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Abstract. A retrieval of tropospheric volcanic ash from Mt Etna has been carried out, us-
ing measurements from the Moderate Resolution Imaging Spectroradiometer (MODIS). The
NASA-MODIS satellite instrument acquires images in the 0.4 to 14 pm spectral range with a
spatial resolution of 1 km at nadir. The eruption which occurred on 24 November 2006 is con-
sidered asatest casein thiswork. In order to derive the ash plume optical thickness, the particle
effective radius and the total mass, the Brightness Temperature Difference procedure has been
applied to MODIS channels 31 (centered at 11 pm) and 32 (centered at 12 ym). Channel 5
(centered at 1.24 m) has been used to refine the cloud discrimination, exploiting the distinct
reflectivity of meteorological and volcanic cloudsin the near infrared spectral range. The detec-
tion of volcanic ash pixels has been significantly improved by applying an atmospheric water
vapor correction to MODIS data. This procedure doubles the number of pixels identified as
containing volcanic ash compared to the original method. The retrieved mean ash optical thick-
ness at 0.55 um, mean particle effective radius and the total ash massin the plume are 0.4, 3.5
pm and 3620 tons, respectively. A detailed sensitivity analysis has been carried out to investi-
gate errorsin theretrieval caused by the uncertainty in various parameters. surface temperature
and emissivity, plume geometry (altitude and thickness), ash type and atmospheric water vapor.
Results show that the largest contributions to retrieval errors are from uncertainty in surface
parameters, aerosol type and atmospheric water vapor. The total tropospheric volcanic ash re-
trieval errors are estimated to be 30%, 30% and 40% for mean AOT, mean effective radius and
total massretrieval, respectively.

Keywords: volcanic ash, Mt. Etnavolcano, MODIS, sengitivity study, MODTRAN radiative
transfer model.

1 INTRODUCTION

Volcanic eruptions inject huge amounts of solid particles [1] into the atmosphere. Volcanic
ash is composed of fragments of pyroclast rocks smaller than 2 mm which are released during
explosive events, forming the typical volcanic plume and leading to characteristic ash falls[2].
Depending on eruptiveintensity the volcanic ash can reach different altitudesin the atmosphere.
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Residence time depends on particle size [3]. Ash particleswith radius greater than 100 ;m may
have a very short residence time from minutes to less than an hour, while ash particles with
radius lower than 10 ym can travel hundreds to thousands of kilometers downwind from the
volcano remaining suspended in the atmosphere for hours to weeks. Volcanic ash falls cause
respiratory problems [4], damage to agricultural and industrial activities [5] and problems for
terrestrial and air transport [4-6]. In particular, volcanic ash cloudsare aseverethreat to aviation
security [7]. Particles with dimension of several millimeters can damage the aircraft structure
(windows, wings, ailerons), while particleslessthan 10 ;,m may be extremely dangerousfor the
jet engine and undetectable by the pilots during night or in low visibility conditions [8]. Vol-
canic fine ash clouds can not be detected by aircraft radar and they are often indistinguishable
from water clouds even in daytime. For these reasons several methodologies and agorithms
have been developed and tested in order to detect and track drifting volcanic ash clouds either
in the Thermal InfraRed (TIR) and/or the UltraViolet (UV) spectral range. Theoretical calcu-
lation demonstrates that in the TIR 10-13 um spectral range, the radiative effect of volcanic
ash clouds is spectraly distinct from that of water droplets [9, 10]. In particular the differ-
ence between the brightness temperature of two channels centered around 11 m and 12 m, is
used to discriminate vol canic and meteorological cloudsand for volcanic ash retrievals[11-13].
The TIR spectral range is sensitive to coarse ash particles, while the UV spectral rangeis aso
sensitive to fine particles [14, 15].

Because of the sporadic nature of volcanic eruptions, the large geographic distribution of
volcanoes and the difficulty of direct sampling, remote sensing provides the most suitable tech-
nique to detect and retrieve volcanic emissions on a consistent and comprehensive basis. The
retrieval and discrimination between cloud and volcanic ash has been performed using vari-
ous satellite instruments such as the Advanced Very High Resolution Radiometer (AVHRR)
[9,11,13,15-18], Geostationary Operational Environmental Satellite (GOES) [13,19,20], Total
Ozone Mapping Spectrometer (TOMS) [15, 17] and the M oderate Resol ution Imaging Spectro-
radiometer (MODI S) [20-23].

