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Abstract. A new optimal estimation algorithm for the re-
trieval of sulphur dioxide (SO2) has been developed for the
Infrared Atmospheric Sounding Interferometer (IASI) us-
ing the channels between 1000–1200 and 1300–1410 cm−1.
These regions include the two SO2 absorption bands centred
at about 8.7 and 7.3 µm (theν1 andν3 bands respectively).
The retrieval assumes a Gaussian SO2 profile and returns the
SO2 column amount in Dobson units and the altitude of the
plume in millibars (mb). Forward modelled spectra (against
which the measurements are compared) are based on the Ra-
diative Transfer for TOVS (RTTOV) code. In our implemen-
tation RTTOV uses atmospheric profiles from European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) meteo-
rological data. The retrieval includes a comprehensive error
budget for every pixel derived from an error covariance ma-
trix that is based on the SO2-free climatology of the differ-
ences between the IASI and forward modelled spectra. The
IASI forward model includes the ability to simulate a cloud
or ash layer in the atmosphere. This feature is used to illus-
trate that: (1) the SO2 retrieval is not affected by underlying
cloud but is affected if the SO2 is within or below a cloud
layer; (2) it is possible to discern if ash (or other atmospheric
constituents not considered in the error covariance matrix)
affects the retrieval using quality control based on the fit of
the measured spectrum by the forward modelled spectrum. In
this work, the algorithm is applied to follow the behaviour of
SO2 plumes from the Eyjafjallajökull eruption during April
and May 2010. From 14 April to 4 May (during Phase I and II
of the eruption) the total amount of SO2 present in the atmo-

sphere, estimated by IASI measurements, is generally below
0.02 Tg. During the last part of the eruption (Phase III) the
values are an order of magnitude higher, with a maximum of
0.18 Tg measured on the afternoon of 7 May.

1 Introduction

The magmatic processes of an active volcano (during both
quiescent and eruptive phases) can be monitored, and poten-
tially explained, by observations of volcanic emission into
the atmosphere. Particularly important is the emission of sul-
phur dioxide (SO2) as it is typically the third most abun-
dant gas emitted by volcanoes after water vapour and CO2
(Symonds et al., 1994). Improved satellite remote sensing
of SO2 is important because this can allow the monitoring
of active and dangerous volcanoes that are in remote areas
and not monitored by ground-based instruments. Moreover,
the volcanic SO2 plume can be used as a proxy for volcanic
ash within the first few hours of its release, when the ef-
fect of wind shear and gravitation have not separated the ash
plume from the SO2. However this needs to be done with
extreme caution as several eruptions show separation of the
two species (Prata and Kerkmann, 2007; Prata et al., 2010;
Thomas and Prata, 2011; Sears et al., 2012).

During the past thirty years, satellite observations us-
ing spectral bands containing SO2 absorption in the ultra-
violet (UV) or the infrared (IR) have been used to mon-
itor explosive volcanic activity e.g. Total Ozone Mapping
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Spectrometer, TOMS, data from 1979; TIROS Operational
Vertical Sounder, TOVS, data from 1978 (Carn et al., 2003;
Prata et al., 2003). Satellite retrievals can be a useful source
of information about volcanic eruptions, but are less sensi-
tive to low amounts of SO2 (e.g. quiescent degassing) than
ground-based monitoring. In recent years more advanced,
high resolution spectrometers, such as the Ozone Monitoring
Instrument (OMI) on-board AURA from 2004, the Infrared
Atmospheric Sounding Interferometer (IASI) and the Global
Ozone Monitoring Experiment-2 (GOME-2) on-board the
Meteorological Operational satellite (MetOp-A from 2006),
have made possible the study of quiescent volcanic activity
(Carn et al., 2008).

Near-real time estimates of SO2 are available globally for
hazard warning purposes (e.g. from OMI, GOME-2, Atmo-
spheric Infrared Sounder, AIRS and IASI). The accuracy of
these data is restricted by the assumptions that need to be
made (e.g. the altitude of the volcanic plume) in order to pro-
vide a fast (near-real time) system. Furthermore, these data
do not usually provide reliable estimates of the associated
error. As shown byThomas et al.(2009) the total tonnages
retrieved by different UV and IR sensors are variable and
highly dependent on the prescribed plume altitude. They can
be useful for aviation hazard warning but are less reliable for
scientific studies.

Satellite infrared spectrometers (such as AIRS, the Tropo-
spheric Emission Spectrometer, TES, or IASI) can measure
volcanic SO2 in three spectral regions; around 4.0, 7.3 and
8.7 µm (called, respectively, theν1 + ν3, ν3 andν1 absorp-
tion bands). The 4.0 µm absorption feature (ν1 +ν3) is weak,
and reflected solar radiation is significant during daytime. It
has been used for IASI retrievals when large amounts of SO2
saturate the signal in the other absorption bands (Karagulian
et al., 2010).

The 7.3 µm feature (ν3 band) is the strongest of the three
bands. It is collocated with a strong water vapour absorption
band and, as a consequence it is not very sensitive to emis-
sion from the surface and lower atmospheric layers. Higher
in the atmosphere it does contains information on the SO2
vertical profile. The 7.3 µm feature has been used to retrieve
SO2 amount from AIRS data (Carn et al., 2005; Prata and
Bernardo, 2007) with an assumed plume altitude. IASI mea-
surements in this band have been used in optimal estimation
retrievals (Clarisse et al., 2008), in a brightness temperature
difference alert system (ULB MetOp/IASI SO2 Alerts), and
in a fast SO2 retrieval with an assumed plume altitude above
500 mb (Clarisse et al., 2012).

The 8.7 µm absorption feature (ν1 band) also contains in-
formation on the SO2 amount for lower tropospheric plumes.
This region is an atmospheric window (relatively high trans-
mittance) and, at IASI spectral resolution, does not con-
tain significant spectral information about the plume alti-
tude/profile. Nevertheless it is probably the most useful re-
gion for monitoring those volcanoes characterized by contin-
uous quiescent degassing (Realmuto et al., 1994, 1997; Real-

muto, 2000). The 8.7 µm feature has been used to retrieve the
total SO2 amount and profile from TES data (Clerbaux et al.,
2008). This is possible as TES has sufficient spectral resolu-
tion to resolve the change in SO2 line-width with pressure.

