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Abstract: We developed a new retrieval algorithm based on the Infrared Atmospheric Sounding
Interferometer (IASI) observations, called AEROIASI-H2SO4, to measure the extinction and mass
concentration of sulphate aerosols (binary solution droplets of sulphuric acid and water), with
moderate random uncertainties (typically ∼35% total uncertainty for column mass concentration
estimations). The algorithm is based on a self-adapting Tikhonov–Phillips regularization method. It
is here tested over a moderate-intensity eruption of Mount Etna volcano (18 March 2012), Italy, and is
used to characterise this event in terms of the spatial distribution of the retrieved plume. Comparisons
with simultaneous and independent aerosol optical depth observations from MODIS (Moderate
Resolution Imaging Spectroradiometer), SO2 plume observations from IASI and simulations with the
CHIMERE chemistry/transport model show that AEROIASI-H2SO4 correctly identifies the volcanic
plume horizontal morphology, thus providing crucial new information towards the study of volcanic
emissions, volcanic sulphur cycle in the atmosphere, plume evolution processes, and their impacts.
Insights are given on the possible spectroscopic evidence of the presence in the plume of larger-sized
particles than previously reported for secondary sulphate aerosols from volcanic eruptions.

Keywords: volcanic plumes; IASI; sulphate aerosols; inverse problems in Earth observations

1. Introduction

Gaining insights into volcanic emissions is important to constrain both internal magma
processes and their subsequent atmospheric evolution and impacts. Of particular interest
are sulphate aerosols (binary solution droplets of sulphuric acid and water, hereafter
referred to as SA) of volcanic origin that can be both directly emitted (primary SA, e.g., [1])
or produced by the conversion of primary emissions of gaseous sulphur dioxide (SO2) to
particles (secondary SA [2]). The conversion to secondary SA is the major chemical sink for
volcanic SO2 emissions. The produced SA are highly-reflective in the solar spectral range,
and they contribute the main source of radiative forcing from volcanism [3]. Moderate- to

Remote Sens. 2021, 13, 1808. https://doi.org/10.3390/rs13091808 https://www.mdpi.com/journal/remotesensing

https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-3696-2944
https://orcid.org/0000-0001-7440-2350
https://orcid.org/0000-0001-9330-6401
https://orcid.org/0000-0002-0236-7856
https://orcid.org/0000-0002-9336-107X
https://orcid.org/0000-0002-1929-5326
https://doi.org/10.3390/rs13091808
https://doi.org/10.3390/rs13091808
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/rs13091808
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs13091808?type=check_update&version=1


Remote Sens. 2021, 13, 1808 2 of 18

strong-VEI (Volcanic Explosivity Index) explosive eruptions, with stratospheric injection,
produce relatively long-lasting perturbations to the hemispheric to global stratospheric
aerosol optical depth (AOD) and the Earth’s reflectivity in the solar spectral domain [4]
and produce an important radiative imbalance with significant perturbations to the climate
system. This forcing has been estimated to be −0.19 ± 0.09 Wm−2 globally, for the series
of moderate-VEI stratospheric eruptions in 2000–2015 [5]. The impact on the regional
radiative budget and climate of smaller-VEI tropospheric eruptions and passive degassing
emissions is not yet fully understood and estimated, though it was recently suggested
that, for certain volcanoes like Mount Etna, it can be significant [6]. Moreover, volcanic
SA in the troposphere can degrade air quality [7], impact ecosystems through acid rain [8]
and modify clouds occurrence, lifetime and properties, adding uncertainties to climate
modelling [9].

The quantitative observation of volcano-emitted gas and particle species using satellite
instruments is a very powerful tool to get insights into volcanic/atmospheric processes on a
systematic spatio-temporal basis. At present, reliable and systematic satellite observations
of volcanic emissions in the troposphere, and/or with reasonable spatiotemporal sampling
and horizontal resolution, are limited to SO2 and, at very specific conditions, other sulphur-
containing and halogenated volatiles ([10] and references therein) and ash [11,12]. A partial
characterisation of SA, in terms of vertical coverage and horizontal sampling, can be ob-
tained, for episodic explosive eruptions with relatively high-altitude (upper-tropospheric–
stratospheric) injections, with satellite observations looking at the limb (i.e., with a tangent
look to the Earth’s atmosphere) [13], or using space-based LiDAR (Light Detection And
Ranging) instruments [4]. These observations suffer from a very scarce spatio-temporal
coverage and, in the case of limb observations, a very limited horizontal resolution. This is
a fundamental limitation for the study of plume evolution processes and the estimation
of impacts at the regional spatial scale. In addition, limb observations are not effective
in the mid- to lower-troposphere and are very sensitive to the presence of clouds, so
limiting the study of tropospheric eruptions and passive degassing activities. Higher
spatiotemporal-resolution observations in the nadir geometry (i.e., looking downward
to the Earth) would be much more adapted, in this context. Unfortunately, methods to
derive quantitative information on SA from nadir-looking satellite instruments are not
available at present, and nadir monitoring is limited to SA qualitative detection at very
specific conditions [14,15]. Despite these limitations, it has recently been shown that high-
spectral-resolution nadir infrared instruments, like the Infrared Atmospheric Sounder
Interferometer (IASI), have sufficient information content to provide quantitative informa-
tion on SA, based on the peculiar SA absorption features at 1170 cm−1 and 905 cm−1 [16].
In addition, it has been proven that IASI is able to identify and partially characterize given
aerosol typologies [17], based on the typology-dependent extinction features provided
by their refractive indices. Recently, IASI observations have been used to characterize
the vertical profile of coarse aerosol particles as desert dust and its three-dimensional
distribution [18].

