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Abstract

A new procedure for the simultaneous estimation of SO, and ash abundances in a vol-
canic plume using thermal infrared (TIR) MODIS data is presented. Plume altitude and
temperature are the only two input parameters needed to run the procedure, while sur-
face emissivity, atmospheric profiles and radiative transfer models are not required to
perform the atmospheric corrections. The proposed space-based retrievals are simple,
extremely fast and can be easily extended and applied to any volcano. By linearly inter-
polating the radiances of the edges of the detected volcanic plume, the Volcanic Plume
Removal (VPR) procedure here described, computes the radiances that would have
been measured at the sensor if the plume was missing and reconstructs a new image
without the plume. The comparison of the new image with the original data contain-
ing the plume highlights the plume presence and allows the computation of the plume
transmittance in three TIR-MODIS bands: 29, 31 and 32 (8.6, 11.0 and 12.0 um). The
procedure results are very good when the surface under the plume is rather uniform,
as it is often the case with plume widths of few tens of kilometers. As a consequence
it works very well when the plume is above the sea, but still produces fairly good es-
timates in more challenging and not easily modeled conditions, such as images with
land or uniform cloud layers under the plume. In the aforementioned bands the plume
transmittances are derived in two steps: (1) using a simple model with the plume at a
fixed altitude and neglecting the layer of atmosphere above it; (2) refining the first result
with a polynomial relationship obtained by means of MODTRAN simulations adapted
for the geographical region, the ash type and the atmospheric profiles. Bands 31 and
32 are SO, transparent and, from their transmittances, the ash particle effective radius
(R.) and the aerosol optical depth at 550 nm (AOD550) are computed. A simple rela-
tion between the ash transmittances of bands 31 and 29 is demonstrated and used for
the SO, columnar content estimation. Comparing the results of the VPR procedure with
the MODTRAN simulations for more than 200 thousands different cases, the frequency
distribution of the differences says that: the A, error is less than +0.5 um in more than
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the 60 % of the cases; the AOD550 error is less than +£0.125 in the 80 % of the cases;
the SO, error is less than +0.5g m™2 in more than the 60 % of the considered cases.
The VPR procedure has been applied in two case studies of recent eruptions occurred
at Mt. Etna volcano, Italy and successfully compared with the results obtained with the
well known SO, and ash retrievals based look-up tables (LUTs). By recomputing the
parameters of the polynomial relationship, the VPR procedure can be easily extended
to other ash types and applied to different volcanoes.

1 Introduction

Worldwide volcanic activity is presently observed with an increasing variety of ground-
and space-based instruments to study its influence on the Earth system either at re-
gional and global scales. During volcanic eruptions large amounts of gases and ash
can be injected into the atmosphere forming plumes and dispersed volcanic clouds.
These can reside buoyant in the atmosphere and be transported downwind with a life-
time span ranging from hours to years depending on the injection height, and with
scales and types of induced effects varying accordingly. The major hazard caused by
volcanic ash clouds is for the aviation safety (Casadevall, 1984) and timely alert and in-
formation are needed to mitigate the risk. This kind of threat is handled by nine Volcanic
Ash Advisory Centres (VAACs) around the world by providing advice on the extent and
location of ash clouds to the local aviation regulators encharged to decide whether
to impose air space restrictions. Satellite data collected by multispectral instruments
such as MODIS aboard on the polar platforms Terra and Aqua, or the Spinning En-
hanced Visible Infra Red Imager (SEVIRI) aboard on the Meteosat Second Generation
(MSG) geostationary platforms play here a crucial role due to their global coverage.
The most broadly used algorithms for the detection and characterization of volcanic
ash clouds are based on the brightness temperature difference (BTD) in the TIR range
(Prata, 1989a, b; Wen and Rose, 1994). They provide estimates maps of the volcanic
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ash clouds’ total mass, mean effective radius and aerosol optical depth (AOD) from
thermal infrared (TIR) multispectral images.

Along with ash, the volcanic SO, emission is monitored as an important indicator of
volcanic activity (e.g. Allard et al., 1994; Caltabiano et al., 1994), as an ash proxy in
case of collocated SO, and ash clouds, and to study its impact on the climate (Robock,
2000). The SO, algorithm based on TIR multispectral remote sensing data was first
described by Realmuto et al. (1994) for the Thermal Infrared Multispectral Scanner
(TIMS) airborne sensor and exploits the SO, absorption feature centred at the 8.7 um.
This retrieval scheme was then successfully applied to other airborne and satellite
borne multispectral imagers provided with a similar band in the TIR range including
MODIS, ASTER, and SEVIRI, and later extended to the 7.3 um SO, absorption feature
(Pugnaghi et al., 2002; Watson et al., 2004; Prata and Kerkmann, 2007).

