm−3 for
L-s and of ∼305 cm−3 for L-w, both eruptions would have completely dominated as25

a source of CCN in the pre-industrial atmosphere. Changes in peak 3-month mean
CCN concentrations of ∼8000 cm−3 for L-s and ∼5500 cm−3 for L-w are simulated close
to the eruption site, representing an enhancement by factors 543 and 594, respectively.
Moreover, both eruptions significantly increase CCN concentrations at the altitude of
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low-level clouds over North America (factor ∼10 for L-s and factor ∼17 for L-w), Europe
(factor ∼6 for L-s and factor ∼8 for L-w), Asia (factor ∼14 for L-s and factor ∼11 for L-w)
and Northern Africa (factor ∼2 for L-s and factor ∼5 for L-w), as well as over the Pacific
(factor ∼3 for L-s and factor ∼10 for L-w).

4 Conclusions5

We used a comprehensive global aerosol microphysics model (GLOMAP-mode) to
study the impact of the 1783–1784 AD Laki eruption on aerosol microphysical pro-
cesses, including the nucleation of new particles and their growth to CCN. We used
the dataset provided by Thordarson and Self (2003) to specify the SO2 emissions and,
recognising that such an eruption is likely to occur again, we investigated the sensi-10

tivity of aerosol microphysical processes to the timing of the eruption by additionally
simulating a hypothetical Laki eruption commencing in December.

Our principal finding is that the Laki eruption had the potential to dramatically impact
global CN and CCN concentrations, with an increase of the total particle concentration
in the upper troposphere by a factor of ∼16 over large parts of the Northern Hemisphere15

during the first 3 months after the onset of the eruption. There are already several
indications that particles released by volcanoes may act as CCN (e.g., Graf et al.,
1997; Mather et al., 2004; Mather, 2008) and thus potentially alter cloud microphysical
properties. We show that the Laki eruption had the potential to profoundly alter cloud
microphysical properties and completely dominated as a source of CCN in the pre-20

industrial atmosphere by increasing zonal mean concentrations up to a factor ∼65 in
the upper troposphere and a factor ∼26 in the boundary layer at high northern latitudes
during the first 3 months following the onset of the eruption.

The model predicts that a Laki-style eruption has a very widespread effect on CCN
concentrations. CCN concentrations at the altitude of low-level clouds are predicted25

to increase by a factor ∼14 in Asia. Such a long-range effect is consistent with our
previous studies of regional air pollution transport (Manktelow et al., 2009). Volcanic
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SO2 is lofted into the free troposphere where the formed H2SO4 vapour causes rapid
nucleation of new particles at low temperatures. These particles grow by coagulation
and condensation of further vapour during long-range transport. Although the mass of
sulphate is quite small far from the eruption, it is present in a large number of small
particles that are very effective CCN. In Manktelow et al. (2009) we showed that Asian5

pollutant sulphur emissions are lofted higher into the free troposphere than other re-
gional emissions and therefore have a high “CCN formation potential”. A similar high
CCN formation potential applies to an eruption like Laki.

Our model simulations also suggest that the impact of an equivalent wintertime erup-
tion on upper tropospheric CCN is less than a summer eruption. The upper tropo-10

spheric zonal 3-month mean CCN concentration is predicted to be only about one-third
of that of a summertime eruption. However, a wintertime eruption is predicted to have
a comparable or slightly larger effect on CCN concentrations in the boundary layer.

Our simulations also show that the Laki eruption can affect CCN concentrations in
the Southern Hemisphere. At 20◦ S, the summertime eruption increases CCN concen-15

trations at the altitude of low level clouds by up to 35 cm−3 (factor 1.4). Although this is
a small increase, the effect on cloud droplet concentrations and the radiative properties
of marine stratocumulus clouds should be quantified in future studies.

Our results highlight the importance of using a global aerosol model treating micro-
physical processes such as nucleation and particle growth to CCN sizes when mod-20

elling the effects of volcanic eruptions. Our simulations indicate that both the micro-
physical processes and the chemical processes controlling particle concentrations are
fundamentally different when compared to an unperturbed atmosphere. Moreover, pro-
cesses are non-linear throughout the season thus the effects of a high-latitude eruption
are strongly dependent on the season the eruption commences.25

Using a global aerosol microphysics model such as GLOMAP-mode advances our
understanding of how volcanoes influence natural background aerosol microphysical
properties and CCN concentrations, and enables the impact on cloud droplet num-
ber (CDN) concentrations to be calculated based on a fully resolved aerosol size
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distribution. In contrast, most GCMs use simplified schemes to derive CDN concen-
trations (e.g., Lohmann and Feichter, 2005) which do not account for microphysical
processes controlling CDN. The impact of the 1783–1784 AD Laki eruption on CDN
will be the subject of a future study.
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Fig. 1. Daily gas-phase SO2 mass-loading in Tg for (a) L-s simulation commencing on the
8 June and (b) for the hypothetical L-w simulation commencing on 8 December. Diamonds
represent ten SO2 mass loadings from the Laki vent system injected into the upper tropo-
sphere/lower stratosphere (i.e. between 9 and 13 km) and with crosses representing daily SO2
emissions from the Laki lava flows released into the boundary layer (i.e. between surface and
1 km). SO2 mass loadings and temporal resolution are derived from Thordarson and Self (2003)
with L-w employing the same mass loadings and relative temporal resolution but commencing
on 8 December.
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a) b)

c) d)

