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Abstract

Airborne spread of bioaerosols in the boundary layer over a complex terrain is simulated using a Lagrangian particle

model, and applied to modelling the airborne spread of foot-and-mouth disease (FMD) virus. Two case studies are made

with study domains located in a hilly region in the northwest of the Styrian capital Graz, the second largest town in

Austria. Mountainous terrain as well as inhomogeneous and time varying meteorological conditions prevent from

application of so far used Gaussian dispersion models, while the proposed model can handle these realistically. In the

model, trajectories of several thousands of particles are computed and the distribution of virus concentration near the

ground is calculated. This allows to assess risk of infection areas with respect to animal species of interest, such as cattle,

swine or sheep. Meteorological input data like wind field and other variables necessary to compute turbulence were taken

from the new pre-operational version of the non-hydrostatic numerical weather prediction model LMK (Lokal-Modell-

Kürzestfrist) running at the German weather service DWD (Deutscher Wetterdienst). The LMK model provides

meteorological parameters with a spatial resolution of about 2.8 km. To account for the spatial resolution of 400m used by

the Lagrangian particle model, the initial wind field is interpolated upon the finer grid by a mass consistent interpolation

method. Case studies depict a significant influence of local wind systems on the spread of virus. Higher virus concentrations

at the upwind side of the hills and marginal concentrations in the lee are well observable, as well as canalization effects by

valleys. The study demonstrates that the Lagrangian particle model is an appropriate tool for risk assessment of airborne

spread of virus by taking into account the realistic orographic and meteorological conditions.
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1. Introduction

Foot-and-mouth disease (FMD) is a highly
contagious viral animal disease of significant
economic impact (James and Rushton, 2002). The
direct costs for the recent major FMD outbreaks in
Great Britain 2001 have been estimated to about
.
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Euro 4.7 billion, the indirect costs to about Euro
4.0–4.7 billion (Thompson et al., 2002). The
constant threat of FMD was confirmed by the
new outbreak in Great Britain reported on 3 August
2007, during the preparation phase of this paper.
A multitude of epidemiological tools has been
developed and applied to investigate the dynamics
of the FMD outbreak in 2001. These tools comprise
so-called epidemic models to predict the direct
(contact based) transmission of FMD (Kao, 2002;
Keeling, 2005) as well as dispersion models to
predict the airborne spread of FMD (Gloster et al.,
2003). In preparation for a potential FMD outbreak
in Austria we describe the implementation of a high-
resolution atmospheric dispersion model, i.e. a
Lagrangian particle model to predict the airborne
spread of FMD virus, and a first application to
simulate multiple hypothetical FMD outbreaks in
Austria. The Lagrangian dispersion model is
designed to be an integrated part of a veterinary
decision-support system so far comprising a data
base of geo-referenced premises, a geographical
information system (GIS) and a Gaussian disper-
sion model (Rubel and Fuchs, 2005).

1.1. Aims of study

Gloster and Alexandersen (2004) proposed sev-
eral future research activities necessary to improve
the estimation of airborne transmission of FMD
virus. Here we focus on meteorological and model-
ling implications. These comprise the use of detailed
parameters provided by state-of-the-art numerical
weather prediction (NWP) models, the implementa-
tion of a sophisticated atmospheric dispersion
model designed for continuously calculations of
FMD virus concentrations of several simultaneous
sources (infected premises) as well as the inclusion
of detailed topography.

1.2. Dispersion models

With respect to dispersion modelling, two differ-
ent approaches coexist. On the one hand, there are
the widespread and in epidemiology established but
with a lot of restriction afflicted Gaussian plume or
puff models. They have been applied to study short-
range (Cannon and Garner, 1999; Sørensen et al.,
2000, 2001; Gloster et al., 2003, 2004a,b; Rubel and
Fuchs, 2005) and long-range (Gloster et al., 1982,
2005; Sørensen, 1998) FMD virus transmission as
well as the possible spread of FMD virus by the
burning of animal carcases on open pyres (Cham-
pion et al., 2002; Jones et al., 2004). On the other
hand, Lagrangian particle models can be applied to
the full spectrum of inhomogeneous and time
varying meteorological conditions even on non-flat
terrains (Wilson and Sawford, 1996); however, they
have been rarely applied to simulate FMD virus
transmission. A recent application was presented by
Gloster et al. (2003). In this study we describe the
implementation of a Lagrangian dispersion model
making use of the full information of NWP models
concerning wind fields and turbulent fluxes.