Further recent improvements concerned the simultaneous retrieval of SO, and ash.
Since the volcanic ash absorbs in the whole TIR atmospheric window, its presence in
the plume interferes with the SO, retrieval based on the 8.7 um centred band, and to
a minor extent also with 7.3 pm band retrieval. For this reason the SO, retrieval must
be corrected for the ash contribution when both SO, and ash are present in the same
volcanic cloud. This happens quite frequently and if the correction is not applied the
SO, retrieval can be grossly overestimated (Corradini et al., 2009). While commonly
used for SO, and ash clouds’ quantitative retrievals these methods require a number of
input parameters such as atmospheric profiles, specific volcanic ash optical properties,
plume height and thickness, and make an intense use of radiation transfer codes to
evaluate the atmospheric corrections look up tables (LUT). Moreover, the results have
some limitations due to the assumption of a single atmospheric model over the whole
plume and their reliability depends on well known conditions that must be verified on
the image (Prata et al., 2001). The VPR procedure has been developed to fullfil the
needs of a quick and reliable response with a potential global coverage. Its application
is easy and requires only two input parameters not directly derived from the image
itself, namely the plume average height and temperature, still offering reliable results.
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The paper is organized as follows: in Sect. 2 the novel SO, and ash retrieval pro-
cedure is described. Sections 3 and 4 show the theoretical and experimental compar-
isons respectively. The latter is realized by considering two Etna eruption test cases
and the results obtained have been compared with the results of the “standard” LUT
retrieval approach. A sensitivity analysis related to the plume altitude is also performed.
In Sect. 5 the conclusions are drafted.

2 The Volcanic Plume Removal procedure

The Volcanic Plume Removal (VPR) procedure computes, directly from the remotely
sensed data, the ash and the sulfur dioxide masses contained in each pixel of a vol-
canic plume presents in a TIR image. After the determination of the algorithm param-
eters (computed once for every volcano and ash optical properties), the retrievals are
realized by knowing only the volcanic cloud altitude and temperature.

The core of the procedure is the estimation of what a satellite sensor would see,
if the plume would not be present; then, a simplified model of a uniform plume
at a fixed altitude and temperature is applied. In the present work the multispec-
tral radiometer MODIS on board Terra and Aqua satellites (Barnes et al., 1998;
http://modis.gsfc.nasa.gov/) has been considered and the procedure has been adapted
for the Mt. Etna volcano (Sicily, Italy), using specific atmospheric profiles to compute
the MODTRAN simulations used to prepare the procedure. Finally, the present version
of the procedure is valid only for a specific ash type (see below).

MODIS observes the Earth surface more times a day and in 36 different channels,
from the visible (VIS) to thermal infrared (TIR) with a spatial resolution of 1 km at nadirin
this region (TIR). Even for those channels that are well within the atmospheric windows,
the radiance that reaches the sensor is always dirtied by the atmosphere. Therefore,
precise atmospheric corrections have to be carried out to study the surface characteris-
tics or, for example, to detect and evaluate the volcanic plume content. The possibility to
easily extract useful information from the remotely sensed data itself without performing
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complex and time consuming atmospheric corrections is of great interest for the final
user. In fact, it means no need of ancillary data like the atmospheric profiles and no
need of using heavy and complex software like the atmospheric radiative models. This
is particularly true and desired during crisis events when a quick response is required.
Clearly these advantages are partially paid with a diminished precision of the result
due to the approximations introduced to simplify the procedure and reduce the compu-
tation time. Nevertheless, all the algorithms of this kind like Split Window (Prabhakara
et al., 1974; McMillin, 1975; Price, 1984), Dual Band (Crisp and Baloga, 1990; Dozier,
1981), NDVI (Rouse et al., 1973; Roderick et al., 1996), have been obtained on these
basis and their great diffusion is due to their simplicity, friendly use and fast response.
The novel VPR procedure here presented has been designed with this aim: to provide
an easier, faster, and reliable simultaneous retrieval of volcanic ash and SO, columnar
abundances.