Building on these recent advances, we have developed and we present here a new
retrieval algorithm called AEROIASI-H2SO4. This algorithm allows, for the first time,
the quantitative observation of the infrared SA number density and extinction, and derived
mass and optical column properties, at the high horizontal resolution of nadir observations,
using IASI. This algorithm is based on the AEROIASI approach, which is a self-adapting
Tikhonov–Phillips regularization method, used previously for dust retrievals [18], and is
here adapted to observe SA (see description, including uncertainties estimates, in Section 2).
AEROIASI-H2SO4 is applied to Mount Etna’s moderate eruption of 18 March 2012. Results,
along with the plume morphological comparison with collocated AOD and SO2 retrievals
from independent products and chemistry-transport modelling, are shown and discussed
in Section 3. Conclusions are drawn in Section 4.
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2. Data and Methods
2.1. The IASI Instrument

The IASI instrument series are on board MetOp-A -B and -C spacecrafts since 2006,
2012 and 2018, respectively. Each instrument of the series provides a near-global coverage
every 12 h. The IASI is a Fourier transform spectrometer covering the 645–2760 cm−1

(3.62–15.5 µm) spectral range, with an apodized spectral resolution of 0.5 cm−1 and a
noise equivalent spectral radiance (NESR) of about 20 mW/(cm−1m2sr) in the spectral
region of interest for this work. It offers circular foot-prints of 12 km radius spaced by
25 km at nadir and a swath of 2200 km [19]. IASI provides information on meteorological
(surface temperature, temperature, humidity profiles and cloud information) and trace
gases’ parameters (O3, CO, NH3 and others). In addition, IASI has been used to observe
coarse aerosol particles like dust [18,20] and ash [21], and to detect the presence of different
kinds of other aerosols [17].

For this work, IASI Level 1c data (infrared radiance spectra) are used. These data are
distributed by EUMETSAT (European Organisation for the Exploitation of Meteorologi-
cal Satellites).

2.2. AEROIASI-H2SO4 Retrieval Scheme

The retrieval scheme presented in this work, hereafter referred to as AEROIASI-H2SO4,
follows from the AEROIASI algorithm, previously applied to dust retrievals, described by
Cuesta et al. [18] and hereafter referred to as AEROIASI-Dust. The underlying algorithm is
a constrained-least-squares fit method based on an auto-adaptive Tikhonov–Phillips regu-
larization inverse method [22]. The use of a regularization method, rather than most com-
mon climatology-based optimal-estimation approaches, is critical in this case because of the
fundamental lack of climatological information for SA following a given volcanic eruption.
During the iterative solution search, AEROIASI minimises the difference between modelled
and measured spectra, through the following cost function, based on the Rodgers method [23]:

χ2 = (y − F(x))TS−1
e (y − F(x)) + (x − xa)

TR(x − xa) (1)

In Equation (1), S−1
e is the noise error covariance matrix, y and F(x) are the measured

and modeled spectra, x and xa are the state vector at iteration i and an a priori state vector,
and R is an analytic regularization matrix. The ensemble of R and xa in Equation (1) pro-
vides a physical constraint to the otherwise ill-posed inverse problem. A priori information
is then provided by physical constraints rather than climatology, which is more practical
in the particular case of episodic processes like volcanic eruption. The radiative transfer
model F used in this work is the line-by-line Karlsruhe Optimized and Precise Radiative
transfer Algorithm (KOPRA) [24], using as inputs meteorological profiles and first guess
of surface temperature and humidity profiles taken from ERA-Interim reanalyses of the
European Center Medium Range Weather Forecast (ECMWF) [25].

The main setup of the AEROIASI-H2SO4 algorithm is summarized in Table 1.

Table 1. AEROIASI-H2SO4 main inputs.

Input Description

Spectral micro-windows (cm−1) (830.75,831.00), (842.75,844.00), (855.00,856.00), (861.50,862.00)
(863.00,863.50), (867.25,868.75), (873.25,875.50), (892.00,896.25)
(898.75,905.75), (906.75,908.25), (909.50,916.25), (917.50,918.00)
(918.75,919.25), (920.50,921.00), (922.75,924.50), (925.50,926.00)
(956.75,957.50), (974.50,975.25), (978.00,979.75), (1250.00,1250.50)

Mean radius of the SA layer size distribution 0.50 µm
Standard deviation of the SA layer size distribution 0.50
SA refractive index Biermann et al. [26]
H2SO4 mixing ratio 57%
A-priori SA profile 0.2 particles/cm3 in the altitude range 4–21 km, zero elsewhere
R Constraint matrix Constant with altitude
Surface temperature and water vapor profiles, first guess ERA-Interim reanalyses interpolated for IASI pixels
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AEROIASI-H2SO4 differs from the previous AEROIASI-Dust algorithms in three main
aspects, aimed at the specific detection and attribution of infrared radiation extinction to SA
(and not dust): (1) the aerosol layer extinction signature adjusted in the retrieval process is
modeled on the basis of SA refractive indices; (2) the spectral micro-windows are taken in
sensitive regions for SA; (3) the a priori profile and the regularization matrix are adapted to
the physics of volcanic injection. These three points are further discussed in the following.

The SA particles are modeled as spherical droplets of a sulphuric acid/water binary
solution. The SA refractive indices are taken from Biermann et al. [26]. For this eruption,
we assume a 57% sulphuric acid (H2SO4) mixing ratio and a mono-modal log-normal size
distribution with mean radius 0.5 µm and standard deviation 0.5. Sulphuric acid mixing
ratio values around 75% have been observed for stratospheric eruptions [27], while smaller
values are expected for tropospheric eruptions, i.e., in situations where the availability
of water vapour is larger [16]. Using ground-based Fourier Transform infrared (FTIR)
spectrometric observations, Sellitto et al. [28] have found a value of 65 ± 18% for the
H2SO4 mixing ratio in a tropospheric SA plume observed at Masaya volcano. For the
present methodology, we have then selected the closest value, 57%, in the refractive index
database, to this observed mixing ratio at Masaya. To our knowledge, other similar
estimations of the H2SO4 mixing ratio from remote observations of tropospheric volcanic
plumes are not available in the literature.