Mt. Etna, located in the eastern part of Sicily (Italy), is the biggest European volcano and
one of the most active vol canoes on the Earth. It's frequent ash emissions cause problemsfor the
local population and in particular for air traffic because of the proximity to airports at Catania
and Reggio Calabria.

In this work the retrieval of tropospheric volcanic ash optical thickness (AOT) at 0.55 um,
particle effective radius (r.) and total mass from MODIS TIR measurements has been stud-
ied, using the image of Etna acquired by MODIS on 24 November 2006 as a test case. The
cloud discrimination and the volcanic ash retrievals have been carried out using the Brightness
Temperature Difference (BTD) procedure [9-11, 13, 19] applied to MODI 'S channels 31 and 32
centered at 11 and 12 ;um, respectively. Channel 5 (centered at 1.24.:m) is used to refine the
clouds discrimination algorithm, exploiting the distinct shortwave reflectivity of meteorologi-
cal and volcanic clouds. To improve the volcanic ash detection and retrieval, an atmospheric
water vapor correction has also been developed and applied to the measurements. Both the
ash retrieval and the sensitivity study have been carried out using the MODTRAN Radiative
Transfer Model (RTM) [24,25]. The sensitivity analysis has been performed to estimate the ash
retrieval error dueto the uncertainties on surface temperature and emissivity, plume atitude and
thickness, ash optical propertiesand atmospheric water vapor.

The paper is organized as follows: In Sections 2 the MODIS instrument and test case are
described. The cloud discrimination and ash retrieval are presented in Section 3 and in Sections
4 the volcanic ash sensitivity analysisis shown. Section 5 details the conclusions of the study.

2 MODERATE RESOLUTION IMAGING SPECTRORADIOMETER

MODIS is a multispectral instrument on board Terra and Aqua polar satellites, part of the
Earth Observing System (EOS) mission [26,27]. Terra's descending node (from north to south)
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crosses the equator in the morning at about 10:30 a.m., while the Aqua ascending node (south
to north) crosses the equator at about 1:30 p.m. MODIS acquires datain 36 spectral bandsin
the wavelength range from visible to thermal infrared. The spatial resolution is 250 m for bands
1 and 2, 500 m for bands 3 to 7 and 1000 m for all other bands. Bands 31 and 32 are centered
around 11 and 12 pm respectively with a Noise Equivalent Temperature Difference (NEDeltaT)
of only 0.05 K [27]; these two channels are used here both for the discrimination of cloud and
the volcanic ash retrieval. Band 5, centered at 1.24uym with a Signal to Noise Ratio of 75 (con-
sidering a signal level of 5.4 W/m?/sr/um) [27], is used to improve the cloud discrimination.
The sensor scans +-55 degree across-track about the nadir from the EOS orbit altitude of 705
km, resulting in a 2330 km swath and full global coverage every one to two days.

2.1 TEST CASE

Mt. Etnaislocated in the eastern part of Sicily (Italy) and is one the major degassing volcanoes
in the world [28]. Its generally quiescent state is periodically interrupted by eruptive periods
when significant ash emissions reach areas surrounding the volcano causing problems to the
population of theregion [29] and to air traffic (Cataniaand Reggio Calabriaairportsare nearby).
During 2006 Mt. Etna exhibited episodic explosive activity producing ash plumes that rose
up into the atmosphere and drifted severa kilometers away from the vent. These episodes
occurred frequently from September to December [30, 31] showing weak intensity and short
duration compared to previous 2001 and 2002 eruptions [29, 32]. The 24 November 2006 ash
emission started at about 03:00 UTC and ended at about 17:00 UTC; this took place at the SE
crater located in the southern flank of Mt. Etna and produced the largest volume of ash in the
entire September-December eruptive period [33]. On this day the wind was blowing from the
N-NW direction. A changein wind direction caused the ash plume to move towards the city of
Catania. The ash fallout created major problems for the “Fontanarossa’ International Airport
of Cataniawhich was subsequently closed to air traffic. The finest portion of ash traveled more
than 80 km from the summit craters. The episode was observed at 12:20 UTC on 24 November
by MODIS on the Aqua satellite (see Fig. 1), and this scene is considered here as atest case.

)

Fig. 1. MODIS-Aqua RGB image acquired on 24 November 2006 at 12:20 UTC.
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3 VOLCANIC ASH DETECTION AND RETRIEVAL

In this Section the discrimination between volcanic and meteorological clouds and the ash re-
trieval is described. To improve the volcanic ash detection and retrievals, an atmospheric water
vapor correction procedure has been developed and applied to MODIS measurements.

