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Sulphur dioxide retrievals of three satellite-based sensors (the Total Ozone Mapping Spectrometer, the Ozone
Monitoring Instrument and the Moderate Resolution Imaging Spectroradiometer) were performed on the
volcanic cloud from the Sierra Negra, Galápagos Islands eruption of October 22 to October 30, 2005. Near-
coincidental plume acquisitions on 23 October from each of the sensors were compared spatially on a pixel-by-
pixel basis in order to assess the level of agreement between the retrievals. The variation in pixel size and shape
between sensors was accounted for by resampling MODIS data to the geometry of the UV sensors.
It was found that correlations between retrievals werewide rangingwith estimates of total tonnage ranging from
60 kt up to 1800 kt. Spatial comparisons show variation according to plume altitude and overpass time and are
compounded by interference from other volcanic species as well as individual instrument error.
The comparison of these sensors provides an insight into the relative merits of each method and illustrates the
usefulness of a holistic approach to satellite remote sensing of sulphur dioxide. This will permit the development
of more robust retrieval schemes and therefore increasingly reliable estimations of volcanic SO2 emissions.

© 2009 Elsevier Inc. All rights reserved.
1. Introduction

Sulphur dioxide (SO2) is one of the most commonly measured
volcanic gas species. It is a useful indicator of pre-eruptive activity
(Caltabiano et al., 1994; Edmonds et al., 2003; Sutton et al., 2001), whilst
being an active agent of global climate change (Robock, 2000; Robock &
Mao,1995)and imposingadverseeffectson local environments (Delmelle
et al., 2002). Volcanic SO2 emissions impact atmospheric composition,
which in turn can influence the environment at a range of scales, through
acid rain production (Hoffman et al., 1985) and the formation of aerosols
which have regional, if not global, climatic implications, (King et al.,1992;
Robock 2000). Furthermore, quantification of SO2 emissions provides an
insight into volcanic processes (e.g. Sutton et al., 2001), which can lead to
the forecasting of potentially hazardous events.

Of all the volcanic gases, SO2 is the most readily detected due to its
relatively high abundance in plumes compared to very low concentra-
tions in the ambient atmosphere. Remote sensing offers a means to
quantify volcanic emissions, particularly where active sampling is too
dangerous or impractical. Satellite-based instruments are able to
monitor eruptive activity over large spatial domains, whereas ground
based monitoring techniques are more specifically tailored for indivi-
dual systems. SO2 lends itself to detection by remote methods due to its
distinct absorption features in both the ultraviolet (UV) and thermal
es, University of Bristol, Wills
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infrared (TIR) regions of the electromagnetic spectrum. Although
satellite-based instruments are rarely designed for the sole purpose of
volcano monitoring, a range of sensors have been shown to be useful in
the detection of volcanic gas. Three National Aeronautics and Space
Administration (NASA) instruments are used in this study — the Total
Ozone Mapping Spectrometer (TOMS) (Krueger et al., 1995) and its
successor, the OzoneMonitoring Instrument (OMI) (Levelt et al., 2006)
which are designed to measure global ozone concentrations and the
Moderate Resolution Imaging Spectroradiometer (MODIS) (King et al.,
1992; Salomonson et al., 2002) has 36 wavelength bands with which to
observe land, oceanic and atmospheric processes.

All three of the aforementioned sensors have instrument-specific
advantages and limitations with regard to volcanic SO2 measurement
(Table 1). For example, TOMSprovides an extensive dataset from1979until
the end of 2006 (Carn et al., 2007). However, the spatial resolution
(39×39 km2 at nadir) of the instrument is coarse when compared to OMI
(13×24 km2 at nadir) and MODIS (1 km2 at nadir) and therefore limits its
usefulness to large plumes. OMI continues the TOMS dataset with a finer
spatial resolution and improved retrieval algorithms, with an order of
magnitude increase in sensitivity from ~4 to 0.4 Dobson Units (DU)
(Krotkov et al., 2006). Both UV instruments use the reflection of sunlight
from the Earth back to the sensor to perform retrievals and are therefore
limited to operating in daylight hours. Furthermore, at high latitudes, long
path lengths reduce theaccuracyof theSO2 retrieval and interferencedue to
thepresenceofozone, ashand ice can increase light scatteringand therefore
affect retrieval accuracy (Bluth et al., 1993). The MODIS instrument has a
considerably finer resolution and the added benefit of both day and night
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Table 1
Summary of main features of the Earth Probe (EP) TOMS, OMI and MODIS instruments
used in this study.