Ground-based measurements of SO2 are usually available
while volcanoes are in a degassing/quiescent mode. Some re-
cent work (Henney et al., 2012; Merucci et al., 2011) com-
pares ground-based SO2 concentrations with satellite data.
However ground-based data is generally unavailable during
explosive eruptions when large quantities of SO2 are re-
leased. This makes the validation of satellite measurements
of large SO2 emissions challenging, for example OMI vali-
dation is currently limited to one small eruption plume (less
than 3 Dobson Units (DU) of SO2) located in the UTLS.

In this paper an optimal estimation scheme is described
that retrieves SO2 from nadir satellite thermal infrared mea-
surements of theν3 andν1 absorption bands. This retrieval
uses a new approach to compute the total error covariance
matrix,Sε . In this method any differences between the IASI
and simulated spectrum, not related to SO2, are included in
the total error covariance matrix, allowing a comprehensive
error budget to be computed for every pixel. This paper has
three main objectives: (1) to describe the algorithm; (2) to
assess the performance and data quality of the SO2 retrieval
from IASI measurements; (3) to apply the new retrieval to
analyse the volcanic eruption of Eyjafjallajökull during April
and May 2010.

2 MetOp-A IASI data

IASI is on-board MetOp-A, a European meteorological satel-
lite that has been operational from 2007. MetOp-A is the
first of three satellites that are planned to operate for four-
teen years (MetOp-B was lauched on 17 September 2013).
It crosses the equator on the descending node at 9:30 a.m.

local time. IASI is a Fourier transform spectrometer that
covers the spectral range 645 to 2760 cm−1 (3.62–15.5 µm)
with a spectral sampling of 0.25 cm−1 and an apodized spec-
tral resolution of 0.5 cm−1 (Blumstein et al., 2004). It is
specified to have a radiometric accuracy of 0.25–0.58 K and
a field-of-view of 12 km at nadir. It has a 2200 km wide
swath and achieves near uniform global coverage in 12 h (al-
though there are some gaps between orbits near the Equa-
tor). Observations are collocated with the Advanced Very
High Resolution Radiometer (AVHRR) that provides com-
plementary visible/near infrared measurements. IASI makes
a nadir observation of the earth simultaneously with Global
Ozone Monitoring Experiment (GOME-2) also on-board
MetOp-A. GOME-2 is an UV spectrometer that measures
SO2 in the UV absorption band and has been used for both
DOAS (Rix et al., 2012) and optimal estimation retrievals of
SO2(Nowlan et al., 2011). More information on IASI can be
founded inClerbaux et al.(2009). This work uses IASI level
1c data (geolocated and apodized spectra), obtained from
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both the British Atmospheric Data Centre (BADC) archive
and EUMETSAT Unified Meteorological Archive Facility
(UMARF) archive.

3 Method

3.1 Optimal Estimation

An optimal estimation (OE) retrieval (Rodgers, 2000) was
used to estimate the column amount and altitude of SO2 from
IASI spectra. Briefly, the OE retrieval seeks a minimum for
a cost functionJ defined by

J = (y − F(x))TS−1
y (y − F(x)) + (x − xa)

TS−1
a (x − xa) (1)

wherey contains the measurements, typically spectral radi-
ance or brightness temperatures;Sy is the noise covariance
matrix of the measurements; andx is the state vector, the
vector of parameters to be retrieved. In principlex contains
all atmospheric and surface parameters that affect these ra-
diances and which are imperfectly known (e.g. water vapour
and temperature profiles, cloud properties and many other
minor species profiles, as well as SO2). The simulated mea-
surementsF(x) are obtained with the forward model. The a
priori state vectorxa represent our knowledge of the state be-
fore the measurement is made while the a priori error covari-
ance matrixSa represents the precision of this knowledge.
Finding the minimum ofJ corresponds to finding the state
vectorx that maximizes the probability of obtaining the mea-
surementy and that is consistent with the a priori estimate.

3.2 Simplifying the problem

Minimising Eq. (1) for the all the IASI spectral measure-
ments (8641 channels) and a state vector that included the
gas profile for tens of species would be computationally ex-
pensive and impractical for studies that involve the analy-
sis of thousands of spectra. However: (1) the state of many
of these variables is of no interest; (2) SO2 is very rarely
present in significant amounts in the IASI spectra (except
during volcanic eruptions and degassing regions); (3) water
vapour and temperatures are well predicted by meteorolog-
ical data; (4) other gases and atmospheric constituents (like
clouds and ash) have features which are spectrally uncorre-
lated with SO2. The retrieval problem can be greatly simpli-
fied by considering only a few elements in the state vector
and including the variability coming from the remaining pa-
rameters (that are not of interest) in a total error covariance
matrix, Sε . In this waySε will include: the instrumental er-
rors (IASI noise), the forward model errors (imperfect radia-
tive transfer), errors in meteorological fields and all the errors
due to the lack of knowledge of the parameters that affect the
radiance; e.g. the errors due to the non-perfect representation
of gas absorption (both profile and spectroscopy), and espe-
cially errors due to presence of a cloud layer. The retrieval

then involves minimizing a new the cost function

J ′
= (y − F(x,b) − c)TS−1

ε (y − F(x,b) − c)

+(x − xa)
TS−1

a (x − xa) (2)

wherex is the reduced state vector,b are those elements of
the atmospheric state that are needed by the forward model
but are not retrieved andc is a bias term that represents the
mean difference between the measurementsy and the simu-
lated spectraF(x,b) derived from SO2 free scenes.

