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FALL3D is a 3-D time-dependent Eulerian model for the transport and deposition of
volcanic ashes and lapilli. The model solves the advection–diffusion–sedimentation
(ADS) equation on a structured terrain-following grid using a second-order ﬁnite
differences (FD) explicit scheme. Different parameterizations for the eddy diffusivity
tensor and for the particle terminal settling velocities can be used. The code, written in
FORTRAN 90, is available in both serial and parallel versions for Windows and
Unix/Linux/Mac X operating systems (OS). A series of pre- and post-process utility
programs and OS-dependent scripts to launch them are also included in the FALL3D
distribution package. Although the model has been designed to forecast volcanic ash
concentration in the atmosphere and ash loading at ground, it can also be used to model
the transport of any kind of airborne solid particles. The model inputs are
meteorological data, topography, grain-size distribution, shape and density of particles,
and mass rate of particle injected into the atmosphere. Optionally, FALL3D can be
coupled with the output of the meteorological processor CALMET, a diagnostic model
which generates 3-D time-dependent zero-divergence wind ﬁelds from mesoscale
forecasts incorporating local terrain effects. The FALL3D model can be a tool for
short-term ash deposition forecasting and for volcanic fallout hazard assessment. As an
example, an application to the 22 July 1998 Etna eruption is also presented.
& 2008 Elsevier Ltd. All rights reserved.
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1. Introduction
Explosive volcanic eruptions can inject into the atmosphere large amounts of pyroclasts. These particles,
globally known as tephra, can be classiﬁed according
to their diameter d as blocks ðd464 mmÞ, lapilli
ð2 mmodo64 mmÞ, coarse ash ð64 mmodo2 mmÞ, and
ﬁne ash ðdo64 mmÞ. Blocks and larger lapilli follow
ballistic and non-ballistic trajectories and fall rapidly
close to the volcano. In contrast, very ﬁne ashes can
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remain entrapped in the atmosphere for months to years,
and may affect the global climate in the case of large
eruptions. Particles having sizes between these two endmembers remain airborne from hours to days and can
cover wide areas downwind. Such volcanic fallout entails
a serious threat to aircraft safety and can create many
undesirable effects to the communities located around the
volcano.
The assessment of volcanic fallout hazard is an
important scientiﬁc, economic, and political issue, especially in densely populated areas. Effective tools for
forecasting ash transport and for strategic land use
planning can contribute to hazard assessment and risk
mitigation of the potentially affected regions. From a
scientiﬁc point of view, considerable progress has been
made during the last two decades through the use of
increasingly powerful computational models and capabilities. Nowadays, models are used to quantify hazard
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scenarios and/or to give short-term forecasts during
emergency situations (Folch et al., 2008).
Volcanic ash fallout models can be grouped within two
main categories: particle-tracking models (PTM) and
advection–diffusion models (ADM). PTM are Eulerian or
Lagrangian models devoted to track the position of a
volcanic cloud. They are mainly used by the Volcanic Ash
Advisory Centers (VAACs) for aviation-safety purposes.
Examples of PTM are CANERM (D’Amours, 1998), PUFF
(Searcy et al., 1998), VAFSTAD (Heffter and Stunder, 1993),
or VOL-CALPUFF (Barsotti et al., 2008). On the other hand,
ADM are Eulerian models based on the advection–
diffusion–sedimentation (ADS) equation. Simplest ADM
assume that volcanic ash dispersal is described as a quasisteady and quasi-2-D process in order to derive semianalytical solutions of the ADS equation. They can only
forecast ash accumulation on the ground and are mainly
used for civil protection purposes such as giving public
warnings or territorial planning through development of
hazard maps. They cannot be used on large domains or for
very transient episodes, where their basic assumptions are
no longer valid. Moreover, semi-analytical models cannot
be used to predict the variations of ash concentration in
the air. Examples of these models are HAZMAP (Barberi
et al., 1990; Macedonio et al., 2005), ASHFALL (Hurst,
1994), and TEPHRA (Connor et al., 2001).
FALL3D (Costa et al., 2006) is a 3-D time-dependent
Eulerian model which circumvents many of the simpliﬁcations behind the simpliﬁed ADM. The model can be used to
forecast both particle concentration in the atmosphere (i.e.
ash cloud evolution) and particle loading at ground level.
The main inconvenience of such generalization is the
increase in the computing times, especially for large
domains and long time intervals. Here we present an
improved version of the original FALL3D model (Costa
et al., 2006) together with a new parallelized code version
which drastically reduces the computational times. It is
worth highlighting that the applications of FALL3D are not
constrained to volcanic ash transport. In fact, the model can
also be used to simulate the transport of industrial airborne
particles at short to medium scales (from few hundreds of
metres to few hundreds of kilometres). This manuscript is
arranged as follows. Firstly we present the governing
equations and parameterizations used by FALL3D and
overview the solving algorithm and the code parallelization
strategy. Secondly, we describe the program I/O ﬁles and the
associated utility programs. We conclude presenting an
application example, included in the FALL3D package, to the
22 July 1998 Mt. Etna eruption.