Name Nadir spatial
resolution

Launch
year

Spectral
range

Advantages Limitations

TOMS 39×39 km2

(EP)
Diamond

1979 308–360 nm
(UV)

•Very long
historical
record

•Poor spatial
resolution.
•Daytime only
•Non-tessellated
pixels
•Ash, ice and ozone
interference

OMI 13×24 km2

Normal Mode
2004 270–500 nm

(Vis/UV)
•High spatial
resolution

•Daytime only

13×12 km2

Zoom in mode
Trapezoid

•Higher SO2

sensitivity cf.
TOMS

•Ash, ice and ozone
interference

MODIS 1×1 km2

Square
1999 0.64–14.3 µm

(IR/Vis)
•Day and
night
functionality

•Strong interference
from ash, aerosols
and ice

•V. high
spatial
resolution
•High
temporal
resolution

The spatial resolution given is the smallest possible pixel size, at nadir.

Table 2
Overpass times of the instruments used in this study.

Sensor (platform) Time image acquired UTC (local)

MODIS (Terra)a 0355 (2155)
MODIS (Terra) 1620 (1020)
TOMS (Nimbus 7) 1800 (1200)
MODIS (Aqua) 1910 (1310)
OMI (EOS Aura) 1927–2109 (1327–1509)

a Indicates that this retrieval was not used in the study due to the inappropriate
timing with respect to the other sensors and the small portion of the plume imaged due
to the volcano location close to the swath edge.
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time functionality although retrievals are hampered when the underlying
Earth's surface is cool (Prata et al., 2003; Rose et al., 2003). A number of
studies exist where more than one sensor is used to attempt to quantify
eruptive SO2 (e.g. Rose et al., 2003; Schneider et al., 1999), although the
direct relationship between the sensors remains poorly constrained.

The intent of this study is to outline a methodology which allows
the direct comparison of SO2 retrievals from two UV (TOMS and OMI)
and one TIR (MODIS) satellite oriented sensors based on the original
method of Kearney et al. (in review). Results of a comparison
performed on the October 22–30, 2005 eruption of the Sierra Negra
volcano, Galápagos Islands are presented. Satellite images from
October 23, the first full day of eruption, were used in this study.
Retrievals by the three instruments using various acquisitions were
conducted and the results compared both spatially and quantitatively.

1.1. MODIS

Two identical MODIS instruments aboard the NASA Aqua and Terra
platformscurrentlyorbit theEarth in sun-synchronous, nearpolar, circular
orbits (http://modis.gsf.nasa.gov). MODIS wavelength bands span the
visible (VIS) and thermal infrared wavelengths (TIR) (King et al., 1992)
and it is therefore capable of detecting a number of volcanic species due to
absorption over infrared wavelengths including ash, sulphates and SO2

(Watson et al., 2004). SO2 has two absorption signals in the TIR— one at
7.3 μm(MODIS band28) and theother at 8.6 μm(MODISband29) (Fig.1).
Fig. 1. Transmission spectrum of SO2 (shaded) and the Moderate Resolution Imaging
Spectroradiometer (MODIS) spectral response functions for channels 28–0 overlain.
The SO2 absorption only affects channel 28 (7.3 µm) more strongly than channel 29
(8.6 µm). Figure adapted from Watson et al., 2004, Fig. 1.
The absorption at 7.3 μm is significantly stronger of the two, but its
usefulness is constrained by the presence of atmospheric water vapour
which is also a strong absorber at this wavelength (Prata et al., submitted
for publication). The 7.3 μm retrieval is therefore limited to plumes in the
upper troposphere and stratosphere where the atmosphere is relatively
dry (Prata et al., 2003). The weaker 8.6 μm feature has more value when
monitoring low altitude, passively degassed plumes (Realmuto et al.,
1997) although is compounded by interference fromother species such as
ash, ice and aerosols (Watson et al., 2004).

1.1.1. 7.3 μm retrieval
A brief outline of the retrieval is given here, but for a more detailed

explanation see Prata et al., 2003. The basicmodel can be expressed as:

I − Iα = 1− τsð Þ Bs − Iαð Þ ð1Þ

where I is the measured radiance at 7.3 μm, Iα the radiance at 7.3 μm
for normal atmosphere, τs the SO2 transmittance and Bs the Planck
radiance for the cloud at temperature T (Prata et al., 2003, submitted
for publication). The temperature difference between the measured
radiance and the SO2-free radiance (as derived from the inverse
Planck function) can be related to transmittance by:

ΔT = α + β 1− τsð Þ ð2Þ

where α and β are estimated parameters and are a function of
atmospheric state and temperature of the SO2 cloud.
Fig. 2. Graph of the mass mixing ratio of water vapour in the atmosphere with altitude.
Data from the radiosonde launched at 1200 local time, from the nearby San Cristobal
Island, the nearest station to Sierra Negra. Data from: http://weather.uwyo.edu/
upperair/sounding.html.

http://modis.gsf.nasa.gov
http://weather.uwyo.edu/upperair/sounding.html
http://weather.uwyo.edu/upperair/sounding.html
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The retrieval utilises MODIS channels 27 (6.27 μm) and 31
(11.03 μm) to estimate the contribution of background atmosphere
to the at-sensor radiance, as these channels are unaffected by the
presence of SO2. As the SO2-free radiances of channels 27, 28 and 29
vary approximately linearly with wavelength, an estimate of radiance
when SO2 is absent at 7.3 μm (channel 27), Iα, can be determined. The
measured brightness temperature at 7.3 μm is lower than the
interpolated value when SO2 is present. The difference between
predicted and actual temperatures is therefore assumed to be directly
related to the quantity of SO2.