A further simplification can be made by modelling a con-
tinuous gas profile with an analytic function (Rodgers, 2000).
Here the SO2 volume mixing ratioxSO2 is assumed to have
a Gaussian profile shape as function of pressurep and de-
scribed by

xSO2(p) =
A√

2πσ 2
SO2

e
−(p−pmax)

2/2σ2
SO2 (3)

wherepmax is the mean plume altitude,σSO2 is the verti-
cal spread of the plume andA is the total amount of SO2
in the plume. Motivation for this choice of vertical profile
comes fromCarboni and Grainger(2009) where it was found
that IASI spectra contain between two and three degrees-of-
freedom for SO2. For large eruptions there are three degrees-
of-freedom and all three parameters can be used in the state
vector. For small to intermediate eruptions (such as the one
analysed in this paper) there is insufficient information in the
IASI spectra to retrieve three quantities soA andpSO2 are
retrieved while theσSO2 is fixed at 100 mb.

The state vectorx is defined as:

x = [A,pSO2,σSO2,TS]. (4)

In the current problem the state vectorx is pratically re-
duced to the SO2 column amount, the altitude of the plume,
and the surface temperature (i.e. the vertical spread of the
plume is highly constrained to 100 mb, with 1 mb a priori er-
ror). Additional knowledge of the atmospheric state comes
from European Centre for Medium-Range Weather Fore-
casts (ECMWF) profiles of temperature, pressure and wa-
ter vapour linearly interpolated to the time and location of
the IASI measurement. Ozone, N2O and CH4 are taken from
the standard atmosphere defined in GOMETRAN (Rozanov
et al., 1997) and are not varied.

The final simplification of the problem is to reduce the
measurement vector to the range of wavelengths which
contain information on SO2. In this work the retrievals
used all the IASI channels between 1000–1200 and 1300–
1410 cm−1. This reduced the number of elements that needed
to be simulated by the forward model from 8641 (the full
IASI spectrum) to 1242.

3.3 Fast forward model

The fast forward model simulates the IASI brightness tem-
perature (BT) spectrum using Radiative Transfer for TOVS
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(RTTOV) v.9 (Saunders et al., 1999) driven by the atmo-
spheric state. RTTOV considers an atmosphere divided into
90 layers (i.e. 91 levels), where the first level is the top of
the atmosphere (TOA). RTTOV is used to calculate the radi-
ances,L(i), and brightness temperatures,TB(i), at the TOA
for every channel,i. As described inMatricardi (2008) the
standard version of RTTOV uses a set of coefficients which
weight a set of “predictors” to give the instrument spectral re-
sponse function convolved with the transmission from a level
in the atmosphere to space. The predictors are pre-defined
functions of the concentrations of trace gases, temperature,
pressure and viewing geometry. These are determined by per-
forming “exact” calculations of the transmissions using an
accurate line-by-line model for a wide range of atmospheric
and viewing conditions. A regression scheme is then used to
optimise the values of the coefficients to give the minimal
difference between the line-by-line modelled transmissions
and those predicted by the fast model. The standard RTTOV
distribution provides coefficients which allow the variability
of H2O, CO2, CO, O3, N2O and CH4 to be simulated. Other
gases are modelled with fixed profiles.

For the current study the CO coefficients were replaced
by coefficients for SO2 in the spectral ranges 1094.75–
1232 cm−1 and 1325–1449.5 cm−1. The SO2 feature around
4 µm was not modelled. The modified set of coefficients were
based on exact calculations of transmission to space from
100 specific pressure levels using the Reference Forward
Model (RFM, seehttp://www.atm.ox.ac.uk/RFM/). The co-
efficients were formed using a regression approach similar to
that used in the standard scheme. The same 83 atmospheres
(profiles for H2O, CO2, O3, N2O and CH4) used to derive
the standard coefficients were augmented by SO2 profiles.
The SO2 profile for each atmosphere was chosen randomly
from a set of Gaussian profiles constructed with the SO2 col-
umn amount in the range 0.1 to 100 DU, the SO2 peak chosen
from 3, 9, 15 and 21 km and with a vertical spread of 6 km.
The calculation is described in more detail inSTFC(2011).

3.4 Weighting functions

The minimization routine uses the Levenberg-Marquard nu-
merical iteration method. This approach uses the weighting
function matrixK , that contains the derivatives of simulated
spectral measurement (indexi) with respect to each element
(indexj ) of the state vector.

The first two columns of the weighting function matrix
(corresponding to the spectral sensitivity for SO2 total col-
umn amount and plume altitude) can be efficiently calculated
by employing the chain rule i.e.

K(i,1) =
∂TB(i)

∂xSO2

∂xSO2

∂A
(5)

K(i,2) =
∂TB(i)

∂xSO2

∂xSO2

∂pSO2

(6)

wherexSO2 is the SO2 mixing ratio profile. The third column
of the weighting function matrix is

K(i,3) =
∂TB(i)

∂TS
(7)

Figures1a and b show the brightness temperature and sur-
face to TOA transmittance spectra obtained for a reference
clear atmosphere whose gas concentrations come from the
SCIATRAN radiative transfer package and is based on 2-D
chemo-dynamical model output (Bruhl and Crutzen, 1993).
The reference clear atmosphere is representative of a cloud-
free mid-latitude (55◦ N) atmosphere. Figure1c shows the
surface temperature weighting function. Where the transmit-
tance is high (Fig.1b) the measured brightness temperature
that will be influenced by a change in surface temperature (as
shown in Fig.1c) or by the addition of an underlying cloud
or ash layer.

It is informative to examine the weighting functions of
the IASI spectra to the temperature and trace gas profiles.
Figures1d–i show the weightings for temperatureKT, wa-
ter vapourKH2O, ozoneKO3, sulphur dioxideKSO2, nitrous
oxideKN2O and methaneKCH4 respectively. The plot of the
temperature weighting function (Fig.1d) shows that the mea-
sured brightness temperature is principally affected by the
temperature profile between 0 and 10 km. The strongest sen-
sitivity occurs forν > 1200 cm−1 and is mainly due to water
vapour emission. The ozone absorption band occurring be-
tween 1000 and 1080 cm−1 is followed by an atmospheric
window between 1100 and 1200 cm−1 that contains some
SO2 and N2O absorption. Above 1200 cm−1 there is water
vapour absorption together with features for N2O, CH4 and
the relatively strong SO2 absorption.

