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ABSTRACT
Ash produced as consequence of explosive volcanic eruptions can
cause multiple hazards both close to the volcano and at great distances.
Ash fallout can produce a wide range of impacts on exposed assets
(edifices, roads, lifelines), while airborne ash jeopardizes air travel safety.
The attention on the impacts of ash dispersal on air traffic increased after
the severe consequences of the 2010 Eyjafjallajökull eruption (Iceland),
which caused an unprecedented closure of the European North Atlantic
airspace. Thus, the need to predict the dispersal of volcanic ash became
more important for both civil-defense authorities and airline stakeholders
*

Corresponding author: rbonasia@geociencias.unam.mx.

42

Rosanna Bonasia and Chiara Scaini
(companies, service providers). For this reason, tephra transport and
dispersal models, which allow predicting tephra sedimentation and
dispersal caused by a modelled eruptive scenario, became crucial in
volcanic hazard and risk assessment. These models have been used for
multiple purposes: short-term operational forecast of volcanic ash
dispersion; reconstruction of past eruptions in order to constrain key
eruption parameters; and generation of probabilistic hazard maps for
hazard assessment of tephra dispersion and fallout. This chapter reviews
the applications to long-term hazard assessment of volcanic ash dispersal
and deposition for multiple eruptive scenarios at some of the most active
volcanoes in the world. We present the improvements achieved during
the last two decades focusing on recent developments of tephra dispersal
hazard assessment, and we discuss some relevant aspects that must be
improved in the future in order to optimize long-term hazard assessment
strategies.

1. INTRODUCTION
Eruptive columns produced by explosive volcanic eruptions eject a high
quantity of pyroclastic particles into the atmosphere. Tephra1 fallout can affect
large areas, but is mainly constrained to proximal and medial distances from
the source (tens to few hundreds of km). The finer fraction of tephra can be
transported thousands of km away from the volcano, dispersed under the
combined effect of wind advection and atmospheric turbulence.
Substantial ash fallout can cause collapse of edifice roofs (Spence
et al., 2005), while moderate ash fallout can disrupt electricity networks
(Wardman et al., 2012), lifelines (Wilson et al., 2011) and water resources
(Stewart et al., 2006; 2009). Ash fallout and remobilization can also affect
public health, causing, among others, respiratory problems (Horwell and
Baxter, 2006). In addition, the accumulations of a few millimeters of ash can
disrupt airport operations (Casadevall, 1993; Guffanti et al., 2009).
Finally, ash deposition can also trigger secondary hazards, such as, for
example, lahars (Favalli et al., 2006), that should be taken into account in a
comprehensive hazard assessment (Paton et al., 2001). Thus, ash fallout can be
the cause of disruption of a wide range of human activities, leading in some
cases to strong socio-economic impacts (Zuccaro et al., 2008; Zuccaro et al.,
1

Tephra is the general term for the fragmented material ejected during an explosive
volcanic eruption, regardless of its size and composition. The term ash refers only to
the finest fraction of tephra, i.e. Particles smaller than 2 mm in diameter.

