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Abstract. A new procedure is presented for simultaneous es4s demonstrated and used for S€dlumnar contentcg) esti-
timation of SQ and ash abundance in a volcanic plume, us-mation. Comparing the results of the VPR procedure with
ing thermal infrared (TIR) MODIS data. Plume altitude and MODTRAN simulations for more than 200000 different
temperature are the only two input parameters required to rurases, the frequency distribution of the differences shows the
the procedure, while surface emissivity, temperature, atmofollowing: the Re error is less thant-0.5um in more than
spheric profiles, ash optical properties, and radiative transfe60 % of cases; the AOD550 error is less tha® 125 in 80 %
models are not necessary to perform the atmospheric corre®f cases; thes error is less thant0.5gnT?2 in more than
tions. The procedure gives the most reliable results when th€0 % of considered cases. The VPR procedure was applied in
surface under the plume is uniform, for example above thetwo case studies of recent eruptions occurring at the Mt Etna
ocean, but still produces fairly good estimates in more chal-volcano, Italy, and successfully compared with the results ob-
lenging and not easily modelled conditions, such as aboveained from the established $@nd ash assessments based
land or meteorological cloud layers. The developed approaclon look-up tables (LUTs). Assessment of the sensitivity to
was tested on the Etna volcano. the plume altitude uncertainty is also made.

By linearly interpolating the radiances surrounding a de- The VPR procedure is simple, extremely fast, and can be
tected volcanic plume, the volcanic plume removal (VPR)adapted to other ash types and different volcanoes.
procedure described here computes the radiances that would
have been measured by the sensor in the absence of a plume,
and reconstructs a new image without plume. The new im-
age and the original data allow computation of plume trans-1 Introduction
mittance in the TIR-MODIS bands 29, 31, and 32 (8.6, 11.0
and 12.0 um) by applying a simplified model consisting of a Worldwide volcanic activity is presently observed with an
uniform plume at a fixed altitude and temperature. The transincreasing variety of ground- and space-based instruments
mittances are then refined with a polynomial relationship ob-to study its influence on the Earth system on both regional
tained by means of MODTRAN simulations adapted for the and global scales. During volcanic eruptions large volumes
geographical region, ash type, and atmospheric profiles.  of gases and ash can be injected into the atmosphere, form-

Bands 31 and 32 are S@ansparent and, from their trans- ing plumes and dispersed volcanic clouds. These can reside
mittances, the effective ash particle radii), and aerosol in the atmosphere and be transported downwind, with a lifes-
optical depth at 550 nmAQOD55(Q are computed. A simple pan ranging from hours to years depending on the injection
relation between the ash transmittances of bands 31 and 2eight, and with the scales and types of induced effects vary-

ing accordingly. The major hazard caused by volcanic ash
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clouds is for aviation safety (Casadevall, 1984) and timelyfrequently and if the correction is not applied, the.S®ad-
alerts are needed to mitigate the risk. This kind of threat ising can be grossly overestimated (Corradini et al., 2009;
monitored by nine Volcanic Ash Advisory Centres (VAACs) Kearney and Watson, 2009). While commonly used for quan-
around the world, providing advice on the extent and lo- titative assessments of $Gnd ash clouds, these meth-
cation of ash clouds to local aviation regulators who areods require a number of input parameters such as pressure,
responsible for deciding when to impose air space restrictemperature and relative humidity atmospheric profiles, sur-
tions. The most widely used algorithms for the detectionface temperature and emissivity, specific volcanic ash optical
and characterization of volcanic ash clouds are based on theroperties, plume altitude and thickness, and they make in-
brightness temperature difference (BTD) in the TIR spectraltensive use of radiation transfer codes to evaluate the atmo-
range (Prata, 1989a, b; Wen and Rose, 1994). They providspheric corrections look-up tables (LUTs). Moreover, the re-
the spatial distribution of a volcanic ash cloud’s total mass,sults have some limitations due to the assumption of a single
mean effective radius, and aerosol optical depth (AOD) fromatmospheric model over the whole plume, and their reliabil-
thermal infrared (TIR) multispectral images. Because of theity depends on well-known conditions that must be verified
sporadic nature of volcanic eruptions and their large geo-in the image (Prata et al., 2001).
graphic extents, satellite remote sensing provides the most The volcanic plume removal (VPR) procedure described
suitable technique for detecting and assessing volcanic emidiere was developed in response to the need for a quick and
sions. The detection and assessment of volcanic ash cloudsliable method offering global coverage. It is simple to ap-
has been performed using different multispectral polar satelply and requires only two input parameters not directly de-
lite instruments, including the Advanced Very High Resolu- rived from the multi-spectral TIR image itself, namely the
tion Radiometer (AVHRR, Prata, 1989a, b; Wen and Rose average plume altitude and temperature. The procedure was
1994; Krotkov et al., 1999; Yu et al., 2002; Corradini et al., applied to the Etna volcano test case using MODIS multi-
2010), the Moderate Resolution Imaging Spectroradiometespectral measurements.
(MODIS, Hillger at al., 2002; Elirod et al., 2003; Watson  The paper is organized as follows. In Sect. 2 the novel SO
et al., 2004; Corradini et al., 2008, 2009, 2010) aboard theand ash assessment procedure is described. In Sect. 3 the pro-
Terra/Aqua NASA satellites, and multispectral geostationarycedure is tested with the measurement op &@d ash prop-
satellite systems like for example the Geostationary Operaerties from simulated radiances, and in Sect. 4 the results ob-
tional Environmental Satellite (GOES, Rose and Mayberry,tained with the VPR procedure are compared to the results of
2000; Yu et al., 2002; Ellrod et al., 2003) and the Spinningthe conventional LUT assessment approach (Corradini et al.,
Enhanced Visible and Infrared Imager radiometer (SEVIRI, 2009) in two Etna eruption case studies. A sensitivity analy-
Prata and Kerkmann, 2007) on board Meteosat Second Gersis related to the plume altitude is also performed. Section 5
eration (MSG) satellites. provides a summary of the conclusions.

