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Abstract. Volcanic plume removal (VPR) is a procedure de-
veloped to retrieve the ash optical depth, effective radius and
mass, and sulfur dioxide mass contained in a volcanic cloud
from the thermal radiance at 8.7, 11, and 12 pum. It is based on
an estimation of a virtual image representing what the sensor
would have seen in a multispectral thermal image if the vol-
canic cloud were not present. Ash and sulfur dioxide were
retrieved by the first version of the VPR using a very simple
atmospheric model that ignored the layer above the volcanic
cloud. This new version takes into account the layer of at-
mosphere above the cloud as well as thermal radiance scat-
tering along the line of sight of the sensor. In addition to im-
proved results, the new version also offers an easier and faster
preliminary preparation and includes other types of volcanic
particles (andesite, obsidian, pumice, ice crystals, and wa-
ter droplets). As in the previous version, a set of parameters
regarding the volcanic area, particle types, and sensor is re-
quired to run the procedure. However, in the new version,
only the mean plume temperature is required as input data. In
this work, a set of parameters to compute the volcanic cloud
transmittance in the three quoted bands, for all the aforemen-
tioned particles, for both Mt. Etna (Italy) and Eyjafjallajokull
(Iceland) volcanoes, and for the Terra and Aqua MODIS in-
struments is presented. Three types of tests are carried out
to verify the results of the improved VPR. The first uses all
the radiative transfer simulations performed to estimate the
above mentioned parameters. The second one makes use of
two synthetic images, one for Mt. Etna and one for Eyjafjal-
lajokull volcanoes. The third one compares VPR and Look-
Up Table (LUT) retrievals analyzing the true image of Ey-
jafjallajokull volcano acquired by MODIS aboard the Aqua
satellite on 11 May 2010 at 14:05 GMT.

1 Introduction

The large volumes of ash and gases released into the atmo-
sphere during explosive volcanic eruptions form clouds that
can travel great distances from the source over long periods.
These ash clouds can be generated at any time from the erup-
tion of any one of more than 1200 active volcanoes scattered
over the Earth’s surface (Prata, 2009) and pose a real threat
to air safety (Casadevall, 1994).

An effective global monitoring system today depends on
the use of satellite data to detect and monitor the evolution
of volcanic ash clouds. Timely information on the location,
size, height, and ash content of potentially hazardous erup-
tion clouds derived from satellite data are generated and used
by the Volcanic Ash Advisory Centers to mitigate this type
of threat and improve aviation safety (Francis et al., 2012).

Satellite sensors operating in the thermal infrared range
are particularly effective for this purpose, when the interac-
tion of volcanic ash with electromagnetic radiation makes it
possible to detect and monitor volcanic clouds even at night.
The algorithms developed exploit in various ways the reverse
absorption of the brightness temperature observable in the
channels centered at 11 and 12 microns. This feature is used
both for discriminating ash and meteorological clouds (Prata
1989a, b) and for quantifying the mass, optical thickness, and
effective radius of the ash contained in volcanic clouds (Wen
and Rose, 1994; Yu et al., 2002).

Several algorithms were developed in the early efforts to
detect volcanic clouds and retrieve the ash and SO, contents,
as discussed in a recent critical review (Clarisse and Prata,
2016). Among the new algorithms, the simplified approach
of the volcanic plume removal (VPR) is distinguished by its
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ease of use and speed of calculation, making it highly effec-
tive for monitoring. Another advantage of the VPR approach
is that it only requires the plume temperature as additional
input, providing fresh estimates of ash and SO, as soon as
new satellite images of an ongoing eruption become avail-
able (Pugnaghi et al., 2013; Guerrieri et al., 2015).

The VPR procedure was developed using thermal infrared
(TIR) data collected by the Moderate Resolution Imaging
Spectroradiometer (MODIS) instrument on board the Terra
and Aqua polar platforms and by the Spinning Enhanced
Visible and Infra-Red Imager radiometer (SEVIRI) on board
meteorological satellites positioned on MSG geostationary
orbits.

This paper aims to present the VPR procedure in an im-
proved and simplified form as developed for the selected case
studies of the Mt. Etna (Italy) and Eyjafjallajokull (Iceland)
eruptions. Section 2 is dedicated to a theoretical descrip-
tion of the novel improvements of the VPR procedure, while
Sect. 3 presents and discusses the results obtained for the val-
idation case studies. In Sect. 4 the conclusions are provided.
The VPR coefficients are tabulated in the Supplement for dif-
ferent types of plume particles (andesite, obsidian, pumice,
ice, and water droplets), for both the Mt. Etna and Eyjafjalla-
jokull volcanoes, and for the Terra and Aqua MODIS instru-
ments.

