
Background on Statistical Modeling of Tephra Dis-
persion1

1 Prepared for the CoV workshop on
Volcanic hazard assessment for nuclear
facilitesThe Tephra2 developers, including: Laura Connor, Costanza

Bonadonna, Chuck Connor, Kaz Mannen, Christina MaGill,
Thea Hincks, Seb Biass, Leah Courtland

September 6, 2018

What is hazardous about tephra fallout?

Tephra fallout occurs following explosive volcanic eruptions, when
tephra particles (micron to decimeter in diameter) are carried aloft
in volcanic plumes, advected by the wind, and sediment on to the
surrounding countryside. The thickness and loading of tephra fallout
varies widely with distance from the source of the volcanic eruption
and the intensity of the volcanic eruption. Following the most in-
tense volcanic eruptions, tephra fallout may exceed 1000 kg m−2 in
areas located within a few tens of kilometers of the volcano. Small
eruptions result in tephra fallout of 10 kg m−2 kilometers from the
volcanic vent. Tephra has densities ranging from approximately
800− 1200 kg m−3, and so is much denser than snow. In addition,
the load of tephra on roofs increases substantially when the tephra
deposit saturates with meteoric water. If not cleared off the roof,
this load causes some buildings to collapse. Building collapse by
tephra-loading has caused many fatalities during explosive volcanic
eruptions.

Figure 1: Eruption column and down-
range tephra transport, 1915 eruption of
Mt. Lassen, CA.

Figure 2: The mass load of a tephra
deposit can cause building collapse.

In addition to these hazards, small tephra particles (e.g., coarse
ash, < 2 mm, and fine ash, < 0.064 mm diameter) can cause signif-
icant damage and adverse health effects. As tephra does not melt
away, like snow would, fine ash can remain in an area for years.
Heavy wind or disturbance of the ground surface by human activ-
ity then remobilizes the fine ash. Such long term exposure to fine
ash particles, particularly from silicic volcanic eruptions, has been
linked to adverse health effects. Fine ash in the atmosphere causes
significant problems for aviation. Jet engines are quite sensitive to
ash particles in the air. When the ash rushes into the jet engine dur-
ing flight, the engine melts the ash, coating the engine parts with
corrosive glass.

One difficulty in the assessment of tephra fallout hazards is that
many Quaternary tephra fallout deposits are not preserved in the
geologic record. These unconsolidated deposits erode rapidly. Often
these deposits are only found relatively close to the volcanic vent,
where they are thicker and more likely to be quickly overlain by py-
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roclastic flows or lava flows. Therefore, tephra fallout hazard, while
in part developed from an understanding of the volcanic history of
the area, relies heavily on numerical simulation of potential eruptions
2. Like in the case of ballistic projectiles, tephra fallout can be mod- 2 C. B. Connor, B.E. Hill, B. Winfrey,

N.M. Franklin, and P.C. LaFemina.
Estimation of volcanic hazards from
tephra fallout. Natural Hazards Review,
2:33–42, 2001

eled using analytical solutions to simplified differential equations or
numerical solutions.

Figure 3: Tephra deposits do not hang
around; they erode rapidly! Photo by
Pierre Delmelle.

Problems in modeling tephra fallout

The problem of modeling tephra fallout is quite complex in detail.
Consider some of these complexities:

• The “source term" for tephra in the atmosphere is the volcanic
eruption. Volcanic eruptions produce a variety of tephra parti-
cle sizes through the process of magma fragmentation within the
volcano conduit and possibly through particle collisions after frag-
mentation as the particles speed toward the surface. The particles
erupt from the volcanic vent at a wide range of velocities. Frag-
mentation and post-fragmentation collisions cause a great range
of particle sizes. Each particle may have a different trajectory in
the atmosphere depending on its size (mass), shape, and related
properties. So in order to model the dispersion of tephra, this ini-
tial (or total) particle size distribution must be known. Usually it is
unknown and must be estimated.

Figure 4: A tephra dispersion “source
term", the radially expanding strong
volcanic plume of the 1915 eruption of
Mt. Lassen.

• To simplify the source term problem, many models of tephra dis-
persion use the eruption column as the “source term", rather than
the eruption conditions in the conduit. That is, it is assumed that
the tephra is released from an eruption column into the atmo-
sphere. Yet this approach also has problems. The sizes and shapes
of eruption columns vary widely. Energetic eruption columns
(often referred to as strong plumes) rise vertically into the at-
mosphere and spread with height. Sometimes density currents
develop in the top portion of the strong plume. These radially
spreading currents rapidly carry tephra particles away from the
volcanic vent for hundreds of kilometers in the atmosphere at ve-
locities much greater than wind speeds. On the other hand, “weak
plumes" bend over in the wind and reach lower heights in the at-
mosphere. The distribution of tephra particles within the volcanic
plume, as a function of particle size distribution, is incompletely
known. So the eruption column is a complex three-dimensional
feature often greatly simplified in models of tephra dispersion and
accumulation.