1.1.2. 8.6 μm retrieval
The original model of Realmuto et al. (1994), based on the

Moderate Resolution Atmospheric Transmission (MODTRAN) radia-
tive transfer code (Berk et al., 1984) was initially developed for
retrievals of passively degassed plumes using the Thermal Infrared
Multispectral Scanner (TIMS). It was later adapted for use with the
MODIS and the Advanced Spaceborne Thermal Emission and Reflec-
tion Radiometer (ASTER) sensors (Realmuto, 2001). MODTRAN has
Fig. 3. MODIS retrievals acquired on October 23, 1620 UTC (1020 local time). A) shows the re
account for the large disparity in values between the region over the islands and the rest o
method.
proven useful for both passive degassing and explosivemeasurements
(Watson et al., 2004).

In the model, the at-sensor radiance is expressed as:

Ls = egB Tg
� �

+ 1− eg
� �

Ld
h i

ta + Lu ð3Þ

where Ls is the at sensor radiance, εg the ground emissivity, B the Planck
function, Tg the ground temperature, Ld the downwelling radiance, ta the
spectral transmittance of the atmosphere and Lu the upwelling radiance
(Realmuto et al., 1994). The atmosphere is modelled as isothermal
layers, each acting as either a source or emitter so that the terms Ls, Ld
and Lu represent the total emission and absorption of all layers
(Realmuto & Worden, 2000). MODTRAN computes Lu(λ), Ld(λ), and ta
(λ) from atmospheric profiles of pressure, temperature, humidity and
atmospheric constituents (Realmuto et al., 1994).

Eq. (3) is solved for Tg for the channels whose radiance is
unaffected by the presence of SO2, namely MODIS bands 30–32. This
yields the ‘true’ ground temperature which can be compared to the
trieval of the plume by MODIS using the 8.6 µm method. Two colour scales are used to
f the plume. B) shows the retrieval from the same MODIS overpass, using the 7.3 µm



Fig. 4. Total Ozone Mapping Spectrometer (TOMS) SO2 retrieval captured at
approximately 1800 UTC (midday local time). Only pixels above the TOMS detection
threshold of 0.4 g m−2 are shown.

Fig. 6. MODIS retrievals at 1620 UTC resampled to TOMS pixel geometry. A) MODIS
7.3 µm retrieval resampled, B) MODIS 8.6 µm retrieval resampled.
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‘apparent’ ground temperature which results from solving Eq. (3)
for channel 29 (8.6 μm). When SO2 is present, the apparent
temperature is lower than the true ground temperature due to the
absorption of ground leaving radiation by the gas. The difference
between the two temperatures is a function of SO2 concentration
(Watson et al., 2004).

1.1.3. Retrieval methodology
MODIS level 1B raw data was obtained via NASA's Level 1

Atmosphere Archive and Distribution System (http://ladsweb.nas-
com.nasa.gov/). For the 7.3 μm retrieval, MODIS level 1B data was
processed to produce both an image of the plume and data containing
SO2 concentrations across the scene. This analysis required an input of
prescribed plume altitude. The MODIS 8.6 μm retrieval is less
straightforward due to the MODTRAN radiative transfer code requir-
ing a number of user inputs such as plume altitude, thickness, local
atmospheric conditions and properties of the underlying surface (Berk
et al., 1984). The retrieval was performed using the MAP_SO2
programme (Realmuto & Worden, 2000) which provides a graphical
user interface to the MODTRAN algorithm. The programme requires
the input of georeferenced MODIS data with radiance values for
channels 29–32. A decorrelation stretch was performed to create an
Fig. 5. The three OzoneMonitoring Instrument (OMI) retrievals of the Sierra Negra plume. Im
the linear fit algorithm for three different vertical profiles: A) Planetary Boundary Layer (PB
image in which SO2 can be more easily distinguished from the
background in order to allow better delineation of the plume (Alley,
1996; Gillespie et al., 1986).