The procedure has been tested by considering MODIS images collected over Etna
volcano. First it computes the radiance that the sensor would have measured if the
plume would have not been present, then the plume total transmittances in the MODIS
bands 29, 31 and 32 (8.6, 11.0 and 12.0um). Band 31 and 32 are transparent to
SO,, while band 29 is affected by both ash and SO, (Corradini et al., 2009). From the
plume transmittances of bands 31 and 32 the ash particle effective radius (A,) and the
aerosol optical depth at 550 nm (AOD550) have been derived; knowing A, and AOD,
the ash mass can be easily computed (Wen and Rose, 1994). The band 31 plume
transmittance is also used to compute the transmittance in the band 29 that is due only
to the ash. This allows the estimation of the SO, component of the plume transmittance
in the same band 29, and finally, the SO, columnar abundance. Let us now show in
details what it has been shortly described above.

2.1 Radiance at the sensor without the plume

When a plume is present in a TIR image, it is very easy to verify the presence of a
“valley” in the radiance along a line normal to the plume axis. This “valley” can change
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its shape and characteristics according to the considered wavelength and the plume
composition but it is always present.

A simple linear trend tangent to the two edges of the valley (i.e. the plume) gives
a good estimation of the radiance at the sensor if the plume was missing. This is
particularly true for a well uniform sea surface, but it works quite well even if the surface
underneath the plume is the ground or a uniform cloud. Vice versa, the estimation is not
so good if the two edges of the valley are above two different surfaces like: ground-sea,
ground-cloud or sea-cloud. To simplify the following description we consider a common
wedge shaped plume not too far from the volcano vent in a steady wind field.

The radiance at the sensor cancelling out the plume is obtained in three
steps: (1) definition of a plume mask; (2) computation of the plume axis and image
rotation to have the lines of the image orthogonal to the plume; (3) determination, for
each line of the plume mask, of the straight line tangent to the edges of the valley
(plume). The result of this process will be an image similar to the original one but with-
out the plume.

Figure 1a shows, for the three considered MODIS bands (29, 31, 32) plus band
28 (7.3 um): (1) the original radiance (circles) along a chosen transect normal to the
plume axis. The image has been remotely sensed by MODIS Terra during the Mt. Etna
eruption on 23 October 2011 at 21:30 UTC; underneath the plume there is the sea sur-
face; (2) the thick coloured line is the desired radiance that would have been measured
if the plume was missing; only the part inside the plume edges (the cyan vertical bars,
obtained from the plume mask) has been changed, while outside the edges the original
measured radiances are maintained. Therefore, after this operation, in the image with
plume removed, the plume edges usually continue to be visible but, if needed this effect
could be easily avoided. (3) The thin coloured line is the straight line tangent to valley
(plume); to determine this straight line only the points between the blue and cyan bars
are considered and only the ones satisfying a defined criterion.

A similar meaning have the lines and symbols in Fig. 1b but, in this case, another
scan line normal to the plume of the same MODIS image was chosen where the left
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edge of the plume is over the sea while the right one is over the ground (colder than
the sea at 21:30UTC). All the three bands in the atmospheric window (29, 31, 32)
show this effect (difference) between the two edges. It follows that in this case the VPR
procedure’s results are less accurate. Vice versa, it is not present in band 28 because
this band is practically not affected by the surface characteristics.

2.2 The model

The model used to determine the total transmittance in each considered band is shortly
sketched in Fig. 2. The plume is located at a constant altitude Z, it has a constant
thickness and a constant temperature 7, i.e. the temperature of the atmosphere at
the altitude Z,. The VPR procedure requires both Z, and 7, as input parameters. The
plume altitude and temperature are clearly related but, a single data is not enough
because of the seasonality. The plume transmittance is 7, while 7 and 7 are the
atmospheric transmittances underneath and above the plumle r"espectively. The total

atmospheric transmittance when the plume is absentis: 7=17 -7 .
If the plume is absent, neglecting the atmospheric diffusion, the radiance at the sen-
sor is:

Lo=[e-B(Ts)+(1-€)-Ly|-T+L, (1)

where ¢ is the surface emissivity, B(T) is the Planck function computed at the surface
temperature T, L 4 is the atmospheric down-welling radiance and L, is the atmospheric
path or up-welling radiance. All the radiative transfer equation terms are wavelength
dependent; such dependence has been omitted for clarity.

