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Abstract

A new algorithm for the retrieval of sulphur dioxide (SO,) from IASI data has been de-
veloped based on optimal estimation theory. It uses the IASI channels between 1000—
1200 and 1300-1410cm™". These regions include the two SO, absorption bands (the
v4 and v; bands) centred at about 7.3 and 8.7 microns, respectively. The retrieval as-
sumes a Gaussian distribution for the vertical SO, profile and returns the SO, column
amount in Dobson units (DU) and the altitude of the plume in millibar (mb). Radia-
tive transfer computations that generate the forward modelled spectra (against which
the measurements are compared) are based on RTTOV and ECMWF meteorological
data. The retrieval includes a comprehensive error budget for every pixel. This is de-
rived from an error covariance matrix that is based on the SO,-free climatology of the
differences 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 illustrate that: (1) the SO, retrieval is not affected by underling cloud but is
affected if the SO, 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 for-
ward modelled spectrum. In this work the algorithm is applied to follow the behaviour of
SO, plumes in atmosphere for the Eyjafjallajokull eruption during April and May 2010
in terms of SO, amount. From 14 April to 4 May (during phase | and Il of the eruption)
the total amount of SO, present in atmosphere, estimated by IASI measurements, is
generally below 0.2 Tg. During the last part of the eruption (phase lll) the values are
one order of magnitude higher, with a maximum of 0.14 Tg measured on 9 May with
the afternoon orbits.
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1 Introduction

The magmatic process of an active volcano (during both quiescent and eruptive phase)
could be monitored and explained by observation of volcanic emission into atmosphere.
Particularly important is the emission of sulphur dioxide (SO,) as it is, typically the
third most abundant gas, after water vapour and CO,, emitted by volcanoes (Prata
et al., 2009). Improved satellite remote sensing analysis is important because this can
allow the monitoring of unrested and dangerous volcanoes that are in remote areas and
not monitored by ground data. Moreover often the SO, volcanic plume can be used as
a proxy for with volcanic ash (Thomas and Prata, 2011), especially within a few hours
of release when the effect of wind shear and gravitation have not divided the ash plume
from the SO,.

In the last 30yr (Total Ozone Mapping Spectrometer-TOMS, data from 1979) the
presence of SO, absorption bands in ultraviolet (UV) and infrared (IR) region has al-
lowed satellite observations to monitor explosive volcanic activity (Prata et al., 2003).
Satellite retrievals could be a safe source of information in case of volcanic eruptions,
but are less sensitive to low amounts of SO, (e.g. quiescent degassing) than ground
monitoring. In recent years more advanced, high resolution spectrometers, such as
Ozone Monitoring Instrument (OMI) on board of AURA from 2004, Infrared Atmo-
spheric Sounding Interferometer (IASI) and Global Ozone Monitoring Experiment-2
(GOME-2) on board of METeorological OPerational satellite program (METOP) from
2006, have make possible the study of quiescent volcanic activity (Carn et al., 2008).

Near-real time estimate of SO, are available globally (from OMI, GOME-2, SCan-
ning Imaging Absorption spectroMeter for Atmospheric CartograpHY-SCHIAMACHY,
IASI data) for hazard warning purposes. The accuracy of this data is restricted by the
assumptions made (e.g. the altitude of the volcanic plume) in order to provide a fast
responsive system (near real time). Furthermore this data does not usually provide
reliable estimates of the associated error. As shown by Thomas et al. (2009) the total
tonnages retrieved by different UV and IR sensors are variable and highly dependent
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on the prescribed plume altitude. They can be useful for aviation hazard but are less
reliable for scientific studies.

Due to the complementary nature of ground and satellite measurements (ground
measurement are usually available in degassing/quiescent phase with less SO,, satel-
lite measurements are more reliable during explosive phase with a lot of SO,) at
present no satellite retrieval is properly validated. At present only the OMI retrieval
team have published a validation paper, but it is limited to one eruption case, with small
amounts (less than 3 DU) of SO, in UTLS conditions. Validation of larger amounts SO,
in fresh volcanic eruption clouds and of lower tropospheric SO, in quiescent volcanic
plumes is needed (Spinei et al., 2010).

Satellite infrared spectrometer can measure volcanic SO, on three spectral regions
around 4.0, 7.3 and 8.7 um (called respectively v4 +v3, v and v, absorption band).
The 4.0 um absorption feature (v4 +v3) is weak and affected by reflected solar radiation
during daytime retrievals. It has been used, for IASI retrievals, when large amounts of
SO, saturate the signal in the other absorption bands (Karagulian et al., 2010). The
7.3 um feature (v3) is the strongest of the three bands. It is collocated with a strong wa-
ter vapour absorption band and, as a consequence: (i) it is not very sensitive to surface
and lower atmospheric layers; (ii) because water vapour and SO, have uncorrelated
spectral absorption features, it contains valuable information on SO, vertical profile.

The 7.3 um feature (v4 band) has been used in previous optimal estimation retrievals
(Clarisse et al., 2008) and in brightness temperature difference alert system by Univer-
sity of Brussels (ULB MeTop/IASI SO, Alerts).

