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Abstract. The volcanic ash cloud from the eruption of Ey-

jafjallajökull volcano in April and May 2010 resulted in un-

precedented disruption to air traffic in Western Europe caus-

ing significant financial losses and highlighting the impor-

tance of efficient volcanic cloud monitoring. The feasibil-

ity of using SO2 as a tracer for the ash released during the

eruption is investigated here through comparison of ash re-

trievals from the Spinning Enhanced Visible and Infrared Im-

ager (SEVIRI) with SO2 measurements from a number of in-

frared and ultraviolet satellite-based sensors. Results demon-

strate that the eruption can be divided into an initial ash-

rich phase, a lower intensity middle phase and a final phase

where considerably greater quantities both ash and SO2 were

released. Comparisons of ash-SO2 dispersion indicate that

despite frequent collocation of the two species, there are a

number of instances throughout the eruption where separa-

tion is observed. This separation occurs vertically due to the

more rapid settling rate of ash compared to SO2, horizontally

through wind shear and temporally through volcanological

controls on eruption style. The potential for the two species

to be dispersed independently has consequences in terms of

aircraft hazard mitigation and highlights the importance of

monitoring both species concurrently.

1 Introduction

The Eyjafjallajökull volcano, Iceland (63.63◦ N,

19.6215◦ W; 1666 m a.s.l.) erupted explosively on

14 April 2010 and continued to emit ash and gas until

24 May. Despite the relatively modest size of the eruption,

the prevailing wind conditions to the south-east resulted in
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the eruption having a considerable impact upon aviation in

Europe. The closure of the majority of European airspace

from 17–19 April alone led to an estimated loss of $1.7 bil-

lion to the aviation industry (IATA, 2010). One of the most

significant consequences of the eruption was the change in

flight safety policy from zero tolerance to the introduction of

ash concentration thresholds (CAA, 2010). The International

Civil Aviation Organization (ICAO) have now defined areas

of low (<2×10−3 g m−3), medium (2–4×10−3 g m−3) and

high (>4×10−3 g m−3) ash concentration to determine

where flight is allowable (low), allowable under certain

specific conditions (medium) or prohibited (high) (ICAO,

2010).

At least 94 confirmed incidents were reported from 1953–

2009 (Guffanti et al., 2010), where the most serious have

only narrowly avoided catastrophe due to engine flame outs.

With the current rapid rate of air traffic growth (ESCAP,

2005) there is the potential for many more such incidents and

it is the responsibility of the Volcanic Ash Advisory Cen-

ters (VAACs) to provide advisories to the aviation industry

through the effective modelling and monitoring of eruption

clouds. Throughout the Eyjafjallajökull eruption, the Lon-

don VAAC at the UK Met Office was responsible for produc-

ing model predictions for the location of the ash cloud. Fol-

lowing the introduction of a quantitative ash threshold, pre-

dictions of ash concentration were also reported in order to

advise the aviation authorities throughout the six-week erup-

tion period. However, reliance on models alone is problem-

atic due to the nature of volcanological and meteorological

conditions which can cause rapid and unexpected changes in

ash distribution. Satellite remote sensing provides means by

which model results can be validated in near real-time and

subsequently used to improve the accuracy of outputs (e.g.

Stohl et al., 2011) thereby allowing volcanic cloud predic-

tions with greater certainty.
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Table 1. Properties of the instruments used in this study.

Instrument Platform Overpass Time

(local equatorial ascending)

Field of view

(or swath width)