When the plume is present we assume the radiance at the sensor given by:

Lo=[e-B(T)+(1-8)-Ly]-T-Tp+ L, Ty+Lypy=Lo-Ty+ Ly )

p

As indicated in Fig. 2, 7, is the total plume transmittance (absorption and diffusion) and
L is the path radiance due to the plume alone.
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2.3 The Plume transmittance

In Eq. (2) it has been: (1) neglected the increase of L4 because of the presence of
the plume; (2) assumed that the whole atmospheric path radiance (L) is attenuated
by the plume transmittance 1, clearly this is true only for the layer underneath the
plume; (3) assumed completely transparent the layer of atmosphere above the plume;

thatis 7 = 1. The effect of the increase of L 4 is strongly reduced by the high emissivity
value of the surface, in particular for the sea surface. The approximations (2) and (3)
in part compensate each other and they are always more true as the plume altitude is
high; that is Eq. (2) is more realistic in case of volcanic eruption than during a simple
quiescent degassing.

Both the plume transmittance and the plume path radiance towards the sensor de-
pend on absorption/emission and diffusion. It is assumed:

Ty = Tpa Tpg 3)

where 1, is the plume transmittance due to the absorption mechanism while 7,4 is the
plume transmittance due to diffusion by the plume particles (solid and/or liquid).

2.3.1 Absorption only

If only the absorption mechanism is present (e.g. a plume of only absorbing gases),
then: 7,4 = 1 and 7, = 7,,,. In this case the radiance emitted by the plume towards the
sensor is:

Lyp=€p-B(T)=(1-1,)-B(T) (4)

up
where €p is the plume emissivity; T = Tp + AT = Tp + 0.69-2p — 4.4 (kelvin; with Z,O in
km) is the modified plume temperature; this latter term takes into account the different
thickness of the layer of atmosphere above the plume neglected by the model. This
relationship has been obtained from MODTRAN simulations using the monthly mean
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atmospheric profiles measured at Trapani (the WMO upper-air station located in the
western tip of Sicily) and some reasonable altitudes for the Mt. Etna plume: 4, 6, 8 and
10km.

From Egs. (2) and (4), the plume transmittance can be finally calculated:

L,-B(T)

Tp = - (5)
Lo—B(T)

2.3.2 Absorption and diffusion

If both absorption and diffusion mechanisms are presents (e.g. plume with gases and
aerosol), then 7,4 < 1. In this case the up-welling radiance due to the plume is:

Lyp = p-B(T) = (1oq - 7,)-B(T) (6)

up
where g, is the plume emissivity and T the modified plume temperature seen above.
From Egs. (2) and (6):
Ly —Toq-B(T)
Ty= ———— (7
Ly-B(T)

Clearly the transmittance of the ash particles due to the diffusion 7,4 changes according
to the slant path, the size of the particles and their concentration. In this procedure the
plume transmittance is computed in two steps.

First step

The first step consists in the determination of an initial raw transmittance; it is computed
using only two different values of the vertical transmittance due to diffusion:

' Lp - (Tpdv)# 'B(T)

=T L, -B()

(8)
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where 7,4, = 0.965 is the vertical plume transmittance due to diffusion and it is valid in

the case of a thick plume, that is with a plume transmittance: T;) <0.75; u = 1/cos¢9,
where 0 is the MODIS viewing angle for the considered pixel. When the plume is more
or completely transparent, that is when the pixel’'s transmittance computed using 7,4, =

0.965 is T;, > 0.75, then Eq. (8) is recomputed using 7,4, = 0.98. These values were
empirically chosen by using MODTRAN simulations.

Second step

The second step refines the transmittance obtained in the first step using Eq. (8); it
adjusts the result taking into account what not well explained by the simple model used
above.

Using the ash optical properties computed from the refractive indexes tabulated by
Volz (1973) many different scenarios have been simulated by means of the MODTRAN
radiative transfer model. In particular have been considered: the 72 monthly mean
atmospheric profiles computed by the data measured during the last 30 yr at Trapani
(Sicily); it is the upper-air WMO station closest to Mt. Etna volcano; 4 plume altitudes
(Zp =4, 6, 8, 10 km) with a constant thickness of 1 km; 77 SO, columnar abundances (0

to10g m~2, step1g m'2); 6 aerosol optical depth at 550 nm (AOD550 = 0.0, 0.078125,
0.15625, 0.3125, 0.625, 1.25); 6 effective radii (R, = 0.785, 1.129, 1.624, 2.336, 3.360,
4.833 um); 12 viewing angles (0 to 55 degrees, step 5 degrees) for a total of 228 096
simulations for each considered MODIS channel.