According to Lamb et al. (1975) the spatio-
temporal distribution of a substance’s concentration
cðx; tÞ can be expressed by the emission rate Sðx; tÞ
and the conditional probability density pðx; tjx0; t0Þ
that a marked particle released at ðx0; t0Þ will be
found at ðx; tÞ:

cðx; tÞ ¼

Z Z t

0

pðx; tjx0; t0ÞSðx0; t0Þdt0 dx0, (1)

where x and x0 denote spatial coordinate vectors
while t and t0 denote time.

If the conditional probability density is supposed
to be Gaussian and turbulence is homogeneous and
stationary, Eq. (1) leads to Gaussian plume model
(Seinfeld, 1975). In case of inhomogeneous turbu-
lence conditions, however, no explicit function
exists for p and, as a consequence, neither for c.
This more realistic case can only be studied by
computing the distribution of concentration itera-
tively by means of numerical simulation.

The Lagrangian approach to handle particle
dispersion appeared as early as in Taylor (1921),
but that time turbulence was still assumed to be
homogeneous. Due to the rapid development of
computer technology Lagrangian particle models
have been booming since the pioneer works of
Smith (1968). Only a few years later, this random
walk model was at first applied by Thomson (1971)
and one of the first approaches considering complex
topography was presented by Etling et al. (1986).
Nowadays Lagrangian particle models can handle
inhomogeneous turbulence and are applicable to all
scales ranging from the evolution of galaxies to the
movement of electrons in conductors (Zannetti,
1998). Recent applications comprise, for example,
dispersion of atmospheric pollution (Da Costa
Carvalho et al., 2007; Carvalhoa et al., 2005),
airborne radionuclides from a nuclear power plant
(Srinivas and Venkatesan, 2005) and bioaerosols
(Pasken and Pietrowicz, 2005). There are two
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approaches for the calculation of the turbulent wind
components. The first one uses the gradient of
particle concentration (Lange, 1978), whereas the
second one is based on a Monte Carlo method, in
which the turbulent velocity is generated by a
Markov process (Hanna, 1979). A detailed review
of Lagrangian particle models describing various
assumptions about turbulence and atmospheric
stability can be found in Wilson and Sawford (1996).

In the present work, calculation of turbulence is
based on a Monte Carlo method and in most
respects like calculation of the turbulent wind speed
and discretization of the domain it is similar to the
Lagrangian particle model LASAT (Janicke, 2000).
Significant differences exist in parameterizing quan-
tities necessary to describe turbulence.

1.3. Wind flow models

Input wind data for a Lagrangian particle model
are usually provided by an appropriate wind flow
model in order to simulate dispersion due to the
mean wind field. Wind flow models can be divided
into two groups, namely prognostic and diagnostic
models. The first group includes models that
compute the time evolution of meteorological
variables by integrating the equations of conserva-
tion at least for momentum, heat, mass and water.
On the other side, models based on steady state
solutions of the linearized Navier–Stokes equations
(Jackson and Hunt, 1975) or on the analysis of
measured or predicted wind data under physical
constraints like mass conservation (Sherman, 1978)
are assigned to diagnostic flow models. An overview
of several flow models together with some imple-
mentations is given by Finardi et al. (1997).

In this work, a combination of a non-hydrostatic
prognostic flow model and a mass consistent diag-
nostic flow model is used. Data from the first one
are taken from LMK (Lokal-Modell-Kürzestfrist)
operated at DWD (Baldauf et al., 2007). These wind
fields have a horizontal resolution of Dx � 2:8 km
where the influence of larger valleys and groups of
mountains is already taken into account. The
second one is a mass consistent wind model that
interpolates or downscales the wind field from the
NWP model to a resolution of Dx � 400m by
taking into account high-resolution topography. In
this way even the effects of small valleys, single hills
and passes on the wind flow are considered. The fine
topography is taken from the high-resolution
topographic database of the Shuttle Radar Topo-
graphy Mission (SRTM) provided by NASA. This
entire-world elevation data set has a horizontal
resolution of 3 arcseconds that corresponds to Dx �

60m for Central Europe.
The theoretical background of the mass consis-

tent flow model was developed by Sasaki (1958).
Originally, measured wind data are interpolated
upon a regular grid and modified by the calculus of
variations until divergence of the wind field reaches
a minimum. An early and well-known application is
the wind flow model MATHEW (Sherman, 1978).
The mass consistent flow model implemented here is
based on the paper of Magnusson (2005) and uses
the terrain following coordinates of the NWP model
of DWD to simplify the treatment of lower
boundary conditions.