2. FALL3D ash transport model
2.1. Governing equation
The main factors controlling atmospheric transport of
ash are wind advection, turbulent diffusion, and gravitational settling of particles. Neglecting particle–particle
interaction effects (collisions, aggregation, etc.), the
Eulerian form of the continuity equation written in a
generalized coordinate system ðX; Y; ZÞ is (Costa et al.,
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where C is the scaled averaged concentration, V ¼
ðV X ; V Y ; V Z Þ is the scaled wind speed, K X , K Y and K Z are
the diagonal terms of the scaled eddy diffusivity tensor, r is
the scaled atmospheric density, and S is the scaled source
term. FALL3D solves Eq. (1) for each particle class j using a
terrain-following coordinate system ðx ¼ X; y ¼ Y; z ! ZÞ.
The scaling factors for this particular case are given in Table 1.
The generic particle class j is deﬁned by a triplet of values
characterizing each particle ðdp ; rp ; F p Þ, that are, respectively,
diameter, density, and a shape factor. For dp we use the
equivalent diameter d, which is the diameter of a sphere of
equivalent volume. For the shape factor F p we choose the
sphericity c, which is the ratio of the surface area of a sphere
with diameter d to the surface area of the particle. In our
approximation, each triplet ðd; rp ; cÞ is sufﬁcient to deﬁne
the settling velocity. As mentioned above, the model
assumes no particle–particle interaction and that particles
settle down at their terminal velocities. Moreover we assume
a negligible effect of Earth’s curvature. This assumption
constrains the applicability of the model to domains smaller
than few hundreds of kilometres.
2.2. Eddy diffusivity tensor
FALL3D admits either constant or variable values for
vertical and horizontal diffusion. For the more realistic case
of variable diffusion, the vertical K z and the horizontal K h ¼
K x ¼ K y components of the eddy diffusivity tensor are
estimated depending on meteorological variables.
(1) Vertical component K z . Inside the atmospheric
boundary layer (ABL), FALL3D evaluates K z as
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Table 1
Scaling
factors
for
ðx ¼ X; y ¼ Y; z ! ZÞ.

a

terrain-following

coordinate

system

Parameter

Scaling

Coordinates
Velocities

V X ¼ vx ; V Y ¼ vy ; V Z ¼ vz J 1 ; V sj ¼ vsj J 1

Diffusion coefﬁcients
Concentration
Density
Source term

X ¼ x; Y ¼ y; Z ¼ z  hðx; yÞ
K X ¼ K x ; K Y ¼ K y ; K Z ¼ K z J 2
C ¼ cJ
r ¼ rJ
S ¼ SJ

ðx; y; zÞ are Cartesian coordinates, h is topographic relief, and J is
determinant of Jacobian of the coordinate system transformation.
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where k is the von Karman constant ðk ¼ 0:4Þ, u is
the friction velocity, h is the ABL height, and L is the
Monin–Obukhov length (see Costa et al., 2006). The
expression above comes from an extension of the
Monin–Obukhov similarity theory to the entire ABL
(Ulke, 2000). On the other hand, above the ABL
ðz=h41Þ, K z is considered a function of the local
vertical wind gradient, a characteristic length scale lc ,
and a stability function F c which depends on the
Richardson number Ri:


2 quz 
(3)
K z ¼ lc 
F ðRiÞ
qz  c
For lc and F c , FALL3D adopts the relationship used by
the CAM3 model (Collins et al., 2004):
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where lc is the so-called asymptotic length scale
ðlc  30 mÞ.
(2) Horizontal components K h . A large eddy parameterization as that used by the RAMS model (Pielke et al.,
1992) is used for evaluating K h :
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where we assume Pt ¼ 3 forpthe
turbulent Prandtl
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
number, km ¼ 0:075D4=3 , D ¼ DxDy, Dx and Dy are
the horizontal grid spacings, and C SH is a constant
ranging from 0.135 to 0.32.