From all these simulations the radiance at the sensor when the plume is present
(Lp) and the radiance without the plume (L,) have been computed for both Terra and
Aqua MODIS response functions separately. Then, knowing the plume altitude Z;, and
the air temperature 7, at Z, (from the profiles), the plume transmittances for the three
considered MODIS bands 29, 31 and 32 are derived using the above described proce-
dure. All these procedure’s transmittances were then compared with the original MOD-
TRAN transmittances and found the polynomial relationship to adjust the modelled
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transmittances to the reference ones (that is the MODTRAN ones). Practically, the final
plume transmittance is:

3
Ty= D a,(1,)" (9)
n=0

A final control is performed on the transmittance after the second step. When the plume
is very transparent, that is when the plume transmittance of band 31, computed with
Eq. (9), is 7,31 > 0.95, then the total transmittance of band 29 (only) is recomputed
using Eq. (5); that is, practically no ash it is assumed. Of course, it gives a small SO,
abundance overestimation, but the procedure seems to work better.

In Table 1 are reported, for the Volz ash particles and for the three considered MODIS
bands, the coefficients (a,) of the cubic polynomial relationship of Eq. (9) estimated
using all the considered scenarios. The coefficients for the two MODIS radiometers
aboard Terra and Aqua satellites are slightly different because they have different spec-
tral response functions.

Figure 3 shows for the three considered bands the Terra MODIS sensor (for Aqua it
is the same) scatter plots of the MODTRAN simulated plume transmittances versus the
ones computed using the described procedure. The thick straight line is the bisector.
The three scatter plots show a quite good agreement.

2.4 The plume ash abundance

The total plume transmittance of the MODIS bands 31 and 32 it is assumed as due
only to the ash absorption and diffusion and can be written as:

T, = @ A0 (10)

where u takes into account the slant path and the AOD depend on the ash particles
size and concentration. As can be seen in Fig. 4, that was obtained from MODTRAN
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simulations, the AOD depends linearly on the plume AOD550 (with null offset) but with
a slope m which is a function of the particle size.

AOD = m-AOD550 (11)

From Egs. (10) and (11) is clear that the ratio of the logarithms of the transmittances of
band 31 and 32 computed using Eq. (9) is equal to the ratio of the slopes and therefore
it is a function of the particle’s effective radius too:

IN(7p31)  AOD5;  mg,

= = (12)
In(7,32) AODg, Mg

Figure 5 shows the trend of the ratio mg, /m,, and also of msy versus the effective
radius A.. In the shown range (0.785-4.833 um) and for the considered type of ash
(Volz) they are a decreasing and an increasing monotonic function respectively. Known
maq/mg, from Eq. (12), it is possible to retrieve R, and then, from A, the slope ms; is
also obtained; finally the AOD550, by Eq. (11), is computed.

Knowing the particle’s effective radius A, and the AOD550 of a pixel, the ash mass,
per unit area, is computed using the Wen and Rose (1994) simplified formula:

4 (S~p~Re-AOD550>

M=—.
Oext(Re)

3 (13)

where S is the pixel surface, p = 2.6 x 108 kg m~3 is the density of the ash particle and

Qext(Ae) is the extinction coefficient computed at 0.55 um; it is a function of the effective
radius A,.

2.5 The plume SO, abundance

The total plume transmittance in the MODIS band 29 can be thought as the product
of two components: (1) the ash, which attenuates the radiance both absorbing and
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diffusing the radiation (here we consider only ash of Volz type but, of course, other ash
types or other kind of aerosol particles can be present in the plume), and (2) the SO,,
whose radiance attenuation effect is only due to absorption:

Tp,29 = Tpp,29 * Tps,29 (14)

where 7, 59 is the ash particle component, and 7, ,9 the SO, plume component for
the MODIS channel 29. The total plume transmittance of the MODIS band 29 (7, 59) is
computed using Egs. (9) or (5). Therefore, the SO, component (7,5 »9) can be derived
from Eq. (14) if the particle component (7, 59) is known. It can be verified that for the
Volz type aerosols the particle component of the transmittance of band 29 (7, 59) is
highly correlated to the one of the band 31 (7, 34) (Arvani, 2012).

