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ABSTRACT 

Foot-and-mouth disease virus (FMDV) is one of the most economically serious veterinary pathogens due to its negative 
effects on livestock and its highly infectious nature via a variety of transmission paths through oral and inhalation routes. 
Measures to enhance outbreak management can be designed according to analytical results predicted by mathematical 
models for wind-borne dispersion, an important path of virus transmission. Accurate atmospheric dispersion models are 
useful tools for properly determining risk management plans, while inaccurate models may conversely lead to acciden-
tal loss in two possible ways. Overly strict measures, e.g., slaughter for too wide an area, can cause severe economic 
difficulties, including irreversible loss of business operations for a number of farms. On the contrary, inestimable loss 
potentially caused by lax controls is a persistent threat. In this paper, available modelling procedures for forecasting the 
spread of FMDV, which have been used since the 1970s, each having its advantages and limitations, are reviewed for 
the purpose of ensuring suitable application in various conditions of any future emergency cases. 
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1. Introduction 

FMDV, a single-stranded RNA virus, is a member of the 
Picornaviridae family, genus Aphthovirus, causing a 
highly contagious vesicular disease of cloven-hoofed ani- 
mals. An important sign of infection is vesicular lesions 
containing straw-colored fluid on the coronary band and 
in the mucosa of the mouth. Symptoms may be mild and 
healable without further damage, or may result in severe 
morbidity or death, particularly in neonates. Although 
FMDV is not considered zoonotic, humans can also be 
infected, in rare cases [1]. 

Consequent to the occurrences of FMDV infection and 
its evolution over the past several decades, it can now be 
differentiated into 7 serotypes with numerous strains [2, 
3]. A variety of strains is one of the difficulties in con-
trolling FMDV outbreak, since a vaccine for one specific 
serotype will not protect against any of the others, and 
vaccination only provides temporary immunity [4-6]. 
Slaughter of infected animals is therefore another sig- 

nificant control option in unavoidable cases, and can 
cause serious economic problems [4,7]. Total costs for 
the outbreak period alone in Great Britain in 2001 were 
estimated at about 8.7 - 9.4 billion euros, due to the 
eradication of about ten million animals [8,9]. The fre-
quency of foot-and-mouth disease (FMD) outbreaks and 
the severity of consequences to the livestock industry are 
revealed through a review of many articles published on 
this theme [1,2,6,7,10-14]. 

Among the abundance of research on efforts to control 
FMD, one main theme is the study of FMD transmission 
including mathematical models to predict the wind-borne 
spread of the disease. Many accepted principles direct the 
predictive models. Appropriateness in selecting available 
dispersion models is important, and must be well consid-
ered, as can be seen from the results of a comparative 
study of various models [15]. The current paper reviews 
all previously used procedures for predicting dispersion 
of FMDV from farms to faraway distances via the air-
borne route. 
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2. Viral Production Model 

The first major step in the assessment of FMD atmos-
pheric dispersion is the same as for other types of emis-
sion, namely to identify detailed emission inventory data. 
Specifically, for FMDV, the concern in this step is to 
identify the amount of airborne virus produced at desig-
nated times, such as day by day or week by week, on the 
suspect/infected premise(s), measurable in TCID50(vo- 
lumeperiod of time)−1. TCID50 is 50% tissue culture 
infective dose [9,16,17]. For estimation of such quanti-
ties, a mathematical model, normally evaluated by a 
computer to simulate the complex circumstance of an 
intra-farm epidemic, is necessary, since, although possi-
ble, it is extravagant and dangerous to conduct a real ex-
periment [18,19]. There can be many models of the same 
disease, but FMDV models are frequently based upon a 
state-transition model developed from a Markov chain 
[16,18,20]. A loop of four states, i.e. susceptible, infec-
tious, immune, and dead, was formerly defined in 
Miller’s models [18]. Then it was modified into several 
different patterns, such as the seven states proposed by 
Durand and Mahul, i.e. exposed-susceptible, non-exposed- 
susceptible, incubation, invasion, clinical, immune, and 
dead [16,20,21]. Inversely, the stochastic simulation 
model proposed by MacKenzie and Bishop had only two 
disease stages, susceptible and infectious [21]. Due to 
these differences, the implementation of such models can 
be accomplished with many different approaches and 
levels of detail. From just the four states of Miller’s 
model, there can be up to 10 potential transition path- 
ways, i.e. remaining susceptible, infection, effective vac-
cination, contact slaughter, convalescent immunity, slaugh- 
ter of the affected, waning immunity, remaining immune, 
restocking, and remaining depopulated [18]. 