MODTRAN calculates the SO2 concentration in the plume by utilizing
models of absorption bands for 12 different gas molecules (SO2

included). The strengthof the absorptionof theground-leaving radiance
is a function of SO2 concentration, atmospheric pressure at the plume
altitude, temperature contrast between the plume and ground and the
plume thickness (Realmuto et al., 1997). As this is an under-determined
problem, the following additional parameters are required by the
algorithm to compute SO2 concentration. An atmospheric profile
ages captured between 1927 and 1931 UTC (1327–1331 local time) and processed using
L) (0–3 km), B) 5 km (5–10 km), C) 15 km (10–15 km).

http://ladsweb.nascom.nasa.gov/
http://ladsweb.nascom.nasa.gov/
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containing information on altitude, pressure, temperature and relative
humidity is pre-loaded into theMAP_SO2 interface. In this case the only
local atmospheric datawas a radiosonde station on San Cristobal Island.
The data was downloaded from: http://weather.uwyo.edu/upperair/
sounding.html. The plume altitude and thickness are determined by the
user and also entered into the interface. In this study, the plume altitude
was determined from literature (GVN, 2005; Geist et al., 2008) and
HYSPLIT modelling (Draxler & Rolph, 2003) as 3 km close to the vent,
lofting to 12 kmat itsmostwesterly extent. The vertical plume thickness
is assumed by the model to be 1 km throughout. The temperature and
emissivity of the ground in SO2 free conditions are required to calculate
the ‘true’ ground temperature. These are computedwithinMAP_SO2 by
defining a region representative of the groundbeneath the plumewhere
the plume is not present. The user then selects regions of the plume and
run the MODTRAN algorithm to generate a map of SO2 concentration of
the entire plume.

1.2. TOMS

Since 1978 the four TOMS instruments provide a near continuous
dataset up to late 2005 (http://toms.umbc.edu/). TOMS detects
backscattered radiation in the near-ultraviolet region of the electro-
magnetic-spectrum and measures in six wavelength bands from
308 nm to 360 nm (Krotkov et al., 1997). A Sulphur Dioxide Index
(SOI) is computed to indicate the presence or absence of SO2 by
comparison with pre calculated radiances (Bhartia, 2003; McPeters
et al., 1998). Pixels with an elevated SOI are then processed for SO2

content.
The SO2 retrieval is based on the Residual Model of Krueger (1983)

which was later replaced by the Linear Model (Kerr Algorithm) (Kerr
et al., 1980; Krotkov et al., 1997; Krueger et al., 2000). The Linear
Fig. 7. Percentage differencemaps betweenMODIS 7.3 µm andMODIS 8.6 µm retrievals acqui
UTC. A) and D) show the absolute percentage difference, B) and E) the percentage diff
TOMSNMODIS. White pixels indicate no data for each particular comparison.
Model assumes that solar radiation is attenuated by absorbing species
according to Beers law so that:

I λð Þ = I0 λð Þexp −τa λð Þ½ � ð4Þ

where I(λ) is the intensity of radiation at wavelength λ, τa is the
absorption optical path through the atmosphere and I0 is the expected
intensity for a clear atmosphere. By making assumptions about the
spectral dependence of I0 and making retrievals simultaneously at
four TOMS wavelengths, the at sensor radiance can be related to the
log of the reflectance of the atmosphere (N(λ)) by the following
expression:

N λð Þ = − 100log I λð Þ= F0 λð Þð Þ cos SZAð Þ½ � ð5Þ

in which I(λ) is the upwelling atmospheric radiance, F0(λ) the solar
spectral irradiance and SZA the solar zenith angle. The version of the
algorithm in this study is the most recent (http://toms.umbc.edu/),
which improves upon earlier versions by utilising new temperature
and ozone profiles, which are dependent on month, latitude and total
ozone.

1.3. OMI

The Linear Fit algorithm was used to process the OMI data and as
with TOMS, the algorithm utilises the differential absorptions of ozone
and SO2. The algorithmmeasures backscattered UV (BUV) radiances at
ten OMI wavelength bands between 310 and 360 nm and inputs the
values into the TOMS Radiative Transfer Model (TOMRAD) forward
model. The model computes the top of atmosphere (TOA) radiance for
red at 1620 UTC, resampled toTOMS pixels with the original TOMS data acquired at 1800
erence where MODISNTOMS values and C) and F) the percentage difference where

http://weather.uwyo.edu/upperair/sounding.html
http://weather.uwyo.edu/upperair/sounding.html
http://toms.umbc.edu/
http://toms.umbc.edu/


Fig. 8.MODIS retrievals from 1620 UTC acquisition resampled to OMI pixels from 1927–
1931 retrieval. A) MODIS 7.3 µm retrieval resampled, B) MODIS 8.6 µm retrieval
resampled.
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each wavelength, and compares these to the measured values (Yang
et al., 2007).

BUV radiances, Im, are related to column ozone (Ω), SO2 (Ξ),
surface reflectivity (R) and modelled radiance (I) by the following
relationship:

logIm = logI X;Ξ;Rð Þ + e ð6Þ

which, for the retrieval, is expressed as:

Nm = N X;Ξ;Rð Þ + eTð ð7Þ

where N is a dimensionless value and εT the total of measurement and
model errors. The variables Ω, Ξ and R are adjusted until the TOA
radiances from the TOMRAD forward model match the measured
radiances at the selected wavelength bands. The data contain three sets
of results depending on the pre-defined plume altitude profile used in
the retrieval. These are: the Planetary Boundary Layer (PBL, 0–3 km),
5 km (5–10 km) and 15 km (10–15 km). In this work the results from all
three profiles are considered.