Nadir Spatial Resolution

AIRS Aqua 13:30 1650 km 14 km

GOME-2 MetOp-A 09:30 1920 km 80×40 km

IASI MetOp-A 09:30 2112 km 12 km

SEVIRI MSG 15 min sampling time Full disk, centred: 0◦ N 0◦ E 10 km

OMI Aura 13:45 2600 km 13×24 km

Explosive magmatic eruptions typically emit both ash and

sulphur dioxide (SO2) concurrently. As SO2 is generally eas-

ier to detect than ash with space-based instruments (Eckhardt

et al., 2008), it is frequently used as a proxy for ash (Carn et

al., 2009). Furthermore, SO2 clouds may also be associated

with very fine ash particles which are difficult to detect using

remote sensing methods, but could still pose a hazard to air-

craft (Carn et al., 2009). While volcanic ash primarily affects

aircraft engines, rapid conversion of SO2 in the atmosphere

to sulphuric acid aerosols (sulphate) can cause an increase

in corrosion rates of aircraft compressor blades (Swadzba et

al., 1996). The presence of sulphate aerosols at cruising alti-

tudes can also result in rapid crazing of acrylic windows and

a number of cases of airframe damage have been attributed

to the eruptions of El Chichón, Mexico in 1982 and Pinatubo

in 1991 (Bernard and Rose, 1990; Casadevall et al., 1996).

Although the two species are usually released concur-

rently, separation may occur through wind shear and parti-

cle settling (Prata and Kerkmann, 2007). Furthermore, the

success of volcanic ash retrievals using infrared algorithms

are highly dependent on water and ice content of the cloud,

which can mask the ash signal in high quantities (Pavolonis et

al., 2006). As the Eyjafjallajökull eruption was initially sub-

glacial, this is likely to play a significant role in ash cloud

detection due to the elevated water vapour in the cloud.

In this study the validity of using SO2 as a tracer for

volcanic ash is assessed for the case of the Eyjafjallajökull

eruption by comparing retrievals of ash concentration from

the geosynchronous Meteosat Second Generation (MSG)

Spinning Enhanced Visible and Infrared Imager (SEVIRI),

with additional retrievals of sulphur dioxide from a range

of satellite-based sensors on polar orbiting platforms. The

Global Ozone Monitoring Instrument 2 (GOME-2) and the

Infrared Atmospheric Sounding Interferometer (IASI) on-

board the Eumetsat MetOp-A platform, the Ozone Moni-

toring Instrument (OMI) on the NASA Aura satellite and

the Atmospheric Infrared Radiation Sounder (AIRS) on the

NASA Aqua platform are all capable of detecting volcanic

SO2 with varying spatial, spectral and temporal resolutions

(Table 1). The use of a number of sensors allows for a greater

wealth of information about the plume altitude and distri-

bution to be determined than through using just one sen-

sor alone (Thomas et al., 2011). The Cloud-Aerosol Lidar

with Orthogonal Polarisation (CALIOP) spaceborne lidar, on

board the CALIPSO platform has also been used to provide

information about aerosol altitude and vertical distribution

of ash and aerosol particles. Also utilised are the European

Centre for Medium-Range Weather Forecasts (ECMWF) in-

terim reanalysis data, for comparison of cloud transportation

with local wind fields. These data contain the u and v wind

velocity components at a 1◦ resolution from sea level up to

0.1 hPa at six hourly intervals (Berrisford et al., 2009).

Satellite observations are compared to the prediction is-

sued by the London VAAC using the operational disper-

sion model, NAME III (Numerical Atmospheric – dispersion

Modelling Environment) (Jones et al., 2007). The model

is a Lagrangian dispersal model, uses inputs of meteorol-

ogy from either the Met Office Numerical Weather Pre-

diction (NWP) Unified Model (UM) or ECMWF (Jones et

al., 2007). During the eruption, particle size was prede-

fined with a six-bin distribution (0.1–100 µm; peak at 10–

30 µm), ash density fixed at 2300 g m−3, a constant ash erup-

tion rate of 1×109 g s−1 and plume height based on three

hourly observations provided by the Icelandic Met Office

were used (Mylne, 2010). The model allows for gravi-

tational settling and wet and dry deposition processes, al-

though no attempt is made to model the plume rise dynamics

(Mylne, 2010). Predictions were released on a six-hourly ba-

sis for the north Atlantic region and are available online from

http://www.metoffice.gov.uk/aviation/vaac/. Throughout the

event, data from satellites were used to provide information

on ash dispersion and therefore assist in alteration of model

parameters.