A Review of Tephra Transport and Dispersal Modeling Strategies …

43

2013; Jenkins et al., 2014; Scaini et al., 2014). Besides the impact of tephra
fallout, ash dispersal in the atmosphere poses a high threat to air navigation
(Casadevall, 1993; Miller and Casadevall, 2000). Ash clouds can have a
hemispheric impact, as demonstrated during the eruption of the Icelandic
volcano Eyafjallajökull, which occurred in April-May 2010 and caused an
unprecedented closure of the European and the North Atlantic airspace, with
global economic losses of million of dollars. In addition, the recent eruption of
Cordón del Caulle in Chile (2011) caused strong impacts on aviation and led
to blockage of air traffic in the affected area. Thus, in recent years, impacts of
volcanic ash on civil aviation have become a global issue to deal with, in
particular due to the strong increase of passenger numbers and the growing
number of civil airports.
It is thus necessary to improve short-term prediction of ash dispersal in the
atmosphere, in order to provide useful information in the unrest and
emergency phase. Quantitative ash dispersal forecasts, introduced during the
2010 Eyafjallajökull eruption (Bolic and Sivcev, 2011), are based on
numerical simulations performed with Tephra Transport and Dispersion
Models (TTDM). Modeling results can support response strategies during the
emergency and, if based on a priori eruptive scenarios, such as, for example,
the operational method implemented for forecasting Mt. Etna volcanic plumes
(Scollo et al. 2009), can also provide a preliminary assessment with hours/days
advance notice.
Besides the importance of short-term emergency management,
comprehensive risk management also requires long-term planning, aimed at
assessing expected outcomes on a statistical basis. Medium to long-term
analyses have become of fundamental importance for aviation stakeholders
after the introduction of the Safety Risk Assessment (SRA), a framework
applied by aviation stakeholders for volcanic hazards (ICAO, 2012). Airlines
are nowadays able to perform operations in ash-contaminated airspaces, after
having defined a SRA and having received the approval from the authority.
Such procedure should rely on many aspects and, between others, the
assessment of long-term expected conditions, that is, ash dispersal patterns
more likely to happen.
To this end, probabilistic hazard maps allow assessing the expected
impacts based on most probable scenarios and representative conditions.
Probabilistic hazard assessment was first introduced for tephra fallout
(Bonadonna et al., 2005; 2006) and is based on the definition of eruptive
scenarios based on a wide range of Eruptive Source Parameters (ESPs)
characterized by a probability distribution and defined based on the historical
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eruptive record. Modeling results are then merged to produce probability maps
that account for the probability of overcoming certain hazardous conditions
(Folch and Sulpizio, 2010). This methodology allows production of
probabilistic hazard maps for ash dispersal, which are extremely useful for
decision-makers and stakeholders involved in civil aviation management
during explosive volcanic eruptions (Bonadonna et al., 2013).
Before 2010 there were only few examples of hazard assessment for
tephra dispersal (i.e. Papp et al., 2005; Folch and Sulpizio, 2010), due to the
high computational cost of performing many simulations (Folch, 2012). In
recent years, the improvement of TTDM strategies and the introduction of
novel techniques to tackle the computational costs, allowed the production of
several hazard assessments for tephra dispersal at many active volcanic areas
(Scaini et al., 2012; Sulpizio et al., 2012; Bonasia et al., 2014; Biass et al.,
2014).
In this chapter we review some long-term applications of TTDM models
for the assessment of hazards posed by tephra fallout and dispersal for some
active volcanoes in the world (i.e. Tarawera, New Zeland; Vesuvius, Italy;
Concepción, Nicaragua; and Popocatépertl, Mexico). We discuss the
importance of a probabilistic approach in the volcanic ash hazard assessment
and describe the peculiarities of the approaches used in the different cases. In
fact, besides adapting existing tephra fallout hazard assessment techniques,
some of these works introduce novel methodologies focused on different
spatial and temporal scales. We discuss limitations of the presented strategies,
and provide insights for future developments in this field.

2. STATE OF THE ART OF TEPHRA TRANSPORT
AND DISPERSAL MODELS
In the last decades, the scientific community developed several models for
simulating tephra ejection, transport and sedimentation during explosive
volcanic eruptions (Folch, 2012). Examples of such models are HAZMAP
(Macedonio et al., 2005; Pfeiffer et al., 2005), ASHFALL (Hurst and Turner,
1999; Hurst and Smith, 2004) and TEPHRA (Bonadonna et al., 2005), which
can all be grouped in the category of Gaussian Tephra Transport and
Dispersion Models. These models admit an analytical solution for the
Advection-Diffusion-Sedimentation (ADS) equation, generally expressed as:
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where t denotes time, C is the particle mass concentration, u=(ux, uy, uz) is the
wind velocity, K is the turbulent diffusivity tensor, us is the particle settling
velocity, and S0(x,y,z,t) is the source term that accounts for the production and
distribution of particles. The first three terms on the right hand side of Eq. (1)
describe the advection of particles by wind, turbulent diffusion of particles and
particle sedimentation, respectively. Eq. (1) is solved using a semi-analytical
solution as described in Macedonio et al. (2005) and Pfeiffer et al. (2005).
Usually a purely empirical description that reproduces the geometrical shape
of the eruption column is adopted. Then, the source term in Eq. (1) is
described as proposed by Suzuki (1983):
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where S0 is the normalization constant, x0, y0 are the coordinates of the vent, 
is the Dirac‘s distribution, which considers a filiform and instantaneous
release, H is the column height, and A and  are two empirical parameters that
determine the position of the maximum concentration (located at HA 1/ A )
and how closely the mass is concentrated around the maximum ().
Gaussian TTDMs have low computational cost and are suitable to solve