Along with ash, volcanic S@emissions are monitored
as an important indicator of volcanic activity (e.g. Allard et i
al., 1994; Caltabiano et al., 1994), as an ash proxy in the? 1N€ volcanic plume removal procedure
case of collocated SQand ash clouds, and to study the im-
pact on climate (Robock, 2000). The S@lgorithm based
on TIR multispectral remote sensing data was first describe
by Realmuto et al. (1994) for the Thermal Infrared Mul-

The VPR procedure computes the ash AOD, effective ra-
éiius and mass, as well as the S€lumn value from multi-
spectral TIR images. After determination of the algorithm

. ) . .._input parameters (computed once for each volcano and ash
tispectral Scanner (TIMS) airborne sensor, and it epr0|ts0 tical property: see below), the assessment only requires
the SQ absorption feature centred at 8.7 um. This sensin P broperty ' y req

. . nowledge of the volcanic cloud altitude and temperature.
scheme was then successfully applied to other airborne an S o
. . . . . .~ The core of the procedure consists in estimating what a
satellite-borne multispectral imagers with a similar band in

e IR ange and incluing MODIS, ASTER,and SEVIRI, TSI 1 et o8 1 e e e heent Then @
later being extended to include the 7.3 umySdbsorption P P

feature (Pugnaghi et al., 2002; Watson et al., 2004; Prata ant mpergture is applied. In the present work the multispec-
ral radiometer MODIS on board the Terra and Aqua satel-
Kerkmann, 2007).

. . . lites (Barnes et al., 199&ttp://modis.gsfc.nasa.ggvivas
Further recent improvements involved the simultaneous

. . used and the procedure was adapted to the Mt Etna volcano
assessment of SCand ash. Since volcanic ash attenuates

across the whole TIR atmospheric window (Watson et al. (Sicily, Italy), using specific atmospheric profiles of pressure,

2004; Corradini et al., 2009; Kearney and Watson, 2009), it {emperature, .and rglanve humidity (P.TH) to computg the
. : . ODTRAN simulations needed to estimate the algorithm
presence in a plume interferes with S@ssessment based

on the 8.7 um centred band, and to a minor extent also forcoeffluents (see below). Finally, the present input parameter-

the 7.3m band. For this reason S@ssessment must be ization of the procedure is valid only for a specific ash type

corrected for the ash contribution when both ;S&hd ash (Volz, 1973).
are present in the same volcanic cloud. This happens quite
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MODIS observes the Earth’s surface multiple times per o , , v :
day and on 36 different channels, from visible (VIS) to N
thermal infrared (TIR), with a spatial resolution of 1kmat  °| [~~~ 00 MR [ ]
nadir in this region (TIR). Even for those channels that are’-’E\r m’ogggg 000 = -
well within the atmospheric transmission windows, the ra- _* 0088 g%0° —band 28
diance reaching the sensor is always attenuated by the aj s 006000900 penazl |
mosphere. Therefore, precise atmospheric corrections (Teg( & ° o _:::ﬂ 22 il
et al., 1999) have to be implemented to detect and evalu £ fe
ate the volcanic plume content. The possibility itself of eas- 8 4
ily extracting useful information from remotely sensed TIR 3
data without performing complex and time-consuming at- @’ 5T, S0 IRNARRRE. |
mospheric corrections is of great interest for end users. I 2- °°oocoo°°° ]
eliminates the need for ancillary data like local PTH atmo-

1
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@

spheric profiles and the need to use demanding, comple
software like the atmospheric radiative models. This is par-
ticularly valuable during volcanic crisis, when a quick re-

sponse is required. Clearly, these advantages are partially of
set by the limited precision of the result due to the approxi- s ===
mations introduced to simplify the procedure and reduce the ~
computation time. Nevertheless, all the algorithms of this

um
3

kind, like Split Window(Prabhakara et al., 1974; McMillin, "~ ¢ | ——band2s . 800 W ]
1975; Price, 1984)Pual Band (Crisp and Baloga, 1990; i ——band 29 °O °

Dozier, 1981), andNDVI (Rouse et al., 1973; Roderick et = ° _z""““ % I i 1
al., 1996), were founded on this differential basis, and their g, [T bend 3 AR

widespread use is due to their simplicity, user friendliness, § °0 e

and speed. The novel VPR procedure presented here was d E 3 s ~o ]
signed with the aim of providing an easier, faster, but nev- ‘oo .o

ertheless reliable simultaneous assessment of volcanic as
and SQ columnar quantities. It is based on computation of 4