(2) GANSER model (Ganser, 1993):
Cd ¼

24
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(9)
0:5743

Þ and K 2 ¼ 101:84148ðLog cÞ
where K 1 ¼ 3=ð1 þ 2c
are two shape factors, and c is the particle sphericity
(c ¼ 1 for spheres).
(3) WILSON model (Walker et al., 1971; Wilson and
Huang, 1979) using the interpolation suggested by
Pfeiffer et al. (2005):
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where j ¼ ðb þ cÞ=2a is the particle aspect ratio
(aXbXc denote the particle semi-axes).
(4) DELLINO model (Dellino et al., 2005):
vs ¼ 1:2605

na
d

1:6 0:5206

ðAr x

Þ

(11)

3

where Ar ¼ gd ðrp  ra Þra =m2a is the Archimedes
number, g the gravity acceleration, and x is a particle
shape factor (sphericity to circularity ratio).
Since for FALL3D the primary particle shape factor is the
sphericity c, for sake of simplicity, the model calculates j
in (10) and x in (11) approximating particles as prolate
ellipsoids.
2.4. Meteorological variables

2.3. Settling velocity models
There are several semi-empirical parameterizations for
the particle settling velocity vs if one assumes that
particles settle down at their terminal velocity:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4gðrp  ra Þd
(7)
vs ¼
3C d ra
where ra and rp denote air and particle density,
respectively, d is the particle equivalent diameter, and
C d is the drag coefﬁcient. C d depends on the Reynolds
number, Re ¼ dvs =na (na ¼ ma =ra is the kinematic viscosity
of air, ma the dynamic viscosity). In FALL3D several
options are possible for estimating settling velocity,
such as:

(1) ARASTOOPOUR model (Arastoopour et al., 1982):
8
< 24ð1 þ 0:15 Re0:687 Þ Rep103
C d ¼ Re
:
0:44
Re4103
valid for spherical particles only.

(8)

FALL3D reads time-dependent meteorological data
(wind ﬁeld, air temperature, Monin–Obukhov length L,
friction velocity u, and ABL height h) and topography
from a database created by an external utility program
(SETDBS). There are two ways to generate this database.
The simplest option consists of using a horizontally
uniform wind derived from a vertical proﬁle, typically
obtained from vertical sounding measurements. The
second choice (CALMET option) is more elaborate and
uses data derived from the output of the meteorological
diagnostic model CALMET (Scire et al., 2000). This second
option is used for assimilating and interpolating
short-term forecasts (or re-analysis) from mesoscale
meteorological prognostic models (MMPM). Assimilating
topographic information (roughness and terrain heights e)
and the MMPM output on a coarse mesh, CALMET
generates a zero-divergence wind ﬁeld V ¼ ðV X ; V Y ; V Z Þ
on a ﬁner grid using a terrain-following coordinate system
X ¼ x, Y ¼ y, Z  ¼ z  eðx; yÞ. In a ﬁrst step, the initial guess
wind ﬁeld (in our case that given by a MMPM) is adjusted
for (i) kinematic terrain effects (lifting and acceleration of
the airﬂow over terrain obstacles), (ii) thermodynamically
generated slope ﬂows, and (iii) blocking effects. After
a divergence-minimization procedure, a Step 1 mass
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consistent wind ﬁeld ðV X1 ; V Y1 ; V z1 Þ is obtained. In a
further stage meteorological observations are added to
Step 1 ﬁeld and an objective analysis procedure gives a
second intermediate ﬁeld ðV X2 ; V Y2 ; V Z2 Þ. The scheme is
designed so that observations are used to correct Step 1
wind ﬁeld within a user-speciﬁed radius of inﬂuence,
whereas it remains unchanged in subregions where
observations are unavailable. Finally, a new divergenceminimization procedure is applied iteratively to
ðV X2 ; V Y2 ; V Z2 Þ until the inequality:

r  Vo
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classes), a second parallelization is performed for the
vertical layers. The ﬁrst parallelization (on the classes)
scales linearly because broadcast operations are minimum. This is not true for the second parallelization
because broadcast operations among processors of a
group grow proportionally to the number of processors.
The scalability analysis has shown that optimal performance (best ratio between CPU time and number of
processors) is achieved when each processor works with
3–4 vertical layers.