In addition to selection of the viral production model’s 
type and basic information to be gathered—e.g. size of 
flock, accurate date of lesions on infected animals, num-
ber of animals infected (incubating/infectious), serotype 
of FMDV, particle size distributions, etc.—there are 
complementary factors to be considered for the assess-
ment of intra-farm virus production. First, individual 
animal disease factors such as age and species (cattle, 
sheep, or pigs) affect the dose response in susceptible 
animals, the period of each state-transition, the formation 
of immunity, and vaccine protection. Second, there are 
on-the-farm epidemic factors such as rates of pathogen 
transmission between animals of the same and different 
species, quantity of human-animal contacts, viability of 
pathogen in soil, air, or water. Third, between-farms 
transmission factors such as frequency of exchange of 
animals between farms, visits and deliveries from outer 
sources, and so on, must be considered. Regardless of all 

the data, applying the model itself can produce substan-
tially different results. Yet, since considering all related 
factors requires a number of input data within time con-
straints, reasonable assumptions can be allowed for the 
validity of the result [16,19,21,22]. Nevertheless, detailed 
analysis of the viral production model is beyond the 
scope of this paper. 

3. Atmospheric Dispersion Model 

After FMDV is excreted on the infected premises in an 
amount computable by viral production models discussed 
above, particles of 10 µm diameter are deposited on the 
ground by gravity within minutes in the absence of tur-
bulence, while long-distance spreading by wind for the 
smaller particle sizes can occur for many hours under the 
right conditions (e.g. relative air humidity > 60%, tem-
perature < 27˚C, strong sunlight, UV radiation, pH 6.5 - 
11, and so forth). Occasionally, wind-borne spread can 
travel many tens of km over land and a hundred or more 
km over water [19,22,23]. Technology to predict direc-
tion, speed, concentration, and deposition distance of 
pollution spread over user-specified boundaries has 
variously been developed, depending on the mathematics 
used to develop the model. The necessary data, collected 
over a suitable period of time from either direct meas-
urements or inferences from empirical formula may in-
clude [8,9,15,16,19,22,24-26]: 
 Meteorological conditions (wind direction, wind 

speed, atmospheric stability class, ambient tempera-
ture, mixing height, etc.) obtained from a meteoro-
logical monitoring station, and ideally collected at the 
receptor locations, or typically obtained from moni-
toring sites as close as possible, and with a similar 
profile [19,26]. 

 Numerical weather prediction model (in case com-
plete meteorological data is unavailable) requiring 
observed data for the calculation of conditions on a 
3-D grid with points being representative of an area 
[19,26]. 

 Terrain (presence of features e.g. mountains, valleys, 
coast, etc.) at the source location(s), pathways, and at 
the receptor locations, including the consideration of 
natural effects such as building wake [19,26]. 

Several advanced dispersion modeling programs in-
clude a pre-processor module for the input of these data, 
and some also include a post-processor module for dia-
gramming the graphical output [15,27]. Nevertheless, 
although modeling methodology on air pollution has 
been developing since at least the 1930s, two key at- 
mospheric dispersion models for assessing airborne 
transmission of FMDV remain the Gaussian and Lagran-
gian particle dispersion models [8,9,22,28-30]. 
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3.1. Gaussian Dispersion Model and FMDV 

The Gaussian dispersion model, probably the earliest 
developed to model dispersion processes with a normal 
probability distribution within the atmosphere, can be 
applied to gases, radioactive particles, bioaerosols such 
as FMDV, etc. [9,28]. Gaussian models can theoretically 
be used for constant meteorological data to predict the 
dispersion of both non-continuous air pollution plumes 
(puff models) and continuous air pollution plumes 
(plume models) [25,31]. 

