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Volcanic Ash Cloud Properties: Comparison Between
MODIS Satellite Retrievals and FALL3D
Transport Model

Stefano Corradini, Luca Merucci, and Arnau Folch

Abstract—The moderate Resolution Imaging Spectroradiome-
ter (MODIS) is a multispectral satellite instrument operating from
the visible to thermal infrared spectral range. FALL3D is a 3-D
time-dependent Eulerian model for the transport and deposition of
volcanic particles. In this letter, quantitative comparison between
the volcanic cloud ash mass and optical depth retrieved by MODIS
and modeled by FALL3D has been performed. Three MODIS
images collected on October 28, 29, and 30 on Mt. Etna volcano
during the 2002 eruption have been considered as test cases. The
results show a general good agreement between the retrieved
and the modeled volcanic clouds in the first 300 km from the
vents. Even if the modeled volcanic cloud area is systematically
wider than the retrieved area, the ash total mass is comparable
and varies between 35 and 60 kt and between 20 and 42 kt
for FALL3D and MODIS, respectively. The mean aerosol optical
depth (AOD) values are in good agreement and approximately
equal to 0.8. When the whole volcanic clouds are considered the
ash areas, then the total ash masses, computed by FALL3D model,
are significantly greater than the same parameters retrieved from
the MODIS data, while the mean AOD values remain in very good
agreement and equal to about 0.6. The volcanic cloud direction in
its distal part is not coincident for the October 29 and 30, 2002
images due to the difference between the real and the modeled
local wind fields. Finally, the MODIS maps show regions of high
mass and AOD due to volcanic puffs not modeled by FALL3D.

Index Terms—FALL3D transport model, Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) measurements, remote
sensing of volcanoes, volcanic ash retrievals, volcanic hazard
and risk.

I. INTRODUCTION

UE TO the large emission of gas and solid particles into

the atmosphere, volcanic eruptions are one of the most
important source of natural pollution. The most abundant gases
released are water vapor (H20), carbon dioxide (COz), sulphur
dioxide (SO3), and hydrochloric acid (HCI). In addition, vol-
canoes emit particles of different sizes. The term volcanic ash
refers to particles with sizes ranging from millimeter to less
than 1 pm. The size, density, and shape of a particle determine
its residence time in the atmosphere. Typically, particles with
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radius larger than 100 pm have short residence times (from
minutes to hours), while particles smaller than 10 pum and
gaseous aerosols can remain airborne from days to weeks and
travel hundreds to thousands of kilometers downwind as a
volcanic ash cloud.

The assessment of properties, movement, and extent of
volcanic ash clouds is an important scientific, economic, and
public safety issue because of its effects on the environment
[1], climate [2], public health [3], and, in particular, aerial
navigation [4]. All of the cited requirements make it essential to
have a greater effort to realize robust and affordable ash cloud
detection and trajectory forecasting, combining remote sensing
and modeling.

Because of the sporadic nature and the large spatial extent of
ash dispersal during volcanic eruptions, satellite remote sensing
is the most suitable technique to detect ash clouds and to
retrieve relevant physical properties. A procedure based on the
difference between the brightness temperature of two channels
centered around 11 and 12 ym and on radiative transfer models
is commonly used for both detection and retrieval purposes
[5], [6]. Such technique has been applied to different polar
and geostationary satellite systems such as the Advanced Very
High Resolution Radiometer [6], [7], the Moderate Resolution
Imaging Spectroradiometer (MODIS) [8], the Geostationary
Operational Environmental Satellite (GOES) [9], and the Spin
Enhanced Visible and Infrared Imager measurements [10]. The
procedure allows to retrieve ash effective radius, aerosol optical
depth (AOD), cloud mass, and cloud extent. In parallel to
remote sensing, ash dispersal models are routinely used by
Volcanic Ash Advisory Centers to foresee short-term (next
24-48 h) dispersion of ash clouds and by Volcano Observatories
and others to predict the amount of expected fallout. Compared
to remote sensing, models can deal with the whole spectrum of
particle sizes but, in contrast, require inputs that are poorly con-
strained during an eruption. In this scenario, relevant input val-
ues must be assumed or inferred from some other observable.
For example, the eruption rate can be estimated indirectly from
the plume height using empirical fits [11, p. 574] or the buoyant
plume theory (BPT) [12], but uncertainties remain large.