2. Model, parameterization and input data

2.1. Lagrangian particle model

To determine the distribution of concentration
cðx; tÞ, some thousands of particle trajectories are
computed. All trajectories are modelled indepen-
dently of each other. The movement of a particle is
determined by a velocity v that can be divided into a
deterministic part v called mean wind speed and a
stochastic part v0 called turbulent wind speed or
wind fluctuation.

Both the position in space x and the turbulent
wind speed v0 are driven by a discrete-time Markov
process. The position x at time tnþ1 can be written as

xnþ1 ¼ xn þ tðvðxnÞ þ v0nþ1Þ, (2)

where t ¼ tnþ1 � tn denotes the time step.
The mean wind speed v is taken from the

downscaled NWP data. The turbulent wind speed
v0nþ1 is further divided into two parts, namely an
autoregressive component W � v0n and a partially
random component x:

v0nþ1 ¼ WðxnÞ � v
0
n þ x. (3)

As a consequence of anisotropic turbulence and
the so-caused interactions between the spatial
components, the factor W in the Markov process
is a tensor of second order and plays the role of an
autocorrelation coefficient.

Now, we have to specify x. Also this velocity
component can be split into two components. The
first is the drift velocity W that prevents the
accumulation of particles in regions with lower
turbulence and the second is a Gaussian random
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number r with mean 0 and variance 1 that is
weighted with the tensor K for the purpose of
energy conservation.

x ¼WðxnÞ þ KðxnÞ � r. (4)

All quantities mentioned above can be deduced
from the components of the mean wind field u, v

and w, the components of the wind fluctuation su,
sv and sw, the friction velocity u� and the
Lagrangian time scales Tu, Tv and Tw. The tensor
K can be expressed as the Cholesky decomposition
of the tensor X defined as

X ¼ R�W � R �WT, (5)

where WT denotes the transpose of W, and R

contains the covariances of the wind fluctuations
in order to consider horizontal and vertical interac-
tions:

R ¼

s2u 0 �u2
�

0 s2v 0

�u2
� 0 s2w

0
B@

1
CA. (6)

The factor W of the Markov process can be
written as a function of a tensor U whose diagonal
elements correspond to the reciprocal Lagrangian
time scales and the other elements can be expressed
by the wind fluctuations and the friction velocity in
the following way:

W ¼ ðI � 1
2
tUÞ � ðI þ 1

2
tUÞ�1, (7)

where I is the identity matrix and

U ¼

1

Tu

0 �
u2
�

Tws2w

0
1

Tv

0

�
u2
�

Tus2u
0

1

Tw

0
BBBBBBBB@

1
CCCCCCCCA
. (8)

To complete this section we have to define the
drift velocity W . This vector consists of the factor of
the Markov process W and the divergence of the
variance tensor R:

W ¼ 1
2
tðI þWÞ � ð= � RÞ, (9)

where = is the Nabla-operator. Using the Gauss’
Theorem, the divergence of the tensor can be
calculated by integrating the flux through the
surface of the grid cell.
2.2. Parameterization of turbulent quantities

In the literature, there exist several approaches
for the parameterization of the above-mentioned
turbulent quantities su, sv, sw, u�, Tu, Tv and Tw

(Kerschgens et al., 2000). While most of these
approaches assume a discrete classification of the
atmospheric stability, there are some supporting a
continuous quantification of stability in terms of the
Monin–Obukhov length L.

Friction velocity u� can be computed directly
from its defining equation:

u� ¼ ½ðw0u0Þ
2

0 þ ðw
0v0Þ

2

0�
1=4, (10)

where u0, v0 and w0 are the components of the
turbulent wind speed v0. The quantities ðw0u0Þ0 and
ðw0v0Þ0 represent the surface values of the fluxes of
kinematic impulse that, except for a factor, come
from the NWP model.

The Monin–Obukhov length L is used to classify
the stability and is defined as follows:

L ¼ �
u3
�Y

kgðw0Y0Þ0
, (11)

where k ¼ 0:4 is the von Kármán constant, Y is the
potential temperature near the surface and ðw0Y0Þ0 is
the kinematic heat flux at ground level (also
provided by the weather prediction model, except
for a factor). The boundary layer is supposed to be
stable if L40, unstable if Lo0 and neutral if
jLj ! 1.