For the puff models, there are two factors to be con-
sidered in the movement of pollutant: 1) wind speed and 
direction to determine variations in the position of the 
center of each puff, and 2) decrease of concentration 
around the center of the puff to determine age of puff, on 
the assumption, from conservation of mass, that the 
quantity of infectious particles inside a puff remains con-
stant during the transport of pollutants from source to 
receptor in any reaction. The concentration of pollutants 
in the form of a single puff for the target located down-
wind with constant meteorological data can basically be 
calculated using the following 3-dimensional equation 
[25,31]: 

 

2 2
0 0

2 2 2

( ) ( ) ( )1

2

3/2

2

2π

x y z

x x ūt y y z z

x y z

Q
c e

  

  

      



2
0




   (1) 

Here, x is the coordinate along the average direction of 
the wind; y, z are the coordinates along orthogonal posi-
tions; c is the concentration of infectious particles in the 
air; Q is the total quantity of particles leaving the out-
break; σx, σy, σz are the standard deviations of the distri-
bution of Q from its average localization with σx = σy = 

h k

hA t  and  k

z Z z
A t  ; Ah, AZ are parameters of hori- 

zontal and vertical diffusion, determined by CEA (Com-
missariat ὰ I’Energie Atomique); kh, kZ are horizontal and 
vertical diffusion indexes (determined by CEA); t is the 
moment from the beginning of the outbreak and at the 
position x, y, z; x0, y0, z0 are the position of the outbreak; 
and ū is the average wind speed. 

At the position x, y, z and at the moment t, the concen-
tration of infectious particles is the sum of the concentra-
tions of each single puff variant by meteorological data 
as shown in Figure 1 [25]. 

Plume models, a simplification of the puff model, 
should be selected just in case the meteorological data is 
appropriate to its several key assumptions, e.g. the wind 
speed is over 1 ms−1 etc., until the length of transfer time 
is long enough, meaning that the pollutants are blown far 
enough from the outbreak, but still within a 10-km radius  

 

Figure 1. Trace of each puff in variable meteorological con-
ditions. The centers of individual puffs are positioned by the 
lines from the origin point [25]. 
 
(over land) [9,25,31]: 

Case study 1 for a case of FMD outbreak in Australia; 
this study used a Gaussian plume model to estimate the 
extent of wind-borne spread of FMD under Australian 
conditions. The excretion per 24 hours from pigs was 
identified to be 1000 - 3000 times higher than that from 
cows or sheep. 100% of the amounts were assumed to 
become airborne, though this may have been overesti-
mated. Detailed records from 113 sites had to be pur-
chased from the Bureau of Meteorology’s Three-Hourly 
Surface Data collection of weather observations to obtain 
as much data as possible across Australia over 10 - 40 
years. In the end, the information from 113 sites was not 
sufficient to study the dispersion and persistence of 
FMDV for the whole area. In particular, the lack of data 
records during the night-time period was significant for 
the consideration of FMDV persistence, thus requiring 
some reasonable assumptions. Two main factors to de-
termine the existence of FMDV were relative humidity 
and temperature. The minimum falling speed to the 
ground was 1 × 10−2 ms−1 or much greater, depending on 
the size of particles, roughness of terrain, etc., resulting 
in less risk. Within a 20 km-radius around the source, the 
size of a single grid cell to run the model was 250 m × 
250 m. The viral particles emitted each h were tracked 
until they encountered unfavorable weather conditions 
for persistence of FMDV. It was surmised that the oc-
currence of wind-borne spread of FMD for most of Aus-
tralia was not limited by weather conditions. The risk of 
spread partly relied on the density of livestock in the 
downwind direction. Finally, it was noted that long-term 
average data for weather conditions was not accurate 
enough in all cases to be used for the prediction of 
FMDV wind-borne spread [22]. 