The 8.7 um absorption feature (v3 band) contain information on SO, amount also
for lower tropospheric plumes. This region is an atmospheric window (relatively high
transmittance), but by itself does not contain significant spectral information about the
plume altitude/profile. Nevertheless it is probably the most useful region for monitoring
those volcanoes characterized by continuous quiescent degassing (Merucci, 2011).

In this paper we present a new optimal estimation scheme to retrieve SO, from nadir
satellite thermal infrared measurements using the v; and v; absorption bands. This
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retrieval uses a new approach to compute and use the measurement covariance ma-
trix, S,. Any differences, not related to SO,, between IASI spectra and those simulated
by a forward model, are included in the 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 SO,
retrieval from IASI measurements; (3) to apply the new retrieval to analyse the volcanic
eruption of Eyjafjallajokull during April and May 2010.

2 METOP-IASI data

IASI is on board of METOP, a European meteorological satellite that is operational from
2007. METORP is the first of three satellites that are planned to operate for fourteen
years. It crosses the equator on the descending node at a local time of 9.30a.m. IASI
is a Fourier transform spectrometer, that covers the spectral range 645 to 2760 cm™
(3.62—15.5 um) with a spectral sampling of 0.25 cm™' and a apodised spectral reso-
lution of 0.5cm™" (Blumstein et al., 2004). It has a nominated radiometric accuracy of
0.25-0.58 K. The IASI field-of-view (FOV) consists of four circular footprints of 20 km di-
ameter (at nadir) inside a square of 50 x 50 km, step-scanned across track (30 steps). It
has a 2000 km wide swath and nominally can achieve global coverage in 12 h (although
there are some gaps between orbits near the Equator). Observations are collocated
with the Advanced Very High Resolution Radiometer (AVHRR) that provides comple-
mentary visible/near infrared measurements. IASI makes nadir observation of the earth
simultaneously with Global Ozone Monitoring Experiment (GOME-2) also on board of
METOP. GOME-2 is an UV spectrometer that measures SO, in the UV absorption band
and has been used for both DOAS (Rix et al., 2012) and optimal estimation retrievals
(Nowlan et al., 2011) of SO,. More information on IASI can be founded in (Clerbaux
et al., 2009).
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In this work IASI level 1c data (geolocated and apodised spectra), obtained from
both the British Atmospheric Data Center (BADC) archive and EUMETSAT Unified
Meteorological Archive Facility (UMARF) archive, are used.

3 Fast forward model

To simulate the IASI brightness temperature (BT) we use a radiative transfer code
based on RTTOV v.9 (Saunders et al., 1999) available from Met-Office. The fast for-
ward model simulate the IASI signal as function of atmospheric profile (temperature,
pressure, SO,, H,O, CO,, CO, Oj, N,O and CH,) and surface parameters (tempera-
ture and spectral emissivity). RTTOV v.9 does not model variable amounts of SO,, so
here we use a modified version of RTTOV. The SO, coefficients are based on regress-
ing existing predictors for CO against transmissions computed using an accurate line
by line model, reference forward model (RFM). These calculations are based on the
same set of 83 profiles used to train RTTOV for IASI (Matricardi, 2008) to which SO,
profiles have been added such that the amount varies from 0.1 to 100 DU in several
layers from the surface to 21 km altitude. The method is described in more detail in
(Siddans, 2011). The SO, coefficient are computed in the spectral ranges 1094.75-
1232 and 1325-1449.5cm™" that includes the two absorption feature around 7.3 and
8.7um. The SO, feature around 4 um at present is not included in this fast forward
model. RTTOV consider an atmosphere with 90 layers divided by 91 levels, where the
first level is the Top Of Atmosphere (TOA). The output given at TOA, at every channels
(ch), are radiances (L(ch)) and brightness temperatures (BT(ch)).

The forward model provides the weighting functions K that represent the deriva-
tive of the signal (brightness temperature in (K)) with respect to the variation of the
parameters P (e.g., gas amount or surface temperature).

_ 0BT(ch)

Kp(ch) 3P

(1)
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When the parameter P is a profile P(layer) (as for temperature and gas profiles), Kp
will be a function of the channel and the perturbed layer (Kx(ch, layer))

Figure 1 shows the spectra, obtained for standard atmospheric profiles, of brightness
temperature and transmittance together with the weighting function with respect to
variation in surface temperature (K;), followed by the weighting function respect to the
gas profiles (Kp(ch,layer)) that affect the spectral region around the SO, v4 and vy
absorption band. The plot of the transmittances (Fig. 1b) shows the channels that will
be more influenced by an additional layer of cloud or ash/aerosol as well as by change
in surface temperature (as show in Fig. 1c). The plot of the weighting functions with
respect the temperature profile shows that the brightness temperature measured in
this spectral range is affected by the temperature profile between 0 and 10 km (mainly
because of water vapour presence) especially the v > 1200 cm™'. On the left side of
the plotted spectra there is the ozone absorption band, this if followed by a relatively
transparent part of the spectra (atmospheric window between 1100-1200 cm‘1) that
contains some SO, and N,O absorption (not correlated to each other). In the following
part of the spectra (from 1200 cm_1) there is strong water vapour absorption together
with strong features for N,O, CH, and the relatively strong SO, absorption (v3). The
last part of the spectra is affected by water vapour, SO, and CH, but these spectral
behaviours are not correlated each other.