inverse problems, in order to constrain eruptive parameters
(e.g. column
height, total mass) from past eruptions and elaborate ground-load probabilistic
hazard maps. However, because of the simplifying assumptions that
characterize these models, they have some limitations under which they should
not be applied (Folch, 2012).
For example they cannot simulate transport and deposition of fine ash
because they cannot consider wind fields at large scales, nor the change of
wind distribution in time. Moreover, Gaussian models cannot simulate
dispersal from low and weak eruptive columns because they do not take
topographic effects and wind interaction into account.
Fully numerical TTDMs are in turn able to simulate any kind of eruption
and particle size, and solve the complete ADS equation, but their adoption
implies a higher computational cost. Eulerian TTDMs allow calculating the
time-dependent airborne ash concentration on a 3D computational grid.
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An example of Eulerian TTDM is FALL3D (Costa et al., 2006; Folch
et al., 2009), which solves the ADS equation (Eq. 1) on a structured terrainfollowing grid using a second-order Finite Differences scheme, with an
atmospheric turbulent diffusion given by the gradient transport theory, semiempirical particle terminal velocity parameterization and a time-dependent
three-dimensional wind field. Application of TTDMs, such as FALL3D,
includes the production of an operational forecast (Folch et al., 2008a; 2008b),
modeling of past events (Costa et al., 2012), and hazard assessment
(e.g. Scaini et al., 2012).
Finally, Lagrangian models (e.g. PUFF; Searcy, 1998) use particle tracers
for the forecasting and computation of trajectories of ash particles in the
atmosphere.
TTDMs rely on two types of inputs: meteorological and volcanological
(e.g. Mastin et al., 2009). The main meteorological variables that influence
tephra dispersal are wind speed and direction, relative humidity, temperature,
pressure and atmospheric turbulence. The choice of the meteorological driver
for TTDM simulations depends on the scale at which the simulation is
performed, given that the two scales should be similar (Folch et al. 2012).
At a global/regional scale, one may use the global meteorological datasets
(e.g. NOAA NCEP/NCAR Reanalysis dataset, Kalnay et al 1996), available
online, while if the simulation is performed at a local scale, it is necessary to
run a Numerical Weather Prediction Model (NWPM) to produce a
meteorological dataset at higher spatial resolution. In this case, TTDMs are
coupled (usually off-line) with the NWPM, increasing the computational cost
of the hazard assessment.
Finally, volcanological inputs are basically the input parameters related to
the characteristics of the eruptions (e.g. column height, eruption duration,
grain size distribution) and their definition is a critical issue for modelers due
to the complexity of the phenomena at stake (Mastin et al., 2009). Given that
the final aim of tephra dispersal hazard assessment is to assess the expected
outcomes at active volcanic areas, their results should have a long-term
validity.
Hazard assessment strategies must therefore account for these aspects in
the selection of TTDM inputs representative of the long-term conditions.
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3. TEPHRA FALLOUT AND DISPERSAL HAZARD
ASSESSMENT OF DIFFERENT ERUPTIVE SCENARIOS
AND MULTIPHASE ERUPTIONS
3.1. A Multiphase Eruption at Tarawera Volcano, New Zealand
Tarawera is one of the most destructive of New Zealand‘s volcanoes with
its recent AD 1886 Plinian eruption that buried seven villages and caused more
than 150 fatalities.
Bonadonna et al. (2005) described the probabilistic hazard assessment of
tephra dispersion and accumulation for this volcano based on its recent Plinian
eruption (AD 1315 Kaharoa eruption, Nairn et al., 2004). For the probabilistic
modeling of this scenario, the authors developed and applied an analytical
advection-diffusion TTDM (TEPHRA) that can run in parallel on multiple
processors, and allows for grain-size dependent diffusion, a stratified
atmosphere and particle diffusion time within the rising plume (Bonadonna et
al., 2005). Different eruptive vents characterize the Tarawera volcano, and its
eruptive history involves multi-phase events. In order to account for the
complexity of eruptive scenarios, Bonadonna et al. (2005) introduced the
definition of eruptive scenarios based on ranges of eruptive source parameters
(ESPs). For the hazard assessment, they define three different eruptive
scenarios: upper limit scenario (ULS), eruption range scenario (ERS) and
multiple eruption scenario (MES). ULS relies on the highest column and the
longest duration, while ERS and MES are defined based on different eruptions
from the eruptive history. In the case of ERS and MES, the TTDM model is
then initialized with a set of ESPs stochastically sampled within the scenarios
considered. This novel modeling strategy allows forecasting a range of
possible scenarios, and subsequent tephra fallout, and produces results that
account for the wide variability (and uncertainty) associated with ESPs.
Figure 1 shows the probability maps for the ULS (a) and for the ERS (b),
where a 26 km plume height and a plume ranging between 14 and 26 km,
respectively, are considered. In both cases maps show that the main populated
towns northeast of Tarawera would have a moderate to high probability of
being affected by an ash loading of more than 10 kg/m2 responsible for
damage to vegetation.
In case of the occurrence of MES (Figure 2) the same towns Northeast of
the volcano would have between a 90 and 100% probability of exceeding the
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defined ash-loading threshold, with the consequence that some of them could
also experience collapse of the weakest buildings.