(12)

is satisﬁed ( is a user-deﬁned bound). The ﬁnal products
of CALMET are a zero-divergence wind ﬁeld consistent
with the observations (or ‘‘pseudo-observations’’), a ﬁnerscale interpolated temperature ﬁeld and all the quantities
needed in the parameterization of the eddy diffusivity
tensor such as the Monin–Obukhov length L, the friction
velocity u, and the ABL height h (see Section 2.2). The
approximation of a zero-divergence wind ﬁeld (12) is fully
adequate at heights close to 1 km (Dutton and Fichtl,
1969) although it is commonly extended up to few
kilometres (Sang et al., 1999; Park and Kim, 1999). In a
further generalization of FALL3D for applications that
cover large domains (several hundreds of kilometres), this
limitation can be overcome through a direct coupling of
the model with the meteorological ﬁelds furnished by
MMPM, which typically involve horizontal spatial resolutions of about 5–10 km and variable vertical grid spacings
from about 50 m near the surface to nearly 1 km at the
upper layers.
2.5. Source term
FALL3D reads the time-dependent source term (mass
released per unit time at each grid point) from an external
ﬁle. This ﬁle can be generated by the SETSRC utility
program (see Section 6.3).

4. Program setup
For information regarding the installation and
execution of FALL3D and the utility programs see the
‘‘README_Files.pdf’’ included in the distribution package.
The FALL3D package comes with a set of utility programs
(see Section 6) which can be used to generate input ﬁles in
the format required by FALL3D or to post-process the
results. The order of execution is the following (see Fig. 1):
(i) run the program SETGRN to generate the granulometry
ﬁle, (ii) run the program SETDBS to generate the database
ﬁles containing meteorologic and topographic data,
(iii) run the program SETSRC to generate the source term
ﬁle, (iv) run FALL3D (serial or parallel version) and,
ﬁnally, (v) run the program FALL3DPOSTP to postprocess
the results. Steps (i) and (iii) can be avoided if the user
provides the granulometry and source ﬁles directly.
5. The I/O ﬁles
FALL3D and the utility programs use several ﬁles. For a
detailed description of the contents and formats of all ﬁles
see the ‘‘README_Files.pdf’’ ﬁle located in the folder
Documents. Names and locations of ﬁles are deﬁned by
the user who can change them editing the script ﬁles that
launch the programs. The I/O ﬁles are:

 The control input ﬁle FileInp. This ﬁle is composed of
3. Equation-solving algorithm and code parallelization
FALL3D solves Eq. (1) on a structured grid using a
ﬁnite difference (FD) explicit algorithm. The mesh is
assumed uniform along the horizontal but it can vary
along the vertical. The advective terms are discretized
using a second-order Lax-Wendroff scheme whereas the
diffusive terms are evaluated using central differences
(see Costa et al., 2006 for details). As boundary conditions
we assume zero-normal derivatives for outgoing ﬂuxes
and null concentrations for ingoing ﬂuxes.
The parallel version of FALL3D is based on the
Message-Passing Interface (MPI) library. The parallelization of the code is done at two levels, one for the particle
classes and another for the domain. First, the processors
available are distributed among groups. Each group works
on one particle class or on a series of particle classes. Since
it is assumed that particles do not interact, the ﬁrst
parallelization is straightforward. Second, if each particle
class has more than one processor assigned (i.e., if the
number of processors is a multiple of the number of







a series of blocks which deﬁne all the computational
and physical parameters needed by FALL3D and the
utility programs. Each program reads a single block of
the ﬁle (blocks could, in fact, be also in separate ﬁles,
one for each program).
The granulometry ﬁle FileGrn. This ﬁle contains the
sizes, densities, shapes and distribution of particles.
For some particular cases, it can be created by the
utility program SETGRN.
The source ﬁle FileSrc. This ﬁle contains the
deﬁnition of the source term(s) for each particle class
and at different time slices. Source point number,
position, and values (mass eruption rate) can vary from
one time slice to another. There is no restriction on the
number and duration of the time slices. It allows the
user to discretize any type of time-dependent source
term (time-dependent mass eruption rate, column
height, etc.). This ﬁle can be created by the utility
program SETSRC.
The meteorological data ﬁle FileDat. This ﬁle contains meteorological data and is used as input for the
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FileInp
FALL3D
block

GRANULOMETRY
block

METEO BATABASE POSTPROCESS
block
block

SOURCE
block

SETDBS

SETGRN

FileDat
FileTop

FileGrn

SETSRC

FileDbs

FileSrc

FALL3D

FileSym

FileRes

FALL3DPOSTP

FileLog
FileGRD
FilePS
Fig. 1. Execution ﬂow for FALL3D and utility programs (see Section 6). Boxes indicate I/O ﬁles. File names are passed to programs as a call argument.