The atmospheric profiles of temperature, pressure and water vapour are taken from
ECMWEF data and linearly interpolated to the time of the measurements. Ozone, N,O
and CH, are taken as from the standard atmosphere defined in GOMETRAN (Rozanov
et al., 1997) and are not varied.

Figure 2 presents the brightness temperature spectra simulated with standard atmo-
sphere and with the addition of a tropospheric (Fig. 2a) and stratospheric (Fig. 2b) SO,
plume of both: 10 and 100 DU. Using the same spectra, Fig. 2c, d shows the difference
between the BT of standard atmosphere and the atmosphere with an SO, plume.

Figure 2 show that IASI spectra is sensitive to both the amount of SO, and the alti-
tude of the plume. The amount and altitude have different spectral signatures that allow
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the retrieval of both parameters. The spectra of both SO, absorption band are atten-
uated by other atmospheric constituent and considering the same amount of SO, we
have a higher signal for stratospheric plume; considering the same altitude the signal
increase increasing the amount of SO,. It is possible to note the symmetric v, absorp-
tion signal, that don’t change significantly in spectral shape between plume at different
altitude. This means that this spectral region doesn’t contain information on the plume
altitude itself. Instead the spectral shape of v4 absorption band is strongly modulated
by absorption of other gases (as water vapour) and present a different spectral be-
haviours for tropospheric or for stratospheric plume. This is the part of the spectra that
contain the information on the plume altitude. Note that getting the altitude correct is
important not just for itself, but also in order to get the correct amount of SO,, since the
signal depends strongly on altitude.

3.1 SO0, vertical profile

The SO, vertical profile is assumed to be a Gaussian distribution in pressure G(p). The
Gaussian is defined by three parameters: the mean p,, the spread ¢ and the area A.

(o-p))?
Ao @
V2mo?

Motivation for the choice of this vertical profile is that from a previous sensitivity study
(Carboni et al., 2009) where was found that there are between two and three degrees
of freedom for SO, parameters inside the IASI spectra. Moreover a Gaussian shape
allows an analytical (fast) computation of the derivatives.

Here the parameters of the Gaussian are included in the retrieved state vector and
are: (1) p, is the pressure (mb) corresponding to the mean of the Gaussian and this
will be called altitude of the plume, (2) o is the spread (mb) of the Gaussian, and (3)
A is the column density of SO, (that is the integral of the Gaussian) expressed in DU.
For the case of a small-intermediate eruption (such as the one analysed in this paper)
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the spread is fixed to 100 mb, but it is a parameter that can be usefully included in
the retrieval, in case of larger eruptions (for which the number of degree of freedom is
larger).

3.2 Ash and cloud layer

The same scheme of the Oxford-RAL Aerosol and Cloud algorithm (ORAC) infrared
forward model has been used to include a layer of scattering and absorbing material
in the 1ASI forward model. The atmosphere above and below the layer is considered
to be composed by gas as simulated by RTTOV. More details can be find in (Thomas
et al., 2009; Poulsen et al., 2012). This layer can be representative of an aerosol layer
(ash, desert dust or maritime) or a water cloud layer. Other types of layer can be easily
implemented using the appropriate optical properties.

For any defined type of layer we pre-compute the spectral characteristic in look up
table (LUT) as emissivity (e), reflectance (A,) and transmittance (7,) using DISORT
and the optical properties (spectral extinction coefficient, single scattering albedo and
phase function) from Mie theory. The LUTs are functions of instrument channel, the
geometry of observations, the optical depth and effective radius. In the following all the
quantities are function of the instrument channel and observation angles.

The RTTOV outputs at TOA are the upwelling radiances (LLean) and the correspond-
ing brightness temperatures (BT). The RTTOV output and derived quantities given at
any level are (the dependence from the level is here indicated with the suffix /): trans-
mittance above the level, from TOA to the level, (T), up-welling radiation from the
atmosphere above each level (L;)’ the down-welling radiation (Liu)' the up-welling radi-
ation from the atmosphere below each level (LL(Iatm))
the level (Ty).

We combine the atmospheric RTTOV output with the aerosol/cloud properties to

obtain the radiance (LI) of an atmosphere with an aerosol/cloud layer as follows:

Ll =BeTy+L AT, +L! +LlTT, (3)
11869
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where B, is the Planck radiance at the temperature of the layer, and the up-welling

radiance below the layer LTbI takes into account both contributions, the atmosphere
below the aerosol layer and surface contribution

Ll =11 4 e, (4)

In particular the dependence to the surface temperature (one element of the state
vector, see Sect. 4.1) is through the Planck radiance of the surface Bg. The radiance
LI is then converted to BT and used as simulated IASI spectra.

More than one aerosol/cloud layer can be represented by an extended version of
this model (Siddans and Poulsen, 2011; Siddans et al., 2010) but it is not used in the
present work.