Remote sensing retrievals are necessary to validate transport
models and, ideally, should also be used to improve model
initialization by means of data assimilation. Conversely, sim-
ulations of well-studied past events can be used to test the
accuracy of the retrieval techniques. Surprisingly, comparative
studies between models and satellite retrievals are very scarce
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yet [13]. In this letter, we perform a quantitative comparison
between the ash mass and AOD at 0.55 pm from MODIS
satellite measurements and FALL3D dispersal model [14], [15].
The volcanic cloud overlap is also computed. As test cases, we
focus on the Mt. Etna October 28-30, 2002 eruptive events.

II. TEST CASE DESCRIPTION—MT. ETNA 2002 ERUPTION

Mt. Etna (37.73° N, 15.00° E), a massive stratovolcano
(3330 m a.s.1.) located in the eastern part of Sicily (Italy), is one
of the major degassing volcanoes in the world. Etna’s general
quiescent state is periodically interrupted by eruptive crises
during which significant emissions of gases and ash occur. Ash
fallout periodically reaches the surrounding areas affecting the
local population and disrupting the nearby Catania, Sigonella,
and Reggio Calabria airports.

The Mt. Etna 2002 eruption began on the evening of
October 26 with a swarm of earthquakes recorded by the Italian
National Institute of Geophysics and Volcanology. The seismic
swarm preceded and accompanied the explosive activity in the
northeast and south volcano flanks and strombolian activity in
the summital area. The explosive activity increased during the
following days reaching a paroxysm during October 28-31,
with a fairly sustained eruptive column that rose up to 7 km
a.s.l. [16]. Ash fallout caused many problems to the surrounding
population and infrastructures, including the closure of the
Catania Fontanarossa (October 27) and the Reggio Calabria
(October 31) airports. Prevailing winds directed the ash cloud
toward the African coast, causing a light fallout in Libya
(=600 km from Mt. Etna) during the subsequent days [17].

In this letter, the October 28, 29, and 30, 2002 im-
ages collected at 12:15, 09:45, and 12:05 UTC, respectively,
by MODIS-Aqua (October 28 and 30) and MODIS-Terra
(October 29), have been considered as test cases.

III. AsH RETRIEVAL FRoOM TIR MODIS IMAGES

MODIS is a satellite multispectral instrument with
36 spectral bands in the wavelength range from the visible
(VIS) to thermal infrared (TIR) (http://modis.gsfc.nasa.gov/).
The ash detection in the TIR spectral range is carried out by
using the brightness temperature difference (BTD) procedure
[5] applied to the channels centered around 11 and 12 pm
(MODIS channels 31 and 32, 1 km ground spatial resolution).
The ash retrievals (effective radius (r.) and AOD at 0.55 pum)
are obtained from the top-of-atmosphere (TOA) simulated
“inverted arches” curves BTD versus brightness temperature
at 11 pm by varying AOD and r. [6]. To reduce the water
vapor masking effects on BTD, a water vapor correction
procedure has also been applied [8]. The ash mass is computed
pixel-by-pixel exploiting the simplified formula suggested by
Wen and Rose [6]

4 Sprgn’m)AOD("*m)
M ~ -
(n7 m) 3 Qeﬂ‘/ (Tgnm))

)]

where S is the pixel surface, p is the particle density, ré”’m)

is the effective radius of pixel (n,m), AOD™™) is the aerosol
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TABLE 1
FALL3D INPUT VALUES FOR COLUMN HEIGHT (IN METERS ABOVE THE
VENT) AND RESULTING MER ACCORDING TO THE BPT