2 Theory

The VPR procedure (Pugnaghi et al., 2013; Guerrieri et al.,
2015) is a kind of linearization of the radiative transfer equa-
tion developed to retrieve, from multispectral satellite images
at 8.7, 11, and 12 um, the ash optical depth at 550 nm (6*),
effective radius (R.), mass (M,), and sulfur dioxide mass
(My) of a tropospheric volcanic cloud. The parameters re-
quired to apply the VPR are specific for a given area, type of
plume particles, and sensor on board the satellite and these
are easily determined a priori using the MODTRAN radia-
tive transfer model. Once they have been computed, the only
additional input required is the mean plume temperature.
Figure 1 shows the VPR procedure flowchart (dashed rect-
angle). Among the ancillary data, the land—sea mask is usu-
ally available with the radiance data while the operator has to
define the plume mask and possibly the meteorological cloud
mask. For the multispectral sensors the plume mask can
be derived from ash detection techniques based on bright-
ness temperature difference (see Prata, 1989b) and succes-
sive improvements (see Millington et al., 2012; Pavolonis
et al., 2013), principle components analysis (Hillger and
Clark 2002a, b), or neural networks (Picchiani et al., 2014).
The volcanic cloud height can be obtained from visible/TIR
ground-based cameras (Scollo et al., 2014), ground radar
(Montopoli et al., 2014; Marzano et al., 2006; Corradini et
al., 2016), lidar system (Scollo et al., 2012) measurements,
or multispectral satellite data using different techniques like
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Figure 1. VPR I/O flowchart. Green: inputs given for a specific pro-
cessing (the asterisk means optional input). Red: input to be com-
puted. Orange: outputs.

“dark pixels” (Prata and Grant, 2001; Corradini et al., 2010),
CO; slicing (Menzel et al., 1983; Platnick et al., 2003),
H,O intercept method (Nieman et al., 1993), tracking of vol-
canic cloud center of mass (Guerrieri et al., 2015), inver-
sion schemes based on optimal estimation (Francis et al.,
2012), or parallax-based methods with image pairs collected
by LEO-GEO (Zaksek et al., 2013) and GEO-GEO (Merucci
et al., 2016) instruments. Knowing the plume height, its tem-
perature can be obtained from the available vertical atmo-
spheric sounding.

The first steps of the VPR is the definition of the virtual
image with the removed volcanic cloud and the computation
of the plume transmittances for the three bands considered
(8.7, 11, and 12 um). In the earlier VPR approach, the atmo-
sphere above the plume was assumed to be negligible and the
results were adjusted with a cubic relationship, derived by fit-
ting an adequate set of MODTRAN simulations (Pugnaghi et
al., 2013; Guerrieri et al., 2015). The transmittance values at
11 and 12 ym were used to define maps of R, §*, and M,,
while the sulfur dioxide abundance map was estimated from
the transmittance at 8.7 um. Finally, the wind speed at the
plume altitude was used to reconstruct the flux at the vents,
considering both the ash mass and SO, maps (Merucci et al.,
2013; Guerrieri et al., 2015; Merucci, 2015).

The novel VPR procedure described here applies a new at-
mospheric model for estimating volcanic cloud transmittance
(white box, inside the dashed square in Fig. 1); the other steps
are unchanged. In fact, the previous version assumed that 7,
the transmittance of the whole atmosphere, was equal to 7/,
the transmittance of the atmospheric layer below the volcanic
cloud. Here both the transmittance t” and the up-welling ra-
diance L of the layer of atmosphere above the plume are
considered (as shown in the scheme in Fig. 2). The term rep-
resenting the surface thermal radiance scattered by the vol-
canic particles along the line of sight of the sensor is now
also considered (not shown in the scheme of Fig. 2). This
term is mainly proportional to ¢ - B (Ts) - T; ¢ is the surface
emissivity, B (T;) is the Planck emission at the surface tem-
perature Ty, and T = 7 - t” is the transmittance of the whole
atmosphere. The thermal radiance scattered towards the sen-
sor strongly depends on the optical thickness of the volcanic
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Figure 2. Scheme of the atmospheric model used in the improved
VPR.
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Figure 3. Radiances at the sensor (11 um) vs. plume transmittances
(cyan circles) with the two linear fits of Eq. (1) for the more trans-
parent part of the plume (upper fit, red line) and Eq. (2) for the most
opaque part of the plume (lower fit, blue line).

cloud; it is very important for optically thick (opaque) pixels.
This term is absent when aerosol optical depth, §, is 0.