3.1 Cloudsdiscrimination

The meteorological and volcanic cloud discrimination algorithm is based on the difference be-
tween the brightness temperatures observed in two channels centered around 11 and 12 pym.
Because of the different spectral optical properties of volcanic and meteorological cloudsin the
10-13 um spectral range, the BTD between the two channelswill generally be negative for vol-
canic clouds (larger absorption at 11 than 12 ;zm) and positive for meteorological clouds (larger
absorption at 12 than 11 ym) [9,10]. Using the MODI S channels 31 and 32, thisBTD has been
computed for the test image and Fig. 2 shows the result: The red pixels indicate the volcanic
ash (BTD<-0.2 °C) while the blue pixels indicate the meteorological clouds (BTD>1.2 °C).
In case of plumes confined to the troposphere, the BTD algorithm gives general good results,

Fig. 2. Cloud detection map using BTD technique. Thered color indicates the detected volcanic
cloud (BTD<-0.2 °C) and blue the meteorologica clouds (BTD>1.2 °C). The yellow and
red boxes emphasize that not all meteorological and ash cloud pixels can be unambiguously
detected by the procedure.

however not all meteorological clouds are identified (see yellow box in Fig. 2) and not all ash
pixels are detected (see red box in Fig. 2).

The cloud discrimination has been improved using the MODI'S channel 5 centered around
1.24 um exploiting the relatively high meteorological cloud reflectivity compared to that of
volcanic ash at thiswavelength. At thiswavelengththereal part of the refractiveindex of thetwo
cloudsis comparable (respectively 1.3 and 1.5) while the imaginary part of the meteorological
cloud refractive index is much lower that of ash (respectively 4-10~° and 8-10~2) i.e. the ash
cloud absorption at this wavelength is much higher than the meteo cloud absorption. Fig. 3A
emphasizes (in yellow) pixels having a Top Of Atmosphere (TOA) reflectance greater than 0.15.
Fig. 3B shows the cloud discrimination combining the BTD and channel 5 thresholds.

Fig. 2 and 3B show that, many volcanic ash pixels cannot be detected. The incomplete
ash detection is mainly due to the radiative effect of atmospheric water vapor which, in case

Journal of Applied Remote Sensing, Vol. 2, 023550 (2008) Page 4



Fig. 3. A: meteorological cloud detection using MODIS channel 5 (in yellow the pixels with
TOA > 0.5). B: volcanic and meteorological clouds discrimination using BTD procedure and
MODIS channel 5.

of high water vapor or low ash concentrations, can counteracts the radiative effect of volcanic
ash[12,13] inthe 11 and 12 ym channels.

3.2 Atmospheric water vapor correction

Absorption by atmospheric water vapor islarger at 12 ymthanat 11 um. The oppositeisusually
true for volcanic ash and so water vapor absorption can reduce the BTD signal of ash. In case
of high columnar content, water vapor can completely cancel-out the ash plume effect on the
BTD. For thisreason in moist tropical conditions only the densest cores of volcanic clouds can
be detected [34]. Prata et a. [12] and Yu et a. [13] proposed a method to correct the water
vapor effect using MODTRAN and the global NCEP analysis for four different days and two
different times representatives of seasonal and diurnal variation of water vapor. They proposed
a nonlinear relation between BTD and brightness temperature at 11 pm for different values
of water vapor and applied it to AVHRR and GOES measurements. In this work, a similar
procedure, based on MODTRAN simulations and local atmospheric data, has been developed
and applied to MODIS measurements.

The procedureis based on the evaluation of the atmospheric water vapor radiative effect on
BTD (BTD") and on the channel 31 brightnesstemperature (AT;’5,). BTD" isused to improve
the ash detection (see below), while both BTD™ and AT, are used for the ash retrieval (see
Section 3.3). To evaluate the water vapor radiative effect, two MODTRAN simulations, with
and without precipitable water in a clean atmosphere (no ash), have to be carried out. BTD%
is the difference between the brightness temperature of the channelsat 11 and 12 psm using the
MODTRAN simulation with atmospheric water vapor, while AT;’;; isthe difference between
the brightness temperature of channel 31 considering the simulations with and without water
vapor.