SETDBS utility which generates data needed at each
node (see below). Two options are available: FileDat
can be (i) an output of CALMET in binary format or (ii) a
user-deﬁned ASCII ﬁle containing the vertical proﬁle
of wind and temperature at different time slices.
These values are typically measured through vertical
soundings.
The topography ﬁle FileTop. This ﬁle contains the
topography in GRD format and it is used by the
SETDBS program when the option ‘‘proﬁle’’ is used for
the meteorological ﬁle FileDat. When FileDat is an
output of CALMET it is not necessary because CALMET
output ﬁles already contain the topography. The
topography ﬁle speciﬁes ground elevation at a regional
scale (i.e. in a region typically larger than the
computational domain). Topography must be speciﬁed
on a structured grid using arbitrary (but constant) grid
spacing. Discretizations along x- and y-directions can
be different. The only necessary requirement is that the
computational domain must lay within the bounds of
the region where topography is speciﬁed. SETDBS
reads the topography ﬁle and automatically interpolates elevations onto the nodes of the computational
grid.
The database ﬁle FileDbs. This is a direct access
binary ﬁle generated by the SETDBS utility program. It
contains the topography and meteorological data at
each node of the computational grid for the run time
interval.
The results ﬁle FileRes. This is a binary ﬁle that
contains the results of a FALL3D run. This ﬁle must be
processed by the FALL3DPOSTP utility program to
produce ﬁles for the post-processing phase (normally
in GRD or PostScript formats).

 The log ﬁle FileLog. This ﬁle contains information



concerning the run (summary of input data and
memory requirements, run-time error messages, CPU
time, etc.).
The symbols ﬁle FileSym. This ﬁle is optionally used
by the FALL3DPOSTP program for plotting symbols
and legends in the PostScript map ﬁles.

6. The utility programs
6.1. The program SETGRN
The program SETGRN is an optional utility program
that reads the GRANULOMETRY block from the control
input ﬁle (FileInp) and generates the granulometry ﬁle
for FALL3D. It is assumed that the mass fraction of
particles follows a Gaussian distribution in F and that the
density of particles varies linearly with F (F is related to
the particle diameter, expressed in millimeters, by
d ðmmÞ ¼ 2F ). Note that FALL3D can deal with more
general granulometric distributions different from
Gaussian. In this case, the granulometry ﬁle FileGrn
must be supplied by the user directly, providing
sizes, densities, sphericities and distribution of particles
(see README_files.pdf).
6.2. The program SETDBS
The program SETDBS generates a database ﬁle
needed by FALL3D. As input either a vertical proﬁle
(sounding) together with a topography ﬁle (in GRD
format) or an output from the meteorological processor
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CALMET (version 6.2) can be used. The latter option is
preferable because CALMET generates a 3-D wind ﬁeld
that accounts for topographic effects and computes
micrometeorological variables in the ABL that are needed
by FALL3D to estimate the eddy diffusivity tensor (see
Section 2.2). FALL3D and the database have the same
horizontal discretization, but the number and the spacing
of the vertical layers can be different.

Table 2
List of ﬁles needed to run Etna 1998 application example.
File

Description

Control input ﬁle
Granulometry ﬁle. Not needed if
SETGRN is used
Etna1998.calmet62.dat
CALMET output ﬁle
Needed by SETDBS program if
TYPEDATA ¼ CALMET62
Etna1998.profile.dat
Vertical wind proﬁle and temperature
Needed by SETDBS program if
TYPEDATA ¼ PROFILE
Etna1998.regionaltopo.grd Regional topography ﬁle in GRD
format
Needed by SETDBS program if
TYPEDATA ¼ PROFILE.
Etna1998.sym
Symbols ﬁle. Optionally used by
FALL3DPOSTP program
Etna1998.inp
Etna1998.grn