Mixing layer height h plays two important roles.
First, h defines the vertical extension for particle
dispersion; furthermore it is a scaling parameter for
the wind fluctuations and Lagrangian time scales. In
this work, h is calculated using the concept of the
(critical) Bulk–Richardson number Ric according to
Holtslag et al. (1995) and Vogelzang and Holtslag
(1996):

h� z1 ¼ Ric
ðuðhÞ � uðz1ÞÞ

2
þ ðvðhÞ � vðz1ÞÞ

2
þ 100u2

�

g=Yvðz1Þ½YvðhÞ �Yvs�
,

(12)

where uðhÞ and vðhÞ are components of the mean
wind speed v at height h while 20pz1p50m.
FurthermoreYv is the virtual potential temperature,
Ric ¼ 0:25 the critical Bulk–Richardson number.
The additional term Yvs in Eq. (12) takes into
account the effect of convective air parcels by
consideration of the excess temperature YT near the
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surface (Troen and Mahrt, 1986):

Yvs ¼ YvðsÞ þYT ¼ YvðsÞ þ
ð8:5w0Y0vÞ0
ðu3
� þ 0:6w3

�Þ
1=3

, (13)

where YvðsÞ is the virtual potential temperature at
the surface and ðw0Y0vÞ0 is the buoyancy flux at the
surface. According to Potty et al. (2000) this flux
can be derived from the heat flux ðw0Y0Þ0 and the
moisture flux ðw0q0Þ0:

ðw0Y0vÞ0 ¼ ðw0Y
0Þ0 þ 0:6078½Yðw0q0Þ0 þ qðw0Y0Þ0�,

(14)

where q is the specific humidity. This quantity as
well as the moisture and heat fluxes can be taken
from the weather prediction model. In Eq. (13) w� is
the convective scaling velocity:

w� ¼
g

Y
ðw0Y0Þ0h

� �1=3
, (15)

with g being the acceleration due to gravity.
Vertical profiles of the wind fluctuations suðzÞ,

svðzÞ and swðzÞ can be calculated from the mixing
layer height h, friction velocity u� and convective
scaling velocity w�, also depending on atmospheric
stability. For unstable to neutral atmospheric
stability the recommendation of Kerschgens et al.
(2000) is followed with the modification that the
exponential height dependence in Eqs. (16) and (17)
is here applied to the whole expression.

su ¼ ½ð2:4u�Þ
3
þ ð0:59w�Þ

3
�1=3 exp �

z

h

n o
, ð16Þ

sv ¼ ½ð1:8u�Þ
3
þ ð0:59w�Þ

3
�1=3 exp �

z

h

n o
, ð17Þ

sw ¼ 1:3u� exp �
z

h

n o� �3"

þ 1:3
z

h

� �1=3
1� 0:8

z

h

� �
w�

� �3
#1=3

. ð18Þ

For stable layering the recommendation of
Kerschgens et al. (2000) is applied without mod-
ification:

su ¼ 2:4u� exp �
z

h

n o
, (19)

sv ¼ 1:8u� exp �
z

h

n o
, (20)

sw ¼ 1:3u� exp �
z

h

n o
. (21)

From the wide variety of expressions for the
Lagrangian time scales Tu, Tv and Tw we have
chosen the one by Luhar and Britter (1989), which is
valid for the whole spectrum of atmospheric
layering:

Tu ¼
2s2u
C0�

; Tv ¼
2s2v
C0�

; Tw ¼
2s2w
C0�

, (22)

where C0 ¼ 5:7 is the Kolmogorov constant (Ley,
1982) and � is the rate of dissipation of the turbulent
kinetic energy. Concerning �, for unstable to neutral
stratifications the recommendation by Luhar and
Britter (1989) is followed:

� ¼ max
u3
�

kz
1�

z

h

� �2
þ 2:5k

z

h

� ��

þ
w3
�

h
1:5� 1:3

z

h

� �1=3� �
;
u3
�

kz

	
, ð23Þ

whereas for stable atmospheric layering the ap-
proach according to Wyngaard (1975) is applied:

� ¼
u3
�

kz
1þ 4

z

L

� �
. (24)

All these parameterizations assure continuous
changeovers even in cases with changing spatial and
temporal stability conditions.
2.3. Input data from NWP model

The meteorological input data for the Lagrangian
particle model are provided by the LMK model
(Steppeler et al., 2003; Baldauf et al., 2007) of the
German Weather Service (DWD). Since June 2006
this non-hydrostatic model runs in a pre-opera-
tional testing phase and is planned to complete the
previous operating Global Modell (GME) and the
therein nested Lokal-Modell Europa (LME) in the
course of the year 2007. This model covers the area
of Germany, the alpine countries Austria and
Switzerland and parts of the surrounding countries.