• Tephra particles are carried away from the site of the eruption by
the wind. However, even this advection process is complex. For
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example, the radially spreading density currents described above
transport tephra up-wind. The volcanic plume itself can deflect
the wind, changing wind velocities downwind of the eruption.
Convection currents can be maintained even in weak plumes well
downwind of the volcano. So, especially close to the volcanic vent,
it is difficult to predict how the tephra and wind will interact.

Figure 5: Tephra particles settling
through the atmosphere during the
1992 eruption plume of Cerro Negro,
Nicaragua.

• The rate at which tephra particles fall through the atmosphere is
defined as the particle settling velocity. Naturally, the particle set-
tling velocity is a function of particle size and air resistance, which
depends on particle size, shape, and drag coefficient. Settling ve-
locities of particles in the atmosphere have been estimated using
empirical relationships, but it is unclear how well these empirical
relationships work for a variety of tephra compositions and par-
ticle sizes. In addition, fine ash often aggregates (forms clumps)
in the atmosphere due to interaction with water (like hail) or due
to the presence of electrostatic charge in the volcanic plume. Once
particles aggregate, the settling velocity of the particles changes
dramatically. But the conditions under which aggregation occurs
are incompletely known, and the timing of aggregation in actual
volcanic plumes is virtually unknown.

This list provides some insight into the complexity of modeling
tephra fallout. One might give up at this point! Fortunately, tephra
fallout can be modeled reasonably well using simplifying assump-
tions. Such simplifications are ubiquitous in modeling in the geo-
sciences, and it is always important to keep in mind what assump-
tions have been made when interpreting model results.

An equation describing tephra fallout

Tephra fallout is most often modeled using the advection-diffusion
equation [Suzuki, 1983, Armienti et al., 1988, Connor et al., 2001]. It
is important to realize that this equation is used in a wide variety
of problem solving activities in the geosciences, including gas dis-
persion in the atmosphere, contaminant transport in groundwater,
and fate of excess volatiles in a convecting mantle, to name a few
applications. For tephra fallout, the advection-diffusion equation is
expressed by a simplified mass-conservation equation:

∂Cj

∂t
+ wx

∂Cj

∂x
+ wy

∂Cj

∂y
− vl,j

∂Cj

∂z
= K

∂2Cj

∂x2 + K
∂2Cj

∂y2 + Φ (1)

where, x, y, and z are spatial coordinates expressed in meters; Cj is
the mass concentration of particles (kg m−3) of a given particle size
class, j; wx and wy are the x and y components of the wind velocity
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(m s−1); K is a horizontal diffusion coefficient for tephra in the at-
mosphere (m2 s−1); vl,j is the terminal settling velocity (m s−1) for
particles of size class, j, as these particles fall through a level in the
atmosphere, l; Φ is the change in particle concentration at the source
with time, t (kg m−3 s−1). In this expression, negligible vertical wind
velocity and diffusion are assumed. Also, a constant and isotropic
horizontal diffusion coefficient (K = Kx = Ky) is assumed. The termi-
nal settling velocity, v, is calculated for each particle size, j, at each
atmospheric level, l, as a function of the particle’s Reynolds number,
which varies with atmospheric density. Wind velocity is allowed to
vary as a function of height in the atmosphere, but it is assumed to
be constant within a specific atmospheric level.

Although this partial differential equation may look intimidating,
it is not too overwhelming if you consider it in terms of units. For
example, ∂C

∂t describes the change in concentration of tephra within
some volume of space as a function of time. Dimensionally, ∂C

∂t =

M/(L3T), where M is mass, L is length, and T is time. Similarly, the
wind velocity w = L/T, dimensionally, and the diffusion coefficient
K = L2/T. Replacing the notion in equation 1 with dimensions gives:

M
L3T

+
L
T

M
L4 +

L
T

M
L4 −

L
T

M
L4 =

L2

T
M
L5 +

L2

T
M
L5 +

M
L3T

(2)

Each term in equation 1 has the dimensions of M/L3T. It follows
that each term describes a physical way in which the concentration
of tephra in a given volume can change as a function of time. Here is
how the terms in equation 1 relate to the physical processes:

∂Cj
∂t : is what we want to know, the change in concentration of tephra

of a particular particle size, j, within a given volume of space as a
function of time.

wx
∂Cj
∂x : The concentration in this volume depends in part on the

wind speed in the x direction and the concentration of particles
in the air up-wind of this volume. If there is no change in concen-

tration up-wind, then
∂Cj
∂x = 0 and it does not matter what the

wind speed is, the concentration will not change in the volume as
a function of time due to wind. On the other hand, if the concen-
tration of particles is greater in the up-wind direction than in this
volume, then the concentration will increase with time due to the
advection of these particles.

wy
∂Cj
∂y : The same is true for the y direction.

vl,j
∂Cj
∂z : The particles are also falling through the air at a velocity that

depends on the particle size, j, and the level in the atmosphere, l,
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which specifies air density. So the concentration of particles in this
volume depends on the rate at which particles fall into the volume
from above, and fall out of the volume below.

K
∂2Cj
∂x2 : determines the rate at which particles move into and out of
the volume in the x direction as a result of diffusion, which is
specified by the diffusion coefficient, K. Note the unlike the advec-
tive terms (related to wind velocity) the diffusion term depends on
the gradient in concentration.

K
∂2Cj
∂y2 : The same is true for the y direction.

Φ: specifies the source term. That is the rate at which tephra is
added to this volume directly from the erupting column. Within
the column, Φ is positive. For volumes located outside the erup-
tion column, Φ = 0.

Based on equation 1, only these physical processes are important. Of
course the model might include additional terms, such as a vertical
wind velocity (updraft, downdraft) and a vertical particle diffusion
term.

One common goal of tephra modeling is to estimate the amount
of tephra that accumulates on the ground at a given location. Tephra
accumulation is expressed as a mass loading, M (kg m−2), at each
location, (x, y):

M(x, y) =
Hmax

∑
l=0

dmax

∑
j=dmin

ml,j(x, y) (3)

where, ml,j(x, y) is the mass fraction of the particle size, j, released
from atmospheric level, l, accumulated at location, (x, y). Hmax is
the maximum height of the erupting column, and dmin and dmax

are, respectively, the minimum and maximum particle diameters.
Thus, the distribution of tephra mass following an eruption depends
on both the distribution of mass in the eruption column and the
distribution of mass by particle size.

Eruption duration, T, and maximum column height, Hmax, are
used to calculate the total erupted mass for the largest modeled erup-
tions (VEI 4−6), assuming steady-state conditions. For steady erup-
tions, the mass discharge rate of an eruption is empirically related to
the column height [Sparks et al., 1997]:

Hmax = 1.67Q0.259 (4)

where, Q is the magma discharge rate (m3 s−1). From the density of
the deposit (ρdep) and the duration of the eruption (T), the magma
discharge rate (Q) is:

Q =
Mo

Tρdep
(5)
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where, Mo is the total mass of the deposit in kilograms. The bulk
density of the deposit, ρdep (kg m−3), is assumed to be 1000 kg m−3.
This value is also in good agreement with the range 500−1500 kg m−3,
the bulk density of known Plinian deposits [Sparks et al., 1997]. Total
mass is related to eruption column height and eruption duration by:

Mo = Tρdep

(
Hmax

1.67

)4
(6)

Thus, assuming maximum eruption column heights, total eruption
duration, and deposit density, total eruption mass is calculated for
each scenario.

Analytical solution for tephra fallout

An analytical solution for tephra fallout was derived by Lim et al.
[2008]:

f (x, y) =
SQ

4πHK
exp

[
−
(x− (Xo +

uH
S ))2

4K H
S

− (y−Yo)2

4K H
S

]
(7)

where S is the particle settling speed, H is the particle release height,
Q is the total mass of particles released, u is wind speed (assumed
to be in the x direction), and Xo, Yo is the coordinate of the vent lo-
cation. There are several important things to consider regarding
equation 7. First, you can see that overall the equation is quite similar
in form to the kernel density model discussed in the handout Spatial
Density. This is no coincidence. The analytical solution is based on
the notion of Gaussian diffusion of particles in the atmosphere. In
this case, particles are also advected downwind at velocity u. Sec-
ond, notice that in the numerator and denominator of the exponential
term, the parameters have units of m2. Thus, the units cancel and this
term is dimensionless. Finally, prove to yourself that the overall units
of f (x, y) are kg m−2, which is mass loading.