1 Il 1 1 1 1 Il Il
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the radiance that the sensor would have measured in the al Image Transect
sence of the plume, and then the plume total transmittances (b)

in the MODIS bands 29, 31, and 32 (8.6, 11.0, and 12.0 um)._ ] )
Band 31 and 32 are transparent to;S@hile band 29 is Z'?r'a i e(iz R:f':ggi ﬂgmg ngllsmzagqs gsérztghésolc’ezgd C32I‘CI|2 .
affected by both ash and S@Corradini et al., 2009). From sect perpendicu Pl XIS OV - Ircles.

he ol - fbands 31 and 32 the effecti measured radiance. Thick lines: radiance without plume. Thin lines:
the plume transmittances of bands 31 an the efiective aSg}raight-line tangent to absorption feature (plume) obtained consid-

particle radius Re) and the aerosol optical depth at 550 NM ¢ing only the points between the blue and cyan HajsRadiance
(AODS550) are derived. WheRe and AOD are known, the  of the MODIS bands 28, 29, 31, and 32 in a transect perpendicu-
ash mass can easily be computed (Wen and Rose, 1994} to the plume axis over both ocean (left) and land (right). Circles:
Band 31 plume transmittance is also used to compute radimeasured radiance. Thick lines: radiance without plume. Thin lines:
ance attenuation in band 29, which is caused only by the askstraight-line tangent to absorption feature (plume) obtained consid-
This allows an estimation of the S@omponent of the plume  ering only the points between the blue and cyan bars.
transmittance in band 29, and finally the S@lumnar abun-
dance. Details of the algorithm are described below.

surface, but works quite well even if the surface underneath
2.1 Radiance at the sensor without a plume the plume is the ground or a uniform meteorological cloud

(see below). Vice versa, the estimation is less accurate if the
When a volcanic plume is imaged in the TIR, a dip in radi- two edges of the absorption feature are above two differ-
ance is typically observed along a line normal to the plumeent surfaces — for example, ground—ocean, ground—cloud, or
axis. This absorption feature can change its shape and chaocean—cloud. To simplify the following description a com-
acteristics according to the wavelength considered and thenon wedge-shaped plume in a steady wind field is consid-
plume composition. ered.

A simple linear trendangentto the two edges of the ab- The radiance in the absence of the plume is obtained in
sorption feature (i.e. the plume) gives a good estimation ofthree steps: (1) definition of a plume mask; (2) computa-
the radiance that would be detected by the sensor if the plumé&on of the plume axis and image rotation so that the lines
was absent. This is particularly true for a very uniform oceanof the image are orthogonal to the plume; (3) obtaining the

www.atmos-meas-tech.net/6/1315/2013/ Atmos. Meas. Tech., 6, 131%7, 2013



1318 S. Pugnaghi et al.: A new simplified approach for simultaneous retrieval of S£and ash

background radiance by linear interpolation of the radianceroa
measured in the area surrounding the plume. The result ¢ o
this process is an image similar to the original one but with- plume £
out the plume.

Figure 1a shows the following for the three considered
MODIS bands (29, 31, 32) plus band 28 (7.3 um): (1) the z
original measured radiance (circles) along a chosen tran T
sect normal to the plume axis. This image was measure(
by MODIS Terra during the Mt Etna eruption on 23 Octo- Surface
ber 2011 at 21:30 UTC; the plume was over the ocean; (2) the
thick coloured line represents the background radiance, i.e. . , , i )
the radiance obtained from the interpolation of the radianceF'g' 2. Schematic representation of the atmospheric model applied.

measured in the area surrounding the plume. Only the part

inside the plume edges (the cyan vertical bars, obtained froerms are wavelength dependent; this dependence has been
the plume mask) has been changed, while outside the edgggnitted for clarity.

the original mez_isured r_adiance; are maintained. The_refore, In the presence of a volcanic plume, we assume a radiance

after this operation, the image with the plume removed is 0b-; the sensor given by

tained; (3) the thin coloured line is the straight-line tangent

to the absorption feature (plume); to determine this straightLp, =[¢-B(Ts) + (1—¢)-La] -7 tp+Lu-tp+ Lup=Lo-tp+ Lup. (2)

line, only the points between the blue and cyan bars are con- o o , )

sidered and only the ones satisfying a defined criterion. AS lnd_lcated in Fig. Z_IP is the tc_JtaI plume tran_smlttance
Figure 1b shows another scan line normal to the plume@PSorption and scattering) aiidy is the path radiance due

of the same MODIS image. However, this time a location is {© the plume alone. _ _

chosen at which the left edge of the plume is over the ocean, '" Ed: (2) we have done the following: (1) ignored the

while the right edge is over the ground (colder than the sea af'cr€@se OfLq because of downward scattering within the