Figure 1. Probability maps for (a) upper limit scenario and (b) eruption range scenario.
Contours are spaced for every 10% probability of reaching the threshold of damage to
vegetation (i.e., 10 kg/m2). The 5% contour is also shown (thick solid line). Key cities
and towns are indicated with circles, and the Tarawera Volcanic Complex is indicated
with a triangle. (After Bonadonna et al., 2005).
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Figure 2. Multiple eruption scenario maps computed for a deposit threshold of (a) 10
kg/m2 (damage to vegetation) and (b) 150 kg/m2 (minimum loading for roof collapse).
(After Bonadonna et al., 2005).

3.2. The Case Study of the Vesuvius Volcano (Italy)
During its eruptive history, Vesuvius experienced a long rest period often
followed by very intense eruptions. The last eruption occurred in March 1944
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and since that time the volcano is quiescent. Vesuvius is considered a
potentially dangerous volcano due to the presence of strongly urbanized areas
in its surroundings.
In the last decades, hazards associated with the possible renewal of
explosive activity at Vesuvius have been the subject of several studies (e.g.
Macedonio et al., 1988; Barberi et al., 1999; Cioni et al., 2003; Macedonio et
al., 2008; Folch and Sulpizio, 2010). Its eruptive history is characterized by
very different eruptive styles. Strombolian eruptions (e.g. the 1944 AD
eruption), relatively low-magnitude events, characterized by the injection of
incandescent lapilli and lava bombs to altitudes of tens to hundreds of meters,
caused serious problems to local communities and in particular to the
urbanized area of Naples. But the most severe ash fallout hazard is associated
to Sub-Plinian and Plinian eruptions. Among the Plinian eruptions of
Vesuvius, the most famous and extensively studied one is the 79 AD eruption,
well known for the destruction of Roman towns of Pompeii and Herculaneum.
Tephra fallout from Plinian and Sub-Plinian eruptions can cause substantial
damages to the exposed population and assets: tephra deposition can cause
roof collapse (Spence et al., 2005) and disruption of main services such as
transportation and electricity networks (Wilson et al., 2011). Besides the
impact of ash fallout, even low concentrations of ash at critical flight levels,
can affect the safety of landing and take-off operations since it reduces
visibility and can affect aircraft engines and components on both short and
long-term periods. Hazard assessment is thus necessary in this area for both
tephra fallout (due to its consequences at local/regional scale) and dispersal,
which can affect the air traffic activities at regional to global scales.
Macedonio et al. (2008) assessed the relative hazard of ash fallout for
three different possible scenarios at Vesuvius: Plinian, Sub-Plinian and violent
Strombolian eruptions. Three reference eruptive scenarios were defined based
on the 79 AD, the 1631 AD and the 1944 AD Vesuvius eruptions,
respectively. Input eruptive parameters for the Plinian scenario are based on
the best-fit parameters obtained by Pfeiffer et al. (2005) and shown in Table 1.
For the Sub-Plinian scenario, input parameters were found by best-fitting field
deposits data from Cioni et al. (2003) (Table 1). Finally, the violent
Strombolian scenario, reconstructed on the base of the 1944 AD eruption, was
modelled using input eruptive parameters derived from direct observation of
column heights during the fire-fountaining episodes and through a
semi-quantitative reconstruction of the event by using the FALL3D model
(Table 1).
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Fallout deposits for the first two scenarios were modelled using HAZMAP
(Macedonio et al., 2005), which is based on the semi-analytical solution of the
2D ADS equation (Eq. 1). The meteorological inputs for hazard assessment
(i.e. vertical wind profiles) were extracted from the NCEP/NCAR dailyaveraged global meteorological dataset (Kalnay et al., 1996) at the point of the
mesh grid nearest to Naples. The violent Strombolian scenario, characterized
by low eruptive columns, was modelled by means of the fully numerical
model FALL3D (Costa et al., 2006; Folch et al., 2009). This model adopts
realistic near surface wind fields (i.e. meteorological data in gridded format)
that account for terrain effects and uses a realistic evaluation of the turbulent
atmospheric diffusion.
Results of these hazard assessments are probability maps for ash loading
threshold values of 300 and 400 kg/m2, which are considered critical for roof
collapse of low and medium quality buildings respectively at the Neapolitan
area (Zuccaro et al., 2008). Ground-load probability maps for the Plinian and
Sub-Plinian scenarios (Figs 3 and 4) show that these two scenarios would
affect a wide area where more than one million of people live nowadays.
Figure 5 shows the ground-load probability maps that the authors obtained for
the violent Strombolian event. Results show that the area subject to roof
collapse in this case is encompassed by the hazard area identified by the SubPlinian scenario.
Table 1. Parameters used to obtain ground load probability maps for the
three different scenarios (modified after Macedonio et al., 2008)
Model
Diffusion coefficient (m2/s)
Average column height (km)
Column shape parameters
Average mass flow rate
(kg/s)
Duration (h)
Total mass (kg)
Meteorological set
a