Using climatological profiles [29] (see also at: https://www.imk-asf.kit.edu/english/
312.php, accessed on 20 April 2021), the spectral signatures of a large number of gas
species (21: H2O, CO2, CO, O3, CH4, NO, SO2, NO2, NH3, HNO3, OH, ClO, HOCl,
H2O2, PH3, COF2, H2S, HCOOH, HO2, C2H4 and CFC-12) are simulated in the forward
runs of AEROIASI-H2SO4, to fit satisfactorily IASI spectra. In order to reasonably avoid
interferences with water vapour and ozone, we only use IASI measurements from 20
spectral micro-windows, spectrally narrow from 0.25 to 7 cm−1, characterised by small
absorption by these two atmospheric constituents. To further limit the interference of
water vapour and to provide an adjustable baseline, water vapour profiles and surface
temperature are co-retrieved within AEROIASI-H2SO4. The a priori surface temperature
and humidity profiles, as well as pressure and temperature profiles, are taken from ECMWF
ERA-Interim reanalyses at 0.75◦ × 0.75◦ horizontal resolution, interpolated for IASI pixels.
Surface emissivity is taken from a global monthly IASI-derived climatology [30]. Most of
the spectral micro-windows (19 out of 20) are located in the spectral range between 830
and 980 cm−1, to exploit the SA spectral signature linked to the undissociated sulphuric
acid, present in the SA droplets, centered around 905 cm−1 and affecting a broader region,
between about 850 and 950 cm−1 [16]. This spectral range, while located in a region of
a strong absorption signature for SA, presents the advantage of being unaffected by the
absorption features of the possibly co-existing SO2 (which has relatively strong absorption
bands between 1100 and 1200 cm−1). An additional spectral micro-window is around
1250 cm−1, also in a spectral region of sensitivity to undissociated sulphuric acid absorption
(even if near the edge of this sensitivity region) but outside of the mentioned SO2 bands.
This spectral micro-window provides a point for the spectral baseline linked to the surface
temperature co-retrieval and proved beneficial for the overall retrieval performances of
AEROIASI-H2SO4. The spectral signature of SA around 905 cm−1 was observed in IASI
spectra during the Mount Etna eruption, discussed in more detail in Sections 2.3 and
3. Figure 1 shows an example of a IASI spectrum taken in the plume associated with
this event. Spectra observed by IASI and fitted by AEROIASI-H2SO4 are shown in the
spectral range 800–1250 cm−1, in panel (a). A spectrum simulated by the KOPRA model
but without accounting for SA is also shown. A zoom-in in the spectral range around
the SA spectral feature at 905 cm−1 is shown in panel (b). From Figure 1a,b, the presence
of the spectral signature of SA in IASI spectra can be seen; it is clear how the spectra
cannot be properly fitted without inclusion of the SA signature. Apart from a broad-band
impact on the spectrum, the unequivocal signature of SA absorption between 850 and
950 cm−1, due to the sulphuric acid absorption band around 905 cm−1 is also appreciable
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and put in evidence in panel (c). At larger wavenumbers (around 1100–1250 cm−1),
the spectral signature of SA is also apparent, while the spectral absorption of SO2 is
also visible in the range 1100–1200 cm−1 (see the difference between the IASI spectrum,
in blue, and the AEROIASI-H2SO4-fitted spectrum, in green). Even if the SO2 absorption
signature is present in the IASI spectra, this has no impact on AEROIASI-H2SO4 retrievals
because AEROIASI-H2SO4 selected micro-windows are not affected by the absorption of
SO2. Nevertheless, this spectrum shows evidence of the co-existence of SO2 and SA. Work
is ongoing to develop inversion schemes for the co-retrieval of SO2 and SA.
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Figure 1. (a) An IASI spectrum (blue) taken in the Mount Etna plume observed during daytime overpass on 19 March
2012 (location identified with a black cross in Figure 3). The AEROIASI-H2SO4 fitted spectrum is shown in red and a fitted
spectrum without SA is in green; (b) same as (a), but in the spectral range 850–950 cm−1; (c) spectral radiance differences
of the IASI observed spectrum and the fitted spectrum without SA (yellow) and of the fitted spectra with and without
SA (blue). In (a–c), the following SA size distribution is considered: log-normal distribution with mean radius 0.50 µm
and standard deviation 0.50; (d–f) the same as (a–c) but for a different SA size distribution (log-normal distribution with
mean radius 0.20 µm and standard deviation 0.20); (g–i) same as (a–c) but for a different SA size distribution (log-normal
distribution with mean radius 0.20 µm and standard deviation 0.50).

Different mono-modal log-normal size distributions were tested. In Figure 1, the
retrieval using a mean radius 0.50 µm and standard deviation 0.50 (panels a–c) is compared
with the retrieval using a mean radius 0.20 µm and standard deviation 0.20 (panels d–f),
and a mean radius 0.20 µm and standard deviation 0.50 (panels g–i). The SA spectral
signature peak around 905 cm−1 is significantly wider for larger particles than smaller [16],
as it is reflected by the difference e.g., of Figure 1c,i. The effect on the SA spectral signature
of using size distributions with the same radii but different standard deviations seems
very small, in our case (compare Figure 1f and Figure 1i). The observed signature in
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IASI spectra shows a significantly better consistency with the fitted spectra using larger
particles (0.5 µm mean radius and 0.5 standard deviation). Spectral fitting residuals are
significantly smaller for the case 0.5 µm mean radius and 0.5 standard deviation (root mean
square errors, RMSE, for residuals in the interval 875–925 cm−1, of 31.3 mW/m2/sr/cm−1),
than for 0.5 µm mean radius and 0.2 standard deviation (RMSE of 36.5 mW/m2/sr/cm−1,
17% larger than for 0.5 µm mean radius and 0.5 standard deviation) and for 0.2 µm
mean radius and 0.2 standard deviation (RMSE of 37.5 mW/m2/sr/cm−1, 20% larger
than for 0.5 µm mean radius and 0.5 standard deviation). Thus, we selected the size
distribution accordingly. It has to be noted that typical values of the SA mean size for aged
stratospheric volcanic plumes, after nucleation and condensation have taken place, are
more in the range of smaller particles (a mean radius below 0.2 µm (e.g., [27], and references
therein). Previous studies have shown larger SA or other sulphate-containing particles
in tropospheric volcanic plumes, e.g., with in situ observations [31]. Our results suggest
that tropospheric eruptions may produce SA with relatively large size. Further systematic
analyses, using satellite data, are needed to get more insight into this aspect.