The sea surface temperature, needed for the computation, has been retrieved using the Split
Window (SW) algorithm [35-37] applied to MODIS channels 31 and 32. The SW agorithm,
for surface temperature retrieval, needs as input the SW parameters and the emissivity for the
two channels. The SW parameters have been computed using the atmospheric correction terms
(path radiance, downwelling radiance and transmittance) performed by MODTRAN, using the
24 November 2006 at 12:00 UTC atmospheric vertical profiles measured at Trapani WMO
Meteo station (the nearest WMO station to the Etnean area). The sea surface emissivity has
been assumed to be the same for both channels and equal to 0.99. Fig. 4A shows the surface
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Fig. 4. A: surface temperature map using Split Window technique. B: surface temperature map;
in blue the regions selected to associate a sea surface temperature to the region under the plume.

temperature map obtained from this SW algorithm. Theretrieved terrestrial surface temperature
must be considered only asindicative because of the emissivity valuesset are representative only
for seasurface. Sincethe volcanic plumeis not transparent in channels 31 and 32, the estimation
of the surface temperature under the plume from these channelsis not possible. The sea surface
temperature associated to this region is estimated as the mean temperature of two relatively
large regions just outside the plume itself (see blue areasin Fig. 4B). The mean sea surface
temperature computed results 292.0 K with a standard deviation of 0.5 K. The low value of the
standard deviation indicates that the assumption of considering the sea temperature is constant
under the plumeis reasonable.

Using the computed sea surface temperature the MODTRAN simulations have been carried
out. The water vapor effect is estimated to be 0.6 K and 1.5 K for BTD and ATy, 31, respec-
tively. The corrected MODIS BTD (BTD*) and Ty,31 (Tj; 3,) are obtained using the following
equations:

BTD* = BTD — BTD" (1)

Tyg1 = T3 + ATyl 2

Fig. 5 showsthe BTD procedure for the ash plume detection before (Fig. 5A) and after (Fig.
5B) the water vapor correction. In Figure 5B the ash pixels have been detected using the same
identification criteria used in Figure 5A (i.e. BTD<-0.2). Introducing the water vapor correc-
tion, the number of detected ash pixels become more than doublesfrom 1292 (Fig. 5A) to 3069
(Fig. 5B).

3.3 Volcanic ash retrieval

The particle effective radius, AOT at 0.55 ;zm and total mass retrievals have been performed by
computing, with the MODTRAN RTM, the bell-shaped curvesBTD vs. T, 31 varying the AOT
and the particle’s effective radius. [11, 13, 20]. The simulations take as input the atmospheric
profiles (pressure, temperature), the plume geometry (plume altitude and thickness), the surface
characteristics (temperature and emissivity) and the volcanic ash optical properties. MODIS
measurements which have been corrected for atmospheric water vapor absorption, as described
in the previous section are used. Therefore the simulations described henceforth are carried out
without further consideration of atmospheric water vapor.

As previoudly described, the 24 November 2006 atmospheric profile was derived from the
Trapani WMO Meteo station, while the surface temperature and emissivity have been set to
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Fig. 5. A: Ash plume detection before water vapor correction. B: Ash plume detection after
water vapor correction.

Ts=292 K and e=0.99, respectively (see Section 3.2). The Top Plume Altitude (TPA) has been
derived by comparing the ash plume top temperature, computed as mean brightnesstemperature
of channels 31 (T, 31) and 32 (T, 32) of the most opaque plume region (near the vent), and
the Trapani radiosounding temperature profile. The procedure yelds a TPA of about 5000 m
consistent with independent observations[30]. The Plume Thickness (PT) has been assumed to
be 1000 m.

The ash optical properties (single scattering albedo, extinction coefficient and asymmetry
parameter) have been computed using the Mie code developed by the Earth Observation Data
Group (EODG) of the Atmospheric Oceanic and Planetary Physics Department (Oxford Univer-
sity) [38] considering the volcanic ash refractiveindex tabulated by Volz [39] and alog-normal
distribution (width (0)=1.77, minimal and maximal radii corresponding to +/-3c from the cen-
tral wavelength). The optical properties have been computed for 10 different particle effective
radii ranging from 0.4 to 10 um with fixed intervalsin the logarithm of the effective radius. Fig.
6 shows the Volz real and imaginary part of the ash refractive index and the optical properties
(extinction efficiency factor, single scattering albedo and asymmetry parameter) derived from
the Mie code, for different effective radii. For each particle effective radius the MODTRAN
simulations have been carried out considering 21 values of AOT (from 0 to 10 step 0.5).