Equation 7 solves for particles of uniform settling velocity (e.g.,
same particle size and density) and all released from the plume into a
uniform wind field from uniform height in the eruption column. The
equation can account for variation in particle settling velocity and
release height by summing over a range:

f (x, y) =
Φ

∑
j=−Φ

Hmax

∑
l=Hmin

SjQj,l

4πHlK
exp

− (x− (Xo +
uHl
Sj

))2

4K Hl
Sj

− (y−Yo)2

4K Hl
Sj


(8)

where j is an index of particle size class within which Sj is consid-
ered to be constant and l is an index of particle release heights. So,
for example, Qj,l is the mass of particles of size fraction j released
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from eruption column height l. Lots of additional complexity can be
built in, for example by varying the location of the release point with
height, or varying the wind field with height and distance from the
vent.

Tephra2: a numerical model for tephra fallout

Tephra2 is a numerical model for tephra fallout that captures some of
these additional complexities. Tephra2 has been validated in a num-
ber of ways. Connor and Connor [2006] used a nonlinear inversion
method to estimate eruption parameters from deposits of the 1992

eruption of Cerro Negro, Nicaragua. Through this procedure they
were able to model eruption source parameters and compare these
model results to direct observations during the eruption, identify-
ing a match to eruption parameters within 20 percent of observa-
tions. Scollo et al. [2008] assessed parameter sensitivity in in Tephra2

and compared model results to observations at Mt. Etna. Tephra2

has been used worldwide to model volcanic eruptions and deposits
[Bonadonna et al., 2005, Bonadonna, 2006].

Model input parameters

Tephra2 has numerous model input parameters that are described
briefly in the following. As an example, Table 1 describes the input
parameters used in simulations of tephra fallout at one site in Arme-
nia. Each of these input parameters is described in the following.

Volcano. Different volcanoes in the region have potential to erupt
over different ranges of conditions. For monogenetic volcanoes of
the Shamiram Plateau, Gegham Ridge, and the Tendürek shield vol-
cano, it is assumed that eruptions may have VEI 2−4. For the mono-
genetic volcanoes, it is assumed that a new vent would form during
an episode of activity that may last from days to years. However,
individual volcanic eruptions during the formation of the volcano
(lasting hours to days) would have total volume of < 1012 kg (VEI
≤ 4). Larger eruptions (VEI 4−6) are assumed for the large volcano
complexes of Aragats, Ararat, and Kars Plateau. Smaller eruptions
may occur at these volcanoes in the future, but for the purposes of
the tephra fallout assessment, these larger eruptions are considered
as most relevant in deriving design bases.

Volcano location. For polygenetic volcanoes it is assumed that future
eruptions will occur near the current summit vent of the volcano.
Eruptions may also occur from flank vents but in most cases the
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Input VEI 2−4 VEI 4−6 Notes
parameter eruption eruption

Volcanoes Shamiram Plateau Aragats
Tendürek Ararat

Gegham Ridge Kars Plateau

Vent location For Shamiram Plateau, vent locations
randomly sampled based on spatial
density estimates

Vent height (amsl)

Eruption column 4−25 14−40 Sampled from truncated
height (km) log-uniform distribution

Total eruption 109 − 1012 1011 − 1013 (VEI 2−4) Sampled from truncated
mass (kg) log-uniform distribution; (VEI 4−6) calculated

from column height and duration

Eruption duration (hr) NA 1−9 Sampled from uniform random distribution

Plume model NA Uses a well-mixed eruption column

Plume column ratio 0.5−0.7 0.5−0.8 Describes eruption cloud/plume:
(0.8) Plinian, with strong plume/umbrella cloud;
(0.6) Plinian or vulcanian;
(0.4) sub-Plinian;
(0.3) violent strombolian;
(0.1) continuous, low-energy buoyant plume;

Deposit grain size data
Median (φ) -1−3 -1−5 Sampled from uniform random distribution
Standard deviation (φ) 2.0
Maximum (φ) -7.0
Minimum (φ) 7.0

Deposit particle density Density varies linearly over particle range
Fine (kg m−3) 2600

Coarse (kg m−3) 1000

Eddy const. (m2 s−1) 0.04 Eddy diffusivity term for small particles
Diffusion coeff. (m2 s−1) 10 Diffusion coefficient for large particles
Fall time threshold (s) 288 Threshold for change in diffusion law

based on total particle fall time

Wind Data
Speed (m s−1) randomly sampled sampled from 2009 NOAA REANALYSIS
Direction (◦) randomly sampled degrees from north (clockwise);

direction wind is blowing toward

Integration steps 100 numerical integration of eruption column

Number of simulations 10 000 Monte-Carlo simulations

Table 1: Input parameters used in
Tephra2 simulations to estimate mass
loading at a site in Armenia from a
variety of potential volcanic sources
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locations of these vents are sufficiently far from the site that this dif-
ference in location makes no difference. Similarly, for Gegham Ridge
a single source vent location is specified. Although new vents may
form anywhere along the Gegham Ridge, the entire ridge is suffi-
ciently far from the site so that only one vent location need be con-
sidered. This assumption is not valid for the monogenetic volcanoes
of the Shamiram Plateau or the flank vents of Aragats volcanoes.
Also, co-ignimbrite plumes from Aragats volcano may have a wider
source than considered here, but the effects of such activity are more
appropriately assessed in terms of the impact of pyroclastic density
currents on the site.

