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[1] We conducted simulations of the atmospheric transformation and transport of the
emissions of the 1783–1784 Laki basaltic flood lava eruption (64.10�N, 17.15�W) using
the NASA Goddard Institute for Space Studies modelE climate model coupled to a
sulfur cycle chemistry model. The model simulations successfully reproduced the aerosol
clouds of the 1912 Katmai and 1991 Mount Pinatubo eruptions, giving us confidence
in the Laki simulations. Simulations of the Laki eruption produce peak zonal mean sulfate
(SO4) concentrations of over 70 ppbv during August and into September 1783 in the
upper troposphere and lower stratosphere at high latitudes. While the majority of the
sulfate aerosol was removed during the fall and early winter, a significant aerosol
perturbation remained into 1784. The peak SO2 gas loading was just over 37 megatons
(Mt) in late June with the sulfate loading peaking in late August 1783 at 60 Mt over
the average of 3 runs. This yielded a peak sulfate aerosol (75% H2SO4, 25% H2O) loading
of over 80 Mt with the total aerosol produced during the entire eruption being about
165 Mt. The resulting sulfate deposition compares well with ice cores taken across
Greenland. The top of atmosphere net radiative forcing peaks at �27 W/m2 over the high
latitudes during late summer 1783 and produces a global mean forcing of �4 W/m2. The
model results confirm that Northern Hemisphere high-latitude volcanic eruptions
produce aerosols that remain mostly confined north of 30�N latitude.
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1. Introduction

[2] Strong volcanic eruptions that inject large amounts of
sulfur dioxide (SO2) gas into the atmosphere have the
ability to significantly perturb our climate system [Robock,
2000]. The amount of SO2 gas, the latitude [Oman et al.,
2005], and the altitude of the injection all play important
parts in the overall climate impact. For recent eruptions like
the 15 June 1991 eruption of Mount Pinatubo we have had
access to satellite [Long and Stowe, 1994; Thomason et al.,
1997] and lidar measurements to construct accurate aerosol
cloud data sets [Stenchikov et al., 1998; Antuña et al.,
2003]. Reconstructing the optical depth perturbations from

eruptions at the end of the 1800s into the mid-1900s has
relied mostly on pyrheliometric data from a number of
observing stations [Sato et al., 1993; Stothers, 1996a,
1997]. Unfortunately, further back in time less information
is available for constructing optical depth data sets. One
eruption that is of high interest is the Laki basaltic flood
lava eruption that occurred in Iceland (64.10�N, 17.15�W)
from June 1783 through February 1784.
[3] The Laki eruption is known locally as the Skaftár

Fires [Thordarson and Self, 1993] and is one of the largest
basaltic lava flows in the last 1000 years. The eruption is
sometimes called Lakagı́gar, which is the name of the cone
row where the fissure eruption occurred. The total volume
of magma erupted is estimated at 15.1 ± 1.0 km3, of which
14.7 km3 was emplaced as lava and 0.4 km3 as tephra
[Thordarson and Self, 1993] and approximately 122 mega-
tons (Mt) of SO2 gas was released by the eruptions
[Thordarson and Self, 2003].
[4] Thordarson and Self [2003] produced a complete