Fig. 7 showsthe BTD vs. T, 31 curves considering all AOT values and effective radius
ranging from 1.13 to 10 um; the near horizontal solid lines represent different effective radii
and the near vertical dashed lines represent different AOT. The superimposed red crosses are
the ash pixel values detected in the MODIS image after water vapor correction on BTD (see
Fig. 5B) and T; 31 (See Section 3.2). Below 1 um all curves superimpose, so 1 pm represents
the lower effective radius retrieval detection limit. The upper effective radius detection limit is
about 7 ;xm because for greater values the BTD becomes positive, i.e. the volcanic ash clouds
are not distinguishable from meteorological clouds. Analyzing the bell-shaped curve it can
also be noted that the BTD values are, in general, significantly lower than the BTD obtained
considering stratospheric plumes [11, 13] because of the lower thermal contrast between the
tropospheric plume and surface. The convergencepoint at the right-hand side (AOT=0) is char-
acterized by 0 BTD and T, 31 =292 K because no atmospheric water vapor has been included
in the simulations and because the only radiation source is the sea surface. The T, 31 left-hand
side convergence point represents the brightness temperature of the thick core plumei.e. ap-
proximately the temperature of the volcanic plumetop. Fig. 8 shows the histogram of AOT and
effective radii; the mean AOT (AOT) is 0.42 and the mean particle effectiveradius (7¢) is 3.44
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the ash optical properties have been computed by the Mie code considering different particle
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pum

The volcanic ash total mass have been computed using the equation suggested by Wen and
Rose [11], based on the assumption of uniform particle distribution, and using a particle density
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Fig. 8. A: Retrieved AOT at 0.55 pxm histogram. B: retrieved effective radius histogram.

of 1.3 g cm~2 (Coltelli private communication):

S4/3pr, (n,m) (n,m)
Qext (Tgn,'m,) )

Mtot = (3)

(n,m)

where: Sis the pixel surface; p is the particle density; re is the effective radius of pixel
(nm); 7(n,m) is the AOT of pixel (n,m); Qeur (™™ is the extinction efficiency factor at
effective radius r’™™. Fig. 9 shows maps of the retrieved volcanic ash plume AOT, particle
effective radius and mass. As expected, the largest AOT occurs in the area close to the vent
and the smallest at the cloud edges. There are also other regions of high AOT probably due
to volcanic puffs. The particle effective radii are distributed non-uniformly along the plume:
the larger particles (up to 3.5 um) are found around the western part of the plume itself. The
computation of total plume ash mass gives 3620 tons.

Journal of Applied Remote Sensing, Vol. 2, 023550 (2008) Page 9



4.5
(micron)

Fig. 9. A: 0.55 um AOT plumeretrieval map. B: effectiveradius plumeretrieval map. C: plume
total mass map.

4 SENSITIVITY ANALYSIS

The aim of the sensitivity analysis is to compute the volcanic ash retrieval errors due to the
uncertainties in parameters input to the MODTRAN simulations: surface characteristics (tem-
perature and emissivity), plume geometry (altitude and thickness), ash optical properties and
water vapor columnar content. The results with modified parameters are compared with those
obtained assuming the original setting parameters described in the previous Section.

4.1 Surfacetemperature

The sea surface temperature uncertainty has been set to +2 K and +5 K with respect to the re-
trieved sea surface temperature using SW technique (292 K, see Section 3.2). Therefore MOD-
TRAN simulations have been carried out considering 4 values of surface temperature (287, 290,
294 and 297 K) and preserving all other input parameters. Fig. 10 showsthe computed BTD vs.
Ty 31 curves computed; the lower the surface temperature, the tighter the BTD vs. T; 31 curves
and generally, the lower the retrieved ash amount. In Table 1 the number of ash pixels detected,
AOT, 7 and total mass retrievalsfor the different assumed T, values and the percentage differ-
ence with respect to the original retrievals are summarized. Asshown in Table 1, the greatest
variationsin the total mass retrieval arise because of the significant variation in the number of
volcanic ash pixels detected. For example considering T,=297 K the water vapor BTD correc-
tion is approximately doubled (1.1° C) compared to the original water BTD correction (0.6° C).
The sea surface temperature overestimation produces an incorrect identification of sea pixelsas
volcanic ash pixels, that causes a huge overestimation of the total mass retrieved. Moreover the
incorrect identification of sea pixels as ash pixels aso leads to a large underestimation of the
mean AOT, because such values falls near the right-hand convergence point, since their Tj 31
valuesare closeto T,. Uncertainty of +2 K on surface temperature produces small retrieval er-
rorson AOT and effectiveradiusretrieval s (always less than 7%) but alarge total massretrieval
error of about 30%. Table 1 also showsthat for large surface temperature overestimation (+5 K)
the ash retrieval errorsare larger than in the case of high temperature underestimation (-5 K).
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Fig. 10. BTD vs. Ty 31 curves considering different surface temperatures: 287, 290, 294 and
297 K. The red crosses are the volcanic ash pixel values revealed on MODIS image after the
water vapor correction.