In Fig. 2, tp = 7, - 75 represents the total plume transmit-
tance, where 1, is the aerosol transmittance (liquid or solid
particles contained in the volcanic cloud) and 7y is the part
due to sulfur dioxide. Clearly, when SO, is absent then
s =1, and when § =0, then 7, = 1.

2.1 Absence of sulfur dioxide

Figure 3 shows a series of MODTRAN simulated radiances
at the sensor vs. the plume transmittance obtained specif-
ically for the band at 11 um of the Aqua MODIS sensor,
pumice (Volz, 1973) ash type, and a set of possible plume
configurations (see Supplement for details).

The trend shown in Fig. 3 changes according to the state
of the atmosphere, the surface characteristics and, of course,
the vertical position of the volcanic cloud, composition, and
ash content.

The radiance at the sensor (Lp), expresses as a function of
the plume transmittance (t,), can be approximated with two
linear trends. One for high radiance values (i.e., the transpar-
ent pixels of the plume) and one for low values (more opaque
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plume pixels). If the surface characteristics do not vary ex-
cessively over time, the linear trends always intersect close
to the same transmittance value t; &~ 0.3. Clearly, the gains
and offsets of these two linear trends also change according
to the state of the atmosphere, plume temperature, and so on.
These two linear fits are characterized by four parameters.
However, only the offset (named Byp) is required to fit the
transparent part because the radiance L¢ is known from the
plume removal part of the procedure. Similarly, when the in-
tersection point of the two linear trends is known, the offset
of the opaque part (named Bypy) is sufficient to determine the
linear fit. As will be shown below, the two offsets By, and
By can be computed knowing By, the Planck function, at
T, the air temperature at the mean plume altitude.

In summary, by knowing the plume temperature 7, and
the radiance L, with the plume removed, it is possible to
estimate the aerosol plume transmittance 7, directly from
the radiance L, measured by the satellite without applying
any atmospheric correction computed at runtime by radiative
transfer models, but simply using Eq. (1) and, if necessary,
Eq. (2) (respectively, red and blue lines of Fig. 3):

Ly =[Lo— Bup| - Ta+ Bup. (1)

When the computed transmittance t, is lower than t; (inter-
section point), then the plume transmittance is recomputed
by

Ly, = [(Lt — Ban) /Tt] *Ta + Ban, 2

where L; is the radiance at the sensor computed using Eq. (1)
for a plume transmittance t, = 1.

Figure 4a shows that in the 11 um band there is a linear
relationships between the two aforementioned offsets Byp
and Byp, and the Planck emission of the plume Bp, for the
pumice and Mt. Etna volcano. A similar relationship also
exists for the other two bands (obviously, for the band cen-
tered at 8.7 um, sulfur dioxide must be absent) and for other
volcanic particle types (see Supplement). Figure 4a shows
that the plume transmittance at the intersection point t; has a
small dependence on By, too. Therefore

Bup = aup - By + bups 3)
T =ay - Bp + by, 4
Bdn = adn - Bp + ban. )

The slope and offset values: ayp, byp, ay, by, adn, and by, of
Egs. (3), (4), and (5), for the three used MODIS bands and
particle types and considered volcanoes are reported in Ta-
bles S1-S6 of the supplement. The last column of each table
reports the correlation coefficients between the true transmit-
tance of the volcanic clouds and the corresponding VPR re-
trievals.

2.2 Presence of sulfur dioxide

The presence of sulfur dioxide complicates transmittance re-
trieval at 8.7 um because weak SO, absorption affects this
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Figure 4. Linear trends of Byp (red), Bgy (blue), 7 (green), and B
(cyan) vs. Bp for 48 different plumes (12 months and 4 heights),
each obtained from a set of MODTRAN simulations.

band. If the aerosol component of the plume transmittance
at 8.7um is known, then the radiance at the sensor with-
out the presence of sulfur dioxide (L,) can be computed us-
ing the Eqgs. (1) and (2). A knowledge of radiance due only
to aerosols makes it possible to define the following simple
equation:

Lp =[La— Bs]- 75+ By, (6)

where L, is the total plume radiance measured by the sensor,
L, is radiance due to the aerosol components of the plume,
and 7 is the plume transmittance due to SO, absorption. By
is a constant and represents the offset of the linear regression
between the radiance at the sensor and the plume transmit-
tance due to SO, absorption. Clearly By changes when the
plume altitude, the state of the atmosphere above the plume,
or the presence of the aerosol changes. To summarize, each
plume has its own By and, also in this case, it is computed
using a linear function of Bp:

By =as- By +bs. ™

The slope and offset values, as and by, for Mt. Etna and Ey-
jafjallajokull volcanoes are reported in Table S7 of the Sup-
plement. Figure 4b shows the trend of Bs vs. By, derived from
a complete data set of MODTRAN simulations for Mt. Etna
by considering the Aqua MODIS instrument.

