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1. INTRODUCTION
1.1 Objective
This document describes the SO2 Brescia retrieval algorithm for IASI developed at the
Université Libre de Bruxelles (ULB; Clarisse et al., 2012) and for which an implementation at
the EUMETSAT CAF has been agreed in the frame of the O3M SAF CDOP-2 (O3M SAF
CDOP-2 Agreement Signed on March 2012).

1.2 IASI instrument
IASI is an infrared Fourier transform spectrometer developed jointly by CNES (the French
spatial agency) with support of the scientific community (for a review see Hilton et al. (2011)),
and by EUMETSAT. IASI is mounted on-board the European polar-orbiting MetOp satellite
with the primary objective to improve numerical weather predictions, by measuring
tropospheric temperature and humidity with high horizontal resolution and sampling, with 1 km
vertical resolution, and with respectively 1 K and 10% accuracy (Camy-Peyret and Eyre, 1998).
As a second priority IASI contributes to atmospheric composition measurements for climate and
chemistry applications (Clerbaux et al., 2009). To reach these two objectives, IASI measures the
infrared radiation of the Earth’s surface and of the atmosphere between 645 and 2760 cm-1 at
nadir and along a 2200 km swath perpendicular to the satellite track. A total of 120 views are
collected over the swath, divided as 30 arrays of 4 individual Field-of-views (FOVs) varying in
size from 36  km2 at nadir (circular 12 km diameter pixel) to 10 x 20 x  km2 at the larger
viewing angle (ellipse-shaped FOV at the end of the swath). IASI offers in this standard
observing mode global coverage twice daily, with overpass times at around 9:30 and 21:30
mean local solar time. The very good spatial and temporal sampling of IASI is complemented
by fairly high spectral and radiometric performances: the calibrated level 1C radiances are at 0.5
cm-1 apodized spectral resolution (the instrument achieves a 2 cm optical path difference), with
an apodized noise that ranges below 2500 cm-1 between 0.1 and 0.2 K of a reference blackbody
at 280 K (Hilton et al., 2011).

1.3 Product characteristics overview and context
In this document, a novel algorithm for the sounding of SO2 above ~5 km altitude using high
resolution infrared sounders, such as IASI, is outlined. The main features of the Brescia
algorithm are a wide applicable total column range (over 4 orders of magnitude, from 0.5 to
5000 dobson units), a low theoretical uncertainty (3-5 %) and near real time applicability.
There are currently several atmospheric sounders able to provide total column of SO2, both in
the UV and TIR, e.g. IASI, AIRS, OMI, GOME-2, OMPS. What differentiates SO2 soundings
with IASI from other sounders is its high sensitivity and robustness to mid-troposphere lowerstratosphere UTLS SO2, and the combination of twice daily global coverage and a relative small
footprint, 12km at nadir for IASI as compared to 13.5km at nadir for AIRS, 13x24 km² for OMI,
40/80 x 40 km² for GOME and 50x50 km² for OMPS.
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2. THE IASI BRESCIA SO2 ALGORITHM.
2.1 Algorithm description
The retrieval sequence of the Brescia SO2 algorithm is described in the Figure below:

Figure 1: Graphic representation of the retrieval sequence of the Brescia SO2 algorithm.

Note that most of the algorithm description below is reproduced verbatim from Clarisse et al.
(2012).
Sulphur dioxide has three absorption bands in the mid infrared, see Fig. 2. The 3 is by far the
strongest band. Competing water vapor absorption limits its vertical sensitivity to SO2 above 3-5
km, depending on the humidity profile and SO2 abundance. Higher altitude SO2 is also affected,
directly, by water vapor in and above the SO2 layer, but also indirectly by variable radiation coming
from below. The  1 band is situated in an atmospheric window, and can penetrate the lower
troposphere. While water vapor is not as important here, the 800-1200 cm-1 region is very sensitive
to the surface temperature, surface emissivity and volcanic ash (Clarisse et al., 2010 a,b), and for
young volcanic plumes from explosive eruptions, SO2 and ash often need to be retrieved
simultaneously. The combination band  1  3 can only be used when there is reflected solar light. It
is weak, but has been applied for the study of major volcanic eruptions as an alternative to a
saturating  3 band (Karagulian et al., 2010; Prata et al., 2010). Note that all TIR measurements
require thermal contrast between the SO2 plume and the underlying source of radiation. Thermal
4
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contrast here refers to the contrast difference between the SO2 plume and the underlying radiation.
Typically a value of 5K should be enough for an accurate retrieval. While the occurrence of
favourable conditions is hard to quantify, in general thermal contrast will be lower for lower
assumed altitudes, the occurrence of clouds and in humid conditions (e.g. the tropical latitude band).
No land/ocean dependence is expected as the spectral channels which are used are not in an
atmospheric window, and thus not sensitive to the surface.
In what follows, we assume an atmosphere with a SO2 cloud present at a given altitude. We adopt
the notations from Watson et al. (2004). When the plume is at sufficient altitude (where the
absorption of other species can be ignored) the measured radiance Ls at a wavenumber  (and
corresponding measured brightness temperature at the sensor Ts ) can be approximated as