Volcano vent height. For polygenetic volcanoes, the current reported
vent height is used in the analysis. For volcanoes of the Shamiram
Plateau, it is assumed that the vent height would be ≈ 1000 amsl for
newly formed monogenetic volcanoes.

Eruption column height. Dispersion of tephra is strongly dependent
on the height of the eruption column, which in turn depends on the
mass flow rate at the vent (equations 4 and 5) [Carey and Sparks,
1986, Bursik et al., 1992b, Sparks et al., 1992]. For the largest volcanic
eruptions, the column height varies between 14−40 km (VEI 4−6).
For the smaller eruptions the column height is assumed to vary
between 4−25 km (VEI 2−4). Eruption magnitude scales with fre-
quency, much like the Gutenberg-Richter relationship in seismology.
Thus, a truncated log-uniform distribution is used to sample column
height randomly within these bounds. Figure 6 illustrates the range
of column heights used in the analysis for VEI 4−6 eruptions. As
noted previously, this minimum column height (14 km) represents
the approximate boundary between VEI 3−4. The upper bound of the
range also has practical significance. Although higher columns may
be possible, the properties of the atmosphere at these altitudes are
such that higher columns would have little additional impact on the
dispersion of tephra particles. Again, the use of a logarithmic func-
tion reflects the higher frequency of lower-altitude volcanic plumes.

Total eruption mass. For VEI 2−4 eruptions, total eruption mass used
in the simulations varied between 109 − 1012 kg. As with column
height, eruption mass is randomly sampled from a log uniform dis-
tribution. For VEI 4−6 eruptions, the total eruption mass was calcu-
lated using equations 4−6, based on column height and for eruption
duration. This calculation yields a range of eruption mass that is il-
lustrated in Figure 6. As noted earlier, small eruptions producing
less mass may occur at more frequent intervals, but these are of little
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Figure 6: Ranges of input parameters
used in Monte Carlo simulation of
VEI 4−6 eruptions.
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interest in deriving the design bases for tephra fallout. Scollo et al.
[2008] demonstrated that results of tephra fallout simulations are
most sensitive to assumed eruption mass.

Eruption duration. For small volume eruptions (VEI 2−4), eruption
duration is not an input parameter. Using equations 4−6, eruption
duration varies between several hours and several days for the col-
umn heights and total eruptive masses used in the simulations. Erup-
tion duration is sampled from a uniform random distribution for
eruptions VEI 4−6. This corresponds to steady-state Plinian activity.
The historical record indicates that such eruptions commonly last
1−9 hr, so this range is used. As stated previously, this range is used
together with column height to calculate total eruption mass. The
distribution of sampled eruption durations for VEI 4−6 eruptions is
shown in Figure 6.

Plume model. Tephra2 allows particles to be distributed differently
within the eruption column based on particle mass. For all simula-
tions done in this analysis, a simple, well-mixed plume model is used
[Sparks et al., 1997, Bonadonna et al., 2002]. This means that parti-
cles are distributed equally throughout some fraction of the plume
(determined by the plume column ratio parameter)to the maximum
column height regardless of grain size. This simple model for the
plume source of tephra particles is justified by numerical models of
the upward velocity of plumes during energetic volcanic eruptions.

Plume column ratio. In relatively low intensity eruptions, particles
are advected downwind from sources along a large fraction of the
eruption column. For the largest eruptions, most particles are ad-
vected in the umbrella region of the plume and released from great
height. The plume column ratio parameter accounts for this, and
varies in the simulations as a function of eruption column height.