Figure 6 shows this correlation; it has been obtained considering, among the above
mentioned MODTRAN simulations, all the ones with no SO, in the plume. Therefore:

3
Tpp,29 = z bn : (Tp,31 )n (15)
n=0

The polynomial fit used to get 7,, ,9 from 7, 54 is a cubic here too; the b, coefficients,
for the two satellites Terra and Aqua, are reported in Table 2.

Now, from the total plume transmittance of the MODIS band 29, the only SO, com-
ponent of the plume transmittance can be computed and then it can be derived the
wanted SO, columnar content abundance. In fact, the SO, component of the plume
transmittance of band 29 has been assumed to be:

Tps20 = Tp2o/ Top.2g = € P29 (16)
where, as usual, u takes into account the slant path, ¢, is the SO, columnar content
abundance (ing m'2) and G (in m? g‘1) is: Terra: Bog = —6.2769x10‘5-(T—To)+0.0333,
Aqua: Byg = —7.3340 x 107°. (T =Ty) +0.0334.
T is the previously defined: Modified Plume Temperature in K and 7, =273.15K.
These two relationships were obtained from the MODTRAN simulations.
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3 Theoretical comparisons

To test the theoretical part of the procedure, it has been performed a comparison be-
tween the assumed input data: the particle effective radius A, the aerosol optical thick-
ness AOD550, the SO, columnar content ¢ and the results obtained using the pro-
cedure. By means of Eq. (2) and of MODTRAN simulations 228 096 radiances at the
sensor L, have been computed assuming a constant sea surface emissivity £ = 0.98
and a monthly mean sea temperature. This has been computed as the monthly aver-
age temperature of a wide Mediterranean Sea region that is usually found below the
Mt. Etna plume on over 30 yr of data (Arvani, 2012). For the same cases the radiances
at the sensor without the plume (L) have also been computed. Finally, using the rela-
tionships described in the procedure the wanted results have been derived.

Figure 7 shows the distributions of the differences between the procedure results
and the input values for the three input variables. It can be seen that: more than 60 %
of the R, cases have a difference lower than +0.5 um, about the 80 % of the AOD550
differences are lower than +0.125, more than the 60 % of the ¢, differences are lower

than £0.5¢g m~2.

4 Experimental comparisons

The SO, and ash masses and fluxes retrieved from the VPR procedure have been
compared with the results obtained by applying a “standard” retrieval approach based
on the comparison between the measurements and the look up tables computed from
radiative transfer model (LUT procedure, Corradini et al., 2009).

Two Etna eruption events have been considered for this comparison: the first was
collected by MODIS-Aqua on 3 December, at 12:10 UTC during the third phase of
the 2006 eruption (Andronico et al. 2009a, b), and the second event was acquired by
MODIS-Terra on 23 October, at 21:30 UTC during the 2011 lava fountains activity (see
Fig. 8). The 2006 event is characterized by a low SO, plume located at an altitude
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of about 3.75 km (Merucci et al., 2011). The 2011 event is characterized by an higher
plume altitude (about 5.5 km) and the presence of both ash and SO..

The standard approach uses the brightness temperature difference (BTD) applied
to the MODIS channels 31 and 32 (Prata, 1989a, b; Wen and Rose, 1994; Corradini
et al., 2008), to retrieve the ash parameters (AOD550, R, and ash mass). The chi
square procedure, applied to the MODIS channel 29, is used to retrieve SO, (Real-
muto et al., 1994; Corradini et al., 2009, 2010). The LUT have been computed using
MODTRAN code driven by the Trapani WMO atmospheric profiles closest to the two
events (MODIS images) and Volz ash optical properties. The sea surface temperature
has been derived from the radiative transfer equation inversion, with a constant surface
emissivity equal to 0.99 (Corradini et al., 2008, 2009, 2010). The plume altitude for the
3 December 2006 derives from Andronico et al. (2009a, b), while the plume altitude
for the 23 October 2011 has been evaluated from the satellite image by comparing the
brightness temperature of the most opaque plume pixels with the atmospheric temper-
ature extracted from the Trapani WMO profile (Prata and Grant, 2001; Corradini et al.,
2009, 2010). The ash influence on MODIS channel 29 in the SO, retrieval has been
corrected following the procedure described by Corradini et al. (2009).