4 Retrieval algorithm
4.1 Optimal estimation

Using an Optimal Estimation (OE) (Rodgers, 2000) scheme we perform a simultaneous
retrieval of SO, amount and altitude. Briefly the OE retrieval seeks a minimum for a cost
function, J. Finding the minimum of J corresponds to finding the state vector x that
maximizes the probability of obtaining the measurement y

J=(y-Fx)'S; (y - F(x)) + (x - x,)"S; " (x - x,) (5)

where usually: y would contain the measurements, usually spectral radiance or BT;

Sy would represent noise on those measurements; x is the state vector, the vector of

parameter do be retrieved. In principle x would contain all atmospheric and surface

parameters that affect these radiances and are imperfectly known. In this case x would

include water vapour and temperature profiles, cloud properties and many other minor

species, as well as SO,. The simulated measurements F(x) are obtained with the
11870
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forward model. The a priori state vector is x, and S, is the a priori error covariance
matrix. x, and S, represent our a priori knowledge of the state before the measurement
is made, and the precision of this knowledge.

However: (1) we are not interested in most of these potential state variables x; (2)
SO, 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 meteorological data; (4) other gases and atmospheric constituent (like
clouds and ash) have features which are spectrally uncorrelated with SO,.

So we can greatly simplify the retrieval problem by including the variabilities coming
from all these variables in the measurement error covariance matrix. In other words
we include all the differences (or errors), between measured IASI spectra and the one
simulated by forward model (using ECMWF profiles), in a new “error covariance matrix”
S..
In this way S, will include: the instrumental errors (IASI noise), the forward model
errors (imperfect representation of radiance within RTTOV), and all the errors due to
the imperfect 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 especially errors due to presence of a cloud layer. In the state vector x we don’t
consider any of the parameters that are not related to SO, (of with the variability is
now represented in the new error covariance matrix), and we leave only: SO, amount,
altitude of the plume, spread, and surface temperature. The simulated measurements
F(x) are computed using the corresponding ECMWF data and the state vector. To
perform the retrieval we use the standard OE routine that minimizes the cost function
J, and in addition we consider a bias b between the measurements y and the simulated
spectra F(x).

J=(y-FX-b)S; (y-F(x)-b)+(x-x,)S;" (x - x,) (6)

The minimization routine uses the Levenberg-Marquard numerical iteration method.
Moreover, to perform the iteration we use the weighting function matrix K, that contains
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the derivative of the spectra (index /) simulated by the forward model respect to each
element of the state vector (index j): SO, total column amount, plume altitude, plume
spread and surface temperature.

For the first 3 elements (the ones that are also a parameter in the SO, Gaussian
profile G(p)) of the state vector we have:

OGN _ prgporx e 7)
L — — X
b ox;
These K; ; are computed analytically starting from the weighting function K, (Fig. 1).
4.2 Error covariance matrix

The new error covariance matrix S, has been estimate by calculating the difference,
between IASI measured spectra and the simulated one, for similar atmospheric condi-
tions, but when there is no SO, in the atmosphere. This will give an error covariance
matrix which allows deviations due to cloud and trace-gases but still enable the SO,
signature to be detected.

For Eyjafjallajokull eruption it have been considered all the 1ASI data, in the same
geographic region (between 45° and 70° of latitude and between —40° and 10° longi-
tude), of the same month, the year before (eg. April or May 2009). For every pixel we
have the IASI measurement y and we compute the simulated one, y,, with the forward
model (where the SO, amount is fixed to zero) and the corresponding ECMWF data
(e.g9. ys = F(xo = 0)). Each element of the covariance matrix has been computed as
follows (7 and j are indices corresponding to the IASI channels):

=V = Vsi) = i = YD) = Vs)) = (V; = Vs)) (8)

where the term y, — y,; is the average spectra of differences between measurements
and simulations. This is the bias term (b) that is considered inside the cost function
(Eq. 6) during the retrieval.
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The error covariance matrix, computed in this way, will include the variability of every
atmospheric constituent that are not represented by the forward model (e.g. presence
of cloud, error in ECMWEF profiles, wrong spectroscopy of minor gases . ..) as well the
instrumental error. It will not include any spectral behaviours of SO, because it have
been deliberately chosen to compute the covariance matrix with 1ASI pixels that are
not affected by any volcanic plume or strong industrial pollution. All the error/variability
represented in the covariance matrix will be included in the output error of the retrieved
state vector at any pixel as suggested by Von Clarmann et al. (2001).

The error of the retrieved state can be described by the covariance matrix:

S=(S;"+K/S;'K) (9)

(computed for K; evaluated at final iteration /, when convergence has been achieved).

Because (i) the computation of a covariance matrix based on a big ensemble of IASI
pixels with the same climatology (as the same month the year before) requires long
computation time (longer that the retrieval itself if applied to sporadic volcanic eruption)
and (ii) the impossibility of selecting I1ASI pixels that are not affected by SO, in some
regions where there is particularly active volcano degassing, a global error covariance
matrix has also been computed in the same manner as the “local” one. For the global
covariance, we considered all the IASI data of four days (one every season) of 2009
(more than 5 million pixels). This global covariance matrix can be applied globally, but
doing so may be expected to lead to higher estimated errors in SO, because more
variability is included in the S,. Both covariance matrices are analysed in the following
section.