Mean particle grain size. Tephra dispersion also depends on the size
distribution of particles (grain-size distribution) erupted from the
volcano. Particle (clast) size distributions can be characterized in
terms of several parameters [Inman, 1952]: minimum and maxi-
mum volcanic clast diameter; median clast diameter (Mdφ); graphic
standard deviation, or sorting (σφ); and the graphical skewness, a
measure of the asymmetry of the grain-size distribution. Complete
and reliable total grain-size distribution data for explosive volcanic
eruptions are difficult to establish from field data and are rarely re-
ported [Bonadonna and Houghton, 2005]. Problems in determining
the total grain-size distribution for an eruption stem from difficulty
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in sampling all facies of the deposit. Median grain size for the to-
tal grain size distribution estimated for the entire mass erupted for
specific eruptions include: Cerro Negro 1992, Nicaragua - basaltic
sub-Plinian (−0.3φ); Etna 1998 - sub-Plinian (1φ); Soufriére Hills Vol-
cano, Montserrat - vulcanian/dome collapse (3.5φ); Mount St Helens
1980, USA (4.5φ). The median sorting is therefore linked to eruption
column height and total mass erupted, with smaller eruptions pro-
ducing relatively coarse median grain sizes, and larger, more violent
eruptions producing relatively fine median grain sizes. The range
used in the simulations is from −1− 5φ for the VEI 4−6 and −1− 3φ

for the VEI 2−4 eruptions.

Standard deviation of particle grain size. Less is known about the sort-
ing of the deposit as a function of eruption intensity. Here a constant
sorting is used of σφ = 2.0φ, representing good sorting for tephra
deposits [Fisher and Schmincke, 1984, Cas and Wright, 1987].

Minimum and maximum particle grain size. Tephra2 can only model
the transport of particles over a range of grain size based on the
settling velocity of particles in the atmosphere. Large particles (e.g.
< −7φ are not carried aloft in the plume and advected significantly
by the wind. Rather, these particles follow ballistic trajectories. Con-
sequently, these coarse particle sizes are not considered in tephra
transport. Conversely, very fine particles (e.g. > 7φ may be dispersed
far downrange of the volcano and have very different diffusion char-
acteristics in the atmosphere, with particle settling times approaching
those of complex anions. These very fine grained particles are not
considered in the model, which is primarily concerned with accumu-
lation of tephra fallout.

Fine and coarse particle density. Particle density may vary as a func-
tion of grain size. Coarse particles (e.g. scoria and pumice) tend to
have low density. In contrast, fine particles may consist of individual
crystals and therefore have higher densities. This effect is accounted
for in the model by allowing particle density to vary as a function of
grain size.

Eddy constant, diffusion coefficient, and fall-time threshold. Diffusion of
tephra away from the volcano, and its eventual sedimentation onto
the ground depends heavily on the physics of the volcanic plume and
the atmosphere. This physics is abstracted in an analytical solution to
the advection diffusion equation. Consider fi,j(x, y) (m−2), a function
that uses the advection-diffusion equation to estimate the fraction
of mass of a given particle size and release height that falls around
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the point with coordinates (x, y). The analytical solution of the mass-
conservation equation can be written as:

fi,j(x, y) =
1

2πσ2
i,j

exp

[
−
(x− x̄i,j)

2 + (y− ȳi,j)
2

2σ2
i,j

]
(9)

where x̄i,j and ȳi,j are the coordinates of the center of the bivariate
Gaussian distribution x̄i,j = xi + ∑layers δxj, ȳi,j = yi + ∑layers δyj,
and σ2

i,j is the variance of the Gaussian distribution, which is con-
trolled by atmospheric diffusion and horizontal spreading of the
plume [Suzuki, 1983]. Effectively, the use of σ2

i,j in equation 9 lumps
complex plume and atmospheric processes into a single parameter.
This greatly simplifies the model, making it much easier to imple-
ment, but also ignores processes that can affect tephra dispersion.
For example, the diffusion coefficient is likely scale dependent and
varies with barometric pressure in the atmosphere [Hanna et al.,
1982]. Such factors are not considered in the model. Atmospheric
turbulence is a second order effect for coarse particles, and several
models for tephra dispersal are based on the assumption that the
atmospheric turbulence is negligible [Bonadonna et al., 1998, Bursik
et al., 1992b, Sparks et al., 1992]. However, if the fall time of particles
is large, for example for ash-sized particles, atmospheric turbulence
may not be negligible [Bursik et al., 1992a, Suzuki, 1983]. For small
particle-fall times, ti,j, the diffusion is linear (Fick’s law), and the
variance σ2

i,j is [Suzuki, 1983]:

σ2
i,j = 2K

[
ti,j + t′i

]
(10)

where K (m2 s−1) is a constant diffusion coefficient and t′i (s) is the
horizontal diffusion time in the vertical plume. The horizontal diffu-
sion coefficient, K , is considered isotropic (K = Kx = Ky) [Armienti
et al., 1988, Bonadonna et al., 2002, Connor et al., 2001, Hurst and
Turner, 1999, Suzuki, 1983]. The vertical diffusion coefficient is small
above 500 m of altitude [Pasquill, 1974], and therefore is assumed to
be negligible.