Case study 2 for a case of FMD outbreak in the UK; 
short-distance spread of FMD over land, and long-dis- 
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tance over the sea were described. For an outbreak of 
FMD in the case of a short-distance (10 km radius from 
an infected premise), an air dispersion model could pro-
vide an estimate of the area most at risk. In less than 1 
day, a preliminary result of the area at risk was available 
with no further spread, due to quick response. In case of 
long-distance spread, the Gaussian dispersion model was 
not applied due to its distance limitation. A simple esti-
mate for atmospheric dispersion was analyzed. Veteri-
nary staff was then able to take action after infection was 
found in the expected area [17].  

Case study 3 for a case of FMD outbreaks in Italy; 
considering airborne virus on the plume or puff model 
would be automatically judged depending on the data 
from an air pollution dispersion model, the ICAIR 3 V 
model. In this case, 4 outbreaks were detected during 
March 4-29, 1993, within a 4 - 5 km area. Even though 
the estimated result concerned a very small area, there 
were two large pig farms located near the last outbreak. 
To prevent further outbreak, the two pigs units were 
slaughtered with no clinical sign in any of them. The 
modeling was helpful to make such a difficult political 
and economic decision about eliminating animals free of 
disease [25].  

Case study 4 for a case of FMD outbreaks in New Zea-
land; a management system including an atmospheric 
dispersion model was adopted by the New Zealand Min-
istry of Agriculture and Forestry (MAF) in response to a 
letter, received on May 10, 2005, threatening the release 
of FMDV on Waiheke Island. An airborne spread risk 
assessment was undertaken by both the EpiCentre and 
NIWA using the CALPUFF model. There was no com-
mercial pig farm on the island and conditions for the 
long-range transport across the sea of airborne virus were 
poor. The project concluded that airborne spread was a 
low risk, and the assessment was entirely completed in 5 
days with no infection [32]. 

3.2. Lagrangian Dispersion Model and FMDV 

Lagrangian dispersion models consider the mass conser-
vation equation by following an infinitesimal control 
volume moving with the particles. The statistics for the 
trajectories of a large number of particles are computed 
by the models to forecast the dispersion. The sum of each 
virus mass expanding in time and space within a grid cell 
is counted as particle concentrations as shown in Figure 
2. Advantages associated with these models are simplic-
ity, flexibility and ability to produce relatively accurate 
results in atmospheric turbulence caused by complex 
terrain, etc. [8,16,33-36]. 

The position of a particle at time (t + Δt) along the x, y, 
and z directions is given by Equations (2)-(4), where U  

dC/dt

 

Figure 2. Lagrangian approach: solve along the trajectory 
[37]. 
 
and V are the mean wind speed; U', V' and W' are velocity 
fluctuations [34,36]. 

       x t t x t U t U t t               (2) 

       y t t y t V t V t t              (3) 

       z t t z t W t W t t             (4) 

Case study 5 for a case of FMD outbreaks in Australia; 
The paper illustrated 3 main structures of an integrated 
modelling approach to assess the risk of wind-borne 
spread of FMDV comprising an intra-farm virus produc-
tion model, a wind transport and dispersion model, and 
an exposure-risk model. An atmospheric dispersion 
model selected in the study was the HYSPLIT model 
designed to use gridded wind data from numerical 
weather prediction models or 3-dimensional numerical 
analyses as input, or a combination of these. The grid 
span and the concentration grid spacing used for the 
simulations were about 150 km and 1 km, respectively. 
8640 Lagrangian particles per day were released at 1 m 
height and a dry deposition velocity of 0.01 ms−1 was 
assumed. The effect of biological ageing was considered 
by adopting a virus exponential decay constant. For the 
viability of the virus, the paper used a linear decrease in 
virus concentrations to account for the temperature effect 
and an exponential decrease for the humidity. The out-
puts of modelling were spatial plots of virus concentra-
tion at 1 m height in log10 TCID50m−3. As a result, 10 
of 139 farms surrounding the infected premise were rated 
as at medium or high risk, the closer farms having the 
higher risk. There were only a few cases in the study 
showing high risk at great distance. Seasons had a great 
influence in the result, as the large change was seen in 
the size of exposed areas and the number of farms at dif-
ferent levels of risk, according to the change of season. 
The wind speed and the height of the turbulent mixing 
layer, creating a measure of the turbulent mixing, were 
the main meteorological factors affecting the dispersion. 
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This example also gave details about how to consider 
risk from the result of the atmospheric dispersion model. 
That will be explained further in the next topic, “Risk 
and viral production model” [16]. 

