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[1] Hekla volcano (Iceland) erupted on 17August 1980 and emplaced a sulfur dioxide (SO2)
cloud into the north polar stratosphere at a maximum altitude of�15 km. The SO2 is tracked
using satellite data from the ultraviolet (UV) Nimbus-7 Total Ozone Mapping
Spectrometer (N7/TOMS) and the infrared (IR) High-resolution Infrared Radiation
Sounder (HIRS/2) on the NOAA TIROS Operational Vertical Sounder (TOVS) platform.
The eruption emitted �0.5–0.7 Tg of SO2, which later split into three distinct clouds,
one of which circled the North Pole at the perimeter of an atypically persistent Arctic
cyclone for six days, impacting airspace on three continents. Separate clouds drifted
across eastern Russia, Alaska, and Canada. Maximum SO2 columns derived from
TOMS and HIRS/2 accurately define the volcanic cloud’s path and fit trajectories
produced by the NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model, providing confidence in the model. When combined with the SO2

measurements, trajectory altitudes derived from HYSPLIT provide robust estimates of
the altitudes of the SO2 clouds (8–15 km), which would be elusive using either the
satellite data or the trajectory model in isolation. Near-coincident, spectrally discrete UV
and IR retrievals are compared in the volcanic cloud and indicate good agreement
between TOMS and HIRS/2 SO2 columns for pixels with similar viewing geometry.
Hekla eruptions, which follow a pattern of early explosive venting of volcanic gases
with significant stratospheric injection, could play a role in promoting Arctic ozone loss,
depending on the phase of the North Atlantic Oscillation during the eruption.
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1. Introduction

[2] Sulfur dioxide (SO2) is an excellent tracer of atmo-
spheric motions, particularly when injected into the upper
troposphere/lower stratosphere (UTLS) by explosive volca-
nic eruptions. Eruptions release SO2 from a well-defined
source, typically at a well-constrained time, into an atmo-
sphere normally free of background SO2. It has a relatively
long residence time (days to months) in the UTLS, permitting
multiple consecutive observations, and can be easily mea-
sured using strong absorption features at ultraviolet (UV) or
infrared (IR) wavelengths. In this paper we present a unique
set of measurements following an explosive eruption of
Hekla volcano (Iceland) in August 1980, which illuminates
the dynamics of the summertime Arctic stratosphere.
[3] Monitoring of volcanic SO2 emissions is a critical

component of climate research since SO2 is a precursor of
sulfate aerosol, an agent of negative climate forcing (cool-
ing) whose direct and indirect effects are a poorly con-
strained aspect of climate models [IPCC, 2001]. Volcanic

degassing provides a significant and persistent flux of SO2

to the atmosphere [e.g., Graf et al., 1997], and large
explosive eruptions can inject a substantial part of their
total SO2 output into the stratosphere with accordingly
longer gas and aerosol residence times. Current knowledge
of volcanic SO2 emissions in the UTLS is based primarily
on measurements made by the four polar-orbiting, UV Total
Ozone Mapping Spectrometer (TOMS) instruments suc-
cessfully deployed between 1978 and 2005 [Bluth et al.,
1993; Krueger et al., 2000; Carn et al., 2003] and by the
Ozone Monitoring Instrument (OMI) since 2004 [Yang et
al., 2007; Carn et al., 2007].
[4] Techniques that exploit the strong absorption of IR

radiation at �7.34 mm by SO2 have recently emerged [Prata
et al., 2003], which are capable of providing a complemen-
tary SO2 climatology. Several satellite sensors possess a
channel covering the 7.3 mm region (e.g., the Moderate
Resolution Imaging Spectroradiometer [MODIS] and the
Atmospheric Infrared Sounder [AIRS]) [Watson et al.,
2004; Carn et al., 2005; Prata and Bernardo, 2007], but
the one offering the longest data span is the High-resolution
Infrared Radiation Sounder (HIRS/2) in NOAA’s TIROS
Operational Vertical Sounder (TOVS) package [Smith et al.,
1979]. HIRS/2 was first launched on the TIROS-N satellite
in 1978 and has provided uninterrupted coverage from
NOAA’s polar-orbiting meteorological satellites since then.
Since 1994 there have been 4 HIRS/2 instruments (or the
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more recent iterations, HIRS/3 and HIRS/4) in orbit simul-
taneously [Prata et al., 2003].
[5] TOMS measured the albedo of the sunlit Earth’s

atmosphere at six wavelengths between 0.31 and 0.38 mm
and permitted daily, low spatial resolution observations of
volcanic clouds at most latitudes (Table 1). The TOMS SO2

algorithm [Krueger et al., 1995, 2000] employs a linear
model of Rayleigh scattering and absorption by SO2 and
ozone that is solved simultaneously at four TOMS wave-
lengths. TOMS is most sensitive to SO2 in the UTLS since
most UV radiation is scattered or reflected back to space
before reaching the Earth’s lower atmosphere and surface.
IR measurements use emitted radiation and hence comple-
ment the UV techniques by permitting both daytime and
nocturnal retrievals of SO2 in volcanic clouds, therefore
increasing the frequency of observations during cloud
dispersal and transport. The SO2 absorption feature centered
at �7.3 mm that is covered by HIRS/2 is located in a
spectral region with significant absorption by water vapor,
which limits HIRS/2 retrievals to SO2 located above the
peak in the water vapor weighting function, which is
typically at �3 km [Prata et al., 2003]. TOMS and
HIRS/2 are therefore somewhat similar in their increased
sensitivity to SO2 in the UTLS. Both sensors are also able to
detect volcanic ash (see section 3).
[6] Validation is needed to ratify long-term records such