A considerable innovation is the increased
resolution from Dx ¼ 7 km (LME) up to Dx ¼

2:8 km (LMK); the increase in the number of
vertical layers from 40 to 50 as well as the reduction
of the time step of the numerical integration from
Dt ¼ 40 s to Dt ¼ 30 s. Because of a forecast
duration of 18 h and its initialization frequency of
8 times a day, the LMK model belongs to the group
of very short-range NWP models. A further
innovation is the explicit consideration of deep
moist convection whereby phenomena like super-
and multi-cell thunderstorms or squall-lines can be
taken into account. Furthermore, interactions with
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fine-scale topography like severe downslope winds,
Foehn-Storms or fog can be predicted.

The Lagrangian particle model presented here
uses the three-dimensional fields of horizontal and
vertical wind components, temperature, pressure,
specific moisture as well as the two-dimensional
surface fields of momentum, sensible and latent heat
fluxes with a temporal resolution of Dt ¼ 1 h.

2.4. Mass consistent wind field data

The mass consistent interpolation of the initial
mean wind field v0 (from the LMK model) to a fine
grid taking into account the topography must
satisfy two constraints. The resulting mean wind
field v should be as similar as possible to the initial
wind field v0 but with a minimal divergence
integrated over the whole domain:Z

a2xðu� u0Þ
2
þ a2yðv� v0Þ

2
þ a2zðw� w0Þ

2

�

þ2l
qu

qx
þ

qv

qy
þ

qw

qz

� ��
dV ¼Min. ð25Þ

Here l plays the role of a Lagrangian multiplier,
ax ¼ ay and az are the horizontal and vertical
transmission coefficients, also called Gaussian pre-
cision moduli. These specify the relative importance
of adjustment of horizontal and vertical wind
components and can be expressed as functions of
the horizontal and vertical turbulent wind fluctua-
tions su and sw (Magnusson, 2005). So, the stability
dependent tendency to overflow or to circulate
around an orographic formation can be simulated
in a realistic way. Using the calculus of variations
Eq. (25) can be transformed into a partial differ-
ential equation of second order for the Lagrangian
multiplier l.

1

a2x

q2l
qx2
þ

1

a2y

q2l
qy2
þ

1

a2z

q2l
qz2
¼ �

qu0

qx
þ

qv0

qy
þ

qw0

qz

� �
.

(26)

The right-hand side of Eq. (26) is the divergence
of the initial wind field v0. Solving the discretized
form of Eq. (26) numerically for l, the following
wind components are obtained:

u ¼ u0 þ
1

a2x

ql
qx
; v ¼ v0 þ

1

a2y

ql
qy
; w ¼ w0 þ

1

a2z

ql
qz

.

(27)

Lower boundary conditions can be taken into
account more easily if the problem is formulated in
terrain following coordinates x, y and Z satisfying

Zðx; y; zÞ ¼ s
z� zGðx; yÞ

s� zGðx; yÞ

� �
, (28)

where s is the altitude, at which the influence of terrain
vanishes and zG is the elevation of the orography. The
numerical value of s ¼ 11 357m is specified by the
NWP model and has been adopted to the mass
consistent wind model for compatibility reasons.

The mass consistent interpolated wind field
possesses all observable features of local wind
systems like canalization through valleys, an increase
in velocity over ridges and stability dependent
tendencies to overflow or circulate around hills.

The procedure was implemented for three-dimen-
sional domains of 60� 60� 30 grid points corre-
sponding to an area of 25� 25 km2 (Fig. 1).