4.1 Results

Figure 9 shows the SO, and ash maps and fluxes retrieved from the two MODIS im-
ages using the VPR and LUT procedures. The fluxes for the two images have been
computed by multiplying the columnar abundance along a transect perpendicular to the
plume axis with the wind speeds (Pugnaghi et al., 2002; Corradini et al., 2003, 2009;
Theys et al., 2012). These latter, computed by interpolation from the plume altitude and
the Trapani WMO wind speed profiles, are 5and 12m s for the 3 December 2006 and
23 October 2011 images respectively.

The maps show the same structures and the fluxes common trends. In Table 3 the
total SO, and ash masses and mean fluxes retrieved using the two procedures are
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compared. All the percentage differences, computed by considering the LUT retrievals
as reference, are always less than 20 % for both test cases.

4.2 Plume altitude sensitivity analysis

The main characteristic of the VPR procedure is that SO, and ash retrievals can be
obtained from the remote sensing data itself with the only additional knowledge of the
mean plume altitude and temperature. Uncertainties on these parameters clearly af-
fect the retrieval errors. In this section a sensitivity study is carried out to investigate
the SO, and ash total masses retrieval errors due to the altitude uncertainties. Table 4
shows the plume altitude variation considered and the corresponding plume height (Z;)
and temperature (7,) for both the test cases. 7, temperatures have been obtained in-
terpolating the Trapani WMO atmospheric temperature profiles of the considered days.

In Table 5 the SO, and ash total masses retrieved using the novel procedure with
different plume altitudes and temperatures are shown. By considering an altitude un-
certainty of £ 500 m, the retrieval errors lie within 15 % for the 03 December 06 event
and within 33% for the 23 Octoeber 11 test case. The retrieval error increases mean-
ingfully when the plume altitude uncertainty is £1000 m: it becomes 30 % and 50 % for
the 2006 and 2011 events respectively.

As the mean altitude decreases (and its temperature increases) the radiance emitted
by the plume towards the sensor increases, and the layer of atmosphere above the
plume is always less negligible. This is the reason (see Table 5) of the different variation
of SO, and ash abundances, for the same altitude variation, according to the direction,
up-wards or down-wards.

Almost the same relative variations with the plume altitude were obtained with the
LUT procedure.
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5 Conclusions

It has been described the Volcanic Plume Removal procedure which computes the
particle effective radius, the aerosol optical depth of ash and the columnar content of
both, ash and SO,, directly from the remotely sensed data.

The used model is very simple, a plume at a constant altitude and a negligible layer
of atmosphere above it. The procedure is quite independent by the surface underneath
the plume if it is uniform enough. Clearly, the layer of atmosphere above the plume
is always less negligible as the plume altitude decreases. Again, the plume attenua-
tion due to the diffusion mechanisms depends on the particle size and concentration
(aerosols optical depth). The proposed model accounts for these effects by using a
modified plume temperature and two empirical values (one for thick plumes and one
for quite transparent plumes) for the vertical plume transmittance due to the diffusion.
Finally, the results are refined by means of a polynomial relationship specific for the
satellite sensor, the ash type and the volcano because it is dependent from the sensor
response functions, the ash optical properties and the monthly averaged atmospheric
profiles of the volcanic area. The modified plume temperature and the polynomial pa-
rameters have been derived from a wide number of MODTRAN simulations.

The polynomial parameters used in this study are valid for TERRA and AQUA MODIS
data (bands 29, 31 and 32 at wavelength 8.6, 11.0 and 12.0 um respectively) collected
over Mt. Etna volcano , and have been tested for the usual tropospherical plume al-
titudes of the Mt. Etna emissions. Moreover, they are applicable for the ash optical
properties described by Volz (1973) that refer to an ash type considered typical of
Mt. Etna emissions. Finally, the monthly mean profiles measured during the last 30 yr
at Trapani (the WMO station closest to Mt. Etna, and located in the western tip of
Sicily), have been used in the MODTRAN simulations. The parameters are written on
an ancillary file and can be easily changed when recomputed for a different aerosol
type (e.g. andesite) and/or sensor (e.g. SEVIRI).
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An important part of this procedure is the relationship between the ash transmit-
tances in bands 31 and 29; it allows the SO, abundance estimation from the total
transmittance in band 29. The procedure works properly if only the foreseen type of
ash is present. If more than one kind of particles is present in a non negligible percent-
age, the total effect of the aerosols is assumed due to the considered ash type only
and the procedure gives erroneous results.