Figure2 shows the brightness temperature spectra simu-
lated with the reference clear atmosphere and with the ad-
dition of a tropospheric (Fig.2a) or stratospheric (Fig.2b)
plume containing either 10 or 100 DU of SO2. Figure 2c
and Figure2d show the brightness temperature differences
between the reference and SO2 enhanced atmospheres. The
IASI spectra are sensitive to both the amount of SO2 and
the altitude of the plume. The difference in the sensitivity
spectra suggests that both plume height and column amount
can be retrieved. The effect of both SO2 absorption bands
(ν1 andν3) are attenuated by other atmospheric constituents
so that increasing the altitude of the plume (as well as in-
creasing SO2) produces an increase in the SO2 signal. Note
that the symmetricν1 absorption signal, does not change sig-
nificantly in spectral shape between plumes at different alti-
tudes. This means that this spectral region does not contain
information on the plume altitude itself. It is the modulation
of the spectral shape of theν3 absorption band by the ab-
sorption of other gases (such as water vapour) that gives dif-
ferent spectral behaviours for tropospheric and stratospheric
plumes. This is the part of the spectra that contains infor-
mation on the plume altitude. Note that getting the altitude
correct is important not just in itself but also in order to get
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http://www.atm.ox.ac.uk/RFM/


E. Carboni et al.: IASI SO2 retrieval 11421

     
220
230
240
250
260
270

B
T(a)

     
0.0
0.2
0.4
0.6
0.8
1.0

T
ra

ns
m

it
ta

nc
e

(b)

     
0.0
0.2
0.4
0.6
0.8
1.0

K
T

s(c)

0.00
0.05

0.10

0.15

K
t

 

     
 

0
5

10

15
20

A
lt

it
ud

e 
[k

m
]

     
 

0
5

10

15
20

 

 

(d)

-0.010
-0.008
-0.006
-0.004
-0.002
0.000

K
H

2O

 

     
 

0
5

10

15
20

A
lt

it
ud

e 
[k

m
]

     
 

0
5

10

15
20

 

 

(e)

-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0

K
 O

3

 

     
 

0
5

10

15
20

A
lt

it
ud

e 
[k

m
]

     
 

0
5

10

15
20

 

 

(f)

-4
-3
-2
-1
0

K
 SO

2

 

     
 

0
5

10

15
20

A
lt

it
ud

e 
[k

m
]

     
 

0
5

10

15
20

 

 

(g)

-0.6

-0.4

-0.2
0.0

K
 N

2O

 

     
 

0
5

10

15
20

A
lt

it
ud

e 
[k

m
]

     
 

0
5

10

15
20

 

 

(h)

-0.20
-0.15
-0.10
-0.05
0.00

K
 C

H
4

 

1000 1100 1200 1300 1400
Wavenumber [cm-1]

0
5

10

15
20

A
lt

it
ud

e 
[k

m
]

1000 1100 1200 1300 1400
 

0
5

10

15
20

 

 

(i)

Fig. 1. (a)Simulated IASI brightness temperature for the reference clear atmosphere,(b) the ground to space transmittance for this atmo-
sphere,(c) the surface temperature weighting function (KTs), (d) the atmospheric temperature weighting function (KT), (e) the water vapour
weighting function (KH2O), (f) the ozone weighting function (KO3), (g) the sulphur dioxide weighting function (KSO2), (h) the nitrous oxide
weighting function (KN2O), (i) the methane weighting function (KCH4).
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Fig. 2. (a)Simulated IASI spectra brightness temperature spectra for (i) the reference clear atmosphere (black line) (ii) the reference clear
atmosphere with the addition of a tropospheric SO2 plume between 1 and 5 km containing a total column amount of 10 DU (red line) or
100 DU (green line) of SO2; (b) Simulated IASI spectra brightness temperature spectra for (i) the reference clear atmosphere (black line)
(ii) the reference clear atmosphere with the addition of a stratospheric SO2 plume between 9 and 14 km containing a total column amount of
10 DU (red line) or 100 DU (green line) of SO2; (c) Brightness temperature differences (1TB) between the the reference clear atmosphere
and the reference clear atmosphere enhanced by a tropospheric SO2 plume containing a total column amount of 10 DU (black line) or 100 DU
(red line) of SO2; (d) Brightness temperature differences (1TB) between the reference clear atmosphere and the reference clear atmosphere
enhanced by a stratospheric SO2 plume containing a total column amount of 10 DU (black line) or 100 DU (red line) of SO2.

the correct amount of SO2, since the TOA signal depends
strongly on plume altitude.

3.5 Error covariance matrix

The error covariance matrixSε encapsulates the variability
between the IASI measured spectra and the radiative transfer
calculations for conditions when there is assumed to be negli-
gible SO2 present in the atmosphere. For the Eyjafjallajökull
eruption the error covariance matrix for April or May was
calculated from the IASI data in the North Atlantic region
(45–70◦ N, 40◦ W–10◦ E) for the same month but the year
before (i.e. April or May, 2009). For every IASI spectray, a
simulated spectrays was calculated using the forward model
with corresponding ECMWF data and the SO2 amount fixed
to zero. Each element in the error covariance matrix was cal-
culate using

Sε(i,j) =
〈[
(yi − ysi) − (yi − ysi)

][
(yj − ysj ) − (yj − ysj )

]〉
(8)

where the termsyi − ysi andyj − ysj are the spectra of aver-
age differences between measurements and simulations. This
is the bias term (c) that is considered inside the cost function
(Eq.2) during the retrieval.

The error covariance matrix computed in this way will in-
clude the variability of every atmospheric constituent that is
not represented by the forward model (e.g. cloud), the er-
rors in ECMWF profiles, the errors in spectroscopy of minor
gases as well the instrumental error. The error covariance ma-
trix will not include any variability due to SO2 because it has
been deliberately calculated from IASI observations that are
not affected by a volcanic plume or strong industrial pollu-
tion.