21:30 UTC). All three bands in the atmospheric transmissionP!Ume; (2) assumed that the whole atmospheric path radiance

window (29, 31, 32) show this effect (difference) between _(Lu) is attenuated by the plume transmittanggclearly this

the two edges. It follows that in this case the VPR proce-IS Only true for the layer below the plume; (3) assumed the

dure’s results are less accurate. Vice versa, it is not preserf@Yer of atmosphere above the plume to be completely trans-

in band 28 because, due to the marked atmospheric watdt2'ent that isz' = 1. The effect of the increase ing is
strongly reduced by the high emissivity value of the surface,

vapour absorption, this band is practically unaffected by sur- , et
face characteristics. in p_arUcuIar for a sea surface. The approxmaﬂqns (2) _and
(3) in part compensate each other and they are increasingly
2.2 The plume transmittance true as the plume altitude increases. For Mt Etna, Eq. (2) is
more realistic in the case of a volcanic eruption rather than
The model used to determine the total transmittance in eacluring a simple quiescent degassing.
band considered is schematically described in Fig. 2. The Both the plume transmittance and the plume path radiance
plume is located at a constant altitudg; it has a constant towards the sensor depend on absorption/emission and scat-
thickness and a constant temperatiigi.e. the temperature tering. Itis assumed that
of the atmosphere at the altitudg. The VPR procedure re-
quires bothZ, and T, as input parameters. The plume alti- P = Tpa Tps: ®)
tude and temperature are clearly related, but a single variabI%here .
IS not §uff|C|er_1t due _to the ngither conditions. T_he plumemechanism, whileps is the plume transmittance due to scat-
transmittance isp, whilez andz are the atmospheric trans- tering by the plume particles (solid and/or liquid).
mittances below and above the plume, respectively. The total
atmospherjc tr/gnsmittance when the plume is absentisasfob.2.1  Absorption only
lowsit=1t -7 .
In the absence of the plume and ignoring atmospheric scatf only the absorption mechanism is present (e.g. a plume of
tering, the radiance at the sensor position is only absorbing gases), thefps = 1 andrp = 7. In this case
the radiance emitted by the plume towards the sensor is

pa iS the plume transmittance due to the absorption

Lo=[e-B(Ts)+(1—¢)-Ld] -7+ Ly, (1)
Lup=¢p- B(T) = (1—1p) - B(T), 4
wheree is the surface emissivityB(Ts) is the Planck func- up = £p- BT) = p)- B(T) “)

tion computed at the surface temperatlkg Lq is the at-  whereg, is the plume emissivity anfl is the modified plume
mospheric downwelling radiance ailg is the atmospheric temperature. This temperature takes into account the differ-
path or upwelling radiance. All the radiative transfer equationent thickness of the layer of atmosphere above the plume
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Fig. 3. From left to right: scatter plots of the MODTRAN simulated plume transmittances versus those computed using the procedure
described, for channels 29, 31, and 32, respectively. The thick straight line represents a slope of unftycdrhelation coefficients are,
respectively, 0.9954, 0.9988, and 0.9982.

ignored by the model. Th& values were obtained from vertical transmittance due to scattering:
Lyp and 7p simulated by MODTRAN and then by inver- (Tos) - B(T)
sion of Planck’s function. MODTRAN simulations were per- = P P

formed using the monthly mean atmospheric profiles mea- Lo—B(T)
sured at Trapani (the WMO upper-air station located in thewhere rpsy = 0.965 is the vertical plume transmittance due

western tip of Sicily) and at some reasonable altitudes (4}o scattering. This value is tried first and is valid for optically

6, 8, and 10km), and the SCcolumnar abundances (0— thick pixels of the plume — that is, with a plume transmit-

10 g n2) for the Mt Etna plume (see the detailed description tance ofr[; < 0.75. The relationu = 1/cosy, wherey is the

of all the parameters used in Sect. 2.2.2). Finally, a relationMODIS viewing angle for the pixel considered, is used to
ship between the modified plume temperatfirand the two  correct for the increase in the path length of the slant col-

: ®)

VPR input parameterg, andZ, was foundT = Tp+ AT = umn density when compared to the vertical column. For the
Tp+0.69- Zp — 4.4 (K; with Zp in km). more or completely transparent pixels of the plume —that is,
From Egs. (2) and (4), finally the plume transmittance canwhen a pixel's transmittance computed usigg, = 0.965 is
be calculated: rr’, > 0.75 —then Eq. (8) is computed again usipg, = 0.98.
Lp—B(T) These values ofpsy were empirically chosen using MOD-
T Lo—B(T) (3)  TRAN simulations.
2.2.2 Absorption and scattering Second step

If both absorption and scattering mechanisms are presenfpe second step refines the transmittance obtained in the first
(e.g. plume with gases and aerosol), thgn< 1. Inthiscase  step using Eq. (8). The result is adjusted, taking into account
the upwelling radiance due to the plume is the aspects not adequately explained by the simple model
Lup=ép- B(T) = (tps— 1p) - B(T), (6) applit_ad above. _ .

Using the optical properties of ash computed from the
refractive indexes tabulated by Volz (1973), many different
scenarios were simulated applying the MODTRAN radia-

From Egs. (2) and (6): tive transfer model. Specifically considered were the fol-

Lp—1tps- B(T) 7 lowing: the 12 monthly mean atmospheric profiles com-
=T o B(T) (7) puted from the data recorded over the last 30yr at Trapani

Clearly, the transmittance of the ash particles due to thdSICilY). the upper-air WMO station closest to the Mt Etna
Y P volcano; 4 plume altitudesZ, = 4, 6, 8, 10 km) with a con-

scatteringrps changes according to the slant path, the size

of the patrticles and their concentration. In this procedure thetant thickness of 1km; 11 S@olumnar abundances (0 to

: - : 10gnT2, step 1gn2); 6 aerosol optical depths at 550 nm
lume transmittance is computed in two steps.
P P P (AOD550=0.0, 0.078125, 0.15625, 0.3125, 0.625, 1.25);