To better assess the peculiar SA spectral signature detected by AEROIASI-H2SO4, we
have also tested the concurrent sensitivity of IASI spectra on SA and surface temperature.
Figure 2 shows the same example of AEROIASI-H2SO4 fitted spectrum within the SA
plume, as for Figure 1, compared with spectra calculated with the same conditions but:
(a) a colder surface temperature, (b) a SA plume at lower altitude, and (c) by removing the
SA layer. Comparing these different configurations is a simple tool to test the sensitivity
to both temperature and the altitude of the SA layer. As it can be seen from Figure 2b,
the spectral signature of the SA layer (blue curve) has a distinct and different spectral shape
with respect to the surface temperature signature (orange curve). The peculiar signature at
850–950 cm−1 (the mentioned sulphuric acid band centered around 905 cm−1), which is
the spectroscopic basis of AEROIASI-H2SO4, cannot be explained by a possible surface
temperature sensitivity. The stronger SA band centred around 1170 cm−1 is also mostly
unrelated from surface temperature sensitivity spectral shape but is not used in AEROIASI-
H2SO4 to avoid interferences with SO2 bands, as discussed above. The AEROIASI-H2SO4
spectral micro-window at 1250 cm−1 is at the edge of this latter SA band, where sulphuric
acid absorption is significantly smaller than at 1100–1200 cm−1. At the same time, this
spectral micro-window avoids the spectral region of strong water vapour absorption,
which is approximately located at wavenumbers larger than 1300 cm−1 (see also Figure 7
in [16] and inherent discussion). For this spectral micro-window, a significant sensitivity to
surface temperature is found, which is intended to provide information on the baseline,
as discussed above. Finally, from Figure 2b, it can be seen that the sensitivity of IASI
observations to the altitude of the SA layer (yellow curve) is very limited. Thus, AEROIASI-
H2SO4 is not expected to be very sensitive to SA layer altitude.

For this study, we use a vertical-constant constraint matrix R, where we do not give
any altitude-dependent prior information. However, this constraint is adjusted during
the iterative procedure following a Levenberg–Marquardt-type method. During the first
iterations, the algorithm tries to find the SA layer altitudes and profile shapes and, in the
following ones, it modulates the total AODs in order to minimize the spectral residual.
Nevertheless, following the previous discussion on IASI observations to the SA plume
altitude, it is important to stress that AEROIASI-H2SO4 is expected to have a quite limited
vertical sensitivity. The a priori SA profile is taken as non-zero small values between 4 and
21 km altitude and zero elsewhere (see Table 1). This is intended to partially force (second
term of the cost value in Equation (1)) the retrieval to a reasonable altitude range, based
on previous knowledge of the injection height. Nevertheless, it has to be noted that the
very large vertical interval of non-zero a priori and the constant initial vertical shape of R
concur to leave a large amount of freedom to the retrieved vertical profile to adjust.
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a)

b)

Figure 2. (a) The AEROIASI-H2SO4 fitted spectrum of Figure 1 (in blue) along with spectra at the
same conditions but 1 K colder temperature (orange), same temperature but SA plume at 3 km
lower altitude (yellow) and without SA plume (purple); (b) Spectral radiance variation of the
AEROIASI-H2SO4 fitted spectrum and the different conditions of (a). The spectral micro-windows of
AEROIASI-H2SO4 are indicated as vertical lines in (a).

The output vector is then composed of SA particle number density profiles, water
vapour profiles and surface temperature. From SA particle number density, other quantities
are derived: SA extinction coefficient and mass concentration profiles, integrated AODs at
the wavelengths of the spectral micro-windows and mass columns.

While in the case of relatively large amount of SA the spectral signature of SA lay-
ers can be reasonably strong (up to 300 mW/(cm−1m2sr), thus at least 15 times larger
than IASI’s NESR), it still is a limited-sized signature if compared with other atmospheric
aerosols and clouds. This depends, in particular, on the small average size of SA parti-
cles [16]. Thus, to avoid false detections and to single out unequivocally the SA spectral
signature, quality tests of the retrievals are applied. AEROIASI-H2SO4 retrievals are cloud-
screened based on AVHRR (Advanced Very High Resolution Radiometer) data (pixels
with non-zero all-altitudes cloud fractions are screened out). A threshold on Root Mean
Square (RMS) spectral residuals, also refereed to in the following as root mean square errors
(RMSE), is applied (retrievals with RMSE lower than 60 mW/(cm−1m2sr) are retained).
It is important to notice that this RMSE-based screening can be seen as a post-screening
analogous of the usually-applied pre-screening methods for confined plumes observations,
like the one used in the IASI SO2 observations discussed in Section 2.4. Pixels with a
relatively high AOD (larger than 0.07) due to dust, obtained with AEROIASI-Dust, are also
screened out.

2.3. The Eruption of Mount Etna of 18–20 March 2012

On the morning of the 18 March 2012, the New South East Crater (NSEC) gave rise to
the 22nd paroxysmal episode of the long lasting sequence of lava fountains experienced by
Mount Etna between 2011 and 2015. Moderate Strombolian activity started on 16 March
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increasing in intensity on the 18 March at about 3:00 (all times reported here are UTC).
At about 7:45, the eruptive activity transitioned to a discontinuous lava fountain with
magma jets became gradually sustained and, after 8:00, the height of the lava fountain
and eruptive column grew very fast, reaching an estimated height of about 7 km above
the crater and dispersing at first towards the northeast and later east. At about 9:45,
the paroxysmal phase started to decline to finish by 10:10, lasting 1:45 h overall. Moderate
Strombolian explosions and a weak ash plume continued until 10:25, when the episode
eventually stopped. The description of the volcanic activity for this event can be found in
the weekly report of the Italian National Institute of Geophysics and Volcanology, for that
period of time [32].