Plinian
HAZMAP
5000
27
A=4, =1.5
8107

Sub-Plinian
HAZMAP
5000
18
A=3, =1
3107

Violent Strombolian
FALL3D
Computed by the model
4
BPTa
5105

7
4.5
110
21012
51011
21011
NCEP/NCAR NCEP/NCAR NCEP/NCAR

Estimated by the model using the Buoyant Plume Theory (BPT, Bursik, 2001).
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Figure 3. Ash loading probability maps for Plinian scenario. Probability is normalized
to 100%. Top) 300 kg/m2, bottom) 400 kg/m2. (After Macedonio et al., 2008).
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Figure 4. Ash loading probability maps for Sub-Plinian scenario. Probability is
normalized to 100%. Top) 300 kg/m2, bottom) 400 kg/m2. (After Macedonio et al.,
2008).
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Figure 5. Ash loading probability maps for violent Strombolian scenario. Probability is
normalized to 100%. Top) 300 kg/m2, bottom) 400 kg/m2. (After Macedonio et al.,
2008).
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A more recent work by Folch and Sulpizio (2010) presents the first tephra
dispersal hazard assessment based on numerical modeling. Authors developed
hazard and isochron maps for distal ash fallout for a scenario obtained
combining the source parameters of different eruptive scenarios at Vesuvius,
The scenario was defined on the base of the Maximum Expected Event (MEE,
Barberi et al., 1990) characterized by an eruption volume that can be
comparable to those erupted by the AD 472 and AD 1631 eruptions (Cioni
et al., 2003a), classified as Sub-Plinian events.

Figure 6. FL300 probability maps. The maps yield the probability (%) that the ash
cloud concentration (C) exceeds 10-4 kg/m3 (a) and 10-5 kg/m3 (b). (Modified after
Folch and Sulpizio, 2010).
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Hazard maps at relevant flight levels were produced using supercomputing facilities, spanning on a meteorological year statistically
representative of the local meteorology during the last few decades (Folch and
Sulpizio, 2010). The TTDM strategy relies on off-line coupling between a
mesoscalar meteorological model (WRF, Michalakes et al., 2001) and the
numerical TTDM FALL3D. Hazard maps were computed by calculating the
probability that the ash cloud concentration overcomes a threshold value at a
certain spatial point. The authors selected the critical threshold values of 10-4
and 10-5 g/m3 and focused on the Flight Levels (FL) FL050 (5,000 feet) and
FL300 (30,000 feet), representative of landing/take-off operations and jet
cruise altitude, respectively. Figure 6 shows the resulting hazard maps at
FL300. In case of occurrence of the considered Sub-Plinian scenario, a vast
airspace region over the central Mediterranean area would be contaminated by
ash, leading to potential disruptions of the busiest aerial corridors in the study
area (Folch and Sulpizio, 2010). For the 10-4 g/m3 concentration threshold, the
low to moderate probability curves extend to most parts of southern Italy, and
all of Macedonia, other than parts of Albania, Greece and Montenegro (Figure
6a). The lower concentration value (10-5 g/m3) depicts a worse scenario, since
the areas previously enclosed by the >10% probability curve, now have a
probability greater than 30% (Figure 6b).