Because (i) the computation of a covariance matrix based
on a large ensemble of IASI pixels with the same climatol-
ogy (as the same month the year before) requires long com-
putation time (longer that the retrieval itself if applied to a
sporadic volcanic eruption) and (ii) the impossibility of se-
lecting IASI pixels that are not affected by SO2 in some re-
gions where there is a particularly active volcano degassing,
a global error covariance matrix has been computed in the
same manner as the ‘local’ one. The global error covariance
was based on four days (one every season) of IASI data dur-
ing 2009 (more than 5 million pixels). This global error co-
variance matrix can be applied anywhere but will give higher
errors in SO2 because more variability is included in theSε .

Atmos. Chem. Phys., 12, 11417–11434, 2012 www.atmos-chem-phys.net/12/11417/2012/
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3.6 Effect of a cloud or ash layer

The influence of particulates on the retrieved SO2 plume
properties has been investigated by including a layer of scat-
tering and absorbing material in the forward model in a simi-
lar approach to that of the Oxford-RAL Retrieval of Aerosol
and Cloud scheme (Thomas et al., 2009; Poulsen et al.,
2012). The particulate layer can represent an aerosol layer
(ash, desert dust or maritime) or a water cloud layer. Other
types of layer composition can be easily implemented using
the appropriate optical properties. The atmosphere above and
below the layer is considered to be composed purely of gas.

The optical properties (spectral extinction coefficient, sin-
gle scattering albedo and phase function) of the scattering
layer are calculated using Mie theory and used to build look-
up-tables (LUTs) of emissivity (ε), reflectance (R) and trans-
mittance (T ) using the DIscrete Ordinates Radiative Transfer
(DISORT, Stamnes et al., 1988) code. The LUTs are func-
tions of the instrument channel, the geometry of observa-
tions, the optical depth of the layer and the effective radius
of the particle.

The TOA radianceL↑
• for an atmosphere that includes a

scattering layer at levell is then given by

L↑
• = εB(Tl)Tal + L

↑

al + L
↓

alRTal + L
↑

blT Tal (9)

whereB(Tl) is the Planck radiance at the layer temperature
Tl , Tal is the transmittance from the layer to space,L

↑

al is the
up-welling radiance at the TOA from the atmosphere above
the layer,L↓

al is the down-welling radiance at the top of the

layer andL↑

bl is the up-welling radiance at the bottom of the
layer. The four terms on the right-hand-side of Eq. (9) can
be understood as (i) the radiance emitted by the scattering
layer, (ii) the radiation emitted to the TOA by the atmosphere
above the scattering layer, (iii) the down-welling radiation at
the top of the scattering layer that is reflected to the TOA and
(iv) the up-welling radiation at the bottom of the layer that
is transmitted to the TOA. This last term must account for
contributions from the atmosphere below the scattering layer
and the surface, i.e.

L
↑

bl = L
↑(atm)
bl + εsB(Ts)Tbl (10)

where L
↑(atm)
bl is the atmospheric component of the up-

welling radiance below the scattering layer,B(Ts) is the
Planck radiance from the surface at temperatureTs, Tbl is
the transmittance from the surface to the layer and,εs is the
emissivity of the surface. The termsL

↑

al, L
↓

al, Tal andL
↑

bl are
independent of the scattering layer and are efficiently calcu-
lated using the fast forward model.

4 Error analysis

The estimated error covariance of the retrieved state is ob-
tained from (Rodgers, 2000)

Sx̂ = (KTS−1
ε K + S−1

a )−1, (11)

where the weighting functionK is computed at the solution
x̂. The square root of the diagonal elements ofSx̂ are an es-
timate of the errors in̂x. The averaging kernelA represents
the sensitivity of the retrieved state to the true state and can
be found from (Rodgers, 2000)

A = Sx̂

(
Sx̂ − S−1

a

)
= I − Sx̂S−1

a . (12)

The sum of the diagonal elements (the trace) ofA gives the
degrees-of-freedom (DF) of the retrieval. The DF can be in-
terpreted as the number of parameters (of the state vector)
that can be independently retrieved.

Retrievals were performed on simulated data to assess the
sensitivity of the retrieved parameters to perturbations in the
state. The analysis was performed with synthetic spectra pro-
duced with an SO2 plume added to the reference clear at-
mosphere. In the simulations the SO2 column amount var-
ied between 0.1 and 100 DU and plume altitude lay between
100 and 1000 mb (16 and 0 km). Two surface temperature
values were considered: firstly, the surface temperature was
set equal to the temperature of the lowest atmospheric layer
(this is the worst case for a nadir retrieval in the thermal
infrared); secondly, the surface temperature was set to the
lowest atmospheric layer plus 10 K. Hence the retrieval was
tested for zero and some thermal contrast between the low-
est atmospheric layer and the surface. The retrievals used a
priori values of 0.5± 100 DU for SO2 column amount and
400± 1000 mb for plume altitude. A priori surface temper-
ature was set to the temperature of the lowest atmospheric
layer with an uncertainty of 20 K.

The error covariance matrices considered were the “local”
covariance matrix, i.e. the one computed for April above the
Icelandic plume region, and the “global” covariance matrix.
The local error covariance matrix for May gives results that
are similar to using the covariance matrix for April so are not
reported here.

Figure 3 shows the errors in the retrieved state and the
degrees-of-freedom in the retrieval. The error in the SO2 col-
umn amount strongly depends on plume altitude, increasing
when the plume height decreases, so having a maximum un-
certainty close to the surface. The minimum error, less than
1 DU, occurs at for altitudes greater than about 8 km. The
error on SO2 amount also slightly increases with increas-
ing SO2 column amount. The lowest percentage errors oc-
cur at high altitudes and large amounts of SO2. The retrieval
performs poorest close to the surface when the SO2 column
amount is less than 2 DU.