5 Error analysis

Retrievals are performed on simulated data to assess the sensitivity of the retrieved

parameters to perturbations in the state. The performance of the retrieval is evaluated

using the information content of the measurements in these idealised circumstances.
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Here the linear error of the state vector and results of the retrieval using simulated
data are investigated. The retrieval is performed on synthetic spectra produced with
values that cover all the realistic range of the parameters we want to retrieve. In this
retrieval we use the same S, and a priori setting as for the proper retrieval but we
don’t subtract the bias (between simulation and measurements) in the computation
of the cost function. The a priori values used for SO, and plume altitude are 0.5 DU
and 400 mb with respectively 100 DU and 1000 mb of a priori error. A priori surface
temperature is set to the temperature of the first atmospheric layer with 20 K of error.
The linear error in the estimate state is obtained with (Rodgers, 2000):

S, = (K'S;'K+8;")" (10)

where the weighting function K is computed at the values x. The degrees of freedom
are obtained by taking the inverse of Eq. (10):

S;'=K's;'K+8;’ (11)
which can be reogranised to:

K'S;'K=8;'-5;' (12)
From Rodger (2000) the averaging kernel A can be written as:

A=5,K'S;'K (13)
Substituting in Eq. (12) gives:

A=s,s;"-s;’ (14)

The sum of the elements of the diagonal (trace) of A give the degree of freedom (DF)
of the retrieval. DF can be interpreted as the number of parameters (of the state vector)
that can be independently retrieved.
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Simulations have been performed for SO, column amount varying between 0.1 and
100 DU and plume altitude between 100 and 1000 mb. The parameter of the state vec-
tor corresponding to the spread of the Gaussian profile is fixed at 100 mb. Two surface
temperatures values have been considered: in the first case the surface temperature
is set equal to the temperature of the first atmospheric layer (this is the worst case for
a nadir retrieval in the thermal infrared); in the second case the surface temperature
is set to the first atmospheric layer plus 10K (this tests the cases that have a good
thermal contrast between surface and atmosphere). Hence the retrieval is tested for
no and some thermal contrast between the first atmospjeric layer and the surface. The
error covariance matrices considered are; the “local” covariance matrix, that is the one
computed for April above the Icelandic plume region, and a “global” covariance matrix.
The local error covariance matrix for May gives results that are similar to using the co-
variance matrix for April so are not reported here. For all the simulations the standard
atmosphere profiles (e.g. temperatures, water vapour, ozone, methane ...) are used.
The values, of the state vector x, used to produce the simulations are shown in Fig. 3
together with the linear errors

on the true state and the degree of freedom.

The Fig. 3 show that the error on SO, amount strongly depend on the plume altitude
and increase when the plume is going close to the surface. From the other side SO, er-
ror increase when the SO, amount increase. There isn’t enough information to retrieve
the plume altitude for low amount of SO, and for plume close to the surface, except for
big amount of SO, and good thermal contrast between surface and atmosphere. When
there isn’t enough information the resulting error in altitude is the a priori error. This is
confirmed by the degrees of freedom (DF) plots, the area with DF close to two strictly
correspond to the area with maximum error in plume altitude. The conditions, that in
DF plots present tree DF or more, correspond to the case in which we can retrieve
all the tree parameters in the state vector, and correspond to lower error in the plume
altitude. The errors behaviours are independent from the error covariance matrix used
(global or local).
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The minimum error in SO, amount is decreasing with the increase of the plume
altitude. Assuming a known plume altitude, and converting pressure values into km
trough the standard atmospheric profile, the values of the minimum error obtained are
around two DU for plume centred at 1.5 km and go to 1 DU (and less) for 3km altitude
(and more) arriving to 0.25DU at 11 km.

Figure 4 show the results of the retrieval, for the three state vectors parameters (SO,
amount, altitude and surface temperature), using the synthetic spectra for different con-
ditions as illustrate in Fig. 3, using both local and global error covariance matrix and
with or without thermal contrast between surface and atmosphere.

The conditions with thermal contrast produce better retrievals for plume close to the
surface. When there isn’t not enough information, to retrieve also the plume altitude, the
retrieval produce the a priori values of 600 mb and consequently the SO, amount for
conditions close to the surface are underestimated. Note that retrievals of low amount
of SO, with plume close to the surface, can produce negative values of SO,. The
equivalent error plots are not shown but the behaviour is similar to Fig. 3.

Moreover the retrievals for true conditions with plume altitude around the tropopouse
can jump between the altitude values with the same temperature, these produce wrong
retrieval values of plume altitude but don’t affect significantly the retrieved values of SO,
amount. In fact the volcanic plume in these condition is well above the tropospheric
boundary layer that contain the majority of water vapour (that is the main cause of
extinction true the atmosphere in the v; band) and the SO, signal itself is not varying
between these same temperature layer. So they are mainly indistinguishable from the
retrieval and the altitude results depend strongly on the first guess, but the amount of
retrieved SO, is nerveless reliable.

5.1 Influence of ash and cloud layer

To investigate the influence in the SO, retrieval due to the presence of an ash or cloud
layer, synthetic spectra compute with the forward model with an ash and cloud layer
(Sect. 3.2) have been computed and used (as IASI measurements) to perform the re-
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trieval without taking into account the layer. Synthetic spectra have been computed for
different ash optimal depth (from 0.2 to 2) and effective radius of 2 um, water cloud op-
tical depth (from 1 to 30) and effective radius of 15 um. Simulation have been done with
different altitudes of the layer between 1000 mb and 200 mb. All the synthetic spectra
have been computed with 50 DU of SO, and 400 mb of altitude (true state vector) and
no thermal contrast between surface and first atmospheric layer (both equal to 270 K).