The comparison between the data used like input in the MODTRAN simulations and
the results of the VPR procedure is quite good, but it was in part expected because
the procedure has been adapted to these data while it was not so predictable the
comparison between the VPR and the LUT procedures. Figure 9 shows very well the
agreement between the two procedures; the maps obtained show the same structures.
In particular they both show the same differences between the columnar content for
SO, and ash emitted on 23 October 2011. The peak of SO, is shown at the beginning
of the eruption (it is in the farthest part of the plume) while the peak of the ash is,
temporally, in the final part of the phenomenon (that is, in the part of the plume closest
to the vents).

As it has been shown in the last part of the paper the VPR procedure is quite sensitive
to the plume altitude (and temperature). A wrong estimation of the plume altitude of
1000 m (about 7 kelvin degrees) can give an SO, abundance percentage difference
of 50%. On the other hand, an altitude variation of 1000 m is not small for a plume at
5500 m and a usual minimum height of 3500 m (top of Mt. Etna).

It is worth to highlight that although the VPR procedure has been here described
using specific case studies of Mt. Etna eruptions, it can be easily extended to any other
volcano or ash type, provided the new polynomial parameters are recomputed by using
local meteorological data sets and different ash optical properties.

The VPR procedure does not require atmospheric profiles nor needs the run of heavy
radiative transfer codes, and the only input data needed are the plume mean altitude
and temperature.
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It is simple to apply, worldwide applicable and extremely fast, and therefore it can be
very useful during crisis events when rapid responses are more valuable.
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Table 3. SO, and ash total masses and mean fluxes (v is the wind speed used) for the two
MODIS test case images. All the results have been obtained considering only the plume over

the sea. %‘
Ab: Introducti
3 December 2006 23 October 2011 23 October 2011
Total Mass [t] SO, SO, Ash
VPR Procedure 1040 3721 2679 '
LUT Procedure 1268 3379 3383
Mean Fluxes [td™"] (v=5ms™) (v=12ms™) (v=12ms™) g g
VPR Procedure 5139 34593 19690
LUT Procedure 6099 34682 25050 g g
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Table 4. Plume altitude variation, plume altitude and plume temperature for the two test cases. Title Page ‘
Plume Altitude 3 December 2006 3 December 2006 23 October 2011 23 October 2011
variation [m] Zp [km] Tp [K] Zp [km] Tp [K]
-1000 2.75 271.8 4.5 264.6
~500 3.25 269.2 5 2613
0 3.75 265.9 5.5 257.5
+ 500 4.25 262.9 6 254.0
+'1000 475 2598 65 2506 [ e ]
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Table 5. SO, and ash total masses computed using the VPR procedure for different plume
altitudes and temperatures.

Title Page

Back Close

Abstract Introduction
Plume Altitude 3 December 2006 23 October 2011 23 October 2011
variation [m] SO, Total Mass[t] SO, Total Mass[t] Ash Total Mass [t]
-1000 1325 5853 3903 :
Tabl =
o0 1150 2995 3420
0 1040 3721 2679
+ 500 941 3242 2238 R e
+ 1000 859 2961 1983 g g
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Fig. 1. (a) Radiance of the MODIS bands 28, 29, 31 and 32 in a transect perpendicular to the
plume axis over the sea. Circles: measured radiance. Thick lines: radiance if the plume was
missing. Thin lines: straight line tangent to valley (plume) obtained considering only the points
between the blue and cyan bars. (b) Radiance of the MODIS bands 28, 29, 31 and 32 in a
transect perpendicular to the plume axis over both sea (left) and land (right). Circles: measured
radiance. Thick lines: radiance if the plume was missing. Thin lines: straight line tangent to
valley (plume) obtained considering only the points between the blue and cyan bars.
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Fig. 2. Schematic representation of the atmospheric model considered.
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The red points contain all the MODTRAN simulations (12 monthly profiles, 4 plume altitude and Back
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Fig. 9. SO, and ash retrievals using the VPR (upper plates) and LUT (middle plates) procedures
for the two Etna events considered. The lower plates show the flux comparison.
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