Ls ( )  Lucb ( )tc  Lc ( )(1  tc ),

(1)

with Lc ( )  B( , Tc ) the ambient radiance coming from the cloud at temperature Tc and specified
by Planck's law, Lucb ( ) the upwelling radiance at the cloud base and tc the transmission of the
cloud, given by the Bouguer-Lambert-Beer law
tc  e cu ,

(2)

with c an absorption coefficient dependent on pressure and temperature and u the column
abundance. While Eq.(1) is valid under the mentioned assumptions, a subtlety arises when applying
it to real measurements. Real radiance measurements are always integrated (convolved) over a
wavenumber interval and are altered by the instrumental line shape. To check to what extent Eq.(1)
holds at the level of finite microwindows (here IASI channels), we have simulated the radiative
transfer of a standard atmosphere and introduced a SO2 layer at a fixed altitude, but with varying
abundances. The RTM is Atmosphit (Coheur et al, 2005). Atmosphere is taken from US Standard
Atmosphere (NASA, 1976) and linelist from HITRAN (Rothman et al., 2003).
The results are shown in Fig. 3 in brightness temperature space at wavenumber   1371.75 cm-1.
The simulations are shown as black squares and the best fit with Eq. (1) (best choice of the
absorption coefficient c ) is shown in red. For a plume at high pressure (left panel, 450 hPa), an
almost perfect fit can be obtained. The asymptotic behavior for increasingly large abundances can
also be observed ( Ls ( ) B( , Tc ) or Ts  Tc ) . This saturation is slower for lower pressure (right
panel, 10 hPa). At very low pressure, spectral lines saturate at a lower concentration at their line
centers than their wings. In contrast, at a higher pressure, pressure broadening of the individual lines
is important and will distribute absorption over a wider spectral range, resulting in a net larger
absorption and thus a quicker saturation over the complete band when taking into account all
spectral lines. For the low pressure test case, a good fit with Eq.(1) and a constant absorption
coefficient c is not possible. Because of the lower pressure broadening, the instrumental line shape
and apodisation become relatively more important, and these effects are not taken into account in
Eq.(1). One way to resolve this is to introduce an explicit column dependence in the coefficient c ,
so that c  c T , P, u  . These coefficients can be estimated from forward simulations as outlined in
the next section.
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Fig. 2. Top panel: example IASI spectrum measured over the plume of the August 2008 eruption of Kasatochi. Bottom
panel: line positions and intensities of SO2 from HITRAN (see Rothman et al., 2009, and references therein). Band
centers and integrated band intensities of SO2 are (see Flaud et al., 2009, and references therein): the
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Fig. 3. Brightness temperature at 1371.75 cm as a function of SO2 mass loading for a low (left, plume at 247K and
450 hPa ~5 km) and high (right, plume at 230K and 10 hPa ~25 km) altitude plume. The colored black squares were
calculated from simulated IASI spectra, while the red full line is a best fit of these simulations with Eq. (1).
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To determine the SO2 abundance from Eq. (1), all that is left is to estimate Lucb ( ) . This can be
done from channels not affected by SO2, but for which the channel  responds similarly to H2O and
other atmospheric parameters than the channels sensitive to SO2. It is here easier to work in
brightness temperature space, where Eq. (1) reads

B(Ts , )  B(Tucb , )tc  B(Tc , )(1  tc ).