The retrieved altitude error is typically on the order of
1–2 km for plumes containing 10 DU or more of SO2. As
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Fig. 3. The error in the retrieved state and the degrees-of-freedom in the retrieval are shown as a function of SO2 column amount (on the
ordinate) and the altitude of the plume (on the abscissa). From top to bottom the rows show the percentage error in SO2 column amount,
the absolute errors in the SO2 column amount, plume altitude, and surface temperature and the last row shows the degree-of-freedom in
the retrieval. The columns denote the values obtained using (i) the local error covariance matrix for April and no thermal contrast between
surface and atmosphere, (ii) the global error covariance matrix and no thermal contrast, and (iii) the local covariance matrix and 10 K of
thermal contrast between surface and atmosphere. Values higher than the colour bar are shown by a white box containing the symbol “>”.
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Fig. 4. Values of the averaging kernel (for SO2 amount, altitude and surface temperature) as a function of SO2 amount and altitude used
in the simulations. The first column presents the values obtained computing the averaging kernel with the local error covariance matrix for
April and no thermal contrast between surface and atmosphere. The second column presents the values using the global covariance matrix
and no thermal contrast. The third column is obtained with the local covariance matrix and 10 K of thermal contrast between surface and
atmosphere.

the plume thins the information on height is reduced so that
the reported altitude tends to the a priori (400 mb) and the
reported error is the a priori error. When this happens the
SO2 amount for conditions close to the surface are underes-
timated. Note that retrievals of low amount of SO2 when the
plume is close to the surface can produce negative values of
SO2. Conversely the error in surface temperature is always
below 1.5 K except where the plume is thick and the error
gets even smaller.

The conditions, where the DF is three or more, correspond
to cases where it is possible to retrieve all three parameters
in the state vector (SO2 amount, altitude and surface temper-
ature). These conditions also correspond to smaller errors in
the plume altitude.

The general behaviour of the estimated errors is the same
for both the global and local measurement covariances. The
main difference being that the errors determined using the
global covariance matrix are slightly higher for all the state
vector elements. Increasing the thermal contrast between the
surface and the atmosphere reduces the region of poor re-
trievals.

Note that when the plume is near the tropopause there can
often exist two altitudes at the same temperature (either side
of the tropopause) with very similar transmittances to the
TOA. This results in a large error in retrieved plume altitude
but does not significantly affect the retrieved SO2 column
amount. In this situation the volcanic plume is well above
the tropospheric boundary layer, which contains the major-
ity of water vapour (which is the main cause of extinction
in theν3 band), and so the SO2 signal does not varying be-
tween these layers with the same temperature. As a conse-
quence, these layers are indistinguishable and the retrieved
altitude depends strongly on the a priori and first guess. Still,
the amount of retrieved SO2 is reliable.

Figure4 shows the diagonal value of the averaging kernel,
(SO2 column amount, plume altitude and surface tempera-
ture), calculated for the same range of conditions as shown
in Fig. 3. An ideal value of one indicates that the retrieval is
sensitive to a change in the true state. Values much less that
one imply the state vector element is poorly observed and
information is coming from the a priori. All three state vec-
tors are well retrieved over much of the domain. The regions

www.atmos-chem-phys.net/12/11417/2012/ Atmos. Chem. Phys., 12, 11417–11434, 2012
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where the values are less than one, i.e. thin plumes or plumes
near the surface, reinforce the conclusions drawn from Fig.3.

An error not included in this analysis is the error in the SO2
line strength caused by error in the temperature profile. A test
was conducted (for all SO2 amounts and altitudes in Fig.3)
where 1 K of was added to ECMWF temperature profile at
every level. The resulting error was a few percent of the total
error reported in Fig.3. Note that errors in the line strength
of other gases caused by error in the temperature profile are
accounted for using the generalizedSε .

4.1 Influence of ash and cloud layer

The influence of an ash or cloud layer on simulated IASI
spectra are shown in Fig.5. The spectra for a thick water
cloud and an ash layer suppresses the SO2 signal in theν1
band, but in theν3 band ash has a smaller impact than cloud.
To investigate this further IASI spectra were simulated for
different ash optical depths (from 0.2 to 20, at the reference
wavelength of 550nm) and an effective radius of 2 µm. Ash
refractive indices were fromGrainger et al.(2012). The ef-
fective radius was chosen to be typical of the values retrieved
(1–3 µm) for the Eyjafjallaj̈okull eruption from AATSR and
SEVIRI measurements (STFC, 2011; Grainger et al., 2012).
In addition IASI spectra were simulated for an atmosphere
containing water cloud with an optical depth, at 550nm, in
the range 1–30 and an effective radius of 15 µm. In the sim-
ulations the altitude of the ash or cloud layer was varied be-
tween 0 and 11 km (1000 and 200 mb). All the atmospheres
used to calculate the synthetic spectra included an SO2 plume
with a column amount of 50 DU and a maximum concen-
tration at 400 mb (6.4 km). There was no thermal contrast
between the surface and the bottom atmospheric layer (both
were set to 270 K).

Figure6 shows the results when the SO2 retrieval was ap-
plied to the simulated spectra. The presence of ash with op-
tical depth greater than 1 within the SO2 plume (i.e. within
the spread of the assumed Gaussian profile) can significantly
affect the retrieved amount. The SO2 column amount is un-
derestimated by about 50 % for an ash layer with an optical
depth of 2 and is masked completely when the ash optical
depth is greater than 5. These conditions also produce a cost
function value higher than two and consequently can be iden-
tified a posteriori. A possible option, for future work, would
be to perform both SO2 and ash retrievals simultaneously for
these scenes.

The presence of cloud below the SO2 plume does not sig-
nificantly affect the retrieval because the cloud signal is in-
cluded in the variability considered in the error covariance
matrix. As soon as the cloud layers reaches layers containing
SO2 the cloud attenuates the spectral signal of the underlying
SO2 so the column amount of SO2 is underestimated. Very
low column amounts of SO2 are retrieved when the cloud is
above the volcanic plume. These conditions are distinguish-
able by large values of the cost function.