2 Methodology

2.1 Ash retrievals

The retrieval of volcanic ash for the SEVIRI instrument is

based on the brightness temperature difference (BTD) be-

tween channels 9 (10.8 µm) and 10 (12 µm) (Prata, 1989a,

b), which is negative for silicate ash. The refractive indices

of andesitic ash particles, consistent with the findings of Sig-

mundsson et al.,(2010), were defined as a function of wave-

length (Pollack et al., 1973) were interpolated and convolved

with the SEVIRI response functions and input into a Mie
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scattering code using a range of particle sizes and wave-

lengths. A discrete ordinates model (DOM) (Stamnes and

Swanson, 1981) and a look up table for the range of top of at-

mosphere (TOA) brightness temperatures for each of the two

channels is generated. These values are then compared with

the atmospherically corrected (Yu et al., 2002) satellite data

to derive the optical depth and ash properties, which are used

to compute the total ash mass of each pixel (Wen and Rose,

1994; Prata and Grant, 2001). The retrieval scheme was ap-

plied to all images acquired between April 14 and May 25 to

generate ash maps for every 15 min interval during the erup-

tion period, resulting in a total of 3936 images. The total

mass was also calculated for each scene by summing up the

mass loadings and multiplying by the total area of affected

pixels. The detection limit of the SEVIRI ash retrieval has

been determined as approximately 0.5 g m−2, amounting to

a sensitivity of approximately 0.001 g m−3 for a cloud with

500 m vertical thickness. The accuracy of total ash mass

loading calculated from SEVIRI are around ±50 % (Prata

and Prata, 2010).

The retrieval of ash is compounded by the presence of

water vapour and ice in the cloud which can mask the sig-

nal of volcanic ash due to the positive BTD of these species

(Wen and Rose, 1994; Prata and Grant, 2001). Furthermore,

retrievals at night time over cloud free land often return a

slightly negative BTD which adds noise to the date, making

the exact delimitation of the ash cloud more difficult (Prata

and Grant, 2001).

2.2 SO2 retrievals

The retrieval of the partial column SO2 from AIRS uses

the channels around the 7.3 µm absorption band, using the

method of Prata and Bernardo, (2007) and is described

briefly here. Firstly, a correlation method is used to identify

the correct band to use for the retrieval, which is then com-

pared with a library band shape. In the second stage, the SO2

amount is retrieved in 2 km thick parallel layers with an op-

timal estimation technique (Rodgers, 2000), which are then

summed yield the partial column SO2. The retrieval is most

limited when the thermal contrast between the SO2 cloud and

the surface beneath it is small, when there is a large amount

of water vapour in the atmosphere or if the retrieval band

becomes saturated due to high concentrations of absorbing

species which reduces the sensitivity of the band to changes

in SO2 concentration (Prata et al., 2003; Prata and Bernardo,

2007). Errors range from approximately ±3 Dobson Units

(DU) up to ±6 DU, depending on the amount of water vapour

interference, which tends to restrict the retrieval to clouds re-

siding above the water-rich troposphere (ca. 3 km) with the

detection limit at approximately 5 DU (Thomas et al., 2011).

Band saturation is not seen in the AIRS retrievals for Ey-

jafjallajökull, which only occurs when the cloud is optically

thick making the spectra appear flat, although water vapour

interference is a problem in many of the images. These lim-

itations must be borne in mind when making comparisons

with estimates from other sensors (e.g. OMI and GOME-2).

Retrieval of SO2 from IASI is described by Clarisse et

al. (2008). Like AIRS, IASI is sensitive to SO2 in the middle-

to upper-troposphere and lower stratosphere, with sensitivity

limited by the water vapour content of the atmosphere and

clouds. In principle, the better spectral resolution and slightly

better signal-to-noise of IASI compared to AIRS provides

better SO2 retrievals, and Clerbaux et al., (2009) estimate a

sensitivity down to 2 DU, but so far a thorough validation,

error analysis and inter comparison of retrievals has not been

undertaken.

