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ABSTRACT 

Human exposure to dust in and near 
farm fields is an increasing concern. This 
paper presents a dynamic lagrangian 
particle transport and dispersion model 
which simulates the field-scale dust 
dispersion from cotton field tilling. The 
major model inputs are the source strength 
(g/s, or particle numbers/s), the dynamic 
wind and turbulence (wind friction velocity, 
u*), wind direction, and atmospheric 
stability.. The particle concentrations in the 
air in 3-D can be obtained at any time. The 
model was programmed using C++ 
language, has a user-friendly interface with 
graphic output (4-D contours, x, y, z, and 
concentration). Model simulations are 
verified with remotely measured dust plume 
concentration and spread obtained by an 
elastic backscatter lidar. Multidimensional 
dimensional autocorrelation and cross-
correlation analyses are used to quantify 
the model-lidar comparisons.   
 
 

 
 
 

 

1. INTRODUCTION 
Particulate matter (PM) of aerodynamic 
diameter less than or equal to 10 microns, 
PM10, is regulated by EPA as part of the 
National Ambient Air Quality Standard 
(NAAQS) pollutants. PM10 is directly 
emitted from a wide range of industrial point 
sources (power plants, incinerators, cement 
plants), mobile sources (automobiles and 
trucks), and non-point sources such as 
agricultural operations (e.g., land disking, 
harvesting, cattle ranches) and construction 
sites. PM10 emissions from agriculture field 
operations (e.g., disking, listing, leveling, 
planting, harvesting) is first dispersed 
downwind in the near-field in high 
concentration plumes and is then is 
dispersed in lower concentrations further 
downwind in the far-field (>1 km). short-
event doses. (Hiscox et al., 2007). The 
theoretical ensemble average is made up of 
individual events which are widely 
distributed in their initial path directions and 
are dynamic on time scales of seconds to 
minutes. The distance from the source to 
the boundary between near-field and far-
field is dynamic and depends on the wind, 
turbulence fields and people nearby to be 
high-density, Only limited attempts to model 
individual near field dispersion events have 
been made and the majority of these have 
been in urban areas (Coirier and Kim 2006 
a, b; Flaherty, et al. 2007; Hamel et al., 
2006; Haupt et al 2007 ).  
     Several near-source unpaved road dust 
modeling studies have been conducted with 
steady-state Gaussian models such as the 
EPA ISCST3, Industrial Source Complex 
Short Term model 
(http://www.epa.gov/scram001/dispersion_a
lt.htm#isc3)  (Veranth et al., 2004; 
Etyemezian et al., 2004; Etyemezian et al., 
2003; Chow et al., 1999). Drawbacks to 
using Gaussian models for modeling near-
field dust dispersion from agriculture 
operations are the model requirements of 
steady-state environmental conditions and 
releases from a continuous fixed-location 
line or point source. Agricultural PM10 
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sources are not fixed sources and are 
moving sources because the operation 
equipment (e.g., tractor, harvester) is 
traveling continuously in the field. A dust 
puff will be produced at a new location 
when the equipment moves to the new 
location.  

Eulerian dynamic models (based on the 
atmospheric diffusion equation) have also 
been developed to simulate unpaved road 
dust dispersion (e.g., Veranth et al., 2004; 
Etyemezian et al., 2003). These models 
simulate dust movement better than the 
steady–state Gaussian models because of 
the model’s dynamic characteristics. 
However, the application of Eulerian models 
for estimating scalar transfer by turbulence 
has been limited by their inability to 
accurately model the dispersion of material 
from near-field sources (Van den Hurk and 
Baldocchi 1990).  

       Lagrangian models do not suffer 
from this deficiency since they explicitly 
consider the diffusion of material in both the 
near-field and the far-field (Van den Hurk 
and Baldocchi, 1990). Lagrangian models 
to simulate gas and particle trajectories in 
three dimensions from steady-state 
continuous, fixed point, line and area 
sources have been reported (e.g., Aylor and 
Flesch, 2001; Aylor and Ferrandino, 1989; 
Wilson and Shum, 1992).  In these models, 
particle movements are driven by wind 
velocities calculated in each time step (∇t) 
from inputs of mean wind speed, direction, 
and turbulence statistics. The final particle 
or puff concentration at a point is calculated 
as the particle number divided by the local 
volume.  Wang et al (1995) utilized a 
Lagrangian model to describe the 
movement of spray aerosols released from 
a moving aircraft. But to our knowledge, no 
Lagrangian model has been developed to 
predict the dynamics and concentrations of 
individual near-field events during 
agriculture operations. 

    The objective of this paper is to report 
the development and validation of a 
dynamic field-scale (near-field) model for 
dust dispersion simulations from an 
agriculture operation (disking). 

 
 
2. METHODOLOGY 

 
2.1 The simulation model  

A computer-run Lagrangian simulation 
model was developed to simulate the 
dynamic three dimensional PM10 near-field 
dust dispersion and concentrations (μg m-3) 
from agricultural field preparation 
operations. The model physics follows 
theory and methods of Aylor and 
Ferrandino (1989), Wilson and Shum 
(1992), Wang et al.(1995)  and Aylor and 
Flesh (2001). But the model described here 
adapts the theory to moving sources and is 
driven by dynamic, rather than steady-state 
meteorological inputs. This model was 
programmed in the c++ computer language 
and is a user-friendly software package. 
This model version excludes any particles 
generated by the farming equipment that 
are larger than 10 μm.  