First step 6 effective radii Re =0.785, 1.129, 1.624, 2.336, 3.360,

4.833 um); 12 viewing angles (0 to 55 degrees, step 5 de-
The first step consists in determining an initial raw transmit- grees) for a total of 228096 simulations for each MODIS
tance. This is computed using only two different values of channel considered.

wheregp, is the plume emissivity an@ the modified plume
temperature seen above.

www.atmos-meas-tech.net/6/1315/2013/ Atmos. Meas. Tech., 6, 131%7, 2013
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Table 1. Cubic polynomial relationship coefficients (see Eq. 9) 7 . , ,
computed for the MODIS-Terra and MODIS-Aqua channels 29, 31, ——R_=0.785 ym
and 32. 6| ——R_=1.129 pm
_ R =1.624 pm
Satellite Band ag ag ap as 5l R =2.336 um
29 (8.6um) —0.0071 0.2911 1.3887 —0.6987 R =3.360 ym

Terra 31(11pm) —0.0223 05584 0.6399 —0.1881 = 4r Re_4 -
32(12pm) —0.0177 0.4520 0.7869 —0.2360 8 o =035 UM

< 3

29 (8.6um) —0.0103 0.3360 1.3054 —0.6569
Aqua  31(11pym) —0.0222 05579 0.6413 —0.1891
32(12pum) —0.0176 0.4506 0.7886 —0.2364 2r

From all these simulations the radiance at the sensor when : ‘ ‘ . ‘ ; . ;
the plume is present) and the radiance without the plume 0 05 1 15 2 25 3 35 4 45 5
(Lo) were computed for both Terra and Aqua MODIS re- AOD550

sponse functions. Then, having established the plume altiFig.4.AOD of the MODIS TERRA band 31 vs AOD at 550 nm (in-

tudeZp and the air temperaturg, at Z (from the profiles),  put MODTRAN parameter). The red points contain all the MOD-
the plume transmittances for the three considered MODISTRAN simulations (12 monthly profiles, 4 plume altitudes, and

bands 29, 31, and 32 are derived using Eqg. (8). All the trans42 viewing angles). The coloured lines are the linear interpolation
mittances from these procedures were then compared witkor the different effective ash particle radiuge).

the original MODTRAN transmittances, and a polynomial

relationship was defined to adjust the modelled transmit-

tances to the references (the MODTRAN transmittances). Equation (9) shows that once the polynomial coefficients

The final plume transmittance is therefore have been estimated, for a given MODIS image the volcanic
plume transmittances are computed based.gnLo, and
3 'y the modified plume temperatur@) (see Eq.8). Because
= X;)an (7p)"s ©) Lp and Lo are derived directly from the MODIS image (see
n—=

Sect. 2.1), the only unknown ig, i.e. the volcanic plume

wherea, are the fit coefficients derived from the best fit of altitude (Zp) and temperaturef}) (see Sect. 2.3.1). Itis im-

a third order polynomial to the plot of MODTRAN transmit- portant to highlight that, by recomputing the polynomial co-

tance Vsrr; (see Fig. 3). efficients, the VPR procedure can easily be extended to other
A final control is performed on the transmittance after the ash types and applied to different volcanoes.

second step. When the plume is very transparent — that is,

when the plume transmittance of band 31, computed with2-3 Plume ash abundance estimation

Eq. (9), istp31>0.95 — then the total transmittance of ]
band 29 (only) is recomputed using Eg. (5). In this case prac:rh? total plume transmittance of the MODIS bands 31 an.d
tically no ash is assumed. Of course, this generates a smal2 is assumed_ to be due only to ash absorption and scattering
SO, abundance overestimation, but the procedure seems t8Nd can be written as
work better. LAOD
Table 1 reports the coefficients,( of the cubic polyno- T=¢€ """, (10)
mial relationship of Eq. (9) for the Volz ash particles and for
the three MODIS bands considered, estimated using all thevhere. takes into account the slant path and the AOD de-
included scenarios. The coefficients for the two MODIS ra- pends on the size and concentration of the ash particles. As
diometers aboard the Terra and Aqua satellites are slighthgan be seen in Fig. 4, which was obtained from MODTRAN
different because they have different spectral response funcéimulations, the AOD of band 31 (AQJp depends linearly
tions. on the plume AOD550 (with null offset), but with a slope
Figure 3 shows the Terra MODIS sensor scatter plotsma1 Which is a function of the particle size. A similar linear
(Aqua is the same) of the MODTRAN simulated plume relationship exists for band 32:
transmittances for the three bands considered, versus the

plots computed using the described procedure. The thickAODz3y 32 = m31 32 - AOD550 (11)
straight line represents a slope of unity. The three scat-
ter plots exhibit close agreement (correlation coefficieAts From Egs. (10) and (11) it is clear that the ratio of the

greater than 0.995) between the MODTRAN plume transmit-logarithms for the transmittance values of bands 31 and 32
tances and those derived with the present simplified model. computed using Eq. (9) is equal to the ratio of the slopes and
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Fig. 5. Trend of TERRAmgl/mgz andm3 slopes versus the ef-
fective radiusRe. Fig. 6. Plume transmittance of TERRA band 29 vs plume trans-
mittance of TERRA band 31 considering only ash in the volcanic

plume. Green line is a cubic polynomial fit.
therefore is also a function of the effective particle radius:

In(tp31) AOD3; mag Table 2. Cubic polynomial relationship coefficients (see Eq. 15)
— = =— (12) computed for the MODIS-Terra and MODIS-Aqua channels.
In(rp32) AOD3; ma32

Figure 5 shows the trend of the ratiz1 /m3» and also Satellite bo b1 b b3
of m3; versus the effective radiug. In the illustrated range Terra 0.0092 1.2376 —0.4005 0.1543
(0.785-4.833 um), and for the considered type of ash (Volz), Aqua 0.0076 1.1886 —0.3293 0.1334

these are respectively decreasing and increasing monotonic
functions. Having establishedgl/mgz from Eq. (12), it is

possible to defin®e, and then, fronRe, the slopenz; is also plume transmittance of the MODIS band 2§ fo) is com-

obtained; finally, the AOD550 is computed using Ebfl)( puted using Egs. (9) or (5). Therefore, the S@mponent
Knowing the particle’s effective radiuske and the (754 ,9) can be derived from Eq. (14) if the particle compo-

AODS50 of a pixel, the ash mass is computed using the Werhent (tpash,29 is known. Arvani (2012) showed that for Volz-

and Rose (1994) simplified formula: type aerosols, the particle component of the transmittance
4 (S-p-Re AOD550 of band 29 {pash,29 is highly correlated to that of band 31
M=—- , (13) (Tp,31)-
3 Qexi(Re)

Figure 6 shows this correlation; it was obtained consid-
where S is the pixel surfacep = 2.6 x 10°kgm 3 is the ering, from among the abovementioned MODTRAN simu-
mean density of the ash particles afBgk(Re) is the extinc- lations, all cases without SOn the plume. A third-degree
tion efficiency factor computed at 0.55 um. This latter is a polynomial was used to fityash,2gfrom zp 31:

function of the effective radiuRe. 3
Tpash,29— by - (Tp,31)n~ (15)

2.4 Plume SQ abundance estimation =
The total plume transmittance in the MODIS band 29 canTheb, coefficients, for the two satellites Terra and Aqua, are
be thought of as the product of two components: (1) ashyeported in Table 2.

which attenuates the radiance both absorbing and diffusing Next, from the total plume transmittance of the MODIS
radiation (here we consider only Volz-type ash, but obvi- band 29, the strictly S©component of plume transmittance
ously other ash types or other kinds of aerosol particles caran be computed, and then the S&@lumnar content abun-
be present in a plume), and (2) §@vith a radiance attenua- dance can be derived. In fact, the S€mponent of the
tion effect due only to absorption: plume transmittance of band 29 was assumed to be

Tp,29 = Tpash29 * TpSO, 29, (14)  tps0y.29 = Tp,29/ Tpash 2= e P25, (16)

wheretpagh 2dis the ash particle component, ango, 29 the where, as beforey takes into account the slant path,is
SO, plume component for the MODIS channel 29. The total the SQ columnar content abundance (in gy, andg (in
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m?g~1) was empirically derived from the MODTRAN sim- 4 Assessment of S@and ash properties from two

ulations: MODIS images
Terra: Bag=—6.2769x 10™°- (T — Tp) +0.0333 The SQ and ash masses and fluxes retrieved from the VPR
and Aqua Bag = —7.3340x 107°- (T — Tp) + 0.0334 procedure were compared with the results obtained applying

a “standard” assessment approach based on comparison be-
whereT is the previously defined modified plume tempera- tween measurements and the look-up tables computed from
ture in K andTy = 27315K. the radiative transfer model (LUT procedure, Corradini et al.,

20009).

) ) Two Etna eruption events were considered for this compar-
3 Assessment of Spand ash properties from simulated  json: the first was observed by MODIS-Aqua on 3 December,
radiances at 12:10UTC during the third phase of the 2006 eruption

To test the procedure, a comparison was performed betwee fndronico et al,, 20093, b), and the second event was ob-
pro e P : P served by MODIS-Terra on 23 October, at 21:30 UTC during
the assumed input data: the effective particle radtgisthe

aerosol optical thickness AOD550, the Solumnar con- the 2011 lava fountain activity (see Fig. 8). The 2006 event

tent cs, and the results obtained using the procedure. ByWas characterized by a low $S@lume located at an altitude

means of Eq. (2) and of MODTRAN simulations, 228 096 ra- of about 3'75 km (Me_rucm etal, 201_1)' The 2011 event was

. : characterized by a higher plume altitude (about 5.5 km) and
diances at the sensdr, were computed assuming a con-

L the presence of both ash and 50
stant sea surface emissivity= 0.98 and a monthly mean sea . .
i . The conventional approach uses the brightness tempera-

temperature. This temperature is the monthly average ovetrure difference (BTD) applied to the MODIS channels 31
30yr (1981-2010) of data (from NOAAMttp://www.esrl. P

. ; and 32 (Prata, 1989a, b; Wen and Rose, 1994; Corradini et
noaa.gov/psd/data/gridded/data.noaa.erss).Honla wide ’ o ’ !
Mediterranean Sea region near Mt Etna (latitude fromis4 al, 2008) to establish the ash parameters (AOD3%(&nd

t0 3% N: longitude from 14 E to 18 E) (Arvani, 2012). For ash mass). The chi-square procedure, applied to the MODIS

. . channel 29, is used to retrieve $(Realmuto et al., 1994;
the same cases the radiances at the sensor without the plu -
) . orradini et al., 2009, 2010). The LUTs were computed us-
(Lo) were also computed. Finally, using the assessment pro-

cedure described, SQolumn densities and ash properties ing MODTRAN code driven by the Trapani WMO atmo-

(AOD550 andRe) were derived for the entire set of simulated spheric profiles (_:Iosest to the two events (MODIS images)
. . and Volz ash optical properties. The sea surface temperature
radiances and compared to the MODTRAN input parameters . e C i
) was derived from the radiative transfer equation inversion,
used to generate these radiances.