The ultraviolet (UV) sensors OMI and GOME-2 measure

the total backscattered solar irradiance from the Earth’s sur-

face and the SO2 total column is computed using the Beer-

Bouguer-Lambert law. Absorption due to SO2 is differen-

tiated from that of ozone by using measurements at mul-

tiple wavelengths (Kerr, 1980; Krueger, 1983; Krueger et

al., 1995). OMI SO2 data are derived using the linear fit

algorithm of Yang et al. (2007) and are retrieved as the

OMSO2 product from http://mirador.gsfc.nasa.gov/. Error in

estimates of the a priori cloud altitude can result in errors

of up to 20 % or 15 % respectively, depending on whether

the altitude is over-or under- estimated (Yang et al., 2007).

Further error due to the nonlinear effect can result in un-

derestimation of total SO2 column by 20 % (for a 100 DU

column) up to 70 % where SO2 loadings are high (400 DU)

(Yang et al., 2007). GOME-2 products are computed using

a differential optical absorption spectroscopy (DOAS) algo-

rithm (Eisinger and Burrows, 1998) and are provided online

at http://sacs.aeronomie.be/. Heue et al., (2011) estimate re-

trieval of SO2 vertical column density accuracy at approxi-

mately 1.3 DU for Eyjafjallajökull measurements which pro-

vides a minimum error of around 25 % for the data presented

here. As these UV sensors measure the total column SO2,

using radiance which has been scattered by the entire atmo-

sphere, SO2 at low altitude can also be detected with an de-

tection limits as low as 0.6 DU (Brinksma et al., 2003; Rix

et al., 2008). Although the retrievals include terms to ac-

count for thin or broken clouds, molecular scattering, gas ab-

sorption, aerosols and Rotational Raman Scattering although

presence of dense meteorological cloud or significant aerosol

can mask the volcanic signal (Yang et al., 2007, 2009).

2.3 Spaceborne lidar

SO2 data from all four sensors were analysed for the pe-

riod 14 April–24 May and images containing SO2 were

compared with the nearest time-coincident ash retrieval

from SEVIRI along with information from the CALIOP li-

dar where available (browse images v. 3.01 acquired from

http://www.calipso.larc.nasa.gov/). CALIOP measures at-

mospheric backscatter profiles at 532 and 1064 nm up to

40 km altitude as well as a perpendicular backscatter com-

ponent at 532 nm (Vaughan et al., 2004). Returned products

www.atmos-chem-phys.net/11/6871/2011/ Atmos. Chem. Phys., 11, 6871–6880, 2011
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available in the browse images include the total attenuated

backscatter at 532 nm, the depolarization ratio and the attenu-

ated colour ratio (1064/534 nm). Small particles return lower

values of attenuated colour ratio due to the lower amounts of

backscatter at 1064 nm. The amount and ratio of backscatter

from the lidar measurements can provide information in to

the vertical extent and location of volcanic ash and sulphate

aerosols as well as providing some details regarding particle

size and type (Thomason and Pitts, 2008).

3 Observations and discussion

3.1 Eruption chronology

After a number of weeks of heightened seismic activity and

a fissure eruption at Fimmvörðuháls lasting approximately

three weeks, the summit eruption of Eyjafjallajökull began

on 14 April, sending ash clouds to more than 8 km a.s.l.

(BGS, 2010). From 19 April until early May, activity con-

tinued with a lower intensity with plume altitudes reaching

an average height of 4 km (Smithsonian Institution, 2010).

In early May, the plume was reported to be darker and wider

than during the past three weeks showing a rapid increase

in ash discharge rate with both lava-producing and explosive

phases (Icelandic Met Office, 2010; Smithsonian Institution,

2010). On May 4, the explosive activity at Eyjafjallajökull

was seen to gain intensity, with observations estimating the

plume altitude at 6 km a.s.l. (Hjaltadóttir et al., 2010). The

volcano continued to emit ash and gas up until 24 May when

the eruption ended. These different phases of the eruption

can be clearly distinguished using satellite data. Figure 1

shows the total ash tonnage as measured by SEVIRI for each

image throughout the eruption period, along with the OMI

and AIRS SO2 tonnages for overpasses which captured the

entire cloud region (so that results were not biased by over-

passes where only part of the plume was imaged). The first

phase is dominated by ash with very little SO2 detected by

either AIRS or OMI which is consistent with the sub-glacial

nature of the eruption. The middle phase shows little in the

way of ash or SO2 detected by the satellite based sensors,

indicating that the explosions at this time were much less

ash -rich and likely dominated by water vapour, along with

a small amount of low altitude SO2, as detected by OMI.