2.5. Virus emission rates and infectious dose

Virus emission of infected animals is expressed in
terms of Tissue Culture Infectious Dose ðTCID50Þ,
that is the dose of virus needed to infect a tissue
culture with a probability of 50%. In most cases,
this dose is quoted in terms of the common
logarithm and is referenced to a time period of 1
day. On this account, a commonly used abbrevia-
tion is log10 TCID50 d

�1.
Every species varies in virus emission as well as in

the critical value of the concentration that leads to
an infection. Because of their greater respiratory
volume cattle are the most endangered animals,
whereas swine are least vulnerable, requiring higher
concentrations to be infected. Table 1 depicts a
selection of emission rates as well as the critical
concentrations for infection of cattle, swine and
sheep for FMD virus serotype O1 after Sørensen et
al. (2000). Note that emission rates depend on the
virus serotype, the species and the day of clinical
signs, respectively. For simplification, case studies
demonstrating the performance of the new Lagran-
gian particle model have been calculated with
constant emission rates. Simulating real-world
applications, the determination of realistic emission
rates is a challenging task.

The Lagrangian particle model works with
variable discrete time steps of the order of
Dt ¼ 5 s. Thus, every time step a number of n

simulated particles are released. The virus dose that
one particle represents is then q ¼ Q=n, where Q is
the virus emission rate in TCID50 s

�1. By discretiz-
ing the spatial domain into grid cells with volume V,
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Fig. 1. Map with Lagrangian model domains (black frames), towns (white disks), hypothetically infected farms (black squares) and rivers

(black lines).

Table 1

Virus emission rates (Garner and Cannon, 1995) and critical

values of concentrations for different species after Sørensen et al.

(2000)

Species Cattle Swine Sheep

Emission rate ðlog10 TCID50 d
�1
Þ 5.06 7.16 4.94

Critical concentration ðTCID50 m
�3Þ 0.06 7.70 1.11

D. Mayer et al. / Atmospheric Environment 42 (2008) 466–479472
indexed by i, j and k, distribution of concentration c

can be computed as follows:

ci;j;k ¼
q
P

p tp

V i;j;kT
, (29)
where tp is the time particle p stays in the cell i, j, k and
T is the accumulation period usually 1h or 1 day.

3. Case studies

3.1. Domains

As domains for the case studies, two partially
overlapping regions with an extension of 25�
25 km2 were selected northwest of Graz, the Styrian
capital and second largest town of Austria. These
diversified regions comprise a large valley, moder-
ately ranged mountains and a basin. From north
to south the Mur-Valley crosses the domains.
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Fig. 2. Surface weather chart for Europe, 16 September 2006,

12:00 UTC (DWD, 2007). The location of the study domain is

marked by a gray star.
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This valley enlarges twice, firstly to the Gratwein-

Gratkorner basin and in the south to the Grazer

field. The altitude of the hills and mountains ranges
from 300 to 1200m, at the border of one domain,
some tops reach a level of 1700m.

The entire region depicted in Fig. 1 comprises a
total of 2959 farms with 17 563 swine, 8842 goats
and sheep and 39 203 cattle. This is equivalent to a
density of 2:2 farms km�2 or 13.1 swine km�2, 6.6
sheep and goat km�2 and 29:2 cattle km�2.

In both case studies the same farms were assumed
to be affected (with the same number of infected
cattle, swine and sheep). Differences come from the
different meteorological conditions on the two
selected days, such as mean wind field, turbulence
and variation in time of the atmospheric layering.
The geographical coordinates of the affected farms,
the number of infected animals and the entire
emission rates of FMD-virus in units of TCID50 s

�1

are shown in Table 2. The latter are calculated from
the single emission rates given in Table 1 multiplied
by the total number of animals located at the
infected farms.

Four farms with different topographical environ-
ments have been chosen. Whereas farms 3 and 4 are
situated in the basin, Farm 1 is located in a small
side valley and Farm 2 in the hilly area.
3.2. Case study I: 16 September 2006

The surface chart from the German weather
service (DWD, 2007) depicts the general weather
situation of Europe for 16 September 2006, 12:00
UTC (Fig. 2). Whereas a stable anticyclone is
located over Eastern Europe, an occlusion has
already crossed the Alps and reaches the easterly
lowland of Austria. The domain of the case study is
influenced by the warm sector with winds from
southeast in the morning. In the afternoon storm
Table 2

Coordinates of affected farms, number of infected animals and

total FMD virus emission rates

Farm 1 2 3 4

l ð�EÞ 15.2936 15.3702 15.3532 15.3178

j ð�NÞ 47.1625 47.1729 47.1345 47.1121

Cattle 29 8 2 45

Sheep 0 0 29 0

Swine 4 8 26 15

Emission rate

ðTCID50 s
�1Þ

708 1349 4382 2569
rainfall is caused by the point of occlusion that is
centered over the domain. For this reason airborne
spread of virus is only simulated till 13:00 UTC.