Therefore, to compute 7y from Eq. (6) it is necessary to
know L, which is derived from Egs. (1) and (2) when t, for
the band at 8.7 um is known. The transmittance 7, can easily
be computed for pumice-type ash particles because a very
good correlation exists between 7, 87 and 74,11 (see Fig. 5a,
and Pugnaghi et al., 2013).

Unfortunately, for the other particle types considered (see
Supplement), the correlation between 7, 87 and 7, 11 is not
always good, as in the example of Fig. 5b showing the scatter
plot for water droplets. Nevertheless, it should be noted that
this correlation becomes very good when only particles of
the same effective radius R, are considered.

In these cases with non-pumice ash types, the aerosol
transmittance 7, g7 at 8.7 um can be obtained from the fol-
lowing formula:

— s p—
Tag7 =€ Hdg7 — pmHmg78" (8)
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Figure 5. Scatter plots of the plume transmittance (obtained from a
wide set of MODTRAN simulations) for Aqua MODIS bands at 11
and 8.7 um for the pumice (Volz, 1973) ash type (a) and for water
droplets (b).

where  is the optical air mass factor, &g 7 is the vertical opti-
cal depth, §* is the vertical optical depth at 550 nm, and mg 7
is the gain of the linear relationship which gives the optical
depth g7, when §* is known; the gain mg7 is a function of
the effective radius R. and is known from the MODTRAN
simulations (Guerrieri et al., 2015).

To sum up, the novel VPR procedure first computes the 11
and 12 pm band transmittances and from these the aerosol
optical depth at 550nm (6*) and the effective radius (R.)
of each pixel of the plume (Pugnaghi et al., 2013); then
the aerosol transmittance at 8.7 pm (7, 8.7) is obtained using
Eq. (8). Finally, the transmittance 7 g 7 (derived from Eq. 6)
is used to estimate the SO, columnar abundance Cs, given
the proper absorption coefficient 8 (Pugnaghi et al., 2013)
and the optical air mass p factor.

Tg7=e WG )

The subsequent steps of the VPR procedure have not been
changed and can be found in Pugnaghi et al. (2013). Nev-
ertheless, to conclude the theoretical discussion, it is impor-
tant to note the superposition effect of ash and sulfur dioxide
on the radiance measured by the sensor. This means that the
proposed VPR procedure can also work well in cases of a
“double-plume” at different temperatures, for example when
an ash plume is located directly above or below a sulfur diox-
ide plume.

3 Validation test procedures

Three test procedures were defined to validate the improved
version of the VPR. The first one is, as described in Pug-
naghi et al. (2013), a comparison between the ash and SO,
parameters set to perform the MODTRAN simulations and
the corresponding values obtained from the new VPR re-
trievals (Sect. 3.1). The second test is based on the compar-
ison between the retrievals obtained from the old and new
version of the VPR procedure by considering two-trial syn-
thetic images, as described in Corradini et al. (2014), depict-
ing a uniform ocean surface under a cloudless sky, with a real
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Table 1. Five central bins of the distributions of the differences (VPR retrievals minus true values) for the optical depth and the effective
radius, obtained from the simulations performed for the Sicilian Mt. Etna volcano cases.

Ash Solid and liquid water

§*  Pumice (%) Andesite (%) Obsidian (%) 8*  Ice (%) H>O (%)
—-0.4 2.5 1.4 2.6 -04 0 0
-0.2 10.1 5.0 7.4 -0.2 0 0
0.0 81.0 87.6 84.2 0.0 93.4 92.2
0.2 1.8 3.1 1.8 0.2 3.5 6.5
0.4 1.5 0 0.7 04 1.1 1.3
Re (um)  Pumice (%) Andesite (%) Obsidian (%) Re (um) Ice (%) H>O (%)
-2 0.6 0.3 0 -6 14 0
-1 6.2 2.7 7.8 -3 5.6 1.2
0 70.8 83.4 68.4 0 68.7 88.7

1 18.5 4.9 22.4 3 13.4 0.3

2 1.3 1.4 0.9 6 4.0 0.1

atmosphere characteristic for Mt. Etna and Eyjafjallajokull
volcano areas (Sect. 3.2). Finally, a comparison between the
retrievals realized using the new VPR and the consolidated
LUT approach, applied to a real image collected during the
2010 Eyjafjallajokull eruption, is realized (Sect. 3.3).