as the TOMS volcanic SO2 data base [Bluth et al., 1993;
Carn et al., 2003], but opportunities were infrequent, and
SO2 validation in general is challenging. Noneruptive
volcanic plumes that have been monitored regularly using
ground-based or airborne instruments (e.g., correlation
spectrometer [COSPEC]) were usually not sufficiently large
or concentrated for detection by TOMS, and comparisons of
TOMS and ground-based data have only been possible at
two major SO2 emitters; Popocatépetl (Mexico) [Schaefer et
al., 1997] and Nyiragongo (D.R. Congo) [S. A. Carn,
unpublished data]. Otherwise, validation of TOMS SO2

retrievals relied on the serendipitous transit of a volcanic
cloud over a Brewer spectrophotometer station or other
ground-based instrument, which occurred only three times
during the TOMS missions [Krueger et al., 2000]. Devel-
opment of IR SO2 retrieval techniques offers many new

opportunities for satellite-based validation of UV SO2

measurements, and the 1980 Hekla eruption studied here
permits a comparison between UV Nimbus-7 (N7) TOMS
and IR HIRS/2 retrievals of SO2 in a relatively long-lived
stratospheric volcanic cloud.
[7] The 1980 Hekla eruption is unique in the 30-year

history of TOMS and OMI volcanic SO2 measurements,
being the only event known to have produced a cloud that
circumnavigated the North Pole at high latitudes (Figure 1).
As such it is of value as a tracer of polar stratospheric
dynamics, similar to the Cerro Hudson eruption of August
1991, which produced a long-lived stratospheric SO2 cloud
that encircled Antarctica [Barton et al., 1992; Schoeberl et
al., 1993]. Orbits of polar-orbiting satellites converge to-
ward the poles and the high latitudes (60–80�N) reached by
the 1980 Hekla emissions, combined with the timing of the
eruption in the northern hemisphere summer (when the UV
terminator is at high latitudes), allowed for an unprecedent-
ed frequency of observations by TOMS and HIRS/2. Since
TOMS SO2 measurements have been validated to some
extent using ground-based data [Schaefer et al., 1997;
Krueger et al., 2000] they provide a useful reference for
other methods. Independent HIRS/2 retrievals permit fur-
ther assessment of the UV measurements, whilst agreement
between the two methods corroborates the IR data as a
reliable alternative. Integrating the two data sets, thereby
increasing the frequency of cloud observations, also eluci-
dates the dispersal of volcanic clouds after eruption.
[8] Here we demonstrate that integrated satellite SO2

measurements may be used to test air parcel trajectory
models. Such models are used to predict volcanic cloud
trajectories for aviation hazard mitigation. Encounters with
volcanic ejecta can be a significant hazard to aircraft, even at
great distances from the source volcano [e.g., Casadevall,
1994]. Although ash is the salient hazard to aviation, transit
through ash-poor clouds can also result in costly damage to
aircraft components [e.g., after the 2000 Hekla eruption;
Grindle and Burcham, 2002; Rose et al., 2003] and gases
such as SO2, and derived acid aerosol, usually have a longer
lifetime than coemitted ash. Moreover, in many explosive
eruptions observed using satellite data, ash-rich and SO2-rich
portions of the discharged cloud have separated and followed
different trajectories at distinct altitudes as a result of wind
shear [e.g., Schneider et al., 1999; Constantine et al., 2000;
Carn et al., 2002]. Long-range posteruption trajectory fore-
casts are hence expedient, and evaluation of trajectorymodels
is needed, but asTupper et al. [2004] have noted, the detection
period for a drifting ash cloud is typically only 2–12 hours
posteruption using a single IR or VIS channel. In a dry
atmosphere with no significant meteorological clouds Tupper
et al. [2004] were able to track an ash cloud for �80 hours
using geostationary IR split-window imagery, but such con-
ditions are unusual. We show that long-lived SO2 clouds in
the UTLS are conducive to trajectory model evaluation, and
use the 1980 Hekla case to demonstrate that combining
multitemporal satellite observations of SO2 with such models
can refine cloud altitude estimates.

2. The 1980 Hekla Eruption

[9] Hekla (63.98�N, 19.7�W, alt. 1491 m) is one of
Iceland’s most active volcanoes and is responsible for some

Table 1. Specifications of the TOMS and HIRS/2 Instruments

Operational in 1980

TOMS HIRS/2

Spacecraft Nimbus-7 TIROS-N, NOAA-6
Orbit inclination 99.1� 98.9�, 98.7�
Orbital period, min 104.15 102.1, 101
Ascending node (local time) 12:00 15:00, 19:30
Spectral range, mm 0.31–0.38 0.7–15
Field of view (FOV), mrad 52.4 21.8
Ground FOV: nadir 50 km square 17.7 km circular
Ground FOV: scan edge, km 125 � 280 31.8 � 62.8
Scan line
Scan time, s 8 6.4
Scan angle ±51� ±49.5�
Swath width, km 3000 2240
Pixels per scan line 35 56

Distance between pixels
Cross-track variable 26.4 km
Along track variable 41.8 km
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