In the morning the atmosphere is layered stably.
In the lowlands and mountains (except for the
valleys) the wind blows slightly and comes from
easterly directions (Fig. 3a). In contrast, valleys are
able to modify the wind flow considerably. After
atmospheric stratification has changed from stable
to neutral, wind shifts to east to southeast and its
speed has generally increased to jvj45m s�1 where-
by local wind systems in valleys have disappeared
(Fig. 3b). Orographic elevations are now overflown,
whereas, as a consequence of stable layering, wind
flow circulated around the hills in the morning.

Fig. 4 depicts snapshots of virus spread visualized
by more than 25 000 simulated particles at 9:00
UTC (a), 11:00 UTC (b), 12:00 UTC (c) and 13:00
UTC (d). According to the vertical layer of the
NWP model, wherein the particles are located, they
are colored differently in ascending order from
yellow, to green, cyan, blue, magenta, red and
black. It is self-evident that only particles of the
lowest layer (yellow) can be inhaled by animals.
Only particles located within the yet thin mixing
layer are shown. The circulating flow around the hill
can be observed in Fig. 4a, whereas canalizing
effects are illustrated in Fig. 4d near Farm 2.

The atmospheric layering has a considerable
effect on the shape of the risk area. Very stable
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Fig. 3. Surface wind field for 16 September 2006, 09:00 UTC (a) and 12:00 UTC (b) depicting the initial wind field from NWP model

(white arrows) and the mass consistent downscaled wind field used by the Lagrangian particle model (black arrows). Note that wind

vectors are scaled proportional to the grid size. The positions of infected farms are marked by red squares.

Fig. 4. Snap-shot of virus plumes for 16 September 2006, 9:00 UTC (a), 11:00 UTC (b), 12:00 UTC (c) and 13:00 UTC (d). Red squares

indicate for the positions of infected farms, brown points for the more than 1000 susceptible farms in the 25� 25km2 model domain.

Yellow particles are located in the lowest 10m above ground. Green, cyan, blue, magenta and black points mark viruses at higher vertical

layers.
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stratifications may produce narrow areas with high
doses and therefore high risk for all three species,
like, e.g. those in Fig. 5a near Farms 3 and 4 located
in the basin. Another consequence of the stable
layering is that the wind flow circulates around a hill
instead of overflowing it, like, e.g. near Farm 3 in
Fig. 5a.

Three hours later atmospheric layering turns to
neutral and hills are overflown now. Another effect
that cannot be handled by Gaussian dispersion
models appears, the lee effect. As shown in Fig. 5b,
upwind sides of hills are much more affected than
lee sides. Even far away from virus sources (parti-
cularly Farm 2) exposed hill territories can be risk
areas for cattle. On the other hand, areas that are
situated closer to the source but do not face it are
quite safe even for cattle. A further consequence of
the neutral layering is the widening of the risk area
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Fig. 5. Risk areas for cattle (green), sheep (blue) and swine (red) based on the critical concentrations given in Table 1. Date 16 September

2006, accumulation period 9:00–10:00 UTC (a) and 12:00–13:00 UTC (b). Numbered red squares mark the location of infected farms,

brown points all other farms. Domain size 25� 25 km2.
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but with decreasing exposure so that swine are
only at risk if they reside directly in the neighbor-
hood of the affected farms. Apart from the lee
effects, canalizing effect of valleys can be observed,
e.g. in case of the virus plume emitted by Farm 3 in
Fig. 5b.

3.3. Case study II: 1 November 2006

A long cold front reaching from Spain to Russia
included in the strong northern upper airflow has
reached the Alps and displaces the up to now quite
stable anticyclone toward the southeast (Fig. 6). At
the back side polar air masses are transported to
Central Europe leading to the first onset of winter
even in the lowlands.

The early morning of 1 November 2006 was
characterized by a gentle breeze with a ground wind
speed of jvjo1m s�1. No prevailing direction of
wind can be noticed, nearly every valley has its
own local wind system. Due to the stable atmo-
spheric stratification, mixing layer height is still low.
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Fig. 6. Surface weather chart for Europe, 1 November 2006,

12:00 UTC (DWD, 2007). The location of the study domain is

marked by a gray star.