3.1 Validation procedure using simulated radiances

The coefficients a and b reported in Tables S1-S7, respec-
tively the gain and offset of Egs. (3), (4), (5), and (7), are cal-
culated using a wide set of MODTRAN simulations. This set
represents the mean climatological characteristics of the area
around the considered volcano, a 1 km depth volcanic cloud
located at different heights, and the volcanic cloud seen by
the satellite sensor under different viewing angles. For each
particle type, simulations were carried out considering 9 ef-
fective radius R., 8 optical depths §* (aerosol optical depth
at 550 nm), and 10 values of SO, columnar contents Cy (see
Supplement for a detailed description).

Each MODTRAN simulation contains the total transmit-
tance of the atmospheric path (7 - 7, = (t/- ") - (ta - T5), see
Fig. 2) and the up-welling (L,) and down-welling (Lq) ra-
diances. Assuming as known the surface temperature T and
the emissivity ¢, the radiance L, measured by the sensor is
obtained from the radiative transfer Eq. (10):

Ly=[e-B(T)+(1—e)-Lal-T-1p+ Ly. (10)

To calculate the radiance L, the climatological monthly
mean temperature of the ocean surface close to the consid-
ered volcano (Mt. Etna or Eyjafjallajokull) has been used,
with an ocean surface emissivity set to 0.98.

From L, the new VPR version is used to retrieve effec-
tive radius R, the optical depth §*, and the SO, columnar
content C. The distributions of the differences between the
VPR retrievals and the input data (R., 8%, Cs) show a good
performance of the procedure.

www.atmos-meas-tech.net/9/3053/2016/

Table 1 shows that for Mt. Etna volcano and for all the
tested ash types and solid and liquid water particles, the per-
centage of cases is well described by the five central bins of
the computed distributions. The central bin of the distribution
represents the zero difference between retrievals and true in-
put values. The width of the distribution bins is £0.1 for the
optical depth and £0.5 and +1.5 um for ash and ice crys-
tals/water droplets effective radii, respectively. Table 2 shows
the same distributions but for the Eyjafjallajokull volcano. In
Table 2 an extra column named “Eyja” shows the results for
a kind of ash collected in the Eyjafjallajokull area after the
2010 eruption (D. Peters, private communication, 2013); it
must be underlined that “Eyja” ash and andesite have quite
similar optical characteristics.

Table 3 shows the main three central channels of the dis-
tributions of the differences between the VPR SO, colum-
nar abundances and the true values. When no particles are
present in the volcanic cloud or when the ash transmittance
is perfectly known, the agreement (difference lower than
4+0.5 gm™2) is very high: 96 and 97 % for Mt. Etna and Ey-
jafjallajokull, respectively. Therefore, considering pure SO»
clouds, Egs. (6), (7), and (9) fit the simulations very well.
This good result reduces to about 50 % when the SO, is
mixed to ice crystals in a volcanic cloud of Mt. Etna. In the
presence of SO, mixed with pumice (Mt. Etna) or “Eyja”
ash (Eyjafjallajokull) the percentage reduces to about 60—
70 %. The worst result shown is due to the approximations
performed to calculate the ash or ice transmittance 7, g7 at
8.7 um.

3.2 Validation procedure using synthetic images
The second test procedure uses two synthetic images, and, as
in the previous test, the main aspect is the knowledge of the

particle type contained in the volcanic cloud and its optical
characteristics. However, in this case the values of Re, §*,

Atmos. Meas. Tech., 9, 3053-3062, 2016
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Table 2. Five central bins of the distributions of the differences (VPR retrievals minus true values) for the optical depth and the effective
radius, obtained from the simulations performed for the Icelandic Eyjafjallajokull volcano cases. “Eyja” represents a kind of ash collected in
the Eyjafjallajokull area after the 2010 eruption (D. Peters, private communication, 2013).