(3)

Now Tucb can be estimated from another channel   when for background concentrations of SO2
Ts  B1 ( Ls ( ), )  B1 ( Ls ( ), )  Tucb .

(4)

The critical part is to choose these channels  and   to make this estimate as good as possible.
Two sets of two pairs of background and SO2 channels have been used: two to estimate Ts ,
representing the absorption in the  3 band and two reference channels to estimate Tucb . Table 1 lists
two sets of such parameters together with their bias and standard deviation (estimated from a full
day of IASI measurements with no detectable volcanic SO2). Note that this doubling of channels
allows to reduce the standard deviation significantly and also that the bias can be subtracted in the
calculation of the brightness temperature difference. Figure 4 illustrates the sensitivity range of both
sets for a plume at 150 hPa. The absorption channels in the  3 band of the first set are chosen close
to the region of maximum absorption, around 1371.75 cm-1. It is sensitive to mass loadings as low
as 0.5 DU, but saturates at around 200 DU, above which differences in the observed channels
become too small. The second set has its absorption channels further away from the band center, at
1385 cm-1. It has a lower sensitivity of about 10 DU, but can measure columns up to 5000 DU. The
combined use of both sets therefore enables to retrieve columns of SO2 from about 0.5 to 5000 DU
at 150 hPa.
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−1

−1

Fig. 4. Brightness temperature of the two sets of absorption channels (at ~1371.5 cm and at ~1385 cm ) as a function
of SO2 abundance for a plume located at 150 hPa and 207 K. Note that these are simulated results. The RTM used was
Atmosphit (Coheur et al., 2005).
Table 1: Two sets of absorption and background channels used in the calculation of SO2 abundances. The mean and
standard deviation of their brightness temperature differences between real measurements made in SO2-free
observations (1 full day) in the selected background and SO 2 channels.

3

Absorption channels

Background channels

Mean

Std

-0.05 K

0.15 K

0.05 K

0.25 K

Set 1

1371.50, 1371.75 cm-1

1407.25, 1408.75 cm-1

Set 2

-1

-1

1384.75, 1385.00 cm

1407.50, 1408.00 cm

Equation (1) is only valid when no absorption above the SO2 plume takes place. Even at altitudes
above ~500 hPa altitude, some residual water absorption can still affect observed channels.
Assuming that water vapour above is colder than the SO2 plume (so disregarding significant water
vapor above lower stratospheric plumes), we have for a saturating cloud Ts  Tc . We therefore
introduce a virtual cloud temperature Tc* Tc [ H 2O] /1021 , with [H2O] the partial column of water
(in molecules cm-2) above the SO2 layer . The factor 1021 was determined empirically, and while
this is a first order correction, it is largely sufficient as we will see below.

8

REFERENCE:
ISSUE:
DATE:
PAGES:

SAF/O3M/ULB/BresciaSO2_ATBD

1.1
28 July 2016
Page 9 of 15

2.2 Generation of the c T , P, u  look up table
To calculate the absorption coefficients c T , P, u  we have used representative atmospheric profiles
(temperature, pressure, humidity and ozone) from the ECMWF 40-yr reanalysis, ERA-40
(Chevallier, 2001). The total set contains 13495 well sampled profiles. Pressure and temperature
(PT) pairs between 5 and 30 km altitude are plotted in Fig. 5. The visible pressure bands are an
artifact caused by the specific 60-level coordinate system in the data set, and these disappear when
working with the interpolated data. We have calculated c T , P, u  on a subgrid of this PT diagram,
indicated by the black dots.

Fig. 5. Pressure and temperature correlations of the ERA-40 data set between 5 and 30 km. The black dots are the PT
pairs for which the lookup tables were built.

For each PT pair in the subgrid, we selected 10 atmospheres from ERA-40 with the closest match in
the PT profile. A variable SO2 cloud (from 0 to 10000 DU) was then inserted at the altitude
corresponding to the PT pair and the resulting IASI spectrum was simulated. Based on these
simulations a best value for c T , P, u  was obtained from minimizing the relative error between the
real and the calculated SO2 abundance. Each c T , P, u  is obtained from 10 independent
simulations and determining the best value is therefore an over-constrained problem. The solution
however is guaranteed not to be overly dependent on an individual atmosphere, and the average
9
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relative error is a good indication for the theoretical error (caused by the variability of other
atmospheric parameters) which can be achieved with this algorithm.