Event Time Interval Column Height  Averaged MER
[h after 00UTC] [m a.v.] [kg/s]
28 Oct 2002 00:00-06:00 3750 1.6x10°
06:00-12:00 4000 22x10°
12:00-18:00 4250 3x10°
18:00-24:00 4000 3x10°
29 Oct 2002 00:00-06:00 3500 2x10°
06:00-12:00 3000 1.5x10°
12:00-18:00 3250 2x 105
18:00-24:00 3500 2x 105
30 Oct 2002 00:00-06:00 3750 2.1x10°
06:00-12:00 4000 23%x10°

,m))

optical depth of pixel (n, m), and Q¢+ (ré” is the extinction

efficiency factor at effective radius pLm)

The TOA simulations have been performed by using MOD-
TRAN radiative transfer model by using different input param-
eters as the atmospheric profiles [pressure, temperature, and
humidity (PTH)], the surface temperature and emissivity, the
volcanic cloud geometry (altitude and thickness), and the ash
optical properties. For each MODIS image, the PTH profiles de-
rive from the Weather Research and Forecasting (WRF) model
[18], a fully compressible nonhydrostatic mesoscale meteoro-
logical model. The volcanic cloud altitudes are derived from
Andronico et al. [16] that show analyses of eruption images and
videos. The sea surface temperature is computed by inverting
the radiative transfer equation in the TIR spectral range [10]
using the MODIS channels 31 and 32, and considering as emis-
sivity the sea surface values extracted by the ASTER spectral
emissivity library database (http://speclib.jpl.nasa.gov/), con-
sidering the MODIS response functions. Because the volcanic
cloud is not transparent at these wavelengths, the underneath
sea surface temperature has been assumed as the mean tempera-
ture of two wide regions selected just outside the cloud area [8],
[10]. The volcanic dust optical properties [19] with log-normal
size distribution and particle density equal to 2500 kg/m® have
been also considered [20].

The ash retrieval errors have been set to 40% and 30% for
total ash mass and mean AOD, respectively, and derived from a
sensitivity study carried out by [8] considering the uncertainties
of the different input MODTRAN parameters. The sensitivity
limit on particle effective radius, in the considered TIR spectral
range, varies between 0.8 and 10 pum, while the minimum AOD
retrievable is 0.1.

IV. FALL3D DISPERSION MODEL

FALL3D [14], [15] is a Eulerian model for transport and
deposition of tephra. The model solves an advection-diffusion-
sedimentation equation for each particle class, characterized by
its diameter, density, and shape factor. The main volcanological
inputs are the mass eruption rate (MER) and the total grain size
distribution. The outputs of the model are the time-dependent
load at surface (i.e., accumulation rate and deposit thickness)
and atmospheric ash concentration (i.e., mass per unit volume
for each particle class). The AOD is computed at each point
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Fig. 1. Total ash mass maps. (Left to right) October 28, 29, and 30, 2002. (Upper plates) MODIS retrieved maps. (Lower plates) FALL3D-modeled maps.
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Fig.2. AOD at 0.55 pm maps. (Left to right) October 28, 29, and 30, 2002. (Upper plates) MODIS retrieved maps. (Lower plates) FALL3D-modeled maps.

from the column mass using (1) and taking into account all
particle classes with diameter < 10 pm.

In order to obtain the meteorological variables, we coupled
FALL3D with the WRF model. The WRF model was config-
ured to integrate the primitive equations using the advanced

research WRF dynamics solver in a two-nest domain (15 and
5 km resolution, respectively) with 64 vertical layers and top
model pressure of 50 hPa. Initial and 6-hourly boundary con-
ditions for WRF were obtained from the National Centers for
Environmental Prediction-2 reanalysis.
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TABLE II
TOTAL ASH MASSES (T7), MEAN AOD AT 0.55 pum AND, PERCENTAGE OF CLOUD OVERLAP FOR THE MODIS AND FALL3D RETRIEVALS. ON EACH
ERUPTION DATE, THE FIRST ROW INDICATES THE VALUES OBTAINED CONSIDERING THE WHOLE IMAGES, AND THE SECOND ROW INDICATES
THE VALUES OBTAINED CONSIDERING ONLY THE FIRST 300 km FROM THE VENTS (SEE ZOOMED IMAGES)