Case study 6 for a case of FMD outbreaks in UK; 
FMDV had spread in many countries throughout the UK 
as 54 outbreaks were recorded on March 26, 2001, at the 
epidemic’s peak. The paper presented the four atmos-
pheric dispersion models (two for short-range and the 
other two for long-range models) and discussed the po-
tential for disease spread in relation to the 4th and 6th 
outbreaks, in the early stages of the UK epidemic. Of the 
four atmospheric dispersion models, one was the La-
grangian dispersion model, NAME (Nuclear Accident 
ModEl). NAME was adapted to calculate downwind 
concentrations at 1 km intervals, same as another model 
compared in this case, the 10 km Gaussian plume model. 
NAME used 3-dimensional wind fields and other mete-
orological data from the Met Office’s numerical weather 
prediction model. NAME and the other long-range model 
showed similar results that were very low risk for long 
distance spread of FMD to Europe [8].  

Case study 7 for a case of FMD outbreaks in Austria; 
two case studies using a Lagrangian particle model to 
investigate the airborne spread of FMDV were made 
with domains located in a hilly region in the northwest of 
the Styrian capital Graz, Austria, comprising a total of 
2959 farms with 17,563 swine, 8842 goats and sheep and 
39,203 cattle. Calculation of turbulence was based on a 
Monte Carlo method while the traditionally used Gaus-
sian dispersion model was inapplicable due to moun-
tainous terrain and time-varying meteorological condi-
tions. Case studies illustrated the significance of local 
wind on the spread of virus under the influence of 
non-flat terrain. The study varied the different meteoro-
logical conditions on the two selected days. Four farms 
with different topographical environments were chosen. 
The study clearly demonstrated that Lagrangian particle 
models had superior advantages, i.e. extension of the 
range of application and applicability to nearly all real 
situations or phenomena (such as vertical wind shear, etc.) 
[8]. 

4. Risk and Viral Production Model 

After the direction and concentration of FMDV spread is 
predicted, probabilities for the infection of farms exposed 
to airborne virus need to be evaluated. The important 
factors for the infection are the concentration of airborne 
virus, the air sampling capacity of the animal, the period 
of exposure, and the size of the herd. A commonly used 
concept to consider the risk of infection is the minimum 
infectious dose. The probability of infection exponen-

tially increases with the size of the dose. The following 
binomial distribution presents the relationship of the 
probability (Pi) that an animal is infected when exposed 
to a given virus dose d in TCID50 and the probability 
that one TCID50 infects an animal () [16]: 

 1 1
d

iP                  (5) 

As identified in this study, the probabilities that expo-
sure to one infectious unit (IU) of virus would result in 
infection, estimated for cattle, sheep, and pigs, are 0.031, 
0.045, and 0.003 respectively. Further from Pi, the prob-
ability that a group of animals becomes infected (Ph) 
also depends on the group size (n), given by: 

1 1
nPh    Pi              (6) 

In the case that more than one species is exposed to 
FMDV for multiple days, more factors must be consid-
ered, i.e. species (i), day (k), exposure dose (d), and 
number of animals of that species on the farm (n) as 
shown in the following relationship. 

   11
1 1 inj m

h i ki
P d

 k
   
           (7) 

Based on these probabilities, Equations (5)-(7), a rela-
tive risk ranking—high, medium, low and very low— 
can be applied corresponding to probabilities of infection 
of >50, 10 - 50, 1 - 10 and <1%, respectively. 