Ash Solid and liquid water

§*  Pumice (%) Andesite (%) Obsidian (%) Eyja (%) §*  Tce (%) H>O (%)
—-0.4 2.7 1.3 2.5 1.3 —-0.4 0 0
-0.2 12.5 7.3 9.3 8.2 -0.2 1.2 0
0.0 78.1 84.9 82.1 82.5 0.0 92.4 91.9
0.2 2.9 4.0 2.5 4.5 0.2 3.2 7.0
0.4 0.8 2.1 0.7 2.2 0.4 1.1 1.0
Re (um)  Pumice (%) Andesite (%) Obsidian (%) Eyja (%) Re (um) Ice (%) H>O (%)
-2 0.9 0 0.1 0 -6 1.5 0.1
-1 6.2 2.1 7.3 0.3 -3 5.3 1.8
0 71.6 85.8 71.0 85.1 0 67.7 88.4

1 18.4 4.2 20.5 7.7 3 14.4 0.1

2 0.8 1.3 0.8 2.4 6 3.8 0.1

Table 3. Three central bins of the distributions of the differences (VPR retrievals minus true values) for the SO, columnar abundance,
obtained from the simulations performed for the Sicilian Mt. Etna and the Icelandic Eyjafjallajokull volcanoes.

Mt. Etna \ Eyjafjallajokull
SO, (g m_z) SO; only (%) SOj and pumice (%) SO, and ice (%) ‘ SO, only (%) SO; and Eyja (%)
-1 3.0 21.5 18.0 2.1 15.8
0 96.4 59.0 50.0 97.4 72.6
1 0.6 7.4 12.2 04 54

and C; do not correspond exactly to the input data used in the
MODTRAN simulations but instead are randomly chosen.

A real atmosphere, an ocean temperature, and an ash type
typical of the Mt. Etna volcano characterize the first synthetic
image, while the second is adapted to match the Eyjafjalla-
jokull volcano. Since the volcanic clouds can often contain
water droplets or crystal of ice, this test has been doubled,
assuming a similar plume for the Mt. Etna volcano com-
posed first of ash and SO, (ash/SO») and then of ice and SO,
(ice/SO»). Currently VPR does not permit us to compute two
different types of aerosol in the same pixel.

In the synthetic image of Mt. Etna, the plume was defined
as 1 km thick, located between 7 and 8 km and containing
pumice ash (Volz, 1973) and SO,. The columnar abundance
of sulfur dioxide ranges from 1 to 10 gm™2 while the ash
optical depth §* varies from 0.1 to 1.5; therefore, a mini-
mal quantity of sulfur dioxide and ash is always present in
the plume. The effective radii R, of the spherical ash parti-
cles have a uniform distribution, on a logarithmic scale, in
the range 0.8—7 um. A similar volcanic cloud is used for the
plume composed of SO, and ice. The only difference is the
dimension of the ice crystals, which have an effective radius
ranging from about 1.4 to 50 um. The atmosphere used to
build this synthetic image is the one measured on 26 October
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2013 at 12:00 GMT at the WMO station of Trapani (western
tip of Sicily). The plume shape and geometry is the real shape
and geometry of the Mt. Etna eruption cloud recorded by the
MODIS aboard the Aqua satellite at 12:20 GMT of the same
day.

Table 4 compares the retrieval of the new and old VPR
procedures for both ash/SO, and ice/SO, test cases. As this
table shows, all the ash, ice, and SO, parameters retrieved
using the new VPR are closer to the true values, except for
the total SO, mass retrieved from the ash/SO; synthetic im-
age. In this case, the greater error on ash mass leads to an
erroneous compensation on the SO, mass that accidentally
becomes closer to the true value.

The second synthetic image is for the Eyjafjallajokull vol-
cano. In this case the plume was again defined as 1 km thick
but located between 4 and 5km and composed of andesite
(Pollack et al., 1973) and SO,. For this volcanic cloud, the
same ranges and distributions of SO, columnar content, ash
optical depth §*, and effective radius R, were used as for Mt.
Etna, and the results are reported in Table 5. The ice and SO;
plume results are not shown in this case because the param-
eters required by the old version of the VPR were not avail-
able. The atmosphere used to build this synthetic image is the
one measured on 11 May 2010 at 12:00 GMT at the WMO
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Table 4. Main characteristics of synthetic image, indicated as “true”, together with the results of the VPR procedure, both new and old

versions. The percentage differences are shown in brackets.