This case-study is a good test for AEROIASI-H2SO4 for the following reasons: (1) it is
a moderate tropospheric eruption, yet with relatively large SO2 emissions, possibly leading
to consistent SA formation; (2) relatively wide cloud-free areas are found; and (3) very
limited ash is emitted that is possibly quickly sedimented. It should be noted that, in case
of a large presence of ash, the sensitivity of thermal infrared observations, like the ones
from IASI, to SA can be severely hampered [16].

2.4. Plume Correlative Data
2.4.1. MODIS AOD Observations

The Moderate Resolution Imaging Spectroradiometer (MODIS) provides long-term
global observation of the Earth’s land, ocean and atmospheric properties. It observes the
Earth with a swath of 2330 km across track, from a polar orbit approximately 700 km above
the surface and ±55◦ views scan. The MODIS sensor flies on Terra and Aqua satellites,
which were launched in 1999 and 2002, respectively. The AOD at 550 nm of the MODIS
aerosol products is retrieved with two entirely distinct algorithms, known as a Deep Blue
(DB) algorithm over land and a Dark Target (DT) algorithm over land and ocean. We
consider Terra MODIS C61 level 2 products at 3 km spatial resolution (MOD04_3K) (from
https://ladsweb.nascom.nasa.gov/, accessed on 20 April 2021) that provides the AOD
using a DT algorithm.

2.4.2. IASI SO2 Observations

The SO2 column amounts and plume height for this eruption are retrieved with the
optimal-estimation algorithm of Carboni et al. [33,34], using IASI measurements, hereafter
referred to as the “Oxford algorithm”. The algorithm exploits the SO2 absorption bands
in the spectral regions between 1000–1200 and 1300–1410 cm−1. It is built around the
RTTOV (Radiative Transfer for TOVS) radiative transfer model [35]. The output of this
retrieval algorithm is a bi-dimensional vector, which includes the SO2 amount (its total
column in Dobson Units—DU) and the peak altitude of a modelled Gaussian vertical
distribution. The IASI observations are preliminary screened, using the method of Walker
et al. [36], and the full retrieval is performed only where SO2 is detected with this method.
This algorithm has been validated using ground-based and satellite data [34] and proved
reliable in monitoring volcanic eruptions of different VEI-magnitude.

2.4.3. CHIMERE SO2 Simulations

The same eruption is simulated using the CHIMERE chemistry-transport model [37],
for a duration of 120 h starting on 18 March 2012, 0:00 UTC. This numerical experiment,
for this event, is thoroughly described by Lachatre et al. [38]. We provide here a short
description of these simulations. A simulation, hereafter referred to as volcanic-only run, has
been realised using only volcanic SO2 emissions. In these simulations, SO2 has been treated
as an inert tracer: in particular, oxidation of SO2 and subsequent formation of SA has not
been represented. The meteorology fields are forced by the WRFv.3.7.1 (Weather Research
and Forecasting, [39]), with an update of the forcing meteorological variables every 20 min
using the WRF-CHIMERE online simulation framework [40]. Horizontal advection in
the CHIMERE model has been represented using the classical Van Leer [41] second-order

https://ladsweb.nascom.nasa.gov/
https://ladsweb.nascom.nasa.gov/
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slope-limited transport scheme, while the anti-dissipative transport scheme of Després
and Lagoutière [42] has been used for vertical transport. The simulation domain contains
799 × 399 cells at 5 km resolution, with 50 vertical levels from the surface to 150 hPa
pressure level. The time and altitude profile for injection of SO2 into the atmosphere has
been obtained using the bulk SO2 emission rates measured by the ground-based FLAME
(FLux Automatic MEasurements) network [43]. It is important to notice that this method
accurately measures SO2 emission rates during passive degassing and effusive moderate
Strombolian eruptive activity, in which the plume height is usually at most 2 km above the
crater. In these cases, an empirical relationship between plume height and wind speed is
used to retrieve the mass flux rate. Instead, during explosive paroxysmal events where the
plume is ejected to higher altitudes, like, for this event, this linear height–wind relationship
cannot be used, and mass flux is retrieved using the plume height estimated by visual
camera and/or satellite retrieval. In our case, visual camera is used. Finally, SO2 emission
rates reaching values as high as about 450 kg s−1, and an injection height varying from
4.5 km to 12.0 km, during its most intense phase, are found and used as input to the
CHIMERE simulations. A second simulation, hereafter referred to as anthropogenic-only run,
has been realised using only anthropogenic SO2 emissions. In these simulations, oxidation
of SO2 and subsequent formation of SA has been represented. The anthropogenic-only
run is merely used here to visually identify areas possibly affected by anthropogenic SO2
that can provide positive detections to AEROIASI-H2SO4, outside the areas expected as
volcanically-influenced. For this reason, we don’t give further details on this simulation,
as this will be extensively analysed in future modelling work.

3. Results and Discussion
3.1. SA AOD

Figure 3a shows the SA plume obtained with AEROIASI-H2SO4, in terms of SA AOD
at 8.0 µm (1250 cm−1), the shortest wavelength available in our product, on 19 March 2012
(IASI daytime overpass, approximate time 9:30 LT). At the overpass time, more than 24 h
after the beginning of the volcanic eruption, the AOD at 8.0 µm reaches values as high
as 0.1. An isolated plume, with higher AOD values, is found to the south of the island of
Crete. This region is unaffected by dust and clouds (Figure 3d).