The final phase is indicative of a magmatic eruption releas-

ing both SO2 and ash in two distinct phases, peaking on May

9 and May 15.

3.2 15 and 16 April

During the first phase, SO2 clouds were difficult to distin-

guish in the AIRS and IASI imagery, due to their low al-

titude and concentration, although some SO2 was detected

by the UV sensors on a number of days. Figure 2 shows

the near-coincident SEVIRI ash retrievals with the OMI and

GOME-2 SO2 retrievals on 15 and 16 April. The images

Fig. 1. Total tonnage of ash retrieved at 15 min intervals from the

MSG SEVIRI instrument along with the total SO2 mass detected

by the OMI and AIRS instruments for the entire eruption period.

The shaded regions define the three different stages of the eruptive

activity.

show some spatial disparity between regions of SO2 and ash

as measured by the instruments. On 15 April, the SO2 cloud

extends further to the east than the majority of the ash and

the relative locations of ash and SO2 show that there is little

gas associated with the area of densest ash. Conversely, the

most concentrated area of SO2 to the east does not appear to

have high ash concentrations associated with it.

The images from GOME-2 and SEVIRI on the April 16

show a general collocation of the ash and gas, although the

GOME-2 imagery does detect a noteworthy SO2 cloud over

Finland (∼62 ◦ N, 2◦ E) that is larger than the corresponding

region of ash. By observing the clouds’ evolution over time,

this SO2 was originally associated with the ash cloud visible

in the SEVIRI image at 12:00 UTC (Fig. 2a), and was erupted

at approximately 08:30 on 15 April. It is possible that during

the 24 hours of transportation in the atmosphere the majority

of the large ash particles will have settled out, leaving just

SO2 and fine ash in suspension. Due to the sub-glacial na-

ture of the eruption in the early explosive phase, rapid ash

fall-out is possible as the high water and ice content of the

cloud would facilitate the removal of ash by gravity (Rose

et al., 1995). Comparison with the VAAC model prediction

shows that both the ash and SO2 are within the region origi-

nally forecasted to contain ash. However, these images also

demonstrate that the region delineated by the VAAC model

is much larger than the area of volcanic species detected by

any of the sensors. Whether or not ash was present in most

of this region remains unknown, as it is possible ash particles

below the detection limit of the spaceborne instruments were

present and just not detected.

3.3 4 May

Retrievals from 4 May demonstrate the advantage of using

SO2 retrievals in order to locate the cloud where ash re-

trievals may fail (Fig. 3). At this time, the eruption was be-

ginning to re-intensify, although the SEVIRI ash retrievals

for this day do not indicate the presence of a sustained ash

plume. The ash is visible in the MODIS visible imagery

Atmos. Chem. Phys., 11, 6871–6880, 2011 www.atmos-chem-phys.net/11/6871/2011/
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Fig. 2. Near-coincident retrieval of ash from SEVIRI with OMI SO2 on April 15 (a and b) and with GOME-2 SO2 data on 16 April (c and

d). Red dashed lines indicate the swath edge of the polar orbiting instruments and grey lines indicate the limit of the OMI row anomaly,

between which no useable data are recorded. The grey shaded region indicates the area predicted to contain ash as forecast by the London

VAAC at the time of the eruption.

(Fig. 3c), and can also be identified subjectively in time-

series of SEVIRI brightness temperature imagery. However,

subjective interpretation cannot be automated for rapid de-

tection and does not permit numerical estimates of concen-

tration, which have now become important in terms of defin-

ing regions of aircraft hazard. The SO2 cloud in this case

is evidently imaged by the two UV sensors and is therefore

assumed to be at low altitude (<6 km a.s.l.) over the United

Kingdom (∼51–64◦ N, 2–10◦ W) as it remains undetected by

both AIRS and IASI. The OMI aerosol index (AI) is a mea-

sure of absorption by aerosols at 360 nm, including volcanic

ash (Torres et al., 2007). In this case the OMI AI data is only

able to detect the densest region of ash close to the vent and

like the IR sensors, is unable to distinguish the majority of

the cloud. The low plume altitude and cloudy meteorolog-

ical conditions, as indicated by the MODIS visible image,

are likely to have limited the ability of the ash retrieval al-

gorithms to effectively identify the ash cloud. The spatial

comparison with the output from the London VAAC model

for this day shows that the region of SO2 actually extends

further to the east of the designated no-fly zone which may

have implications for aircraft operating in this region.