Fig. 2. Simulated changes (i.e. perturbed minus unperturbed) in zonal 3-month mean SO2 and
SO4 aerosol mixing ratios in parts per billion by volume (ppbv) for L-s (a and b) and L-w (c
and d). JJA=June-July-August; DJF=December-January-February.
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Fig. 3. Simulated global monthly mean SO2 burden (solid, light blue line with triangles) and
SO4 burden (solid, light blue line with asterisks), SO2 to SO4 ratio (dashed dark blue line), and
SO2 residence time (dashed black line with triangles) and SO4 aerosol residence time (dashed
black line with asterisks) for L-s (a) and L-w (b), respectively.
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Fig. 4a. Simulated global 12-month mean sulphur budget showing fluxes in Tg (S) a−1 with blue
colours showing absolute changes for L-s, black colours showing the unperturbed run, and ratio
of L-s to unperturbed in parentheses. Abbreviations: ddep=dry deposition; wdep=wet depo-
sition; d.grw=direct growth; coag=coagulation; cloud-proc=cloud processing of Aitken mode-
sized particles.
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Fig. 4b. As Fig. 4a but 12-month mean sulphur budget shown for L-w.
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Fig. 5. Simulated relative changes in zonal 3-month mean H2O2 and OH concentrations
averaged over the Northern Hemisphere for (a) L-s JJA-mean H2O2 concentration change,
(b) L-s JJA-mean OH concentration change, (c) L-w DJF-mean H2O2 concentration change,
and (d) L-w DJF-mean OH concentration change. JJA=June-July-August; DJF=December-
January-February.
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Fig. 6a. Simulated 3-month mean H2O2 concentration at low-level cloud altitude (970 m) for
(a) L-s unperturbed run, (b) L-s perturbed run, (c) L-s ratio perturbed to unperturbed run,
(d) L-w unperturbed run, (e) L-w perturbed run, (f) L-w ratio perturbed to unperturbed run.
JJA=June-July-August; DJF=December-January-February.
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Fig. 6b. Simulated 3-month OH concentration at 9951 m altitude for (a) L-s unperturbed run,
(b) L-s perturbed run, (c) L-s ratio perturbed to unperturbed run, (d) L-w unperturbed run,
(e) L-w perturbed run, (f) L-w ratio perturbed to unperturbed run. JJA=June-July-August;
DJF=December-January-February.
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a)

b)

Fig. 7. (a) Total SO4 deposition [kg (SO4)/km2] following the first 12 months after the onset of
the Laki eruption shown for the Northern Hemisphere. (b) Bias of modelled total SO4 deposition
[kg (SO4)/km2] when compared to ice core measurements in Greenland (Mosley-Thompson
et al., 2003; Clausen and Hammer, 1988, Table V) and Svalbard (Kekonen et al., 2005).
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a) b)

c) d)

Fig. 8. Simulated zonal 3-month mean number-size distribution averaged over the North-
ern Hemisphere for (a) L-s unperturbed run, (b) L-s perturbed run, (c) L-w unperturbed run,
(d) L-w perturbed run. With nucleation mode: (dp<0.01 µm); Aitken mode: (0.01<dp<0.1 µm);
accumulation mode: (0.1<dp<1.0 µm). JJA=June-July-August; DJF=December-January-Feb-
ruary.
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Fig. 9. Simulated zonal 3-month mean CN concentrations per cubic centimeter (per cc) for
L-s: (a) unperturbed run, (b) perturbed run, (c) ratio of perturbed to unperturbed; and for L-w:
(d) unperturbed run, (e) perturbed run, (f) ratio of perturbed to unperturbed. JJA=June-July-
August; DJF=December-January-February.
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Fig. 10. Simulated 3-month mean CN concentrations per cubic centimeter (per cc) at 970 m
altitude for L-s: (a) unperturbed run, (b) perturbed run, (c) ratio of perturbed to unperturbed;
and for L-w: (d) unperturbed run, (e) perturbed run, (f) ratio of perturbed to unperturbed.
JJA=June-July-August; DJF=December-January-February.
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Fig. 11. Simulated zonal 3-month mean CCN concentrations (radius >35 nm, supersatur-
ation=0.22%) per cubic centimeter (per cc) for L-s: (a) unperturbed run, (b) perturbed run,
(c) ratio of perturbed to unperturbed; and for L-w: (d) unperturbed run, (e) perturbed run,
(f) ratio of perturbed to unperturbed. JJA=June-July-August; DJF=December-January-
February.
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Fig. 12. Simulated 3-month mean CCN concentrations (radius >35 nm, supersaturation=
0.22%) per cubic centimeter (per cc) for L-s: (a) unperturbed run, (b) perturbed run, (c) ab-
solute change; and for L-w: (d) unperturbed run, (e) perturbed run, (f) absolute change.
JJA=June-July-August; DJF=December-January-February.
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