The horizontal diffusion time, t′i , accounts for the change in width
of the vertical plume as a function of height, which is a very complex
process [Ernst et al., 1996, Woods, 1995]. Such a change in plume
width simply adds to the dispersion of tephra fall, and so can be ex-
pressed as t′i [Suzuki, 1983]. Here, we approximate the radius, ri , of
the spreading plume at a given height, zi , with the relation devel-
oped by Bonadonna and Phillips [2003] and based on the combina-
tion of numerical studies [Morton et al., 1956] and observations of
plume expansion [Sparks and Wilson, 1982]: ri = 0.34zi. Thus, taking
ri = 3σp = 3σi,j , where σp is the standard deviation of the Gaussian
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distribution of the mass in the ascending plume [Sparks et al., 1997,
Suzuki, 1983]. From equation 10 with ti,j = 0:

t′i =
0.0032z2

i
K

(11)

When the particle fall time is of a scale of hours, the scale of tur-
bulent structures that carry particles increases with time [Suzuki,
1983]. As an example, particles with diameter < 1 mm falling from
a 30 km-high plume will have an average fall time > 1 hr (based on
their particle settling velocity). In this case the variance σ2

i,j can be
empirically determined as [Suzuki, 1983]:

σ2
i,j =

4C
5
[
ti,j + t′i

] 5
2 (12)

where C is the apparent eddy diffusivity determined empirically (
C = 0.04 m2 s−1; [Suzuki, 1983]). Taking ti,j = 0 in equation 12 and
ri = 3σp = 3σi,j = 0.34zi, the horizontal diffusion time for fine
particles is:

t′i = (0.2z2
i )

2
5 (13)

The addition of the term t′i significantly affects the total fall time of
coarse particles more than the total fall time of fine particles because
for fine particles t′i << ti,j. However, depending on the value of K,
the horizontal diffusion time of coarse particles is typically smaller
than the horizontal diffusion time of fine particles for low heights.
Therefore it is important to adjust the diffusion law used depending
on the total particle fall time. This adjustment is made using the fall-
time threshold parameter. Such a transition is not well defined based
on theory but can be determined empirically (e.g. from maps and
granulometric analysis of tephra fallout maps).

To summarize, once particles leave the bottom of the turbulent cur-
rent, they experience different types of turbulent diffusion depending
on their size. For relatively coarse particles with relatively short par-
ticle fall-times, the linear diffusion model (equation 10) is used. This
diffusion model strongly depends on the choice of the diffusion coef-
ficient, K, for large particles. A different diffusion law describes the
diffusion of fine particles in the atmosphere, which have long set-
tling times. A power-law diffusion model (equation 12) describes the
transport of these particles. Diffusion for these fine particles, with rel-
atively long settling times, strongly depends on the particle fall time
and the horizontal diffusion time of the ascending plume [Suzuki,
1983]. The eddy diffusivity constant, C, is important in modeling the
transport of these particles. If the volcanic plume is sufficiently high,
some particles will experience a shift in diffusion law during fall.
This shift occurs at some time, referred to as the fall-time threshold,
which is estimated empirically from mapping of tephra deposits.
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Wind speed and wind direction. Tephra accumulation at a site is
strongly dependent on wind speed and direction during the time-
span of eruption. In Tephra2 it is assumed that the wind speed and
direction is constant across the region and varies only as a function
of height. For the simulations, wind data from 2009 was used (sam-
pled four times daily) from the surface to a geopotential height of
approximately 35 km, where geopotential height is estimated from
barometric pressure. These data were obtained from the NOAA RE-
ANALYSIS project, which creates a global database of wind velocity
data by reconciling discrete observations (soundings) made at atmo-
spheric stations with global models of weather circulation [Kalnay
et al., 1996]. In simulations, a wind field is sampled randomly from
a database created of all REANALYSIS data available for 2009. One
wind field is sampled for each eruption and it is assumed that this
wind field persists unchanged for the duration of the eruption.

Integration steps. Numerical solution of equation 1 required that the
eruption plume be discretized into a series of levels. In this analysis,
this discretization was into 100 steps. It was determined through
experiment that additional discretization had no impact on the tephra
fallout estimates at the site.