It is worth mentioning that the new sulphate-specific AOD observations shown in
Figure 3a are a marked advance with respect to existing satellite-based AOD observations.
Our new observations are based on a precise and non-ambiguous spectroscopic signature
of SA that is then associated with quantitative information on SA thanks to a spectral
fitting method and detailed radiative transfer calculations. This is fundamentally different
from what was possible with broad-band radiometers (e.g., MODIS and MODIS-like
sensors) that can just observe the broad-band optical signal of aerosols, or with space
LiDARs (e.g., CALIOP and CATS) that derive information on aerosols and clouds thanks
to the backscattered radiation at one or two wavelengths. In both these cases, only a raw
indirect identification of the specific aerosol composition can be derived thanks, e.g., to the
spectral variability of the aerosol extinction and/or the depolarization ratio. For AEROIASI-
H2SO4 retrievals, instead, the attribution of integrated aerosol extinction (the AOD) is
non-ambiguously attributed to the specific selected aerosol type (SA, in this case) through a
detailed high-resolution spectroscopy. On the other hand, the validation of our SA retrievals
is very difficult due to the mentioned fundamental limitations linked to these possible
correlative products, which use the optical signature broadly linked to their size and/or
shape rather than the aerosol-specific spectroscopy. In addition, regarding the spatial
scale, this volcanic eruption, as most of the volcanic activity of such low-level continuous
degassing volcanoes, is occurring mostly in the troposphere. In the case of such small-
scale processes, limb observations, widely used to study extremely strong (stratospheric)
volcanic eruptions, are also unusable. Unfortunately, space LiDARs as well are scarcely
useful in the observation and study of the evolution of small-scale (tropospheric) eruptions
due to the very limited revisit time of space LiDAR (basically no-swath instruments).



Remote Sens. 2021, 13, 1808 10 of 18

These data-availability problems are not specific for this eruption but are well-known
limitations when dealing with small-scale tropospheric volcanic activity and mirrors the
lack of dedicated aerosol products to study these kinds of processes, which is one notable
motivation of the present work. Thus, we evaluate these retrievals with a combination
of a direct comparison with available MODIS AOD observations and with more indirect
evaluations using observations and modelling of the dispersing SO2 plume.

a)

e)

c)

b)

d)

+

Figure 3. (a) AEROIASI-H2SO4 AOD retrievals at 8 µm, on 19 March 2012, morning IASI overpass (approximately 9:30
LT), (b) MODIS AOD retrievals at 550 nm, for the same scene as in (a) (approximately 1 h later than IASI overpass), (c,d)
CHIMERE SO2 raw column amounts and column amounts convolved using AEROIASI-H2SO4 AK and projected on the
IASI swath (volcanic-only run in (c), volcanic+anthropogenic run in (d), at 10:00 LT). Pixels affected by clouds (in grey)
and dust (orange) are also shown in (d), (e) IASI-SO2 Oxford SO2 column amounts, for the same IASI overpass as in (a).
The black cross in (a) identifies the pixel of the spectra of Figures 1 and 2.

Figure 3b shows AOD observations at 550 nm wavelength from Terra-MODIS, for an
overpass of the Terra satellite only about 1 h later than the IASI overpass of Figure 3a.
Even if MODIS observes integrated AOD from all aerosols, a specific confined structure
of enhanced AOD (up to almost 0.2) is found at approximately the same region of the
SA plume observed by AEROIASI-H2SO4, southeast of Crete island. The aerosol plume
observed by MODIS is slightly shifted towards the east with respect to the AEROIASI-
H2SO4 plume observations, which supports the idea of a dispersing plume coming from
Mount Etna’s emissions. Thus, this plume can be identified with the volcanic SA plume
observed with AEROIASI-H2SO4.
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In order to further investigate the spatial consistency of our SA retrievals, based on
volcanic-specific information, they are compared with SO2 simulations using CHIMERE
and IASI SO2 observations from an independent algorithm. The raw SO2 total column,
for the volcanic-only run described in Section 2.4.3, is shown in Figure 3c). An SO2 map
based on the IASI-SO2 Oxford algorithm, for the same overpass shown in Figure 3a, is
shown in Figure 3e. The SO2 and SA plumes, for the same eruptive event and after such a
short time from the beginning of the event, are expected to be reasonably collocated in space
and time. Observations and simulations of the SO2 plume are geographically consistent and
show two separated sub-sections of the volcanic SO2 plume: a western section, between the
volcanic source and south Peloponnese, and an eastern section, to the south of Crete.
As discussed extensively by Lachatre et al. [38], the western section is located at lower
altitudes (4 to 6 km altitude, for both CHIMERE and IASI) and the eastern at higher altitudes
(8 to 11 km altitude for CHIMERE and up to 12 or higher for IASI). The complete time
series of modelled SO2 with CHIMERE (data not shown here) reveals that the two plume
sub-sections mentioned above split during the initial phase of the eruption and were then
transported in two different directions. The eastern part of the plume, higher and advected
faster towards the east due to the sustained westerly winds at this altitude can be traced
back to the emissions from the paroxysmal phase of the eruption, while the western part of
the plume lower and advected more slowly, can be traced back to the parts of the plume
emitted either before or after the paroxysmal phase. The western section of the plume
is partly missed by IASI, probably due to the limited sensitivity of IASI to low altitudes
and/or the presence of Saharan dust. The SA plume observed by AEROIASI-H2SO4 is
spatio-temporally colocated with the eastern, higher and denser SO2 plume. AEROIASI-
H2SO4 misses the western plume. This can be due to different factors: (1) the western SO2
plume is not accompanied with consistent SA formation (due to limited SO2 concentration
or other chemical/micro-physical limiting factors), which is also consistent with the fact
that MODIS did not observe the western plume either (Figure 3b), (2) AEROIASI-H2SO4
sensitivity is hampered by the co-presence of clouds and dust (see clouds- and dust-affected
pixels in Figure 3d), (3) the AEROIASI-H2SO4 sensitivity is limited at the low altitudes
of the western plume (lower than 6 km). To get more insights into this latter point, in
Figure 4a, the typical averaging kernels (AK) of AEROIASI-H2SO4, for this case study,
are shown. In the present algorithm configuration, the AK is a diagnostic of the vertical
sensitivity of the retrieval. As it can be seen, AEROIASI-H2SO4 has a maximum sensitivity
between about 6 and 12 km; the sensitivity is very small at the lower altitudes typical of the
western plume. The impact of the limited vertical sensitivity of AEROIASI-H2SO4, as well
as its spatial sampling, on the observation of the lower-altitudes western volcanic plume is
further investigated by convolving the CHIMERE-SO2 simulations with AEROIASI-H2SO4
typical AK and projecting the simulation on the IASI swath (Figure 3d). As it is possible
to see from Figure 3d, except for a couple of pixels, the western plume would not be
fundamentally discernible with the sensitivity and geometry of AEROIASI-H2SO4. These
results point at a general consistency of the AEROIASI-H2SO4 horizontal volcanic SA
plume distribution with established volcanic SO2 plume information.