MODIS FALL3D % cloud % cloud

Date Area T AOD Area Tar AOD | overlap overlap

[km?]  [kt] [km2]  [kt] AOD > 0.1 | AOD > 1
28 Oct 2002 | 26700  63.0 £ 252 0.62 £ 0.19 | 43700 90.0 0.62 35 66

15600 419 + 16.8 0.80 & 0.24 | 19300 61.0 0.97 82 70
29 Oct 2002 | 13700 303 £ 12.1 0.57 £ 0.17 | 61400 106.9 0.53 74 23

5300 194 + 7.8 091 + 0.27 | 15100 33.8 0.67 95 23
30 Oct 2002 | 24300 59.5 +23.8 059 +0.18 | 62900 125.8 0.61 82 62

13100 369 + 148 0.78 £ 0.23 | 16900 51.8 0.93 95 64

A. Model Setup

We used FALL3D to simulate Mt. Etna ash clouds from
October 28, 2002 at 00 UTC to October 20, 2002 at 12 UTC.
The spatial resolution was set to 1.5 km, a value similar to the
MODIS TIR bands ground resolution at nadir. The model was
configured with the Ganser terminal velocity model and the
##RAMS model parameterization for horizontal diffusion [15]
with Cs = 0.15 and Prandtl number Pr = 1. In the simulations,
we assumed a particle grain size distribution with ten classes
ranging in diameter from 1 mm (0®) to 1 ym (9®) and peaked
at 125 pum (3®). For simplicity, we assumed constant density
(2500 kg/m®) and sphericity (0.9) for all particle classes. For
comparison, Andronico et al. [16] found a 3® mode and a 1
deviation for the samples collected during October 28, 2002 at
a distance of 25 km. The fraction of mass with diameter below
10 pm (i.e., entering in the computation of AOD) is of about
4%, consistent with the proportion of very fine ash typically
observed in basaltic eruptions [21].

We used time-dependent values for plume heights and MER
as reported in Table I. Also, in this case, the plume heights
derive from [16] and were determined from the analysis of
images and videos. The source terms were estimated by means
of the BPT, which allows the computation of the vertical
distribution of mass and the MER every hour depending on the
column heights and wind field to account for plume bent over.
The resulting erupted mass during the simulated period is of
2.8 x 1010 kg (from October 28, 2002 at 00OUTC to October 30
at 12UTC). For comparison, Andronico et al. [16] give values
of about 10*° kg for 6 h of fallout during October 28, 2002 and
4.4 x 100 kg for the October 28-31, 2002 period.

V. RESULTS

The volcanic ash cloud mass per square kilometer and AOD
at 0.55 pm evolution modeled by FALL3D are given in the aux-
iliary material (see “FALL3D_Etna_2002_Tmass_movie.gif”
and “FALL3D_Etna_2002_AOD_movie.gif”, respectively).
The movies show the volcanic cloud movement from October
28 at 00 UTC to October 30 at 12 UTC every 15 min.

In the following discussion, we shall refer to the FALL3D
and MODIS ash clouds displayed in Figs. 1 and 2, showing
the ash mass per square kilometer and the AOD at 0.55 pm,
respectively. Each figure shows, from left to right, the October
28, 29, and 30, 2002 maps retrieved from MODIS (upper

Plates) and modeled by FALL3D (lower Plates). The FALL3D
ash maps shown are near contemporary to all the MODIS
images (i.e., extracted at 12:15, 09:45, and 12:00 UTC for the
October 28, 29, and 30, 2002, respectively). Some qualitative
results can be noticed at a first sight.