3.4 7 May

On 7 May, the SO2 retrieval from the morning overpass of

IASI compared with the SEVIRI ash indicates that the two

species are well collocated (Fig. 4). However, the GOME-2

SO2 imagery indicates a segment of SO2 which is further to

the north and west than the ash. This separation is observed

to remain at 14:30 UTC when the AIRS and OMI overpasses

occurred (Fig. 5, a–c). The separated part of the cloud is

thought to be below about 6 km a.s.l., as very little SO2 is

detected by IASI and AIRS. The CALIOP Lidar track, coin-

cident with the AIRS and OMI afternoon overpasses on the

7 May also intersected the volcanic cloud and can be used to

infer the process causing the ash and gas separation (Fig. 5).

The data indicate that the portion of the cloud through which

the lidar track passes, may actually be distributed over sev-

eral altitude levels, between approximately 3 and 9 km. A

second feature to the north, also likely to be associated with

volcanic aerosol forms a thinner layer around 5 km a.s.l.Ṫhis

layer shows low attenuated colour ratio (ACR) and depolari-

sation measurements, but strong backscatter at 532 nm which

is more likely to indicate the presence of smaller sulphate

www.atmos-chem-phys.net/11/6871/2011/ Atmos. Chem. Phys., 11, 6871–6880, 2011
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Fig. 3. SO2 retrievals from GOME-2, OMI and AIRS on 4 May 2010 (a, b and d) and the visible image from the MODIS instrument on

the Aqua platform showing the ash plume as it leaves the volcano. As before, red dashed lines indicate the swath edge of the polar orbiting

instruments and grey lines indicate the limit of the OMI row anomaly, between which no useable data are recorded. The grey shaded region

indicates the area predicted to contain ash as forecast by the London VAAC at the time of the eruption.

Fig. 4. Ash retrieval for 7 May 2010 from MSG-SEVIRI with the near-coincident retrievals of SO2 from the IASI and GOME-2 instruments.

As before, red dashed lines indicate the swath edge of the polar orbiting instruments (the image limit in the case of IASI).

aerosol as opposed to ash. It therefore seems likely that

this layer represents the eastern edge of the separated SO2

cloud. In order to confirm this hypothesis, the European Cen-

tre Medium-Range Weather Forecasts (ECMWF) reanalysis

wind field data are also evaluated (Fig. 6). These data demon-

strate that although wind direction is fairly constant around

165◦ over all altitudes, the wind speed between 600 hPa and

400 hPa (ca. 4–6 km a.s.l.) is higher than that immediately

above and below, which is likely to be causing the observed

shearing to the north-west.

Atmos. Chem. Phys., 11, 6871–6880, 2011 www.atmos-chem-phys.net/11/6871/2011/
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Fig. 5. Retrievals of ash and SO2 for 7 May from SEVIRI, AIRS and OMI (a–c) as well as the coincident data from the CALIOP spaceborne

lidar (d–f). The pink and turquoise circles indicate where the lidar track crosses the cloud and the associated features visible in the lidar

imagery. The dashed black line defines the ground track of the lidar. As before the red dashed lines indicate the swath edge of the polar

orbiting instruments and the grey lines delimit the OMI row anomaly, between which no useable data are acquired.

a b

Fig. 6. (a) ECMWF reanalysis data for 12:00 UTC on 7 May at

500 hPa with the coincidental SEVIRI ash retrieval underlain. (b)

Vertical profile of wind speed and direction taken from the ECMWF

wind data at 53◦ N, 24◦ W, location indicated by the black circle in

(a).