1.4. Case study selection

In order to perform a comparison of the three instruments an
eruption which fulfilled a number of requirements had to be selected.
These criteria included: near coincident acquisitions to minimise the
time for plume motion between retrievals, a sufficiently large plume
to allow the comparison of a number of pixels, little or no ash present
whichwould interfere with the retrievals by absorption and scattering
of radiation, and few clouds to provide a clear scene on which to
perform retrievals.

The Galápagos Islands consist of at least 20 subaerial volcanoes
(Munro & Rowland, 1996) with the younger, most active volcanism in
the west of the region (Christie et al., 1992). The 2005 eruption of
Sierra Negra, Galápagos Islands, began on October 22 at 2330 UTC
(1730 local time) and was preceded by a seismic event earlier that day
(Hall et al., 2005). Following an initial explosive phase, eye witnesses
reported plume altitudes of over 10 km ASL (GVN, 2005; Geist et al.,
2007). Initial analysis ofMODIS imagery of the first full day of eruption
(October 23) indicated a relatively cloud free scene, with a large, SO2-
rich plume making this a suitable target for instrument comparison.
The overpass times of the three instruments are given in Table 2.

1.5. Issues involved in performing a comparison between sensors

1.5.1. Time lag between acquisitions
The aim of this study was to perform a comparison, on a pixel

by pixel basis of three different methods by which volcanic SO2

can be quantified using satellite imagery. An ideal scenario would
be one in which all three instruments recorded at the same
instance, thus comparing the plume at the same moment in time
and space. As it is, there is a gap of 1 h 40 min between MODIS
(Terra) and TOMS acquisitions, 3 h 5 min between MODIS (Terra)
and OMI and 15 min between MODIS (Aqua) and OMI (Table 2).
Large time differences allow for significant plume motion as
estimates from the MODIS imagery suggest that the plume
travelled about 660 km in the first 11 h, so initial velocity was
estimated at ca. 60 km h−1. This would change the spatial
distribution of the plume and in some areas the plume may have
moved by entire TOMS pixels or up to three OMI pixels which
would invalidate a pixel scale comparison. The short 15 min time
difference between the Aura and Aqua overpasses provides the
best case scenario, although in this study the spatial limitations of
MODIS restricts the comparison.
1.5.2. Effects of other species on the retrievals
Volcanic ash, sulphates, ice and water vapour can all have a

significant impact on the retrieval of SO2 by the MODIS retrieval
methods (Watson et al., 2004). In this case, the plume was shown to
be relatively ash poor by observation of visible MODIS imagery.
However, the presence of sulphate aerosols and ice cannot be ruled
out. The geographical location of the Galápagos Islands within the
tropics implies that the atmosphere would be water-rich which is
confirmed by radiosonde profile, showing a significant percentage of
water up to ca. 7 km (Fig. 2). Water vapour masks SO2 in the 7.3 μm
retrieval as discussed previously and can also cause interference at
8.6 μm. The presence of ash, ice and sulphates affect both MODIS
retrievals although the effects are generally greater on the 8.6 μm
retrieval (Watson et al., 2004). Such species also have effects on the
UV instrument retrievals. Thin layers of aerosols can result in
overestimation by TOMS (Krueger et al., 1995) and different aerosol
types have varying, and often complex effects (Thomas et al., 2005).
Overestimation due to aerosols is variable with viewing angle,
(Krueger et al., 1995). OMI suffers less than TOMS by interference as
some species such as aerosols and other absorbing gases are
accounted for in the TOMRAD forward model (Yang et al., 2007).

1.5.3. Dependence on plume altitude
All retrievals with the exception of TOMS, require an estimate of

plume altitude, which subsequently affects the values of SO2 retrieved.
It is clear from the three different OMI retrievals (Fig. 5) that the
chosen plume altitude plays an important part in the validity of the
retrieval. In a scenario such as this, where plume altitude is thought to
differ with distance from the vent, the instrument retrieval is
compounded by choice of prescribed altitude profile.
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Both MODIS retrieval methods are also altitude dependent. The
MAP_SO2 interface allows the user to select altitude for each section
of the plume retrieved and so variations in plume height can be
accounted for, although problems still may result from inaccurate
altitude estimates. The MODIS 7.3 μm retrieval requires an inputted
altitude profile before the retrieval is performed. An inaccurate
altitude, as with the OMI retrievals, can produce differences in SO2

quantities.
1.5.4. Instrument error
Error resulting from uncertainty in the validity of the retrieval

algorithms should also be considered. Prata et al. (2003) offer a
complete discussion of error in the MODIS 7.3 μm method, and
estimate that total error varies from 5% to 20% depending on the
individual setting. MODIS 8.6 μm retrievals have been estimated as up
to 17% in error due to uncertainties in input parameters such as plume
altitude and thickness, atmospheric conditions and ground emissivity
(Realmuto and Worden, 2000). The MAP_SO2 procedure involves
some user subjectivity such as arbitrarily defining the plume region
and selecting a representative background surface which can result in
variable outcomes between users.