The top panel in Fig. 6 shows the absorption coefficients for the two sets of channels at 10 and 750
DU respectively. For 4 PT pairs, Tucb was very close or inferior to Tc for all 10 profiles. These sets
of low thermal contrast or temperature inversion were excluded. These are situated at the very edge
of the PT space and are uncommon. The bottom panel shows the mean relative error between the
input SO2 abundance and the retrieved for the ten different profiles. Errors are less than 3 % and 5
% for the first and second set respectively, except again at some points at the edge of the PT space.
We end this section with a practical consideration, which is important in the implementation of the
above retrieval algorithm. The use of c T , P, u  to calculate the column abundance u is inherently
a recursive problem. The iterative mechanism works by first applying a first guess value for c,
which allows a calculation of the column. This then allows using a more appropriate c(T,P,u). This
process is repeated 10 times (in practice convergence is achieved very quickly, after 2-3 times).
It is therefore necessary to start with a first guess c T , P  and iteratively calculate u and c T , P, u 
until convergence is achieved. We have verified numerically that this convergence is always
achieved (due to the smooth and monotonous behavior of the c coefficients). Also note that we find
two estimates u1 and u2 for u , for each set of absorption and background channels. Theoretically,
these two estimates should only agree when the assumed altitude corresponds to the real altitude
(because the corresponding brightness temperature differences have a different pressure and
temperature dependence). From looking at a few test cases, the two estimates generally agree well
between 25 DU and 75 DU (with a standard deviation of around 10 %). On either side of this range,
differences increase, with the u1 estimate obviously superior for lower total column amounts and
the u2 estimate by construction superior for large column total amounts. When either u1 or u2
exceed 100 DU, we used the u2 estimate, otherwise u1 was used. Finally, the retrieval is also
preceded by a detection criterion, here taken to be Tucb  Ts 0.4K .
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Fig. 6. Absorption coefficients for the two sets of IASI channels (top) and their corresponding average errors in
percentage (bottom). Here the absorption coefficients and errors are shown for a SO 2 cloud of 10 DU (set 1) and 750
DU (set 2) respectively.

In the current implementation scheme, we use 5 different (P,T) pairs, corresponding to altitudes 7,
10, 13, 16, 25 km extracted from the IASI temperature, pressure profiles, to extract SO 2 at 5
different assumed altitudes. For the moment no retrieval flags are used (NaN is returned in case of
retrieval failure). For each pixel, SO2 columns are always calculated (however in case on unphysical
altitudes, i.e. a low assumed height for a large DBT, the result will be NaN). The user should
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assume/model/use external source for the altitude and interpolate the retrieved SO2 columns to that
altitude.

Current limitations
The main limitations of the current algorithm are threefold. Firstly it is not suitable for SO2
plumes/enhancements located in the lower troposphere (<5-7 km). This is especially true in the
tropical band, as the sensitivity to the lower layers is determined by the total water vapour column.
Secondly, it requires users to have an idea of the altitude of the plume. Especially for SO2 in the
range 5-10 km, the dependence of the column on the assumed altitude is large, and so errors made
in the assumed altitude will translate into errors on the retrieved columns. A fast SO2 altitude
algorithm for IASI is however already available and is envisaged to be implemented within CDOP3 phase of the AC-SAF project. The third and last limitation of the current algorithm is its moderate
sensitivity to small column amounts. At present, there is several methods available building on the
work of Walker et al. (2011) which make use of a larger spectral range with increased sensitivity.
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4. ANNEX: EXPLANATION OF SYMBOLS USED IN THE ATBD
Brightness
Temperature

Radiance

Comments

Ts

Ls ( )

Radiance (and corresponding brightness temperature) measured at
the sensor

Tucb

Lucb ( )

upwelling radiance (and corresponding brightness temperature) at
the cloud base

Tc

Lc ( )

Temperature of the cloud (and corresponding radiance)

Tc*

L*c ( )

virtual cloud temperature Tc* Tc [ H 2O] /1021 , with [H2O] the
partial column of water (in molecules cm-2) above the SO2 layer
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