1339

6.3. The program SETSRC
The program SETSRC is an optional utility program
that reads the SOURCE block from the control input ﬁle
(FileInp) and generates a source ﬁle for FALL3D. The
program admits three types of source: point source (mass
is released in a single source point), Suzuki distribution
(Suzuki, 1983; Pfeiffer et al., 2005), and a buoyant plume
model (Bursik, 2001). The last option is more elaborate
and involves the solution of the 1-D radial-averaged
plume governing equations that describe the convective
region of an eruptive column. These equations are
intimately coupled with the wind ﬁeld which, for small
plumes, may cause a substantial plume bend-over and, as
a consequence, variations of plume height and of mass
release location. When this option is chosen, the SETSRC
program reads the values of the wind proﬁle at the vent
from the database ﬁle (FileDbs) and then solves the
plume governing equations for each time slice and particle
class accounting for wind effect. Note that it introduces a
time dependence in the source term due to the wind
variability even if all the eruptive parameters (mass
eruption rate, class fraction, etc.) are kept constant.
6.4. The program FALL3DPOSTP
The program FALL3DPOSTP is a program that reads a
FALL3D output binary ﬁle, calculates some relevant

4190000

Taormina

Y coordinate (UTM in m)

4180000

4170000

Acireale
4160000

Catania
4150000

4140000
485000

495000

505000
515000
X coordinate (UTM in m)

525000

535000

Fig. 2. Etna 22 July 1998 deposit load at end of simulation (20:00 h UTC). Contours in kg=m2 . Dots show measured ground ash loads.
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Field observations used for comparison and input data
were derived from Andronico et al. (1999). Concerning
grain size distribution we considered 15 particle classes
ranging in size from F ¼ 3 ðd ¼ 8 mmÞ to F ¼ 4 ðd ¼
62:5 mmÞ with a DF ¼ 1. For each F-value we accounted
for both pumice and lithic components, assuming constant relative fractions of 0.95 and 0.05, respectively.
Particle sphericity values were assumed similar to those
measured for the 2002 Etna eruption (Coltelli et al., 2008),
and range from 0.93 to 0.95 (see the granulometry ﬁle
Etna1998.grn).
In order to reconstruct the wind ﬁeld during the
eruption, we used radio-sounding data from University of
Wyoming (http://weather.uwyo.edu/) at Trapani station
on 22 July 1998. Since wind data at the eruption time are
unavailable, we calculated wind speed and direction
interpolating values from soundings at 12:00 and 24:00
UTC. The ﬁle Etna1998.profile.dat, containing vertical
proﬁles for velocity and temperature, can be used as input
for the SETDBS utility to generate an horizontally homogeneous wind database. However, due to the long distance

quantities at selected heights and times, and produces
elementary maps in GRD and PostScript formats. Files in
GRD format can be readed directly by several plotting
programs like the commercial software GRAPHER. Alternatively, the user may also generate plots using functions
from several free packages (e.g. gnuplot).

7. Application example
As an example of application we consider the paroxystic phase of 22 July 1998 Mt. Etna eruption. Table 2
shows the ﬁles necessary to run the Etna 1998 application
example (these ﬁle are included in the folder Runs/
Etna1998 of the FALL3D distribution package).
An intense explosive eruption was generated at
Mt. Etna Voragine Crater on 22 July 1998. The eruption
reached its climax at about 16:40 UTC (18:40 LT) forming
a column 9 km high above the vent (Andronico et al.,
1999; Aloisi et al., 2002).
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Fig. 3. Temporal evolution of Etna 22 July 1998 airborne ash concentration at 1500 m a.s.l., from 17:00 UTC to 20:00 h UTC. Contour levels indicate
concentrations of 104 , 105 , and 106 kg=m3 . Latter value can be considered as a concentration threshold for air navigation safety.
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Table 3
Parameters used to simulate Etna ash dispersal from 22 July 1998.
Parameter (unit)

Value

Vent coordinates (UTM)
Vent elevation (m)
Exit velocity (m/s)
Vent magma temperature
ð CÞ
MER (kg/s)

(500 000, 4 176 000)
 2700
100
1000

Column heighta (m)
Eruption durationa (h)
Erupted massa (kg)
Meteorological input data

a

2:5  106
 9000
 0:2
1:8  109
http://weather.uwyo.edu/ (sounding
at Trapani)

Value derived from best-ﬁt of data.