3.3. Probabilistic Tephra Fallout and Dispersal Hazard
Assessment for Concepción Volcano, Nicaragua
Concepción volcano (Nicaragua) is a highly hazardous volcano. The
recent geological record reveals an intense explosive activity characterized by
Strombolian to sub-Plinian events, basaltic-to-dacitic in composition (Borgia
and van Wyk de Vries, 2003). Due to the prevailing winds, past explosive
eruptions have generated tephra deposits in the western part of the island that
reached the shore of the Nicaragua Lake. One of the most copious fallout
deposits is associated with the 1977 Concepción eruption (Delgado-Granados
et al., 2006). Recent low-magnitude eruptive events caused minor tephra
deposition at the western part of the island. Tephra fallout from explosive
activity at the Concepción volcano can thus impact local communities in the
Island and reach the heavily populated west coast of the Nicaragua Lake.
Moreover, since the city of Managua, hosting the international airport, lays
only 90 km from the volcano, an eruption of medium magnitude could easily
affect the operability of the Managua airport. But, despite the high potential
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impacts of an explosive event at Concepción volcano, there is no official
hazard map for tephra fallout and dispersal available for communities and civil
protection authorities. The only existing hazard assessment from tephra fallout
(Delgado-Granados et al. 2006) was based on isopachs from a few events
combined with a statistical study of the prevailing regional winds. Scaini et al.
(2012) extended the work of Delgado-Granados et al. (2006) producing a
complete tephra fallout and dispersal hazard assessment for three different
eruptive scenarios defined for the Concepción volcano based on the past
historical record.
The tephra dispersal hazard assessment was performed at a local scale.
This implied that a NWPM had to be run, although its usage would have
involved large computing times and storage capacity. To circumvent these
problems, Scaini et al. (2012) applied the Typical Meteorological Year (TMY)
technique in order to constrain the representative meteorological conditions. A
TMY consists of 12 representative months selected from individual years of a
time period and collated in a meteorological database (e.g. Finkelstein and
Schafer, 1971). The TMY method is used in many fields (climatology, solar
power energy, etc.) but had never been used before in volcanology. In this
work, the authors adapted the methodology for defining a TMY in terms of
wind speed and direction, and identified the TMY for a 30-year period at three
vertical intervals that correspond to the mean column height of the three
eruptive scenarios considered.
The eruptive scenarios defined are: Low, Medium and High Magnitude
Scenario (LMS, MMS and HMS, respectively), based on reference eruptions
identified in the historical record. These scenarios correspond to the most
significant eruptive styles expected for the Concepción volcano. For each
scenario, each ESPs was defined by Gaussian probability distributions
centered in the value assumed for the respective reference eruption (see Scaini
et al., 2012 for details). This approach, introduced by Bonadonna (2006),
allows accounting for uncertainties related with the scenario definition.
In order to initialize the TTDM model, ESPs must be sampled within their
distribution (Bonadonna, 2006). However, extracting a representative subset of
ESPs requires a high number of samples, that is, running many numerical
simulations, which increases the computational cost of the hazard assessment.
Scaini et al. (2012) introduce the stratified sampling technique (Rao and
Krishnaiah, 1994), a statistic technique that can be applied when previous
knowledge about the shape of a population of values is known or assumed, and
consists of a random sampling that constrains the number of members within
pre-defined bins.
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The advantage, with respect to a purely random sampling, is that a
stratified sampling gives a similar sampling accuracy with, at least, one order
of magnitude less members, reducing the overall computational cost. TTDM
simulations were then initialized with sets of sampled ESPs and 365*2
simulations were performed for each scenario.
Numerical simulations outputs were merged to produce tephra fallout and
dispersal hazard maps for HMS. Results show that tephra load values are
likely to reach considered critical thresholds (i.e. 1, 50 and 100 kg/m2) over a
wide area, and the collapse of buildings and structures are expected, especially
in the island of Ometepe and in the Rivas province and, to a lesser extent, also
in Granada and Managua. Figure 7 (top) shows an ash fallout hazard map for 1
kg/m2.

Figure 7. Top: ash fallout hazard map for a threshold value of 1 kg/m2. Bottom: hazard
map at FL050 for a critical ash concentration of 2 mg/m3. (Modified after Scaini et al.,
2012).
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Hazard maps at FL050 (Figure 7, bottom) for a critical ash concentration
of 2 mg/m3 show that the central part of the country, including the capital, has
a very high probability (around 50%) to have its airspace affected by the
critical concentration used as no-fly limit during the 2010 aviation disruption
in Europe. Given that HMS is likely to produce generalized disruption of
ground transportation systems in the whole central part of Nicaragua, the
contemporary closure of airspace may cause strong socio-economic impacts.
In fact, it is worth mentioning that Managua International airport is the only
international airport in Nicaragua and one of the busiest in Central America.
Following Scaini et al. (2012) results, most Nicaraguan airspace has a high
probability (up to 50%) of being affected by critical ash concentration in case
of occurrence of HMS scenario. If such a critical situation lasted from days to
weeks, it could cause serious disruption of the air transportation system.
Scaini et al. (2012) propose novel methods that allow producing a multiscale hazard assessment for tephra fallout and dispersal, reducing the
computational cost and accounting for uncertainties related to the definition of
eruptive scenarios and results of their work should be taken into account for
future planning at both local and regional scales.

3.4. Probabilistic Tephra Dispersal Hazard Assessment for
Popocatepetl Volcano, Mexico
So far, the hazard assessment related to volcanic ash for Mexican
volcanoes was carried out with semi-analytical models (Bonasia et al., 2011, in
the case of the Colima volcano) or using a purely numerical model (Bonasia et
al., 2012, in the case of the El Chichon volcano), but in both cases hazard
maps were only related to ash load in proximal and intermediate zones. In
particular, until recently there were no examples of modeling-based hazard
mapping of tephra fallout and dispersal from the Popocatépetl volcano, which
is considered one of the most active volcanoes in Mexico. The first long-range
hazard assessment of volcanic ash dispersal for a Plinian eruptive scenario at
Pocatépetl volcano was performed by Bonasia et al. (2014), with the main
objective to increase public awareness regarding the enormous potential
impact that volcanic ash could have on civil aviation in the region affected by
the volcano.
The authors selected, as a possible Plinian eruptive scenario, the Ochre
Pumice eruption (Arana-Salinas et al., 2010), which is the Popocatépetl‘s beststudied Holocene Plinian event. Their approach for the reconstruction of the