The results of the retrieval are presented in Fig. 5. The presence of ash with more
than one AOD, within the extension of the SO, plume (Gaussian vertical profile), can
affect significantly the retrieval of SO, amount, producing an underestimation of around
50 % of the true amount. These conditions are also producing a cost function higher
then two and consequently are discernible, and it is possible to flag them a poste-
riori. A possible option, for future work, will be to perform both SO, ad ash retrieval
simultaneously in these pixels. The presence of cloud below the SO, plume don’t af-
fect significantly the retrieval, as expected because the cloud signal is included in the
variability considered in the error covariance matrix. As soon as the cloud layer start
to overcome some layers with presence of SO, (defined by the Gaussian profile with
400 mb altitude and a spread of 100 mb) the cloud smooth the spectral signal of the
underling SO, and the SO, amount is underestimate. The cloud presence can arrive
to cover the SO, signal completely and to produce retrieval with really low or zero
amount of retrieved SO, for conditions with a thick cloud over-line the SO, plume. Note
that these conditions are not distinguishable by the simple cost function criteria, in fact
in all these simulation the cost function values arrive at maximum at 1.4 values.

Mainly the error covariance matrix is computed including the spectra variability due
to cloudy and non cloudy pixels and, as effect of this, the retrieval is not affected by
presence of cloud below the plume. From the other side the presence of cloud in a pixel
can not be discernible troughs the cost function values.

The retrieval present in this paper is mainly based on fit the SO, spectral shape
and spectral variability, due to cloud presence or surface temperature or other spectral
behaviours considered in the covariance matrix, are not influencing the resulting SO,
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amount, but if something produce a different SO, spectral shape (e.g. cloud that cover
the SO, spectra) this affect the retrieval. To conclude, the presence of cloud and ash
within the plume practically is equivalent to a smoothing of the SO, spectral signature
and, even if with different amplitude, produce both an underestimation of the total col-
umn amount of SO, retrieved. This behaviours is the opposite of what happen in SO,
retrievals that are based only on the SO, absorption (compare to fit the SO, spectral
shape) as the one commonly used for imager (Corradini et al., 2008). In this imager
SO, retrieval scheme, the presence of ash decrease the radiance measured in the
SO, channels and, if not corrected, this produce and overestimation of SO, when ash
is present (Corradini et al., 2010).

6 Case study: Eyjafjallajokull eruption in April and May 2010

Here the SO, retrieval is applied to the case study of the Eyjafjallajokull eruption, to
follow the volcanic plume during April and May 2010.

The Eyijafjallajokull is a stratovolcano, located close to Iceland’s southern coast, at
63°38' N 19°36" W with an elevation of 1666 m. As reported by Global volcanism pro-
gram (2011), after an initial eruptive phase (from 20 March 2010) of lava flow but no
significant ash and SO, emission, an explosive eruptive phase of the Eyjafjallajokull
volcano began on the 14 April 2010. This was anticipated by a series of earthquakes
in the night between 13 and 14 April.

Following Zehner et al. (2010), the explosive part of this eruption can be divided into
three phases:

Phase I: 14—18 April

A phreatomagmatic eruption phase, ice and water from the ice cup above the caldera
are directly in contact with the fresh magma in the vent. This produce a faster cooling
of the ejected magma and large amount of ash injected in the atmosphere, as well
as steams plumes. During this period the injection altitude of the plume is estimate
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between 2 and 10km height (Marzano et al, 2011; Stohl et al., 2011) and the wind
conditions transport the ash plume in SE direction, toward Europe.

Phase II: 18 April-4 May

From the evening of 18 April there is a magmatic eruption phase; water and ice
from the glacier are not inside the vent. The intensity of the eruption is one order of
magnitude lower the phase |, and there is a consistent reduction of ash transported in
atmosphere. The altitude of the eruption column is between 2 and 5km (Zehner et al,
2010; Stohl et al., 2011).

Phase lll: 5-24 May

Between 3-5 May an increased seismic activity have been reported and it is followed
by a more intense explosive phase of the eruption. Ash production increased and the
eruption column altitude is reported between 4 and 10 km (Stohl et al., 2011). In this
period ash plumes are transported over Europe and Atlantic Ocean.

The volcanic plumes from the eruption of Eyjafjallajokull starting in April 2010 re-
sulted in the cancellation of 107 000 flights over Europe (or 48 % of total air traffic)
affecting roughly 10 million passengers. The airline industry lost an estimated 130 mil-
lion a day during the eight day period when European airspace was closed.

The SO, volcanic plume can be track from IASI, as presented by (Walker et al.,
2011), choosing a statistical criteria for false detection. In this analysis the threshold to
define the volcanic plume is fixed to 1 over ten thousand, it means that we are going to
have one false detection (a pixel without any volcanic SO, detected as volcanic plume)
every ten thousand pixels. All the IASI pixels detected as “volcanic plume” are analysed
with the SO, retrieval.

The first satellite signal from the Eyjafjallajokull eruption is from IASI data on the
evening of 14 April (Walker et al., 2012). In the following month we can follow the vari-
ous phases of the eruption as seen and analysed by various instruments from satellite
(Siddans et al., 2011; Francis et al., 2012; Thomas and Prata, 2011; Rix et al., 2012),
flights (Rauthe-Schoch et al., 2012; Schumann et al., 2011; Marenco et al., 2011),
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ground measurements (Mona et al., 2011; Harrison et al., 2010) and dispersion model
(Dacre et al., 2011; Stohl et al., 2011).