Table 1. Total number of ash pixel detected, mean AOT, mean r. and total mass retrieved
considering different surface temperatures. The percentage differenceis computed considering
the original retrieval.

N pixel | AOT | 7c (um) | Total mass (tons)

Ts (K) (var %) | (var %) | (var %) (var %)
1597 0.42 3.02 1907

B 4 | 0 | (12 (-47)
2376 0.42 3.33 2830

20 | (239 | (0 (-3) (-22)
4429 0.39 3.54 4723

24 1 (29 © ) (30)
19691 0.23 4.44 15145

297 | (541) | (45) | (29) (318)

4.2 Surface emissivity

In this section the ash retrieval errors due to surface emissivity uncertainty are analyzed. In
accordance with typical surface emissivity variationsin the 11-12 ym spectral range [40], the
MODTRAN simulations have been carried out introducing surface emissivity uncertainties of
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2 and 5% with respect to the surface emissivity originaly set (=0.99). Fig. 11 shows the
BTD vs. T} 31 curves computed for e=0.94 and e=0.97. In Table 2 the AOT, 7, and total mass
retrievalsfor the different emissivities considered and the percentage differences with respect to
the original retrievals are summarized. The lower the surface emissivity, the lower the number

e=0.97
2 2 ' '
or 7 or ]
8 13
o 2f 1 o 2f ]
= =
m Jus)
4 , 4r b
6 . . . . -6 . . . .
250 260 270 280 290 300 250 260 270 280 290 300
Toar (K) Toar (K)

Fig. 11. BTD vs. Ty 31 curves considering surface emissivity of 0.94 (left) and 0.97 (right).
The red crosses are the volcanic ash pixel values from the MODI S image after the water vapor
correction.

Table 2. Total number of ash pixels detected, mean AOT, mean r. and total mass retrieved
considering different surface emissivities. The percentage differenceis computed relative to the
original retrieval.

N° pixel | AOT | 7¢ (um) | Total mass (tons)
€ | war%) | (va%) | (var %) (var %)
2166 | 052 | 299 2943
0941 (30 @4 | (17 (-19)
2660 | 046 | 3.5 3309
97 (13 | 9 | 1 (-9)

of detected pixels, because the water vapor correctionis now less important than in the original
case. An uncertainty of 2% on surface emissivity producessignificant retrieval errorson AOT,
r. and total mass, of about 10%.

4.3 Plume geometry and altitude

The plume geometry and altitude sensitivity is computed varying the plume-top altitude and
the plume geometric thickness. In the original simulations the plume top has been placed at
5000 m with thickness of 1000 m. The sensitivity is assessed varying the Plume-top Altitude
(TPA) to 4500 and 5500 m maintaining constant the Plume Thickness (PT) (1000 m), and
varying the plume thickness at 500 m maintaining constant the plume-top altitude (5000 m).
Fig. 12 showsthe BTD vs. T, 3; curves relative to the simulations described. As expected the
curves are dilated for a plume placed at higher altitudes because the greater thermal contrast
between surface and plume. Table 3 summarizesthe AOT, 7. and total mass retrievals for the
different plume geometries and the percentage differencerelative to the original retrievals. The
uncertainties on plume altitude and thickness produce retrieval errors of about 10% for AOT
and total mass and less then 5% for effective radius.
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Fig. 12. BTD vs. Ty 31 curves varying the plume geometry. The red crosses are the volcanic
ash pixel values from the MODI S image after the water vapor correction. Top left: top plume
altitude = 4500 m, plume thickness = 1000 m. Top right: plume-top atitude = 5500 m, plume
thickness = 1000 m. Bottom: plume altitude = 5000 m, plume thickness = 500 m.