The OMI Linear Fit (LF) algorithm is thought to be robust up to
0.85 g m−2 and is known to overestimate SO2 where concentrations
are above ~1.4 g m−2 due to the non-linear effect, which is described
in detail by Krotkov et al., 2006 and Yang et al., 2007. The error can be
up to 70% for concentrations of 11.4 g m−2 and so in this case study,
Fig. 9. Percentage difference maps between the MODIS 7.3 µm retrieval acquired at 1620 UT
and C show values where OMINMODIS, D,E & F where MODIS valuesNOMI and G, H and I g
larger (for images A–F) and unfilled pixels are those retrieved by OMI but where the MODI
the retrieval may fail close to the vent where concentrations are
highest.

A full analysis of TOMS retrieval errors is given by Krueger et al.
(1995) and shows that error results from changing scan angle,
instrument calibration, absorption coefficient inaccuracies, algorithm
error as well as random errors. Algorithm errors are estimated by
Krueger et al. (1995) to be±3% for 2.9 g m−2 although where scan
and satellite zenith angles are large, error can be as much as±15%. It
should therefore be acknowledged when performing an instrument
comparison, that all three sensors are subject to error, which in some
instances may be large.

2. Results

Fig. 3 shows the retrieval of the plume using the two MODIS
methodologies acquired at 1620 UTC on October 23, 2005. The 8.6 μm
retrieval is split due to the large difference in scales of the retrieval,
which showed large SO2 burdens directly over the islands, whereas
the 7.3 μm retrieval does not image this low-level SO2. The two
retrievals do show similar magnitude results for the westerly, higher
altitude part of the plume.

The plume imaged by TOMS at approximately midday local time
(1800 UTC) is shown in Fig. 4. Krueger et al. (1995) estimate the
standard deviation due to background noise for the SOI method to
vary from 0.16 g m−2 at nadir to 0.13 g m−2 at the swath edge. In
order to eliminate irrelevant background pixels, the minimum value
plotted was therefore set to the mean 3σ value of 0.44 g m−2 (3σ is
C resampled to OMI pixels and the original OMI data from the 1927–1931 retrieval. A, B
ive the absolute % differences. Pixels in grey indicate where the other sensor is larger is
S resampled values show no data.
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suggested by Carn et al., 2007 as a suitable threshold for OMI
imagery). Fig. 5 shows the retrievals of the plume by OMI, calculated
using the three pre-determined plume altitude profiles. On initial
inspection it appears that the distribution of SO2 from the 5 km and
15 km retrievals approximates that of MODIS and that these results
are of a similar order of magnitude. Again, only pixels above the 3σ
values, as calculated by Krotkov et al. (2006) were plotted in an
attempt to eliminate background noise. These are 0.017 g m−2 and
0.026 g m−2 for the 15 km and 5 km retrievals respectively. No pre-
determined value exists for the PBL retrieval using the Linear Fit
algorithm and so a value of 0.14 g m−2 was chosen to best represent
the plume extent.

The pixel size and shape of the three instruments vary significantly
and also increase in size with viewing angle. To account for this, and
therefore allow a direct comparison, MODIS pixels were resampled to
the geometry and dimensions of the UV pixels using the method
originally used by Kearney et al. (in review) to compare MODIS with
TOMS. The method selects all MODIS pixels which lie within the
spatial boundaries of each UV pixel and sums the total SO2 within any
one pixel. These totals are converted to concentration by dividing by
the pixel area. For this, thresholds to eliminate pixels which were
below the detection limits of the MODIS retrievals (and therefore
considered as noise) were applied. These are 0.057 g m−2 for MODIS
7.3 µm (Crisp, 1995) and 1.0 g m−2 for MODIS 8.6 µm as determined
for the MODTRAN retrieval by Henney et al. (in review). From this,
pseudo- TOMS and OMI images were created with MODIS data.
Fig. 10. Percentage difference maps between the MODIS 8.6 µm retrieval acquired at 1620 U
before, A, B and C show values where OMINMODIS, D,E and F where MODIS valuesNOMI and
is larger (for images A–F) and unfilled pixels are those retrieved by OMI but where the MO
The resampled TOMS images are shown in Fig. 6. It should be noted
that the resampled MODIS images do not extend as far west as the
original TOMS retrieval as the edge of the MODIS swath was reached.
Most noticeably, the MODIS retrievals differ from the original TOMS
retrieval in the area over the islands. This is expected in the MODIS
7.3 μm case where little SO2 is seen due to its low altitude. However,
there is also a large discrepancy in the values of the original TOMS
retrieval and those of MODIS 8.6 μm in the TOMS swath closest to the
islands. TOMS appears to have retrieved higher values than those of
MODIS in this area. The discrepancies and similarities between the
retrievals can be seen more clearly in the percentage difference map
(Fig. 7). From these, TOMS almost always retrieved higher values than
theMODIS 7.3 μm retrieval, although the two retrievals arewithin 25%
difference in a significant portion of the high part of the plume. The
MODIS 8.6 μm retrieval values however, almost always exceed those of
TOMS. The best correlation between the two methods is seen over the
westerly bulk of the plume with over half the total pixels matching
within ±25%, with some regions in the most easterly swaths showing
much larger percentage deviations. This could be due to error in TOMS
measurements at these large viewing angles. A significant number of
pixels at the plume edge also show TOMS values exceeding those of
MODIS. This effect is due to some TOMS pixels only being partially
covered by MODIS pixels during the resampling process.