Pumice test case ‘

Ice test case

True VPR new VPR old ‘ True VPR new VPR old
Mean Re (um) (% difference) 2.85 2.92 (2.5) 4.80 (68.4) 10.39 12.61 (21.4) 14.60 (40.5)
Mean §* (% difference) 0.25 0.22 (—12) 0.19 (—24) 0.25 0.25 (0) 0.22 (—12)
Ash mass (t) (% difference) 8336 7812 (—6.3) 7166 (—14.0) | 11394 12237 (7.4) 13945 (22.4)
Pixels detected with ash/ice 7533 7533 7317 7533 7533 7317
SO; mass (t) (% difference) 19636 17146 (—12.7) 18880(—3.9) | 19636 16780 (—14.5) 15010 (—23.6)
Pixels detected with SO, 7533 7533 7533 7533 7436 7533

Mt. Etna on 23 October 2013; plume altitude 7-8 km

Table 5. Main characteristics of synthetic image, indicated as “true”, together with the results of the VPR procedure, both new and old

versions. The percentage differences are shown in brackets.

True VPR new VPR old
Mean R (um) (% difference) 2.83 2.62(—=7.4) 3.3 (16.6)
Mean §* (% difference) 0.28 0.29 (+3.6) 0.39 (39.3)
Ash mass (t) (% difference) 13227 12006 (—9.2) 9674 (—26.9)
Pixels detected with ash 10624 10624 6532
SO, mass (t) (% difference) 30724 28714 (—6.5) 28235(-8.1)
Pixels detected with SO, 10624 10624 9827

Eyjafjallajokull: andesite; 11 May 2010, 14:05; plume altitude 4-5 km

station of Keflavik (Iceland). The plume shape and geometry
is the real shape and geometry of the Eyjafjallajokull erup-
tion cloud recorded by the MODIS aboard the Aqua satellite
at 14:05 GMT of the same day.

As Table 5 shows, the new VPR version generates better
estimations of all the parameters compared to the old VPR
approach.

3.3 Validation procedure using a real case

During April-May 2010 the Eyjafjallajokull volcanic cloud
plume induced the cancellation of more than 100000 flights
over Europe, about half of the total air traffic (Carboni et al.,
2012).

The 2010 Eyjafjallajokull (63°38' N; 19°36’ W) eruption
started around mid-April and lasted about 40 days. In the 2
weeks from 5 to 20 May the most important eruptive phase
occurred. In this period the eruptive column, with heights in
the 4-10 km range (Stohl et al., 2011), was characterized by
a copious production of ash. The Aqua MODIS image col-
lected on 11 May 2010 at 14:05 UTC has been analyzed us-
ing both VPR and LUT (Corradini et al., 2009, 2010) proce-
dures. The two approaches assumed the presence of andesite
(Pollack et al. 1973) ash in the volcanic cloud and used the
same mean cloud altitude of 5km. The main difference is
that the atmospheric correction, needed to run the LUT pro-
cedure, is obtained from the local atmospheric vertical pro-
files (pressure, temperature, and relative humidity) measured
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Table 6. Retrievals obtained by LUT and VPR procedures.

LUT VPR
Mean Re (um) 3.0 2.8
Mean §* 1.0 1.2
Ash mass (t) 50481 51910
SO, mass (t) 56116 62518

Eyjafjallajokull: andesite; 11 May 2010, 14:05;
plume altitude 4.5-5.5 km.

from the closest WMO station (Keflavik) to the satellite ac-
quisition (in space and time), while the VPR procedure uses
only the air temperature at the mean plume altitude at run-
time.

Figure 6 shows the maps of §* (a), Re (b), M, (c), and
M (d) retrieved with the VPR procedure. The maps obtained
from LUT procedure show the same structure, and Table 6
reports the retrievals of both procedures. The total ash and
SO, masses differ of about the 3 and 10 %, respectively.

Figure 7 shows the ash and SO, fluxes at the craters calcu-
lated with the two procedures. All the fluxes have been cal-
culated assuming a constant velocity of 20.6 (ms~!), which
is the wind speed measured at Keflavik at the plume height
of 5km. As figure shows, both the ash and SO, trends show
a good correlation.

Atmos. Meas. Tech., 9, 3053-3062, 2016
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Figure 6. Maps of ash aerosol optical depth at 550 nm (a), effective
radius (b), mass (c¢), and sulfur dioxide mass (d) calculated with
the VPR procedure. From Aqua MODIS over Eyjafjallajokull on
11 May 2010 at 14:05 GMT.
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Figure 7. Ash (a) and SO, (b) fluxes at the craters calculated with
the two procedures, LUT and VPR (Merucci et al., 2011).