IASI can follow the SO, volcanic plume with an image, composed from multiple or-
bits, every half day, as show in Figs. 6-8. These plots present the column amount of
SO, in DU (1DU = 0.0285gm™2).

The total mass of SO, in atmospheric plume is obtained assuming an average area
of 25 x 25km for any IASI pixel and is presented in Fig. 9. The error-bars reported
are the worst scenario of correlated error, obtained as sum of all the pixel errors (this
overestimates when compared to independent errors). Applying a cut for quality con-
trol to the retrieval results, decrease the number of pixels considered in the sum and
consequently decrease the total mass of SO,. Figure 9 show the values of the total
mass obtained considering all the plume pixels (with latitude between 30° and 80° N
and longitude between -50° and 40°E), and considering only the pixel that pass the
quality control criteria (convergence and cost function less than two). The first plume
arrives over North Europe on 15 April and it spread over Scandinavia and Central-East
Europe over the following three days. This SO, plume is “connected” with the volcano
location only in the first two images (14 afternoon and 15 morning) and after that it is
transported from the meteorological conditions. The fact that there isn’t any SO, de-
tectable close to the volcano can be because the volcano itself is no emitting SO, or
because, in this phreatomagmatic phase, the interaction with water deplete the SO, at
the source. From morning image of the 18 April, there is a new SO, injection in atmo-
sphere. During phase Il, magmatic phase (SO, is not deplete from the interaction with
ice/water in the caldera), the SO, plume is identified close to the volcano in nearly all
the images between 18 April and 4 May but the amount of SO, is one order of magni-
tude lower compare to the following phase Ill. Starting from the morning of the 4 May,
the SO, amount in atmosphere coming from the Icelandic volcano, increase drastically,
the total mass of SO, is going from 0.01 Tg on 4th morning to 0.14 on 9th afternoon.
Between 4 and 8 May the plume overpass the West Europe, in particular UK, Ireland,
France and Spain. On 9 May the SO, plume is located over the Atlantic ocean (arriving
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to the coast of Greenland) and on 10th a filament of the plume is overpassing South
Europe, starting from Spain and spreading toward east, north-east direction. On 11th
morning image a fresh plume is overpassing Ireland and it is blowing into Europe again,
at the same time the older and diluted plume is still travelling north-east (crossing all
Europe up to Scandinavia on 12 May). Wind condition transport a new SO, plume from
Icelandic volcano again over Europe on 14 May and 16 and 17 May. The relative mini-
mum of SO, amount on 8 May morning on Fig. 9 is due to the missing of one |IASI orbit,
that presumably contain part of the plume, on the west part of the selected region.

In comparison with SO, data from OMI and AIRS (Thomas and Prata, 2011) the SO,
total mass, retrieved by IASI, have some period where the data are consistent within
the IASI error-bars (as phase Il) and other where IASI present higher values (as ma-
jority of phase lll). IASI and OMI have both a maximum on 10 May but the IASI value is
nearly double of the OMI one, and relative discrepancy with AIRS is even higher. Tak-
ing into consideration that there are some issues related to time differences between
Metop and A-train measurements, and looking qualitatively at the OMI SO, images of
SO, plume from Thomas and Prata (2011) and from IAVCEI Remote Sensing Com-
mission (IAVCEI RSC) web page it seem that the disperse plume are often consistent
in magnitude with IASI data in the disperse plume and the majority of the difference is
in the more fresh part of the plume, more close to the volcano. There are different fac-
tors that can affect the SO, retrievals in this area as for example the radiative transfer
with dense SO, and the presence of thick ash within the SO, plume. More qualitative
comparison between different measurements in thick ash conditions are highly desir-
able but out of the scope of this paper. Nerveless the fact that IASI values are higher
than OMI support the fact that the first source of discrepancies, between IASI, OMI
and AIRS instruments, is not the presence of ash is affecting the 1ASI retrieval, in fact
as discussed in the error analysis in case of thick ash IASI retrieval will be underesti-
mated. The IASI SO, total amount for the phase |l period can be compared also with
the GOME-2 SO, (Rix et al., 2012) that is on board of the same Metop platform (simul-
taneous measurements), and results, for 6 to 12 May and for 16 May, in term of total
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amount of SO,, are in good agreement (within the IASI error-bars). For the daytime
images of 5 May and form 13 May forward instead the IASI values are lower than the
GOME-2 one and, as noticed before, higher then OMI and AIRS values. The IASI SO,
results, in term of total amount, are between the previous publications of SO, datasets
for this eruptions, in particular IASI results are higher than OMI for the phase I, com-
parable with OMI for majority of phase Il, and between GOME-2 and OMI results for
phase lll. It will be interesting to study if the discrepancies could be explained by the
differences between plume altitude assumed by the others satellite retrievals and the
one retrieved by IASI, or others factor play a key role in producing the discrepancies,
but this is leaved for future work on a more comprehensive comparison analysis.