Table 3. Total number of ash pixel detected, mean AOT, mean r. and total mass retrieved
considering different geometries. The percentage differenceis computed relative to the original

retrieval.
N° pixel | AOT | 7c (um) | Total mass (tons)
Plume Geometry (var %) | (var %) | (var %) (var %)

3069 0.46 3.36 3733

TPL=4.5km ©) © | 4 3)
3069 0.37 3.62 3369

TPL=5.5km © | (12 | @ -7)
3069 0.39 3.45 3255
PT=0.5km ©) 0 | D (-10)

4.4 Aerosol type

In this section the sensitivity analysisis performed using a different aerosol type. In anew re-
trieval the andesite refractive index has been extracted from Pollack et al [41]. Fig. 13 compares
theimaginary part of the refractiveindex of andesite and that of volcanic ash (from Volz) which
was used for al the previoussimulations. Also plottedin Fig. 13 the spectral response functions
of MODIS channels 31 and 32; as figure shows, in the 10-12 ym spectral range, the Andesite
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Fig. 13. Imaginary part of the Refractive index of volcanic ash tabulated by Volz and Andesite
tabulated by Pollack. The black curves are the MODIS-Aqua channels 31 and 32 spectral
response functions.
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Fig. 14. Bell-shaped curve for Andesite aerosol. The red crosses are the volcanic ash pixel
values from the MODI S image after the water vapor correction.

imaginary refractive index is more skewed than that of volcanic ash. The optical properties
(extinction efficiency factors, single scattering albedo and asymmetry parameters), needed for
MODTRAN simulations, have been computed using the Mie code with the Andesite refractive
index. In Fig. 14 the BTD vs. T, 31 curvesfor the Andesite aerosol type are shown. The An-
desite curves are more dilated than volcanic ash curves but the effective radius detection limit
is about the same (7 m). The results shown in Table 4 show a significant overestimation for
both r. and total mass (about 20%).

Table 4. Total number of ash pixels detected, mean AOT, mean r. and total mass retrieved
considering Andesite optical properties. The percentage difference is computed relative to the
original retrieval.

N pixel | AOT" | 7c (um) | Total mass (tons)
Aerosol type (var %) | (var %) | (var %) (var %)
_ 3160 | 041 | 419 4232
Andeste | @ | (2 | (20 (17)
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45 Atmospheric Water vapor

As described in Section 3.2 the water vapor correction has been carried out by means of MOD-
TRAN simulations using as input the Trapani Meteo station atmospheric water vapor profile.
Given that the distance between Trapani and Etna (about 250 km) could lead to significant dif-
ferences in atmospheric water vapor between the two locations, a sensitivity study has been
carried out to estimate the corresponding ash retrieval errors. From the analysis of 14 years
(from 1989 to 2003) of Trapani Meteo Station atmospheric radio-soundings, a variability of
30% in water vapor profile in November has been estimated [42]. The spatial water vapor
columnar abundance variability has been set to +£10% and +20% of the reference 24 November
at 12:00 UTC Trapani atmospheric profile. In Fig. 15the BTD vs. Ty, 31 curvesfor the different
water vapor columnar abundances considered are shown. As Table 5 shows the AOT, r., and

H,0 var=-20%

H,0 var=-10%

2 2
or 7 or 7
8 g
o 2f 1 o 2f 1
= =
m )
-4r b 4r R
6 6
250 300 250 260 270 280 290 300
Tour (K)
H,0 var=20%
2 2 ' '
or 7 or 7
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= =
m )
4r b 4r b
6 6
250 260 270 280 290 300 250 260 270 280 290 300
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Fig. 15. Bell-shaped curves considering different atmospheric water vapor amounts. The red
crosses are the volcanic ash pixel values from the re MODIS image after the water vapor cor-
rection.

total mass retrieval errors are approximately proportional to the water vapor uncertainty i.e. a
10% or 20% of water vapor columnar abundance variability produces retrieval errors of about
10% and 20% respectively. This indicates that the atmospheric water vapor columnar content
uncertainty represents one of the larger sources of volcanic ash retrieval errors.

4.6 Total retrieval error

From the error propagation theory, assuming errors are independent of each other, the total
retrieval error (E;,;) is given by the square root of the square error sum:

Etor = \/(ETS)2 + (E)? + (Erpa)® + (Epr)? + (Etype)? + (Buo)? 4
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Table 5. Total number of ash pixels detected, mean AOT, mean r. and total mass retrieved
considering different atmospheric water vapor amounts. The percentage differenceis computed
relative to the original retrieval.