Areas where AEROIASI-H2SO4 observes SA, other than those identified as volcanic
(see discussion above), can be seen in Figure 3a. The geographical localisation of these
areas is compared with the CHIMERE anthropogenic-only run described in Section 2.4.3
(Figure 5). From the visual comparison of Figures 3a and 5, it can be noticed that most areas
of positive AEROIASI-H2SO4 detection outside the volcanic plume and not affected by
the presence of clouds (Figure 3d) are spatially coincident with enhanced-SO2 areas from
CHIMERE-anthropogenic. This is observed notably for areas in the central-western and
northern coast Turkey, and plumes emanating from south-eastern Peloponnese and south
of Thessalonoki towards the Aegean Sea. Some mismatches of non-volcanic AEROIASI-
H2SO4 detection and CHIMERE antropogenic SO2 simulations can be explained with the
limited vertical sensitivity of AEROIASI-H2SO4 and the patchy spatial sampling of IASI,
by looking at the AK-convolved CHIMERE-SO2 simulations of Figure 3d. The marked
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anthropogenic SO2 plume in Libya, visible in Figure 5, is in an area not sampled by
IASI. Raw CHIMERE simulations also show a large anthropogenic plume in northern
Greece/Macedonia. Nevertheless, only a few SO2-enhanced pixels seem visible in the
AK-convolved CHIMERE simulations in this area, reasonably collocated with a few SA-
enhanced pixels from AEROIASI-H2SO4. The large anthropogenic plume northeast of
Cyprus, visible in Figure 5, is also significantly smoothed by the vertical sensitivity of
AEROIASI-H2SO4 (see the few pixels visible, for this plume, in Figure 3d) and, in addition,
is located in a region of large dust burden. Nevertheless, AEROIASI-H2SO4 seems to detect
a few SA-enhanced pixels in an area possibly matching the SO2 plume for this anthro-
pogenic source, in southeastern Turkey. All these mismatches can thus be explained with
considerations on either the vertical sensitivity or the horizontal sampling of AEROIASI-
H2SO4. While a detailed analysis on the capability of AEROIASI-H2SO4 to observe
lower-altitude anthropogenic SA is not carried out here, this evidence hints at this possi-
bility that IASI could be sensitive to anthropogenic SA. It is important to notice that the
present set-up of AEROIASI-H2SO4 is not optimised to observe these lower altitudes (see,
e.g., the AK of Figure 4) and dedicated set-ups (e.g., different a priori, constrain matrix, SA
micro-physics hypotheses and/or operational spectral micro-windows) are needed to get
more insights into this possible sensitivity.
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Figure 4. (a) Averaging kernels (AK) for a selected pixel into the eastern plume of Figure 3. Green are
AK for surface-6 km, red for 7–12 km and blue 13–20 km; (b) vertical profile of the percent retrieval
error of SA number density retrieval due to radiometric measurement noise (cyan profile), vertical
smoothing (sky blue), and size distribution assumptions (red). Total random errors (blue) and total
error (random plus size distribution, purple) are also shown.
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Figure 5. CHIMERE SO2 raw column amount (anthropogenic-only run).

A summary of the AEROIASI-H2SO4, IASI SO2, AEROIASI-Dust, and clouds detec-
tions is shown in Figure 6. Pixels where the co-presence of SA and SO2 is detected are
explicitly indicated. The frontal area of the eastern sub-section of the plume is almost
systematically composed of both volcanic species (SA and SO2), thus indicating that rapid
chemical and micro-physical processes are at play for this event.

Figure 6. Detections of SA (from AEROIASI-H2SO4, in red), SO2 (from IASI-Oxford, in blue) and
dust (from AEROIASI-Dust, in yellow). Simultaneous detections of SA and SO2 are shown in
violet. Cloudy (CF > 20%) and clear-sky pixels (CF < 20%) are indicated with black and light grey
contour, respectively.

3.2. SA Mass

The retrieved SA mass column concentration is shown in Figure 7a, for the same IASI
overpass discussed in Section 3.1. The detected SA plume exhibits relatively large mass
values, exceeding 0.05 g/m2, while smaller values are found in the extra-volcanic areas.
Figure 7b shows the mean SA mass concentration vertical profile for the volcanic plume,
compared with the mean altitude of SO2 from volcanic-only CHIMERE simulations, in the
same area. The maximum of the SA mass vertical profile is found between 6 and 10 km.
The average SO2 profile peaks between 9.5 and 11.5 km, for the same plume. These small
discrepancies could be explained mainly by the limited vertical sensitivity of AEROIASI-
H2SO4 and by the in-plume evolution of the plume. For this latter aspect, the enhanced
formation of SA at the lowest altitudes of the plume can be mentioned, where a slightly
larger humidity and temperature is found with respect to higher altitudes, two factors that
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generally enhance SO2-to-SA conversions [44]. Due to the relatively small distance from
the volcanic source, gravitational sedimentation of the particles is expected to play a minor
role in the separation of the gaseous and particulate components of the plume. In any case,
due to the limited vertical sensitivity of AEROIASI-H2SO4, vertical profiles are to be taken
with extreme caution, while, based on the evaluation of the method in Section 3.1, column
retrievals are more robust.

Figure 7. (a) AEROIASI-H2SO4 mass column concentration for IASI daytime overpass on 19 March 2012; (b) average
vertical profile of AEROIASI-H2SO4 mass concentration for the eastern section of the plume region. Horizontal lines
represent the average altitude of the maximum in the SO2 profiles for volcanic-only CHIMERE run, with its standard
deviation, in the same plume area.