100

2

Computed value (kg/m )

between Trapani and Mt. Etna (220 km) and to the local
effects of topography, the wind proﬁle at Trapani may
actually differ from that at Etna, especially in the lower
atmospheric levels. For this reason we consider also a
variable wind ﬁeld obtained by using CALMET. The ﬁle
Etna1998.calmet62.dat can be used by the SETDBS
utility to generate a database having a wind ﬁeld which
incorporates terrain effects.
Concerning the source term, the SETSRC utility using
the buoyant plume theory with a mass eruption rate
(MER) of 2:5  106 kg=s and a magma temperature of
1000 C predicts a plume height of  9 km above the vent
( 12 km a.s.l.), in complete agreement with the observations. The effective duration of the paroxystic phase was
set equal to 0.2 h (12 min). The total mass, calculated as
the MER times the eruption duration, is  1:8  109 kg,
consistent with the 1:5  109 kg estimated by Andronico
et al. (1999). It is worth nothing that the best-ﬁt duration
that reproduces the observed deposits ranges from about
5 to 20 min depending on the weighting factor used in the
minimization procedure (see e.g. Costa et al., 2008). As
consequence total mass estimation ranges from about
0:8  109 to 3  109 kg.
Fig. 2 shows the deposit obtained by FALL3D using a
grid with 51  51  18 nodes (1 km of horizontal spacing)
and the wind ﬁeld generated by CALMET. The time
evolution of the airborne ash concentration at 1500 m
a.s.l. is also shown in Fig. 3. Assuming 106 kg=m3 as a
concentration threshold for ﬂight safety, the outer contours in the ﬁgure bound the unsafe region for the ﬂy level
of 1500 m. Such information can be important for
evaluating whether landing is possible at the Catania
airport.
In order to quantify the inﬂuence of the spatial
discretization we also performed the same simulation
using a ﬁner mesh ð101  101  18Þ verifying that the
effect of mesh reﬁnement was negligible.
We used the GANSER terminal velocity model and an
eddy diffusivity tensor described by the similarity theory
(vertical component) and a constant horizontal diffusion
(see Section 2.2). For comparison we carried out the same
simulation using the DELLINO and the WILSON terminal
velocity models verifying that the choice of the model has
not a very strong effect on the simulation results, in

1341

10

1

0.1

0.01
0.01

0.1

1

Observed value

10

100

(kg/m2)

Fig. 4. Comparison between computed and observed ground ash
loadings. Dashed lines indicate over- or under-estimations of 15 and
5 times observed values.

agreement with Scollo et al. (2008). It is also worth noting
that, in cases when the wind ﬁeld comes from a single
sounding, large eddy models (see option RAMS model) can
underestimate turbulent diffusion because there is no
horizontal shear. In fact, data best-ﬁt suggests a constant
horizontal diffusion of K h  5000 m2 =s whereas the RAMS
option gives a lower average value ðK h  2000 m2 =sÞ. The
best-ﬁt input parameters are reported in Table 3. Comparison between simulation and observed ground load
(Andronico et al., 1999) is shown in Fig. 4. The agreement
is satisfactory for the whole range of values, which
comprises more than four orders of magnitude.

8. Summary and discussion
FALL3D is a 3-D time-dependent model for the transport and deposition of ﬁne particles. The model, based on
the Eulerian form of the ADS equation, is coupled with
meteorological data (vertical sounding or forecast/
re-analysis from prognostic mesoscale models), accounts
for terrain effects, adopts similarity theory and LES for
quantifying the turbulent diffusion, and uses semiempirical parameterizations for the particle terminal
settling velocities. The source term can be described by
using the buoyant plume theory. The ADS equation is
solved on a structured terrain-following mesh using a
second-order FD explicit algorithm. The code, written in
FORTRAN 90, is available in both serial and parallel
versions, and distributed together with a set of pre- and
post-process utility programs.
FALL3D can be used to forecast both ash concentration
in air and ash load at ground. However, the model could
also be used to simulate the transport and deposition of
airborne particles different from volcanic ash. Other
potential applications of the model include dispersion of
pollutants on complex terrains such as particles released
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during forest ﬁres, ﬁne dust and inert aerosols, or
emissions from large industrial stacks.
Although different applications have shown the reliability of FALL3D to model volcanic ash dispersion, the
model still has some limitations to be addressed in the
future. Improvements should include:

 Use of spherical coordinates for large domains.
 Adopt an anelastic atmosphere model. It mainly



concerns the preprocess treatment but would also
require addition of an extra term in the ADS equation.
Local effects of eruptive plume–atmosphere interaction for large columns.
Particle aggregation, vapour and thermal effects.
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