) L . with a constant surface emissivity equal to 0.99 (Corradini
Figure 7 shows the distributions of the differences between t al., 2008, 2009, 2010). The plume altitude for 3 Decem-

the procedure results and the input values for the three inpu{ier 2006 was derived from Andronico et al. (2009a, b), while

I 0,

"a”f”“?'es- I.t can be seen that more than 60 % oftheases the plume altitude for 23 October 2011 was evaluated from

exhibit a difference lower thae:0.5 um, about 80 % of the the satellite image by comparing the brightness temperature

AODS550 differences are lower thah0.125, and more than ge by paring the 9 P

60 % of thecs differences are lower thah0.5 g -2 of the most opaque plume pixels Wlth the atmgspherlc tem-

s ' ' perature extracted from the Trapani WMO profile (Prata and

Grant, 2001; Corradini et al., 2009, 2010). The ash influence
on MODIS channel 29 in the SGassessment was corrected
following the procedure described by Corradini et al. (2009).
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Fig. 8. MODIS RGB image composite (channels 28, 29, and 31) for the two test cases considered: 3 December 2006 — 12:10 UTC — MODIS-
Agqua (left), and 23 October 2011 — 21:30 UTC — MODIS-Terra (right).

Table 3. SO, and ash total masses and mean fluxess the wind speed used) for the two MODIS test case images. All the results were
obtained considering the plume only over the sea.

Total Mass 3 December 2006 23 October 2011 23 October 2011
[t] SO, SO, Ash

VPR Procedure 1040 3721 2679

LUT Procedure 1268 3379 3383

Mean Fluxes [td1] (v=54ms1 (@w=12msl (@w=12ms?

VPR Procedure 5139 34593 19690

LUT Procedure 6099 34682 25050

4.1 Results sensitivity study is conducted to investigate,;3Dd total ash

mass evaluation errors due to uncertainty of the plume alti-
Figure 9 shows the Sand ash maps, as well as fluxes ex- tude input. Table 4 shows the plume altitude variation consid-
trapolated from the two MODIS images using the VPR andered and the corresponding plume altitudg)(and temper-
LUT procedures. The fluxes for the two images were com-ature (p,) for both test cased}, temperatures were obtained
puted by multiplying the columnar abundance along a tran-py interpolating the Trapani WMO atmospheric temperature
sect perpendicular to the plume axis by the wind speeds (Pugprofiles for the days in question.
naghi et al., 2002; Corradini et al., 2003, 2009; Theys et al., Table 5 shows the SOand total ash mass extrapolated
2012). The latter, computed by interpolation from the plumeusing the novel procedure with different plume altitudes
altitude and the Trapani WMO wind speed profiles, were 5and temperatures. By considering an altitude uncertainty of
and 12 ms? for the 3 December 2006 and 23 October 2011 £500 m, the evaluation errors lie within 15 % for the 3 De-
images, respectively. cember 2006 event, and within 33 % for the 23 October 2011
The maps show the same structures and the fluxes havest case. The evaluation error increases significantly when
common trends. In Table 3 the total $@nd ash masses and the plume altitude uncertainty 1000 m, becoming 30 %
mean fluxes assessed using the two procedures are compareghd 50 % for the 2006 and 2011 events, respectively.
As the mean altitude decreases (and temperature in-
4.2 Plume altitude sensitivity analysis creases) the radiance emitted by the plume towards the sen-
) i sor increases, and the layer of atmosphere above the plume is
The main advantage of the VPR_ procedure is thap SO increasingly less negligible. For this reason (see Table 5) the
and ash assessments can be obtained from the remote Ser&?fcertainty of S@ and ash abundances is greater when the

ing data themselves, requiring in addition only the meany e aititude is lowered by an altitude variation, compared
plume altitude and temperature. Uncertainty in these parame, \vhen it is increased of the same amount

eters clearly affects the extrapolation errors. In this section a
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Fig. 9. SO, and ash assessments using the VPR (upper plates) and LUT (middle plates) procedures for the two Etna events considered. The
lower plates show the flux comparison.