7 Conclusions

A new OE scheme for SO, plume have been developed, it retrieve height and amount of
SO, plume together with the associated pixel-by pixel error estimates. The error covari-
ance matrix is computed using the differences between the measured IASI spectra and
the simulated spectra (driven by ECMWEF data). This means that all the variability of the
IASI signal due to imperfect knowledge of non-SO, atmospheric constituents (presence
of clouds, differences between the true atmospheric profiles and the ECMWF one, etc.
...) as well as imperfect radiative transfer simulations (RTTOV approximations, spec-
troscopic errors, etc. ...) are included into the retrieval scheme.

The error analysis indicate that: (i) the uncertainty in SO, amounts increase for low
amount of SO,, (ii) the minimum error (0.3 DU) is obtained for plume altitude close to
the tropopouse (where we have the maximum thermal contrast between surface and
plume) and it increase going close to the surface.

The forward model include the possibility to simulate an atmosphere with an ash or
cloud layer and this feature is used to test that cloud below the plume do not affect the
retrieval, as expected because the cloud spectral variability is included in the climato-
logical data used to compute the error covariance matrix. Cloud at the same altitude,
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or above the plume, mask the SO, signal and produce underestimation of the SO,
amount. Thick ash can affect the retrieval, with consequent underestimation of the SO,
amount, this conditions are recognizable from a posteriori quality control (cost function
values). A retrieval of the ash parameters (optical depth, altitude and effective radius)
is possible within this scheme but because the high variability of ash refractive index,
within the thermal infrared spectral range, it is not considered here but future study on
this subject, together with the analysis of the SO, retrieval performance in presence of
a tick ash plume, are desirable.

The results of a medium intensity eruption, as Eyjafjallajokull case study, illustrate
that the scheme is able to follow the evolution of the SO, plume thought all the eruptive
periods and to quantify the SO, amount and altitude, including the phase Il of the
eruption where the intensity of the eruption and the altitude of the plume are lower.
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Fig. 1. Spectra obtained for a standard atmosphere profiles of: (a) brightness temperature,
(b) transmittance, (c¢) waiting function with respect to the surface temperature, (d) waiting func-
tions with respect to temperature profile (K;), water vapour profile (Kj,,o), 0zone (Ko,), sulphur
dioxide (Kgp,), nitrogen dioxide (Kyo,), methane (Kcy,)-
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Fig. 2. Simulated IASI spectra: (a) brightness temperature (BT) IASI spectra obtained for stan-
dard atmosphere (black line) and for standard atmosphere with the addition of a tropospheric
SO, plume between 1 and 5km (red line represent a plume of 10 DU, green line a plume of
100 DU); (b) the same spectra of standard atmosphere (black line) with the addition of strato-
spheric volcanic plume between 9 and 14 km (red line represent a plume of 10 DU, green line
a plume of 100 DU); simulated brightness temperature differences (BTD) between the standard
atmosphere spectra and the one with the volcanic plume plume for: (¢) tropospheric plume
(black line represent a plume with 10 DU of SO,, red line with 100 DU); (d) stratospheric plume
(black line represent a plume with 10 DU of SO,, red line with 100 DU).
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Fig. 3. Values of the state vector used in the simulations together with the linear errors on the
state and the degree of freedom. Every plot is a function of SO, amount on the abscissae and
altitude of the plume on the ordinate. The first line shows the valued of the state vector. The
other lines present the corresponding values of the linear error (firsts tree columns) for SO,
(in logarithmic colour scale), altitude, surface temperature and the degree of freedom (fourth
column). Second line present the values obtained using the local error covariance matrix for
April and no thermal contrast between surface and atmosphere. Third line is obtained with
the global error covariance matrix and no thermal contrast. Last line is obtained with the local
covariance matrix and 10K of thermal contrast between surface and atmosphere.

Jaded uoissnasiq

Jaded uoissnasiq

11891


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/11861/2012/acpd-12-11861-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/11861/2012/acpd-12-11861-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

100.00
10.00
1.00
0.10
0.01

100.00
10.00
1.00
0.10
0.01

100.00
10.00
1.00

SO, [DU]

o ¢
s

1000

N oE o ®
S 3 2 3
S 3 S S

C

3

=}

S

0

1000

& ®
S 3 3
S S S
P
o
1=}
S

Altitude [hPa]

Altitude [hPa]

Altitude [hPa]

282
280
278
276
274
272

270
268

282
280
278
276
274
272

270
268

282
280
278
276
274

Surface T K
w0 urface Temp [K]

& 800 272

270
268

0.10

0.01

Fig. 4. Retrieved values of the state vector (SO, amount, altitude and surface temperature)
as a function of SO, amount and altitude used in the simulations (“true values”). First line
presents the values obtained performing the retrieval with the local error covariance matrix
for April and no thermal contrast between surface and atmosphere. Second line presents the
values using the global covariance matrix and no thermal contrast. Third line is obtained with
the local covariance matrix and 10K of thermal contrast between surface and atmosphere.
White box correspond to values below the limit of the colorscale.
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Fig. 8. 1ASI SO, column amount, divided in morning and afternoon orbits, for the period from

8 to 17 May 2010.
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Fig. 9. Estimate of total mass of SO, presents in Eyjafjallajokull plume: black line and errorbars
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values from Thomas and Prata (2011); cyan are AIRS values from Thomas and Prata (2011).
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