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   mul1disciplinary	
   project	
   is	
   a	
   joint	
   effort	
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   the	
   CASE	
   and	
   Earth	
   Sciences	
  
Departments	
   at	
   the	
   Barcelona	
   Supercompu1ng	
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  with	
   other	
   interna1onal	
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•  Off-­‐line	
   3-­‐D	
   1me-­‐dependent	
   Eulerian	
   model	
   for	
   atmospheric	
   transport	
   and	
  

deposi1on	
  of	
  volcanic	
  par1cles	
  
	
  
•  Solves	
  the	
  Advec1on-­‐Diffusion-­‐Sedimenta1on	
  (ADS)	
  equa1on	
  using	
  an	
  explicit	
  finite	
  

difference	
  numerical	
  algorithm	
  

•  Opera1onal	
  at	
  the	
  Buenos	
  Aires	
  VAAC	
  and	
  other	
  ins1tu1ons	
  worldwide	
  

al., 2001), WRF-ARW (Michalakes et al., 2001), or the U.K. Met Office
global-to-regional Unified Model MetUM (Davies et al., 2005).

3. The physics of TTDMs

3.1. The Eulerian advection–diffusion–sedimentation equation

Eulerian TTDMs build on the Advection–Diffusion–Sedimentation
(ADS) equation, derived in continuum mechanics from the general
principle of mass conservation of particles within a fluid (air). Neg-
lecting particle inertia and particle–particle interaction effects, the
general expression of the ADS equation is:

∂C
∂t ¼ −∇∙ u Cð Þ þ∇∙ K∇Cð Þ−∇∙ us Cð Þ þ So þ Sk ð1Þ

where t denotes time, C is the particlemass concentration,u=(ux,uy,uz)
is the wind velocity,K is the turbulent diffusivity tensor (accounting for
unresolved-scale turbulent wind fluctuations), us is the particle sedi-
mentation velocity, So(x,y,z, t) is the source term (accounting for the
production of particles), and Sk(x,y,z, t) is the sink term (accounting
for the destruction of particles). The first three terms in the right hand
side of Eq. (1) describe the advection of particles by wind, turbulent dif-
fusion of particles, and particle sedimentation respectively. It is worth
mentioning that particle concentration and wind and particle sedi-
mentation velocities must be understood in an “averaged sense”,
that is, as representing quantities averaged over an ensemble in the
case of turbulent flows. In the particular case of atmospheric trans-
port, it is typically assumed that: i) the turbulent diffusivity tensor
reduces to K ¼ diag Kh;Kh;Kv

! "
, where Kh(x,y,z, t) and Kv(x,y,z, t) de-

note the horizontal and vertical turbulent diffusion respectively and,
ii) the sedimentation velocity has a single dimension (sense in the neg-
ative z-direction; z defined positive upwards). In this case, Eq. (1), writ-
ten in Cartesian coordinates, simplifies to:

∂C
∂t ¼ −∂ uxCð Þ

∂x −
∂ uyC
! "

∂y −∂ uzCð Þ
∂z þ ∂

∂x Kh
∂C
∂x

# $
þ ∂
∂y Kh

∂C
∂y

# $

þ ∂
∂z Kv

∂C
∂z

# $
þ ∂ usCð Þ

∂z þ So þ Sk

ð2Þ

where us(z,t) is the modulus of the sedimentation velocity. In the case of
TTDMs, the only limitation of Eq. (2) is that it should not be used tomodel
either the eruption column (where particles strongly interact) or ballistic
clasts (for which particle inertia dominates). TTDMs based on Eq. (2)
group tephra particles in particle classes or bins characterized by an
equal sedimentation velocity. Such a binning (dependent on particle
size, density, and shape) is very convenient for steady particle size distri-
butions because, in this case, the different ADS equations for each particle
class are decoupled. This approach is no longer valid if theparticle size dis-
tribution evolves with time, e.g. by the occurrence of particle aggregation.

3.2. Lagrangian tracers and transport models

Lagrangian models calculate the trajectories of a number of
“particles” (intended as moving parcels containing the mass of
many real physical particles) released in a fluid. Neglecting particle
inertia and particle–particle interaction effects, the displacement of
a particle between two time instants t1 and t2 is given by:

r t2ð Þ ¼ r t1ð Þ þ ∫
t2

t1

u r; tð Þ þ u′ r; tð Þ þ us r; tð Þ
h i

dt ð3Þ

where r is the position vector, u and us are the wind and particle
sedimentation velocities, and u′ is the unresolved-scale turbulent
fluctuations. The three terms inside the integral are the counter-
parts of those of the Eulerian ADS Eq. (1). In particular, models

considering only the advection term are known as Lagrangian
tracers, whereas models considering also diffusion and particle de-
position mechanisms are Lagrangian transport models.