To conclude, the retrieval method is mainly based on fit-
ting the SO2 spectral shape. Spectral signatures described by
the covariance matrix (due to cloud presence, surface temper-
ature, imperfectly modelled instrumental effects etc.) should
not influence the resulting SO2 retrieval. Atmospheric effects
which modify the SO2 spectral signature (e.g. cloud above
the plume) will affect the retrieval. The presence of cloud and
ash within the plume reduces the SO2 spectral signature and
produces an underestimation of the total column amount of
SO2. This behaviour is the opposite of what happens in SO2
retrievals that are based on SO2 absorption (e.g.Corradini
et al., 2008). In these schemes, the presence of ash decreases
the radiance measured in the SO2 channel and, if not cor-
rected, produces an overestimation of SO2 column amount
(Kearney and Watson, 2009; Corradini et al., 2010).

5 Case study: Eyjafjallajökull eruption during April
and May 2010

Eyjafjallajökull is a stratovolcano, located close to Iceland’s
southern coast at 63◦38′ N, 19◦36′ W with an elevation of
1666 m. The volcano entered a precursor eruptive phase on
20 March 2010 that included lava flows but no significant
ash and SO2 emission. Following earthquake activity an ex-
plosive eruption began on the 14 April 2010. The explosive
part of the eruption can be divided into three phases (Zehner,
2012; Stevenson et al., 2012; Petersen et al., 2012):

Phase I: 14–18 April.A phreatomagmatic eruption where ice and
water from the ice cup above the caldera were directly in contact
with the fresh magma in the vent. This produced a faster cooling of
the ejected magma and a large amount of ash and steam. During this
period the injection altitude of the plume is estimated at between 2
and 10 km (Marzano et al., 2011; Stohl et al., 2011) and the wind
conditions transported the ash plume in a SE direction, towards Eu-
rope (Petersen et al., 2012). This was the most powerful phase of
the eruption with the highest mass discharge rate (Stevenson et al.,
2012). The majority of the tephra deposited in Europe was produced
in this phase (Stevenson et al., 2012).

Phase II: 18 April–4 May.From the evening of 18 April water and
ice from the glacier were no longer inside the vent so that the erup-
tion became purely magmatic with effusive phases (Petersen et al.,
2012). The intensity of the eruption was an order of magnitude
lower than Phase I, with reduced amounts of ash injected into the
atmosphere. The altitude of the eruption column was between 2 and
5 km (Zehner, 2012; Stohl et al., 2011).

Phase III: 5 May–24 May.Between 3–5 May an increase in seis-
mic activity was followed by a more intense explosive eruptions.
The discharge rate increased and was highly variable (Stevenson
et al., 2012). Ash production increased and the eruption column al-
titude was between 4 and 10 km (Stohl et al., 2011). Ash was trans-
ported over Europe and the Atlantic Ocean.

The various phases of the eruption were observed from
satellite (Thomas and Prata, 2011; Francis et al., 2012; Rix
et al., 2012), aircraft (Schumann et al., 2011; Marenco et al.,

Atmos. Chem. Phys., 12, 11417–11434, 2012 www.atmos-chem-phys.net/12/11417/2012/
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of 400 mb. The SO2 plume had a Gaussian profile with a column amount of 50 DU, a maximum concentration at 400 mb (∼ 6.4 km) and a
vertical spread of 100 mb. The bottom plot shows the brightness temperature difference between IASI spectra simulated for clear, cloud and
ash laden with and without an SO2 plume.

2011; Rauthe-Scḧoch et al., 2012) and the ground (Harrison
et al., 2010; Mona et al., 2012). The volcanic plumes from
the eruption of Eyjafjallaj̈okull resulted in the cancellation
of 107 000 flights over Europe (or 48 % of total air traffic)
affecting roughly 10 million passengers (European Commis-
sion, 2010). The airline industry lost an estimated 153 mil-
lion pounds a day during the period when European airspace
was closed (Mazzocchi et al., 2010).

Rather than run the retrieval on every IASI pixel the
method ofWalker et al.(2011) was used to flag pixels in-
dicating enhanced levels of SO2. The sensitivity of this de-
tection method can be tuned by setting a threshold on the
probability that random noise or background atmospheric
variability could generate a false detection. In this analysis
the threshold is set to 1 in 10 000. All flagged IASI pix-
els were processed to give a column amount of SO2 in DU
(1 DU = 0.0285 g m−2). The retrieved values were further fil-
tered using basic quality control criteria: the retrieval had to
converge,A > 0, pSO2 > 0 andJ < 10. Figs.7–9 show the
development of the SO2 plume for each half day in April and
May 2010.

The first IASI detection of the Eyjafjallajökull eruption
was on the evening of 14 April (Walker et al., 2012). The
images show that the first plume arrives over northern Eu-
rope on 15th April and spreads over Scandinavia and central-
eastern Europe over the following three days. This SO2
plume is ‘connected’ with the volcano location only in the
first two images (the afternoon of the 14th and morning of the
15th). The plume is then transported according to the meteo-
rological conditions. The fact that there is no SO2 detectable
close to the volcano could be because the volcano is not emit-
ting or because interaction with water depletes the SO2 at the
source.

In the morning image on the 18th April, there is a new
SO2 injection into the atmosphere. This corresponds to the
shift to a magmatic eruption (Phase II). In this phase SO2 is
not depleted by interaction with water in the caldera. An SO2
plume can be seen close to the volcano in nearly all the Phase
II images between 18th April and 4th May.

Phase III starts during the morning of the 4th May with
a strong increase in the the SO2 emitted. Between the 4th
and the 8th May the plume overpasses the western part of
Europe, in particular the UK, Ireland, France and Spain.

www.atmos-chem-phys.net/12/11417/2012/ Atmos. Chem. Phys., 12, 11417–11434, 2012
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Fig. 6. Difference between the retrieved value and known value for SO2 column amount (first column), altitude (second column), surface
temperature (third column). The fourth column shows the value of the cost function. The synthetic IASI data used in the retrievals were based
on the reference clear atmosphere containing a SO2 column amount of 50 DU, normally distributed about 400 mb. The surface temperature
was taken as 270 K. The results are shown for top row the presence of an ash layer, the bottom row the presence of a cloud layer. The optical
depth and altitude of the ash or cloud layer are a function of thex andy axes respectively.