Carboni et al. (2012) proposed a new scheme for sulfur
dioxide retrieval from IASI measurements applied to Eyjaf-
jallajokull volcano 2010 eruption. By applying this method
to the portion of IASI image equivalent to the portion of
MODIS image in Fig. 6, the estimated sulfur dioxide is
8768 tons (E. Carboni, private communication, May 2016),
a value which is very different from the retrievals of Table 6.
Andesite is the most widely ash type used in the Icelandic
volcanoes (Thomas et al., 2011; Francis et al., 2012; Milling-
ton et al., 2012), and the optical characteristics of the ash col-
lected by D. Peters (private communication, 2013) in the area
of the Eyjafjallajokull volcano after the 2010 eruption are
similar to those of andesite proposed by Pollack et al. (1973).
However, different types of material were observed during
the different days of the Eyjafjallajokull eruption (Borisova
et al., 2012). Often the mass of ash in a volcanic cloud does
not change so much as the ash type; vice versa, the mass
of SO, is strongly affected by the optical characteristics of
the considered ash. A simple example can clarify the situa-
tion. Assuming the volcanic cloud of Fig. 6 to be contain-
ing pumice (Volz, 1973) instead of andesite (Pollack et al.,
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1973), the estimated total mass of sulfur dioxide reduces to
9824 tons, which is very close to the value retrieved by Car-
boni et al. (2012).

4 Conclusions

The new VPR version presented here is an approximated pro-
cedure that easily allows us to estimate the main characteris-
tics of volcanic particle clouds, including andesite, pumice,
obsidian, and Eyja ash types, ice and water droplets, and
volcanic SO; clouds. It uses only the mean altitude cloud
temperature as input to directly interpret MODIS TIR multi-
spectral images and retrieves particle effective radius, optical
depth, mass of the volcanic cloud particle utilized, and mass
of sulfur dioxide contained in each pixel. The VPR approach
requires no atmospheric correction because this is implicit in
the procedure itself. The retrieval of effective radius, optical
depth, and sulfur dioxide abundance is derived from the es-
timation of the plume transmittances in the bands centered
at 8.7, 11, and 12um. In this paper a novel and effective
improvement in the transmittance estimation scheme is pre-
sented. The plume transmittance is obtained from the radi-
ance measured by the sensor using two simple linear relation-
ships, which represent the thickest and the most transparent
part of the plume, respectively. These two linear trends ac-
count for two minor terms which were not considered in the
previous version: the layer of atmosphere above the plume
and the thermal radiance scattered along the line of sight
of the sensor. The approximation for very thick/opaque vol-
canic clouds (transmittances lower than 0.05) is less effec-
tive. The improvement involves the computation of volcanic
cloud transmittance, while no other parts of the previous pro-
cedure have been modified. In particular, the proposed im-
provement has two positive and relevant effects: (1) it is eas-
ier to use and provides more accurate results than before;
(2) the preliminary work to compute the parameters required
by the procedure (the parameters reported in Supplement) is
even easier and requires less computation time.

The new VPR procedure was validated by considering
simulated radiances, synthetic images, and real data.

The distributions of the differences between the VPR re-
trievals and the input data (R., 8%, Cs) used for the simulated
radiances computation show good performances of the new
VPR. The correlation coefficient between the transmittance
of the volcanic cloud simulated by MODTRAN radiative
transfer code and the corresponding transmittance retrieved
by the VPR procedure in nearly all cases is close to one, as
reported in the last columns of Tables S1-S7.

The percentage difference between the average input data
of the synthetic images and the mean results of the novel
VPR ranges between 0 and 21 %, while the old VPR ranges
between 4 and 68 % (see Tables 4 and 5), confirming the im-
proved performance of the new version.

www.atmos-meas-tech.net/9/3053/2016/



S. Pugnaghi et al.: Real time retrieval of volcanic cloud particles and SO,

Finally, the novel VPR was compared to the established
LUT procedure in the real case of the 2010 Eyjafjallajokull
eruption by analyzing the results obtained with the Aqua
MODIS image collected on 11 May 2010 at 14:05 UTC, as-
suming an andesite-ash-type cloud and the same mean cloud
altitude of 5 km. The ash aerosol optical depth, effective ra-
dius, maps, and the SO, mass maps retrieved with VPR and
LUT procedures show that the same structure and the total
ash and SO, masses differ by about the 3 and 10 %, respec-
tively. Moreover, the ash and SO, fluxes at the craters have
been calculated and are in good agreement.

The Supplement related to this article is available online
at doi:10.5194/amt-9-3053-2016-supplement.
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