Number of simulations. A total of 10 000 simulations were done for
each volcano. For each simulation, a wind field was selected at ran-
dom. Eruption parameters were selected at random using the meth-
ods indicated above and summarized in Table 1. Using these input
parameters, Tephra2 was run to estimate the tephra fallout at the site.
These results are summarized on survivor function (complimentary
cumulative distribution function) plots. It was determined through
experimentation that 10 000 simulations of each event yielded stable
results.

Example simulations of tephra fallout

Estimation of tephra fallout hazard at the Armenia site relies on
Monte Carlo simulation using Tephra2 and the ranges of input pa-
rameters described in Table 1. It is worthwhile to create maps of
individual eruptions in order to better assess this procedure. Figure 7

shows a map for hypothetical eruptions of Ararat volcano. The se-
lected input parameters used to create this map is summarized in
Table 2.

Moderate Plinian eruptions are assumed to occur at both volca-
noes and winds aloft carry tephra over the Armenia site. Tephra
deposition is highest in the region near the vent, accumulating to
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Input parameter Aragats Ararat

Volcano location (Easting) 432243 439845

Volcano location (Northing) 4486892 4394905

Volcano vent height (amsl) 4100 5100

Eruption column height (km) 30.3 35.2
Total eruption mass (kg) 2.57× 1012 6.2× 1012

Plume model 0 0

Plume column ratio 0.8 0.8

Median grain size (φ) 0.42 −0.33
Standard deviation of grain size (φ) 2 2

Maximum grain size (φ) -7.0 -7.0
Minimum grain size (φ) 7.0 7.0
Fine particle density (kg m−3) 2600 2600

Coarse particle density (kg m−3) 1000 1000

Minimum particle fall time (s) 49 62

Maximum particle fall time (s) 6.2× 106 7.3× 106

Eddy constant (m2 s−1) 0.04 0.04

Diffusion coefficient (m2 s−1) 10 10

Fall time threshold (s) 288 288

Wind speed (m s−1) shown on map shown on map
Wind direction (◦) shown on map shown on map
Integration steps 100 100

Table 2: Parameters used to calculate
example tephra fallout from compar-
atively large eruptions of Ararat and
Aragats volcanoes. Note that mini-
mum and maximum particle fall time
are calculated by the code using in-
put parameters and are shown for
completeness.
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> 3000 kg m−2 within ≈ 5 km of the vent. The deposits thin rapidly
away from the vent, governed by the wind field and the diffusion
laws discussed in the previous section.

Tephra accumulation in the Armenia site area is ∼ 250 kg m−2

for the Aragats eruption and ∼ 500 kg m−2 for the Ararat eruption.
These values are for the dry accumulation of tephra. Rainfall satu-
rates tephra deposits and may double these estimated loads [Blong,
1984]. Although the rate of particle fall time varies substantially (see
Table 2), these deposits would accumulate to most of their final thick-
ness within ≈ 12 hr.

As will be clear in the following, these examples represent some
of the largest events expected from eruptions of Ararat or Aragats
volcanoes; many eruptions result in lower mass loads at the site,
either because of lower columns, total mass output, or different wind
directions.
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Figure 7: Example isomass map for a
hypothetical eruption of Ararat volcano.
Input parameters used to create this
map are given in Table 2. Contours
are shown in units of kg m−2 for dry
tephra accumulation. Red square
indicates vent location, green square
indicates site. Winds in this example
are dominantly blowing to the north-
northeast at low elevations and to the
west at high elevations. Digital shaded
relief map derived from SRTM data
[Jarvis et al., 2008]; map coordinates in
UTM (WGS84).

Results of probabilistic analysis of tephra fallout

The results of the Monte Carlo analysis for vents at fixed locations
are summarized in Figure 8. These vents include the volcanoes Ara-
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gats, Ararat, Kars Plateau, Tendürek, and Gegham Ridge. The results
indicate that all of these volcanoes are capable of producing tephra
fallout at the site, but in substantially differing quantities and likeli-
hoods. For all simulations from all of these vents, no eruptions were
identified that might produce tephra accumulations of > 1000 kg m−2,
corresponding to a deposit thickness of approximately 1 m. Erup-
tions of this magnitude are simply highly unlikely, although rare
large eruptions from Ararat or Aragats might approach this value.
Generally, the moderate eruptions from Tendürek or Gegham Ridge
produce much less tephra at the site than the larger class of eruptions
from Ararat, Aragats. or the Kars Plateau. Although the Kars Plateau
is more distant, wind patterns are on average favorable for tephra de-
position at the site compared to the closer volcanoes. For the largest
potential accumulations (> 100 kg m−2), Ararat and Aragats are the
dominant sources of tephra fallout hazard.
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