review of the environmental as well as atmospheric impacts
associated with the Laki eruption. Previous studies have
constructed estimates of atmospheric SO2 gas emissions
[Thordarson et al., 1996], which can be used in conjunction
with chemistry and transport models to calculate the atmo-
spheric sulfate loading resulting from Laki. One such study
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was conducted by Stevenson et al. [2003], in which they
used the United Kingdom Met Office 3-D Lagrangian
chemistry transport model coupled to the Unified Model
general circulation model (GCM). In that study they con-
ducted simulations based on differing assumptions of the
vertical distribution of SO2 gas from the Laki eruption. The
simulation of Stevenson et al. [2003] deposited 64–72% of
the SO2 gas to the surface before it could react to form
sulfate aerosol. The remainder was converted into sulfate
aerosol in the model, but it only produced minor climate
anomalies [Highwood and Stevenson, 2003]. A number of
more significant climate anomalies were documented
around the Northern Hemisphere (NH) following the Laki
eruption [Thordarson and Self, 2003; Stothers, 1996b],
however. The summer of 1783 was very warm in Western
Europe with the warmest days often associated with the
thick sulfurous dry fog [Grattan and Sadler, 1999;
Thordarson and Self, 2003]. Alaska and Northwest Canada
experienced an extremely cold summer [Jacoby et al., 1999]
as did most of Northern Asia, Iceland, and the Faeroe
Islands [Thordarson and Self, 2003]. The winter of 1783–
1784 was unusually cold over Europe and the Northeastern
United States [Thordarson and Self, 2003], with anomalies
on the order of �3�C. More recently, Chenet et al. [2005]
used the LMDZT-INCA model, coupled to an atmospheric
chemistry module, to transport 200 Mt of sulfate aerosol
estimated from Laki, but did not allow the circulation to
react to the radiative forcing from the aerosols. They used
a smoothed monthly emission of sulfate aerosol and put
20% at 5 km and 80% at 10 km, which they state is a
lower altitude than other studies suggest and is likely an
underestimate. Chenet et al. [2005] found that the aerosols
took about 5 days to reach France from Iceland, which is
in agreement with observations from de Montredon
[1784].
[5] The volcanic gases and resulting aerosols from the

Laki eruption produced severe environmental and health
affects [de Montredon, 1784; Grattan, 1998; Durand and
Grattan, 1999; Thordarson and Self, 2003; Grattan et al.,
2005]. An estimated 24% of the population of Iceland died
as a result of the Laki eruption [Finnsson, 1796], and
increases in the death rate were seen across Europe [Grattan
et al., 2005]. The sulfuric acid aerosol cloud that hung over
the NH following the Laki fissure eruption was often
referred to as a dry fog or haze, which was present in the
lower troposphere (LT) until late October 1783 and the
upper troposphere/lower stratosphere (UT/LS) until at least
February 1784 [Thordarson and Self, 2003]. To better
understand the climate response, as well as environmental
and health effects, an accurate distribution of the volcanic
aerosols must be determined. Coupled chemistry/climate
models offer a way to examine these issues. We first
validate the model by conducting simulations of the sulfate
aerosols resulting from more recent volcanic eruptions, for
which more information is known.
[6] The goal of this paper is to model the chemical

transformation and resulting gas and aerosol distribution
from the Laki eruption to create a data set that can be used
by modeling groups to better understand the climate re-
sponse from these aerosols. In section 2 we briefly describe
the Goddard Institute for Space Studies (GISS) modelE
GCM and the coupled sulfur cycle model. The volcanic SO2

gas emissions used in our simulations are described in
section 3. Section 4 presents the results of our model testing
as well as our modeling of the Laki eruption. The radiative
impact from an off-line simulation using the Laki data set is
described in section 5, with discussion and conclusions in
section 6.

2. Model Description

[7] The simulations were conducted using the strato-
spheric version of the GISS modelE GCM. A complete
overview of the model is given by Schmidt et al. [2006].
This particular configuration of the model has a 4� latitude
by 5� longitude grid with 23 vertical levels up to 80 km and
has a full gravity wave drag scheme. This scheme separately
calculates the effects of gravity waves forming from moun-
tain drag, penetrating convection, shear and deformation
[Schmidt et al., 2006], which leads to better simulation of
the stratosphere. The model uses the correlated k distribu-
tion method radiation scheme from Lacis and Oinas [1991].
This method allows implicit representation of absorption
and scattering [Hansen et al., 2002] over 33 k intervals in
the thermal spectrum. In addition we used an online sulfur
chemistry model [Koch et al., 2006], which has prognostic
dimethyl sulfide (DMS), SO2, sulfate (SO4), and hydrogen
peroxide (H2O2). We used fixed monthly hydroxyl radical
(OH) concentrations from Jöckel et al. [2003].
[8] Our estimates of SO2 gas emission are injected into

the atmosphere and are chemically converted by 2 main
pathways. In the stratosphere the predominant chemical
reaction is the gas phase oxidation of SO2 gas with OH to
form sulfate aerosol. The chemical conversion is described
by Bekki [1995]:

SO2 þ OHþM ! HSO3 þM ð1Þ

HSO3 þ O2 ! HO2 þ SO3 ð2Þ

SO3 þ H2O ! H2SO4 ð3Þ

In the troposphere SO2 gas is converted to sulfate aerosol by
gas phase reactions (1)–(3) as well as by aqueous phase
reactions with H2O2 [Koch et al., 1999]:

SO2 aqð Þ ! HSO�
3 þ Hþ ð4Þ

HSO�
3 þ H2O2 aqð Þ þ Hþ ! SO�2

4 þ H2Oþ 2Hþ ð5Þ

[9] The model calculates the radiative properties of hy-
groscopic sulfate aerosols, which depend explicitly on the
local relative humidity [Tang, 1996; Schmidt et al., 2006].
The dry deposition module uses a resistance-in-series
scheme similar to the one used by Koch et al. [1999],
except with better coupling to GCM processes [Koch et al.,
2006]. The model’s wet deposition is fully coupled to the
GCM’s hydrologic cycle, including the convection scheme.
Also, the model includes settling of small particles, includ-
ing situations where the mean free path of air is larger than
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the particle radius, which is important in the stratosphere
[Koch et al., 2006].

3. Volcanic Data Sets

[10] The data set used in reconstructing the Laki eruption
comes from the work of Thordarson and Self [2003]. They
calculated a total 122 Mt of SO2 gas released by the Laki
flood lava eruption. In our Laki simulation we injected
94.3 Mt of SO2 during 10 explosive eruption events over
a 5 month period into the UT/LS. Thordarson and Self
[2003] also estimated that lava degassing caused an addi-
tional 27.7 Mt of SO2 to be injected into the LT over an
8 month period. While this is the best estimate we have
available of the SO2 emitted by Laki, there are uncertainties,
which we estimate to be about ±20%. We simulated this by
injecting the UT/LS SO2 gas into the model around 9–
13 km above the grid box covering Iceland with the LT
component put in as a daily emission between the surface
and 2 km. The uncertainties associated with the altitude of
our UT/LS component are likely ±3 km from the center of
our injection. The altitude of the SO2 gas is important in
determining the lifetime of the gas as well as the resulting
sulfate aerosol, with the lifetime of both increasing with
altitude. Figure 1 shows the daily emissions of SO2 gas (Mt)
used in the model for the Laki eruption.
[11] Before we conducted the Laki simulations, we first

tested the model’s ability to reproduce more recent volcanic

aerosol distributions. We used the Mount Pinatubo eruption
to see how well the model can reproduce the aerosol
distribution following a tropical volcanic eruption. We
injected 20 Mt of SO2 gas [Bluth et al., 1997] into the
stratosphere mostly between 19 and 29 km over the grid box
covering Mount Pinatubo (15�N) on 15 June 1991. Also, we
conducted simulations of the high-latitude Katmai eruption
(58�N) in which 5 Mt of SO2 gas was injected between 15
and 24 km [Stothers, 1996a] on 6 June 1912. While much
less information is available for Katmai, it is the most recent
high-latitude eruption with significant SO2 gas emission.

4. Results

[12] Since only a limited amount of information is known
about the Laki flood lava eruption, it is best to test the
model’s ability to reproduce more recent eruptions in which
more data have been collected. While the sulfur chemistry
model has been thoroughly tested and validated in the
troposphere [Koch et al., 2006], little has been done in
the stratosphere. To see how the model handles large
injections of SO2 gas into the stratosphere, we first simu-
lated volcanic eruptions for which much more information
is available for validation. The 1991 Mount Pinatubo
eruption is the best observed volcanic eruption to date.
We conducted three simulations, with different initial con-
ditions, of the Mount Pinatubo eruption to test the e-folding
time of transformation of SO2 gas to sulfate aerosol as well

Figure 1. Daily mass of SO2 gas (Mt) for Laki eruption used in modelE runs from 1 June 1783 to
7 February 1784, based on Figure 2 from Thordarson and Self [2003]. The lower troposphere (LT)
injection is shown as a line with open squares, and the upper troposphere/lower stratosphere (UT/LS) is
shown as a line with solid circles.
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