Fig. 8 shows the results of resampling MODIS to the OMI pixels.
Due to the larger field of view of OMI compared to MODIS, OMI
recorded a larger spatial extent of the plume, in particular, heading
TC resampled to OMI pixels and the original OMI data from the 1927–1931 retrieval. As
G, H and I give the absolute % differences. Pixels in grey indicate where the other sensor
DIS resampled values show no data.



Fig. 11. MODIS Aqua overpass 8.6 µm retrieval of Sierra Negra plume at 1910 UTC (1310 local time).

Fig. 12. MODIS 1910 UTC retrieval data resampled to OMI 1927–1931 retrieval pixel
geometry.
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north of the islands. For simplicity, the comparison figures only show
OMI pixels which coincide with the MODIS retrieval. The MODIS
8.6 μm method shows a similar plume distribution to the OMI 5 km
and 15 km retrievals, although values of the resampled MODIS 8.6 μm
data are much higher than those of OMI 5 km and 15 km directly over
the islands, yet are similar for the remainder of the plume. For the
MODIS 7.3 μmmethod, values are generally much lower although they
do begin to approximate the OMI values in the westerly region of the
plume.

The comparison of MODIS 7.3 μm and OMI (Fig. 9) shows that OMI
values are consistently much larger than MODIS in the low altitude
region of the plume, which is expected due to masking of low-level
SO2 by water vapour. Most notably is a band travelling south-west
where MODIS 7.3 μmvalues exceed those of OMI 5 km and 15 km. This
band is also seen in the comparison of MODIS 8.6 μm to OMI (Fig. 10)
which implies that the difference may be due to the plume changing
position in the intervening time between retrievals. Another feature of
note is the area of the plume directly south-west of the islands where
OMI values exceedMODIS for all three OMI retrievals. This again could
be due to changes in plume geometry over time or, as the MODIS
7.3 μm does not retrieve any SO2 in this region, could be a result of
water vapour masking SO2 in the MODIS 8.6 μm retrieval (Watson
et al., 2004).

A further feature of note is that to the east of the islands there is a
semi-circular region of pixels which contain higher SO2 concentra-
tions for OMI compared to MODIS 8.6 µm values. This result implies
that the OMI instrument is more sensitive to the presence of SO2 at
low concentrations such as at the plume extremities.

A second MODIS image was acquired on October 23 at 1910 UTC,
which was spatially restricted as the islands were close to the swath
edge, and therefore the instrument only retrieved a small portion of
the plume. In this region, the plume is low level (b6 km), which is
confirmed as the MODIS 7.3 μm method retrieved very little SO2. The
MODIS 8.6 μm retrieval is shown in Fig. 11 and indicates more
dispersed plume morphology than the MODIS image taken at 1620
UTC. Furthermore, the 1910 UTC retrieval also views a part of the
plume which headed north, which was missed by the MODIS 1620
UTC acquisition.

A comparison of the Aqua image with OMI is ideal in this case. The
two sensors are a part of the NASA A-train: a sequence of Earth
Observing Satellites trailing each other in orbit. As a result, Aqua
overpasses consistently occur about 15 min prior to Aura (Schoeberl
et al., 2006) and therefore the intervening time between retrievals is
kept to a minimum. A comparison with TOMS was not conducted in
this instance due to the small number of coincident pixels due to the
TOMS data gap directly over the islands.



Fig.13. Percentage differencemaps betweenMODIS 8.6 µm retrieval acquired at 1910 UTC resampled to OMI pixels and the original OMI data from the 1927–1931 retrieval. A, B and C
show values where OMINMODIS, D,E and F where MODIS valuesNOMI and G, H and I give the absolute % differences. Pixels in grey indicate where the other sensor is larger is larger
(for images A–F) and unfilled pixels are those retrieved by OMI but where the MODIS resampled values show no data.

Table 3
Total SO2 tonnages for each retrieval method.