3.5 13 May

During the late afternoon of 13 May the cloud shows a

change in plume direction from predominantly easterly and

northerly to south-easterly. Figure 7 shows the ash re-

trieval from SEVIRI from 12:30 UTC on the 13 May un-

til 03:30 UTC on May 14 which demonstrates this change

in direction. The coincident OMI, IASI and AIRS SO2 re-

trievals for this period are also shown. The satellite data

indicates that both species are changing direction, although

the AIRS and IASI images suggest that the concentration

of SO2 moving south exceeds that going north, whereas ash

concentrations are approximately equal. Figure 8 shows the

ECMWF wind fields at approximately 10 km and 3 km a.s.l.

at 18:00 UTC on 13 May. The southerly component of the

wind at 10 km is much stronger than at 3 km and the oppo-

site is true for the winds which are moving the cloud to the

north-west. It therefore seems likely that the southward mov-

ing ash and gas are at a higher altitude than the cloud moving

north.

4 Conclusions

The ash and gas cloud released during the eruption of Eyjaf-

jallajökull was imaged throughout the period of 15 April–

24 May by a number of satellite based sensors. Ash re-

trievals from the MSG SEVIRI instrument at 15 min in-

tervals and SO2 measurements from OMI, GOME-2, IASI

and AIRS are all useful in detecting and locating the cloud

which shows highly variable dispersion over the nearly six

week period. This work has demonstrated that through

www.atmos-chem-phys.net/11/6871/2011/ Atmos. Chem. Phys., 11, 6871–6880, 2011
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Fig. 7. Ash (a–c) from SEVIRI and SO2 retrievals (d–e) for the latter half of 13 May and the early morning on 14 May. During this time

period the volcanic cloud is seen to make a dramatic change in direction. As before, red dashed lines indicate the edge of swath (or image

limits in the case of IASI) of the polar orbiting instruments and the grey lines delimit the OMI row anomaly between which there are no

useable data.

Fig. 8. ECMWF windfield data for 13 May at 18:00 UTC for the 300 hPa and 700 hPa levels (approximately 10 km and 3 km respectively)

with the coincident SEVIRI ash retrieval underlain. The windfield data shows a stronger southern component at high altitude with a stronger

south-easterly windspeed at lower altitude.

comparison of coincident measurements of ash and SO2, the

validity of using SO2 as a tracer for the motion of ash in

this instance can be evaluated. Satellite data indicates that

for majority of the eruption the gas and ash were collocated,

although there are some instances where the two species

do vary spatially. Separation due to the differential resi-

dence times of ash and SO2 in the atmosphere results in the

SO2 cloud travelling further distances than the ash. This

Atmos. Chem. Phys., 11, 6871–6880, 2011 www.atmos-chem-phys.net/11/6871/2011/



H. E. Thomas and A. J. Prata: Sulphur dioxide as volcanic ash proxy during Eyjafjallajökull eruption 6879

has important consequences for the aviation industry as it

is likely some of the finest ash particles are remnant in the

cloud. Separation due to wind shear has also been seen to

occur on some days. Shearing can affect one species more

than the other when vertical separation has taken place either

due to the initial eruption style or through differential rates

of particle settling. Finally, one instance where the SO2 re-

trievals from the UV sensors detect a considerable gas cloud

while no ash is observed. In this instance, the existing me-

teorology may have significantly limited the effectiveness of

the ash retrieval algorithm so that any ash present was not

detected. Alternatively, the cloud may have been predom-

inantly composed of SO2 as indicated by the UV sensors,

which would affect the level of perceived risk to aircraft.

In conclusion, the monitoring of both species is impor-

tant during volcanic eruption episodes in order to provide

the most accurate representation of volcanic clouds in both

time and space. The use of the polar orbiting UV sensors, al-

though lacking the temporal frequency of SEVIRI, allow for

the more sensitive detection of SO2 which can, as has been

shown here, detect the volcanic cloud where the ash algo-

rithm cannot. The presence of SO2, while not confirming the

co-existence of ash, could be associated with fine ash parti-

cles and could itself pose a hazard. The range of datasets pro-

vided by spaceborne remote sensing also may also be used to

validate dispersion models used in the mitigation of aircraft

hazards.
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