N° pixel | AOT | 7 (um) | Total mass (tons)
H20 % var (var %) | (var %) | (var %) (var %)
2433 | 051 | 420 2000
-20 (-22) 1) (20) (10)
2743 | 047 | 3.89 3833
10 (12 | 12 | @ ()
3422 | 038 | 296 3283
10 (100 | (10) | (15 (-9)
3601 | 035 | 234 2890
20 (16) 17) | (-33) (-20)

where Er,, E., Erpa, Epr, Eyype and E,,, are the surface temperature, surface emissivity,
plume-top altitude, plume thickness, aerosol optical properties and water vapor retrieval errors,
respectively. Considering a surface temperature, emissivity and water vapor columnar abun-
dance uncertainty of 2 K, 2% and 20% respectively, the total percentage retrieval errors are
summarized in Table 6. Table 6 also shows also the volcanic ash retrieval errors, neglecting
the water vapor uncertainty i.e. assuming the correct atmospheric water vapor profile is known.
These results indicate that the knowledge of a precise water vapor atmospheric profile signifi-

Table 6. Total percentage retrieval errors for mean AOT, mean r. and total mass. The last
column indicates the retrieval errors neglecting the water vapor uncertainty.

Total retrieval error (%) | Total retrieval error (%)
(no water vapor error)

AOT mean 30 20
r. mean (pm) 30 20
Total mass 40 30

cantly reducesthe ash retrieval errors.
Considering the estimated total errors, the retrieved volcanic ash quantities can be written as:
AOT =04 +0.1,r, =3.5+1.1 um, total mass = 3620 +1448 tons.

5 CONCLUSIONS

In thiswork the retrieval of tropospheric volcanic ash from Mt. Etna has been carried out using
MODIS measurements, together with a sensitivity study to assess retrieval errors. As a test
case the 24 November 2006 Mt. Etnaimage, acquired at 12:20 UTC, has been considered.
The meteorological and volcanic cloud discrimination and the effective radius, AOT and total
ash massretrievals have been carried out using the BTD technique applied to MODI S channels
31 (centered at 11 ;sm) and 32 (centered at 12 ym). MODIS channel 5 (centered around 1.24
pm) was used to improve the cloud discrimination by exploiting the distinct reflectivity of
meteorological and volcanic clouds in the near infrared spectral range. An atmospheric water
vapor correction procedure, based on MODTRAN RTM calculations and local measurements,
has been applied to improve the vol canic ash detection. The water vapor correction doublesthe
number of pixelsidentified as containing volcanic ash compared to the original procedure.
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The AOT, 7. and total mass retrievals are obtained by computing the BTD vs. Ty,31 CUrves
asafunction of AOT and effective radius, using MODTRAN. The ash optical properties (single
scattering abedo, extinction coefficients and asymmetry parameters) were derived using the
EODG-AOPP Mie code assuming volcanic ash refractive indices tabulated by Volz [39] and a
log-normal particle size distribution.

Simulationsindicate that the effective radius retrieval is possible in the range 1-7 um. The
near horizontal bell-shaped curves for effective radii lower than 1 ym are superimposed on
each other, while for effective radii greater than 7 ,m the BTD is positive and so ash becomes
indistinguishable from water particles radiative effect. The retrieved mean AOT, mean effective
radiusand total massare 0.4, 3.5 um and 3620 tons, respectively. The AOT plume map indicates
larger values close to the vent and smaller at the cloud edges; large AOT values also occur in
different parts of the plume, due to volcanic puffs. The effective radius plume map indicates a
non-uniform distribution of particle size distribution; the largest particles have been observed
in the western part of the volcanic plume.

The volcanic ash retrieval sensitivity study has been carried out to estimate the errors due
to the uncertainties of different model parameters. Results show that surface parameters (tem-
perature and emissivity) and water vapor uncertainties produce significant errorson all volcanic
ash retrievals. Changing the assumed aerosol type led to significant uncertainties on r., and
total mass retrieval while significant retrieval errors on AOT were produced by plume altitude
uncertainty. The total retrieval errors have been estimated to be 30%, for both AOT and effec-
tive radius and 40% for total mass. Assuming the atmospheric water vapor profileisknowni.e.
neglecting the water vapor uncertainty, reducesthe AOT and effectiveradiusretrieval uncertain-
tiesto 20% and total mass at 30%. Finally, results clearly indicate the need to use atmospheric
profile measurements which accurately represent the volcanic area.
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