The images show a general good agreement in both the
AOD and total mass area series of maps, and this is particu-
larly evident when comparing the ash cloud areas in the first
300 km from the vent (zoomed Plates). The MODIS retrievals
emphasize regions of high AOD and total ash mass not captured
by FALL3D. These “puffs” are likely caused by short-term
oscillations of the eruption intensity. The FALL3D ash cloud
areas are always larger and include most of the MODIS ash
clouds. This can be justified because the spreading of the
volcanic cloud in its distal part causes the ash signal to fade out
beyond the detectivity threshold of the retrieval procedure and,
moreover, in the same area, many pixels are rejected because
it is being affected by meteorological clouds. Finally, both
Figs. 1 and 2 show that, for the October 29 and 30, 2002
cases, the directions of the retrieved and modeled clouds in
their distal parts (near the African coast) are not coincident.
Such a discrepancy can be attributed to different causes such
as differences between the real and the WRF-modeled wind
fields, incorrect ash release height that can yield to inaccurate
modeling of the cloud direction in the presence of strong wind
shear (as observed in the 29 and 30 images), or when the ash
signal is too weak.

These qualitative observations are quantitatively supported
by the results summarized in Table II for the three days of the
eruption. The time, area, total mass, and AOD are compared for
the MODIS and FALL3D ash clouds, along with the percentage
of cloud overlap defined by AOD > 0.1 and AOD > 1. The
total volcanic cloud area and ash mass modeled by FALL3D
can be more than three times greater than the corresponding
MODIS retrievals. Table II also shows the results of areas and
total masses computed by considering the zoomed regions only.
Here, the differences between the modeled and the retrieved
parameters are much less important, except for the October
29 case for which it still remains significant. The October 28
and 30 total ash mass retrieved by MODIS from the whole
images (63 and 60 kt) turn out to be comparable with that
of the total masses retrieved by [22] (93 and 132 kt) from
the nearly contemporaneous Atmospheric Infrared Sounder
(AIRS) images, taking into account that a significant part of
the ash clouds retrieved from AIRS data is over Africa, in a
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region that was not framed by the MODIS data. The mean
AOD comparison is in very good agreement, always around
0.6 when evaluated on the whole images and higher on the
subsets (see Table II). The ash cloud overlaps were computed as
the intersection between the MODIS and FALL3D clouds area
divided by the MODIS cloud area for AOD > 0.1 and AOD
> 1. In the first case (AOD > 0.1), the overlap ranges from
55% to 82% and from 82% to 95% for the subset images (see
Table II). The overlap percentages at AOD > 1 show that the
maxima of the retrieved and modeled ash clouds do not always
overlap. The difference in the overlap percentage obtained by
varying the AOD threshold can be interpreted as an indicator
of the local accuracy of wind field used by the model. In the
29 October test case, the overlap percentage at AOD > 1 drops
to 23% showing that even if the clouds are collocated (AOD
> 0.1 ranges from 74% to 95%), the AOD structures of the
retrieved and modeled volcanic ash clouds differ.

VI. CONCLUSIONS

Volcanic ash cloud parameters retrieved from MODIS satel-
lite data and simulated by FALL3D dispersion model have been
quantitatively compared. The mean AOD and total mass show a
good agreement not only when they are compared as integrated
measures but also when spatially compared as AOD and mass
maps of the retrieved and modeled ash clouds. More than the
integrated measure comparison, the analysis of ash mass and
AOD maps allows the detailed comparison of the retrieved and
modeled ash clouds. Three MODIS images collected at 12:15,
9:45, and 12:05 on October 28, 29, and 30, 2002, respectively,
on Mt. Etna volcano have been analyzed. The results indicate
a good agreement in the first 300 km from the volcano vents.
In this area, the total ash mass varies between 20 and 45 kt and
between 35 and 60 kt for MODIS and FALL3D, respectively,
the mean AOD is about 0.8, and the retrieved and modeled ash
clouds are essentially collocated. In contrast, modeled cloud
areas and masses are greater than those retrieved from MODIS
data when the whole volcanic clouds are considered. However,
the mean AOD values still remain in a very good agreement
and equal to about 0.6. Reasons to explain such differences
in the distal parts include insufficient accuracy in the modeled
wind directions and too weak ash signal to be detected by the
satellite. The study of the clouds’ spatial overlap gives insights
on the ash cloud structure and points to the refinements that
should be considered in order to improve the matching between
retrievals and models.
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