3.3. Sensitivity and Precision of AEROIASI-H2SO4

The sensitivity and precision of the retrieval has been analysed by means of the
AK, the degrees of freedom (DOF, the number of independent parameters that can be
theoretically retrieved from the measurements) and retrieval uncertainties.

The vertical sensitivity in terms of typical AEROIASI-H2SO4 AK points at a maximum
sensitivity in an altitude range between about 5 and 12 km (see Figure 4a). Due to the
self-adaptation of the inversion algorithm, during the iterative procedure, the DOF varies,
starting from ∼1.2 and then reaching typical values of ∼1.0, during the last iteration. This
allows the adaptability of the vertical shape of the profiles, at early iterations, and the
convergence of the algorithm, at the end of the procedure. Nevertheless, these DOF values
and the shape of the different AK confirm the indication brought by Figure 2 that the
vertical sensitivity of AEROIASI-H2SO4 is limited. Typical DOF values of ∼0.8 are found
in the background area, i.e., outside the plume.

We also provide here an estimation of the total uncertainties on the SA number density
profile and mass concentration estimation. This is calculated as the sum of the main random
errors (the smoothing and the measurement noise error) plus the size-distribution-related
systematic error linked to the assumption of a fixed mean radius. Thus, the total error
covariance matrix ST is:

ST = Srand + Ssyst = Ssm + Sm + Ssd (2)

where Srand and Ssyst are the random and systematic errors, Ssm and Sm are the smoothing
and measurement noise error, Ssd is the size distribution error. The covariance matrices for
the random smoothing and measurement noise errors Ssm and Sm are derived using the
adaptation of the optimal estimation methodology of Rodgers [23] to general regularization
methods, provided the symmetry of the a priori covariance and the regularization matrix
as the constraints of the least square minimisation [45]. The size distribution systematic
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error is estimated by the variability of different mass-normalised number density profile
retrievals of the same pixel using different size distributions, i.e., comparing the retrievals
using a mean radius 0.50 µm and standard deviation 0.50 (Figure 1a–c) and using a mean
radius 0.20 µm and standard deviation 0.20 (Figure 1d–f). The different error components,
as function of the altitude, are obtained using the diagonal elements of the respective
covariance matrices, and the total uncertainty vertical profile is obtained using the diagonal
elements of ST. Figure 4b shows the vertical profiles of the smoothing, measurement noise
(and their sum, i.e., the total random error) and size distribution errors, as well as the total
error, for a typical retrieval (the same as the AK of Figure 4a). Typical random uncertainties
between ∼15 (from 4 to 10 km altitude) and 40% (at 14 km altitude, with larger values
at higher altitudes, where number densities are very small) are found for the retrieved
particle number density profile. Nevertheless, the error budget of SA number density
and mass concentration estimation is dominated by the size distribution assumptions.
Errors from 20 (at 6 km) to 60% (at 10 km) are found. Even if this comparison is based on
very different size distributions, this result points at consistent possible systematic errors
linked to micro-physical hypotheses. Thus, even if our size distribution choice is driven
by clear spectroscopic evidence (see discussion of Figure 1), AEROIASI-H2SO4 absolute
estimations must be taken with caution. The total uncertainty of number density and mass
concentration profile retrievals ranges from about 60% (at 4 km) to 20% (at 6 km) to 50–60%
(between 8 and 14 km). It must be stressed that systematic error associated with refractive
indices (including uncertainties on the sulphuric acid mixing ratio in the SA droplets),
and radiative transfer modelling related errors were not taken into account at this stage
but can contribute significantly to the error budget. Using these results, the typical total
uncertainty on the integrated column mass concentration is estimated at ∼35%.

4. Conclusions and Perspectives

In this paper, we have presented the new retrieval algorithm AEROIASI-H2SO4,
for the observation of SA (binary solution droplets of sulphuric acid and water) using
IASI measurements. This inversion scheme, based on a self-adapting Tikhonov–Phillips
regularization method, provides, for the first time from space, quantitative observations of
SA extinction and mass concentration with limited random uncertainties. Larger systematic
errors are associated with the necessary hypotheses for the chemical and micro-physical
state of the SA particles. The set-up of AEROIASI-H2SO4 presented in this study is
dedicated to the observation of volcanic SA in the free troposphere. It operates in a
specific SA-contained sulphuric acid absorption band (around 905 cm−1) that is completely
independent of the absorption of the possibly co-existing SO2, the main gaseous precursor
of volcanic SA, thus excluding interference of SO2 on SA retrievals. The AEROIASI-
H2SO4 algorithm is applied to a medium-sized-intensity tropospheric eruption of Mount
Etna volcano (18 March 2012). A volcanic SA plume is detected, which is geographically
collocated with simultaneous MODIS AOD observations, IASI SO2 retrievals, obtained
with an independent algorithm, and CHIMERE SO2 simulations. Spectroscopic evidence
is shown that tropospheric SA may have larger mean size (mean radius: 0.5 µm) than
the well studied stratospheric aged SA plumes (typical mean radius: 0.2 µm). Even if
this set-up of AEROIASI-H2SO4 is dedicated to volcanic SA retrieval, it is suggested that
AEROIASI-H2SO4 can also be sensitive to anthropogenic SA. The new information brought
by AEROIASI-H2SO4 may be crucial to have a more complete view on the sulphur mass
balance for volcanic eruptions and direct radiative impacts of the SA of volcanic origin.
For the future, we aim at the co-retrieval of SO2 and SA, using IASI. The co-presence of
SA and SO2 is hinted at by the visual analysis of IASI spectra for the present case study. It
has been recently demonstrated that IASI measurements contain sufficient information to
characterise both species with the same radiance spectra [46]. A synoptic view of gaseous
and particulate sulphur emissions, while of great importance to get insights into both inner
volcanic and atmospheric processes, is also expected to reduce biases in both retrievals [28].
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