Retrieval method Noise limit
(g−2)

Total SO2

(kt)
Retrieval Error Area SO2

(km2)

MODIS 8.6 (1620) 1.0 833 ~17% 1.9×105

MODIS 7.3 (1620) 0.057 59.9 5–20% 4.1×104

TOMS (1800) 0.44 332 18% 3.3×105

OMI PBL (1930) 0.14 1880 Up to 70% depending
on SO2 concentration

9.3×105

OMI 5 km (1930) 0.026 377 8.9×105

OMI 15 km (1930) 0.017 401 9.2×105

MODIS 8.6 (1910) 1.0 1266 ~17% 2.1×105

Time of acquisition given in brackets for each sensor.
All times are in UTC and all images were taken on October 23, 2005.

1340 H.E. Thomas et al. / Remote Sensing of Environment 113 (2009) 1331–1342
The MODIS (Aqua) 8.6 μm results were resampled to the OMI
(Aura) geometry as before, and the results are shown in Fig. 12. It
should be noted that the three most westerly OMI scan lines are
outside the MODIS field of view and therefore not used in the
comparison. Furthermore, the fourth most westerly OMI swath was
only partially overlain by MODIS pixels and so the MODIS resampled
values may appear abnormally low in this case. The percentage
difference maps show that that MODIS resampled values are almost
always greater than those from OMI (Fig. 13). Exceptions to this are
around the plume edges (particularly with the PBL comparison),
which is likely to be due to the enhanced OMI sensitivity to SO2. The
region of plume which showed MODIS values being much lower than
OMI for the comparison with the 1620 UTC image shows the opposite
in this instance. It therefore seems likely that the original mismatch in
retrievals was due to the plume having shifted south during the time
between the MODIS (Terra) overpass and the OMI overpass. Both the
original OMI andMODIS (Aqua) data imply that values in this region of
disparity are relatively low from both sensors and thus small
differences in absolute values could lead to seemingly large percentage
discrepancy. TheOMI PBL retrieval shows good correlation toMODIS in
the region close to the islands, where the plume is at low altitude.
Table 3 presents the widely varying estimations of the total
tonnages of for each of the retrieval methods. OMI PBL gives the
highest total tonnage and also has the largest area of SO2 containing
pixels. This result is due to the retrieval being invalid for much of the
plume as it is above the prescribed Planetary Boundary Layer altitude
(0–3 km) used in the retrieval. The results are therefore erroneously
large which significantly affects the validity of inter-sensor compar-
isons. The two MODIS 8.6 μm retrievals, although measuring over
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smaller areas, show large total SO2 burdens. This is likely to be, at least
in part, because the retrieval accounts for varying plume altitude and
unlike the OMI 5 km and 15 km accounts for the dense, low level SO2

aswell as the higher part of the plume. The low tonnages of theMODIS
7.3 μm retrieval is due to the majority of the SO2 lying within the
water-rich lower atmosphere and is therefore obscured.

3. Conclusions and further work

This work has provided a direct comparison of the Moderate
Resolution Imaging Spectroradiometer (MODIS), the Total Ozone
Mapping Spectrometer (TOMS) and the OzoneMonitoring Instrument
(OMI) retrievals of volcanic SO2 from the Sierra Negra eruptive plume
on October 23, 2005 at the pixel scale. The results from the study are
variable and indicate that:

a) The total tonnages retrieved by the three sensors are variable and
highly dependent on prescribed plume altitude and time of
acquisition. MODIS 8.6 µm values exceed those of OMI 5 km and
15 km although are below the PBL retrieval values. The altitude
variability of the plume used in this study implies the use of just
one height profile may be invalid.

b) Spatial comparisons between the sensors are compounded by
altitude differences as well as issues with geometry and individual
instrument error.

c) The OMI instrument is likely to be more sensitive to SO2 than
MODIS. This was seen by OMI retrieving low SO2 concentrations of
plume to a more easterly extent than MODIS.

d) However, MODIS total tonnages aremuch greater than those of the
UV instruments. This is partly due to MODIS retrieving the low
level, highly concentrated plume but may also be a result of
interference from other volcanic species such as ash and aerosols.

e) By using a number of retrievals the direction and speed plume
motion as well as information about altitude profile can be
inferred. In this instance, the plume is determined to be below
7 km where MODIS 7.3 μm was not able to retrieve any SO2.

The methodology outlined here has the potential to be expanded
to other SO2 retrieving sensors such as the ASTER and the Atmospheric
Infrared Sounder (AIRS). Incorporating more sensors in to the
comparison would permit a better understanding of each sensors
strengths and weaknesses and also the relationships between
retrievals. To account for temporal discrepancies between acquisi-
tions, forward modelling in regions where the plume speed and
direction are well determined (from wind speed data) could be used
to overlay images to simulate same-time acquisitions. By improving
upon and extending the cross sensor comparisons, the development of
more robust retrieval schemes for both these and a range of other
sensors and will permit the more accurate quantification of global
volcanic SO2 from satellite-based sensors.
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