Almost the same relative variations with plume altitude temperature and two empirical values (one for dense plumes

were obtained using the LUT procedure. and one for transparent plumes) for vertical plume transmit-

tance due to scattering. Finally, the results are refined by

i means of a polynomial relationship specific to the satellite

5 Conclusions sensor, the ash type, and the volcano. The polynomial coef-
ficients are dependent on the sensor response functions, the

optical properties of the ash, and the monthly averaged at-

mospheric profiles for the area of the volcano. The modified

plume temperature and the polynomial coefficients were de-

A volcanic plume removal (VPR) procedure is described, in-
volving computation of effective particle radius, aerosol op-
tical depth of ash, and columnar content of both ash ang SO

d”.?ﬁgyr:g;ne{e;g%ﬁ?el)éSiin\slgsyT;?m%??'a plume at a con- rived from a large number of MODTRAN simulations.
' The polynomial parameters used in this study are valid for

stant altitude with a negligible layer of atmosphere above it.
The procedure is reasonably independent of the surface un-I:ERRA and AQUA MODIS data (bands 29, 31, and 32 at

derneath the plume as long as this is sufficiently uniform.Wavelength 8.6, 11.0, and 12.0um, respectively) collected

Clearly, the layer of atmosphere above the plume is increas " o! the MtEtna \_/olcano, and were te_sted for_the usual tropo-
. o . spheric plume altitudes of the volcanic emissions. Moreover,
ingly less negligible as plume altitudes reduce. Plume at-

tenuation due to scattering mechanisms depends on partic%]yey are applicable for the ash optical properties described

size and concentration (aerosols optical depth). The proposeOf It/I/?IZEt(r}:’?g ’mV;’:S'?:anefirirt‘ZI?n ?;: ggﬁtﬁ?nzizfd :gﬁ;ggl
model accounts for these effects by using a modified plume ' y: y P
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Table 4. Plume altitude variation, plume altitude, and plume temperature for the two test cases.

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 45 264.6
—500 3.25 269.2 5.0 261.3
0 3.75 265.9 55 257.5
+500 4.25 262.9 6.0 254.0
+1000 4.75 259.8 6.5 250.6

Table 5.S0, and ash total masses computed using the VPR procedure for different plume altitudes and temperatures.

Plume Altitude 3 December 2006 23 October 2011 23 October 2011
Variation [m] SQ Total Mass [tf] SQ Total Mass [t] Ash Total Mass [t]

—1000 1325 5853 3903
—500 1183 4932 3420
0 1040 3721 2679
+500 941 3242 2238
41000 859 2961 1983

measured over the last 30yr at Trapani (the WMO station1000 m is not small for a plume at 5500 m and with a nor-
closest to Mt Etna, and located in the western tip of Sicily) mal minimum altitude of 3500 m (top of Mt Etna).
were used in the MODTRAN simulations. The parameters It is worth noting that although the VPR procedure is de-
are stored in a secondary file and can easily be changed whestribed using specific case studies of Mt Etha eruptions, it
recomputed for a different aerosol type (e.g. andesite) and/ocan easily be adapted to any other volcano or ash type, pro-
sensor (e.g. SEVIRI). vided new polynomial parameters are computed using local
An important element in this methodology is the relation- meteorological data sets and different ash optical properties.
ship between the ash transmittances of bands 31 and 29. This After the initial derivation of the polynomial parameters
enables estimation of the $@bundance from the total trans- for a specific volcano and meteorological conditions with
mittance of band 29. The method is effective only if the fore- a radiative transfer model, VPR requires no further atmo-
seen type of ash is present. If more than one kind of particlespheric profiles (PTH) or subsequent radiative transfer model
is present in non-negligible percentages, the total effect ofuns. Rapid plume information is retrieved using only the
the aerosols is assumed to be due to the considered ash typiume mean altitude and temperature as inputs.
alone, and the procedure gives erroneous results. It is simple to apply, applicable worldwide, and extremely
The comparison between the data used as input for théast, and could therefore prove very useful during a volcanic
MODTRAN simulations and the results of the VPR proce- crisis, when rapid responses are particularly important.
dure is quite positive (see Fig. 7). This agreement was in part
expected because the procedure was adapted to these data,
while the agreement between the VPR and LUT proceduredited by: R. Schofield
was less predictable. Figure 9 very clearly shows the agree-
ment between the two procedures, and the resulting maps ex-
hibit the same structures. In particular, they both show thegeferences
same plume characteristics in the maps op &@d ash emit-
ted on 23 October 2011. The $@eak is shown at the be- Allard, P., Carbonnelle, J., Metrich, N., Loyer, H., and Zettwoog, P.:
ginning of the eruption (in the furthest downwind part of the  Sulphur output and magma degassing budget of Stromboli vol-
plume), while the ash peak is temporally in the final portion  cano, Nature, 368, 326-330, 1994.
of the phenomenon (in the portion of plume closest to theAndronico, D., Scollo, S., Cristaldi, A., and Ferrari, F.: Monitor-
vents). ing the ash emission episodes at Mt. Etna: the 16th Novem-
As demonstrated in the last part of the paper, the VPR pro- ggir_ 1200(1)2 1%"’/‘_5_6\’/ Osltue%{’e‘sl' z\écélgalrz)og JSJ%CSZ' Res., 180, 123-134,
cedure is qqlte Sens'.tlve to plume altitude (and temperatu.re)Andronico, D, JSinngtti, C., Cristaldi, A., and Buongiorno, M.: Ob-
A plume altitude estimate error of 1000 m (about 7 Kelvin ! . : k )
. servations of Mt. Etna volcanic ash plumes in 2006: An inte-
degrees) can generate an Sabundance percentage differ-

. - grated approach from ground-based and polar satellite NOAA-
ence of 50%. On the other hand, an altitude variation of ~A/HRR monitoring system, J. Volcanol. Geotherm. Res., 180
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