5. Interpretation of Dispersion Modelling  
Results 

In risk assessment of FMD epidemics via wind-borne 
spread, reliable techniques and information are very nec-
essary. Whenever possible, data based on actual records 
during the period of infection must be used. However, 
sometimes available data relies on estimations such as 
the exact date of lesions on infected animals, while 
sometimes it must rely on published values with limita-
tions, which causes imperfection in the prediction [16, 
38]. Numerical data producing a worst-case scenario can 
be optional to guarantee an action plan responding to an 
outbreak [26]. Consequently, output may be the value 
expressed as a maximum concentration for a short period, 
from one hour up to the entire emission period [19].  

To carefully interpret the dispersion modelling results 
in order to develop a management plan, all possible inci-
dences should be considered. For that, a sensitivity 
analysis of modelling results for assessing the potential 
for wind-borne spread of FMD to variations in key pa-
rameters controlling different physical and biological 
processes is imperative. Example parameters for such 
analysis from the literature are serotype of FMDV, bio-
logical ageing, weather change according to season, 
value of  or excretion rate, etc. [38]. 

Copyright © 2012 SciRes.                                                                                  JEP 



Review of Air Dispersion Modelling Approaches to Assess the Risk of Wind-Borne Spread of  
Foot-and-Mouth Disease Virus 

1265

6. Discussion 

The selection of Gaussian or Lagrangian air dispersion 
models relies mainly on terrain characteristics affecting 
meteorological conditions. The Gaussian dispersion model 
provides a good estimation for aerosol spread of FMDV, 
and has been applied to the study of both short and 
long-range transmission. However, Gaussian plume or 
puff models have many restrictions with disregard to 
influential factors such as topography or changing wind 
directions. On the contrary, Lagrangian dispersion mod-
els can be applied to almost all inhomogeneous and time 
varying meteorological conditions as well as non-flat 
terrain. The model provides a more accurate approxima-
tion of the airborne spread of FMDV than the Gaussian 
dispersion model. Nevertheless, the Lagrangian disper-
sion model is very complex in use and requires a large 
number of weather input parameters which are time- 
consuming and expensive to attain [8,9,39]. In any case, 
regardless of which type of air dispersion model is used, 
meteorological information to support the prediction ac-
quired from both actual records and numerical weather 
prediction models is a serious factor affecting the accu-
racy of results [19]. 

7. Conclusion 

To assist management of the potential spread of serious 
disease like FMD in cloven-hoofed animals, prediction 
models should be able to determine an accurate range 
and area of outbreak in advance as well as required 
minimum data can be obtained since error of prediction 
might cause serious impact. Selection of suitable model 
is one of the most important factors providing greater 
confidence in model outputs. Accuracy in the use of any 
models for the prediction of FMDV spread requires three 
essential considerations: 1) the amount of virus released 
into the atmosphere, 2) factors for virus viability, and 3) 
minimum quantity of virus causing infection. One of the 
main causes of FMDV infection via airborne transmis-
sion, especially for short-distances over land, is the 
population density of the target farm, as in the outbreaks 
in the UK in 1981 and Australia in Case study 1 - 2. For 
long-distance disease infection over the sea, the outbreak 
of FMD seems to depend on the coincidence of many 
factors. It is most likely when the following four circum-
stances are achieved simultaneously; 1) high output of 
virus predominantly associated with the outbreak of dis-
ease from pigs, 2) low dispersion of virus basically due 
to stable surface air and light winds, 3) high survival of 
virus mainly dependent on temperature and relative hu-
midity, and 4) large numbers of susceptible livestock, 
especially for cows exposed to the virus for many hours 

[17,22]. Air dispersion modelling approaches to forecast 
the spread of FMDV are the main focus of this paper but 
to achieve the successful management and control in any 
outbreak of FMDV, interdisciplinary knowledge on vet-
erinary, virology, epidemiology, and meteorology is re-
quired. 
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