60

Rosanna Bonasia and Chiara Scaini

probability maps follows the ERS (Bonadonna et al., 2005), which describes
the probability of reaching a given tephra accumulation and dispersal based on
the statistical distribution of both wind profiles and eruption source
parameters.
Input eruptive parameters were constrained by means of the best-fit
inversion method developed in Bonasia et al. (2010) that solves the inverse
problem related to the reconstruction of tephra fallout deposits when only few
sampling data are available.
Reconstructed parameters were associated to probability density functions
and sampled using the stratified sampling technique (Rao and Krishnaiah,
1994; Scaini et al. 2012) in order to initialize the numerical code FALL3D
(Costa et al., 2006; Folch et al., 2009). The meteorological inputs were
randomly sampled within a 5-year period (2001-2006) from the NCEP/DOE
Reanalysis 2 dataset (Kalnay et al., 1996).
As in Folch and Sulpizio (2010) and in Sulpizio et al. (2012), the
probability maps of ash dispersal in the atmosphere were produced for two
particular flight levels: FL050 and FL300, and for two ash concentration
threshold values (2 and 0.2 mg/m3) adopted in 2010 during the European
crisis, as both are considered useful for civil aviation management purposes.
Figures 8 and 9 show the hazard maps for FL050 and FL300 and the two
concentration thresholds.
In every hazard map the highest probability contours involve Mexico City,
Puebla and Veracruz, three international airports that exceed 27 million
passengers per year. Moreover, aerial corridors over south-central Mexico
would have a high probability of being disrupted or even interrupted with
consequent socio-economic losses. The impact would not be limited to areas
between the boundaries of Mexico but would include important international
airports located in the south of United States, such as Miami, Dallas, and
Houston, which together serve more than 150 million passengers per year.
The importance of addressing the hazard posed by a Plinian eruption at
Popocatépetl volcano is increased by the fact that many other volcanoes in
northern Central America have experienced Plinian eruptions during the Late
Pleistocene-Holocene.
So, the renewal of Plinian activity at any of these volcanoes would
probably have effects similar to those caused by Popocatépetl and the
probability of ash dispersal maps computed for this volcano could serve as a
starting point for future ash dispersal hazard evaluations at neighboring stratovolcanoes.
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Figure 8. Probabilistic hazard maps at FL050, for two ash concentration thresholds: a)
2 mg/m3, b) 0.2 mg/m3. Contours give probability, in percent, of exceeding the given
threshold value. (After Bonasia et al., 2014).
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b

Figure 9. Probabilistic hazard maps at FL300, for two ash concentration thresholds: a)
2 mg/m3, b) 0.2 mg/m3. Contours give probability, in percent, of exceeding the given
threshold value. (After Bonasia et al., 2014).