Different modeling approaches exist for the turbulent fluctuation
velocityu′. A common approach is to use the standard randomwalk ex-
pression for the horizontal and vertical components of u′ (e.g. Legg and
Raupach, 1982; Boughton et al., 1987):

u′
h t2ð Þ ¼ u′

h t1ð Þ−u′
h t1ð ÞΔt
τh

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2σ2

hΔt
τh

s

r

u′
v t2ð Þ ¼ u′

v t1ð Þ−u′
v t1ð ÞΔt
τv

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2σ2

vΔt
τv

s

r þ ∂σ2
v

∂z Δt

ð4Þ

whereσh
2 andσv

2 are the turbulent velocity variances (directly given by a
NWPM or derived from diagnostic of NWPM primitive variables), τh and
τv are characteristic timescales, and r is a Gaussian random number hav-
ing zeromean and varianceΔt. The randomwalk introduces randomper-
turbations in the trajectory of a particle that simulate unresolved-scale
turbulence. It needs to be ensured thatΔt≪τ (Legg and Raupach, 1982).

3.3. Gaussian puff models

A third hybridmodeling strategy consists on computing first the tra-
jectory of the center ofmass of a series of “puffs” (i.e.use Eq. (3)without
considering turbulent fluctuations) and then to assume a Gaussian dif-
fusion of the particles in a puff to obtain the concentration of particles
c(xo,yo,zo, t) relative to the location of the center of mass of the puff. Ac-
tually, this can be viewed as a hybrid Lagrangian–Eulerian approach, in
the sense that the model traces the trajectories of puffs in a Lagrangian
way but, simultaneously, computes concentration at fixed receptors by
summing up the contribution of all puffs on each receptor. Gaussian
puff models were first developed in the 80s for modeling local disper-
sion of atmospheric pollutants from buoyant, puff or continuous point
and area pollution sources (e.g. the atmospheric pollutant transport
model CALPUFF; Schnelle and Dey, 1999).

3.4. Drag force and particle Terminal Fall Velocity

Particles within a fluid experience a viscous drag force that de-
pends on particle velocity and opposes movement. When the drag
force balances the gravitational force particles fall at a constant veloc-
ity ut, known as the particle Terminal Fall Velocity (TFV). For most
sizes and densities of tephra particles, TFV is by far the dominant
component of the sedimentation velocity us in Eqs. (1) and (3) (ex-
ceptions are discussed in Section 3.5). As a consequence, TTDMs
need to quantify properly TFVs depending on the properties of parti-
cles (size, density and shape) and air (density and viscosity at a given
atmospheric level).

For Newtonian fluids (as air) in the creeping or Stokes flow regime
(Reynolds number Re≪1), the drag force is proportional to particle
velocity and, for spherical particles only, it can be obtained as an an-
alytical solution of the Navier–Stokes equations. The resulting expres-
sion for the TFV, derived in 1851 by G. Stokes, is the classical Stokes
law (e.g. Batchelor, 1967):

ut ¼
1
18

ρp−ρf

! "

μ f
gd2 ð5Þ

where μf is the viscosity of the fluid (air), g is the gravitational accel-
eration, d is the particle diameter, and ρp and ρf are, respectively, the
densities of the particle and the fluid (air). Strictly, the Stokes law
holds only for Reynolds numbers Re≲0.1, which are characteristic of
particles up to several tens of microns in diameter (fine ash roughly).
Note that this justifies the use of Eq. (5) to compute TFVs in VATDMs,
but not for TTDMs in general. In fact, most VATDMs use Eq. (5), often
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  1.	
  Composite	
  image	
  of	
  FALL3D	
  results	
  for	
  the	
  Eyjalallajökull	
  2010	
  erup1on.	
  Contours	
  are	
  ash	
  
column	
  load	
  in	
  ton�km-­‐2	
  	
  [Folch	
  et.	
  al.,	
  2012]	
  	
  

	
  Fig	
  6.	
  NMMB	
  On-­‐line	
  interac1ons	
  

3.	
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  BACKGROUND	
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  DESCRIPTION	
  

Fig	
  5.	
  Composite	
  image	
  for	
  the	
  Cordón	
  Caulle	
  2011	
  erup1on.	
  Comparison	
  FALL3D	
  column	
  mass	
  forecast	
  in	
  ton�km-­‐2	
  vs.	
  split	
  window	
  algorithm	
  images	
  	
  (Collini	
  et.	
  al.,	
  2012)	
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  implemented	
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  planned	
  future	
  development	
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  al.,	
  2013]	
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Fig	
  2.	
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