Fig. 7. Surface wind field for 1 November 2006, 06:00 UTC (a)

and 10:00 UTC (b) depicting the initial wind field from NWP

model (white arrows) and the mass consistent downscaled wind

field used by the Lagrangian particle model (black arrows). Note

that wind vectors are scaled proportional to the grid size. Red

squares show the positions of infected farms, the gray area

indicates urban agglomeration of Graz.
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A snap-shot of the morning wind conditions at 6:00
UTC is shown in Fig. 7a.

In front of the approaching significant cold front
from the north 4 h later, the wind breezes up ðjvj �
5m s�1Þ and shifts to northern directions (Fig. 7b).
The very stable atmospheric layering is removed by
a neutral layering whereby an increase of the mixing
layer height from hp100m in the early morning to
h � 1500m in front of the approaching cold front
can be observed.

A snapshot of the position of nearly 40 000
simulated FMD virus particles at 5:00 UTC, 8:00
UTC, 10:00 UTC and 11:00 UTC is shown in Fig. 8.
Yellow points correspond to viruses located in the
lowest vertical layer, i.e. those able to infect animals.
A pronounced lee effect can be observed in the virus
plume of Farm 3 (Fig. 8c) and of Farm 4 (Fig. 8d).
Distant hills are exposed to viruses while other hill
sides that do not face the affected farm are quite
safe areas even if they are located closer to it.
Plumes emitted by farms 1 and 2 (Fig. 8c and d)
remain aloof from the ground after having crossed
the ambient hills, preventing inhalation of virus by
farm animals.

Finally, Fig. 9 depicts areas within which
different species are under risk to be infected due
to airborne spread of FMD virus. The risk areas
depicted in Fig. 9 may be calculated for any
accumulation period. Here an accumulation period
of 8 h was selected.
4. Discussion and future prospects

An upgrade from Gaussian plume and puff models
to Lagrangian particle models allows an extension of
the range of application of airborne spread of FMD
virus. Whereas Gaussian plume models require
temporally and spatially constant and isotropic wind
and turbulence conditions and can deal only with a
moderate topography with some oversimplifications,



ARTICLE IN PRESS

Fig. 8. Snap-shot of virus plumes for 1 November 2006, 5:00 UTC (a), 8:00 UTC (b), 10:00 UTC (c) and 11:00 UTC (d). Red squares

indicate the positions of infected farms, brown points the more than 1000 susceptible farms in the 25� 25 km2 model domain. Yellow

particles are located in the lowest 10 m above ground. Green and cyan points mark viruses at higher vertical layers.

Fig. 9. Risk areas for cattle (green), sheep (blue) and swine (red), based on the critical concentrations given in Table 1. Date 1 November

2006, accumulation period 4:00–12:00 UTC. Numbered red squares mark the location of infected farms, brown points all other farms.

Domain size 25� 25 km2.
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Lagrangian particle models are applicable to nearly
all real situation like such characteristic phenomena
as vertical wind shear, wind fields modified by the
topography, as well as spatiotemporally varying
mixing layer heights.
As demonstrated in this work, the use of a mass
consistent wind flow model combined with high-
resolution elevation data allows for investigation of
the consequences of topography such as lee and
canalization effects on the shape of risk areas.
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Having a more precise knowledge of those farms
that are really affected, the control of FMD
epidemics may be improved.

In the above two preliminary case studies, a
temporally constant virus emission rate of four
hypothetically infected farms was assumed. If
considering real-world epidemics of longer time
periods, it is necessary to use time dependent
emission rates, which should be updated at least
daily by using information from veterinarians in the
field. In addition, the effect of environmental para-
meters like air temperature, humidity, precipitation
and radiation on the biological activity of the virus
must be considered. Simulating longer time periods
requires also larger domains with much more grid
points. Further, it may be necessary to simulate the
emission of FMD virus from much more than four
simultaneously infected farms.

Nevertheless, the proposed Lagrangian particle
model for the estimation of airborne spread of FMD
virus is a first step to improve estimations previously
based on Gaussian dispersion models. A more
detailed description comprising vertical profiles of
meteorological input parameters such as tempera-
ture, humidity, wind speed, height of the boundary
layer, dissipation rate of the turbulent kinetic energy,
turbulent wind fluctuations, Lagrangian time scales
as well as animations of the virus plumes depicted
in Figs. 4 and 8 are available at http://i115srv.
vu-wien.ac.at/staff/mayer/Lagrange/Lagrange.htm.
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