4. CONSIDERATIONS AND DEVELOPMENTS
IN MODELING OF VOLCANIC ASH
After the 2010 aviation crisis, the attention posed to the volcanic ash
dispersal hazard dramatically increased. As a response, the scientific
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community developed new techniques both for short-term forecasting and
long-term volcanic ash dispersal and hazard assessment (Bonadonna et al.,
2011; 2013) and enhanced the monitoring network at active volcanic areas. In
this chapter, we described the advances introduced in recent years in the longterm hazard assessment strategy.
The main constraints on the production of probabilistic hazard maps are
the computational cost of numerical simulations and the difficulty of
characterizing the long-term meteorological and volcanological inputs.
Initially, ESPs were maintained as constant (Folch and Sulpizio, 2010) or, in
case of probabilistic hazard assessment, randomly sampled within their
probability distribution (Bonadonna et al., 2006). The application of the
stratified sampling technique (Rao and Krishaiah, 1994) to hazard assessment
(Scaini et al. 2012) contributed to introducing the random sampling of ESPs to
the tephra dispersal hazard assessment, and allowed reducing the number of
simulations required for achieving a representative subset of input conditions.
This technique was applied to recent tephra dispersal hazard assessments
(Sulpizio et al., 2012; Bonasia et al., 2014) and can be applied to both
meteorological and volcanological inputs.
In addition, the definition of representative meteorological conditions,
based on vertical profiles applied for tephra fallout hazard assessment
(Bonadonna et al., 2006; Macedonio et al., 2008; Costa et al., 2009), does not
guarantee representation at the scale of the simulation. This choice is
particularly critical for local-scale simulations, due to the high computational
cost of running a mesoscalar model prior to TTDM. The first tephra dispersal
hazard assessments (Folch and Sulpizio, 2010; Leadbetter and Hort, 2011)
were based on the meteorological simulation performed for representative
meteorological years selected a priori. But the choice of the representative
conditions at a local scale has been improved by the introduction of the TMY
that, although it has limitations (Scaini et al., 2012), supports the production of
ash dispersal hazard assessment based on a statistically representative
meteorological dataset.
Finally, the definition of the eruptive scenario is crucial and strongly
affects the outputs of the hazard assessment. The definition of typical eruptive
scenarios is based on the eruptive history of the volcano and the reconstruction
of the eruptive history is done by means of field investigations.
The complexity in the assessment of the proper eruptive scenario comes from
the fact that explosive eruptions, besides being characterized by a wide range
of hazardous phenomena, are also the result of different physical and
geological processes that act over different time-scales. The parameterization
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of the physical processes that characterize the eruptive history of a volcano is
affected by various uncertainties that mostly depend on the error associated
with field measurements. As stated in Bonadonna et al. (2011), this problem
can be overcome by improving the field investigation techniques. However,
the uncertainty due to the random behaviour of the natural system can be
solved only with the help of a probabilistic approach. Thus, a probabilistic
analysis of eruptive records, when available, is an important aspect of the
assessment of eruptive scenarios. The first step in the study of eruptive
scenarios is to characterize eruptions by their magnitudes. Eruptive series are
usually studied using conventional statistics, time-dependent series, or
sequences including extreme events, which require special methods of
analysis, such as the extreme value theory (De la Cruz-Reyna, 1993). Based on
eruptive scenarios, probability distributions are defined for the ESPs, which
allow accounting for the uncertainties related to the definition of scenarios.
In addition, given that it is not always possible to associate a probability of
occurrence to a given scenario, resulting hazard maps show, in most cases, the
probability of having critical fallout/concentration values conditioned by the
occurrence of the scenario considered. Thus, different hazard maps for
different areas cannot be merged without accounting for this aspect (Biass
et al., 2014).
Recent eruptions of the Eyjafjallajökull and Cordón de Caulle in 2010 and
2011, demonstrated the need for response strategies in order to lower socioeconomic impacts of aviation disruptions, especially for long-lasting events.
During the 2010 Eyjafjallajökull eruption, the precautionary ―zero-ash
tolerance‖ criterion for flight banning showed many limitations and led to the
introduction of quantitative thresholds for allowing aviation operations (still
under definition). Thus, the 2010 aviation disruption triggered the demand for
accurate quantitative forecasts and related products. In addition, new
regulations, such as the SRA, pointed out the importance of both short and
long-term TTDM outputs for aviation purposes. The two IUGG-WMO
workshops on ash dispersal forecast and civil aviation were organized to
discuss the needs of the scientific community and aviation stakeholders
involved in supporting aviation during volcanic eruptions. Results pointed out
the need for improving and validating TTDM models in order to provide more
reliable results to the aviation community (Bonadonna et al., 2011; 2013). In
addition, uncertainties related to TTDM inputs and outputs should be
characterized (Bonadonna et al., 2011; 2013). This can be achieved if model
developers, meteorologists, volcanologists and stakeholders work to develop
new strategies for the volcanic ash dispersal forecast. Moreover, we consider
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that more efficient communication between different communities is needed.
Members of the science community have the responsibility of seeking research
solutions that have reasonably low uncertainties and products that may be
easily understood and used by the organisms prepared at civil protection
purposes, such as for example, the Volcanic Ash Task Force, Civil Aviation
Organization and Volcanic Ash Advisory Centres.

CONCLUSION
Hazard maps are of fundamental importance for increasing preparedness
both in ―peace time‖ and during unrest, before forecasts are available.
The case studies presented here show that renewal of eruptive activity at the
considered active volcanoes, would affect not only areas restricted to the
vicinity of volcanoes, but also reach far beyond including neighboring
countries with consequent great social and economic losses. The application of
numerical TTDM for long-range hazard assessment is thus crucial in order to
produce ash fallout and dispersal hazard maps at the most active volcanoes in
the world. In addition, hazard maps serve as the basis for the first examples of
vulnerability assessment and subsequent impact/risk analyses performed
mostly for tephra fallout (Spence et al., 2008; Zuccaro et al., 2008; Biass et al.,
2012; Jenkins et al., 2014) and recently introduced for ash dispersal (Scaini
et al., 2014).
The success of the application of TTDM models for the computation of
probabilistic hazard maps for ash fallout and dispersal can be achieved only
with the establishment and strengthening of international collaborations
between research and institutions that have an operational mandate, in order to
effectively minimize social and economic impact of such eruptions. Research
is of fundamental importance for developing new methodologies and
techniques, but it has to be supported by institutions that have to agree on
mutual expectations and requirements before a volcanic crisis.
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