Unfortunately a missing orbit in the IASI dataset, towards
the western side of the region shown, meant a relatively large
number of missing values had to be filled. Hence the rela-
tively large amount of SO2 seen on the morning of the 8th
May in Figure 9 has to be treated cautiously. On the 9th May
the SO2 plume is located over the Atlantic (reaching the coast
of Greenland). On the 10th, a filament of the plume passes
over Southern Europe, starting over Spain and spreading to
the east/north-east. On the morning of the 11th, a fresh plume
passes over Ireland, moving towards mainland Europe. At the
same time, an older and more dilute plume travels north-east
(reaching Scandinavia on 12 May). A new SO2 plume from
the volcano is again transported over Europe on 14 May, 16
and 17 May.

In order to compute the total mass of SO2, the accepted
data were interpolated onto a 0.125◦ grid for each half day
in April and May 2010. Finally any missing values within
the plume were linearly interpolated from neighbouring grid
points. The total mass of SO2 in the atmospheric plume was
then found multiplying each grid value by the grid square
area. Figure10 shows the total SO2 mass obtained consid-
ering the plume pixels (with latitude between 30–80◦ N and
longitude between 50◦ W and 40◦ E) that have passed qual-
ity control criteria (the cost function was less than ten). The
error-bars reported are the sum of the error for each grid
square value, this assumes a worst case scenario of fully

correlated error. The IASI measurements show the reported
phases of the eruption. There is small peak in SO2 in Phase
I followed by very little SO2 (< 0.1 Tg) in Phase II. There is
a dramatic increase in Phase III with the total mass of SO2
going from 0.01 Tg on the morning of the 4th to 0.18 Tg
measured on the afternoon of 7 May (the peak of 0.2 Tg on
the 8th have to be considered cautiously becouse, due to a
missing orbit in IASI dataset, the interpolation procedure ex-
trapolate the SO2 amount from the values of neighbouring
orbits). A secondary maxima occurs around the 16th.

Also shown in Fig.10 are measurements by GOME-2,
OMI and AIRS instruments averaged for the same region.
The IASI estimates of total mass SO2 are generally consis-
tent with the OMI and AIRS measurements during Phase
II but are higher for the majority of Phase III. To further
understand these difference the IASI data were compared
with the OMI SO2 plume images (fromThomas and Prata,
2011, and from the IAVCEI Remote Sensing Commission
web page). Taking into consideration the time differences be-
tween MetOp and A-train measurements, it seems that OMI
and IASI give consistent SO2 amounts for the disperse plume
but show significant differences for the younger part of the
plume, closer to the volcano. An obvious factor that might
affect the SO2 retrievals in this area is the presence of vol-
canic ash. However this does not explain high IASI values as
the analysis of the retrieval method showed that for thick ash
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Fig. 7. IASI SO2 column amount, divided into morning and afternoon orbits, for the period from 14 to 26 April 2010.
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Fig. 8. IASI SO2 column amount, divided into morning and afternoon orbits, for the period from 26 April 2010 to 8 May 2010.
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Fig. 9. IASI SO2 column amount, divided into morning and afternoon orbits, for the period from 8 to 17 May 2010.
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IASI retrievals will be biased low. It is also worth noting that
simultaneous measurements by GOME-2 (also on MetOp)
generally show higher SO2 amounts than OMI and AIRS.
More quantitative comparisons between different measure-
ments in thick ash conditions are highly desirable but are be-
yond the scope of this paper.

6 Conclusions and further work

A new OE scheme has been developed for IASI measure-
ments to estimate the height and column amount of a vol-
canic SO2 plume together with the associated pixel-by-pixel
error estimates. The error covariance matrix is computed us-
ing the differences between the measured IASI spectra and
the simulated spectra (driven by ECMWF data). This means
that all the variability in the IASI signal, due to imperfect
knowledge of non-SO2 atmospheric conditions (e.g. vertical
distribution of constituents, cloudiness) as well as imperfect
radiative transfer simulations (e.g. RTTOV approximations,
spectroscopic errors), are included in the retrieval scheme.
On the other hand the ash contamination is not included.

The error analysis indicates that: (i) the relative uncer-
tainty in SO2 is higher for low amounts of SO2, (ii) the min-
imum error (0.2 DU) is obtained when the plume altitude is
close to the tropopause (i.e. there is maximum thermal con-
trast between surface and plume) and it increases when the
plume is nearer the surface.

The forward model includes the possibility of simulating
an atmosphere with an ash or cloud layer. Cloud or thick
ash at the same altitude, or above the plume, masks the SO2
signal and so the retrieval underestimates the SO2 amount.
In most cases these conditions can be recognized through

a posteriori quality control (i.e. elevated levels of the cost
function). A retrieval of the ash parameters (optical depth,
altitude and effective radius) is possible within this scheme
but because of the high variability of ash refractive index
within the thermal infrared spectral range was not considered
here. Future work on this subject, together with an analysis
of the SO2 retrieval performance in the presence of a thick
ash plume, is desirable.

The results from a study of a medium intensity eruption,
that of Eyjafjallaj̈okull in 2010, illustrate that the scheme is
able to follow the evolution of an SO2 plume thought all the
eruptive periods and to quantify the SO2 amount and altitude,
including where the intensity of the eruption and the altitude
of the plume are lower.

The total SO2 amounts derived from IASI measurements
were higher than OMI for eruption Phases I and III, compa-
rable with OMI for the majority of Phase II, and consistent
with GOME-2 for Phase III. It would be interesting to see if
the discrepancies could be explained by the assumption made
about plume height in OMI, AISR and COME-2 retrievals, or
if other factors such as ash play a key role in producing the
discrepancies.
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