 
2.1.1 Inputs and Outputs 

The model inputs include: Simulation 
time period length, t (s). PM10 source 
strength, Q (μg s-1), measured by Wang et 
al. (2007) using PM10 samplers, friction 
velocity, u* (m s-1), mean wind direction, 
and Monin-Obukhov Length (L, m) for each 
1-second period, measured using sonic 
anemometers. The model outputs are the 
3-D concentration c(X, Y, Z, t) (μg m-3).  

 

 
2.1.2 Model formulations 

 
Turbulent air flow along a particle 

trajectory is simulated by the three-
dimensional Lagrangian stochastic model. 
The model follows Wang et al, (1995) and 
satisfies the Thompson (1987) well-mixed 
criteria. Since the PM10 particles being 
modeled are small (<300 μm) the inertia 
“crossing trajectory” effect is ignored 
(Casanady, 1963, Sawford and Guest, 
1991) and the particles are treated as 
passive scalars.  

 After Wilson and Shum (1992) the 
random flight of each dust particle is 
simulated as a Markov process in a 
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sequence of short time steps, during each 
of which the particle moves by:    

  u]dt(z)u[dx += ,  

vdtdy = ,  

dtsvwdz )( −=                                (1) 

where )(zu  (m s-1) is the mean along 
wind velocity at the present height of the 
particle, u, v, and w (m s-1) are the along 
wind, crosswind, and vertical turbulent 
velocities, respectively, and vs (m s-1) is the 
settling velocity of the particle, dt is the time 
duration of a time step (s).  

The velocity fluctuations are formulated 
as (Wilson et al., 1992):      
    The particle deposition algorithm follows 
Aylor and Ferrandino (1989).  
 
2.1.3 Simulation implementation 

 
The tractor movement on the X axis 

(from origin to the X positive direction or 
from the X positive direction to origin) is 
divided into segments. Each segment is 0.5 
m and is assumed as an instant puff 
source. When the tractor moves in a 
segment, 30,000 particles are released 
from the particle class with geometric mean 
diameters 2000 nm.       

The wind direction, speed and 
atmospheric stability are never steady over 
the entire simulation period, which in this 
case is the 3 minutes it took for the tractor 
to traverse the field. Thus we use short-time 
periods, on the scale of 1.0 second, to input 
atmospheric data to drive the simulation. 
One-second averages of u*, wind direction, 
and L measured by an in-field sonic 
anemometer are used.  

CPU resources are generally limited, 
therefore we only simulate the flights of the 
particle class of geometric mean diameter 
of 2000 nm, with a settling velocity of 
0.0003 m s-1, because the final output is the 
weight-based concentration and the 2000 
nm particle has the largest weight 
proportion in the  particle classes. The 
PM10 particle size distribution, in the 
simulation shown herein, was measure by 
Holmén et al. (2007). Particles less than or 

equal to 10 µm are all small enough and 
the settling speed is so small that their 
motion in the atmosphere is essentially the 
same. Therefore it was necessary to model 
only one particle size class to simulate the 
entire PM10 distribution.    

2.1.4 Simulated concentrations 
 
In each simulation, the random-walk 

model tracks each particle until it is 
deposited on the ground or until the 
simulation time runs out. For calculating the 
particle concentration at a point (X, Y, Z) 
and at time t, a “detection cube” is defined 
with a side length of 1 m and volume 

1=∇V  m3.  The particle number in the 
cube at time t is counted and the 
concentration  (μg m-3) is calculated based 
on the particle density, volume and number. 

 
2.2 Field verification experiments 
  

The model was applied to simulate the 
2005 dynamic dust dispersion experiments 
from disking operations in an irrigated 
cotton field near Las Cruces, New Mexico 
described by  Holmén et al. (2007) and 
Hiscox et al. (2007).   

A 3-D sonic anemometer (CSAT3, 
Campbell Scientific Inc, Logan, UT) was 
located at 1.5 m height at the field edge to 
measure the 20 Hz wind component 
velocities (u, v, w). The friction velocity (u∗), 
Monin-Obukhov Length (L) and wind 
direction were obtained for each sampling 
pass and each second.   
       Dust plume size, shape and movement 
were measured remotely via the University 
of Connecticut portable backscatter elastic 
Lidar at approximately 45 second intervals.  
The Lidar specifications are listed in Hiscox 
et al. (2006). The The slices from each 
scan were combined in Lidar data analysis 
software to characterize the three 
dimensional plume on this time scale 
(Hiscox et al., 2006). 

Sampling was conducted during each 
pass and afterwards for several minutes.  At 
the end of the pass, the tractor stopped at 
the end of the field and turned off its engine 
until all sampling was completed and the 
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dust plume generated had moved out of the 
sampling area.  Then another pass across 
the field was made.  

The average source strength Q was 
350 μg s-1 for 23 disking passes, 
determined from measurements of a 
GT640A sampler (Met One Instruments, 
Inc., Grants Pass, OR) and a ELPI low 
pressure, cascade impactor, sampler 
(Dekati LTD., Finland).  The procedures and 
calculations to determine the source 
strength are described by Wang, et al. 
(2008).  
 

3. RESULTS  
 
 
The model performance was evaluated 

by comparing the modeled plume 
characteristics with those measured 
remotely with the University of Connecticut 
Elastic Backscatter Lidar.  Plume 
dispersion, plume shape and plume 
concentrations and locations were 
compared.  

 
3.1 Plume Dispersion Comparison   
    
  Outputs were first compared with the 

Lidar data by comparing the Lidar 
measured Gaussian plume dispersion 
parameters (σy, and σz) with those 
calculated from the model run.  

The comparisons of σy and σz  were 
made at 10 m to 50 m, 100 m, and 160 m in 
the down plume direction. Overall the ratio 
of simulated σ to measured σ ranged from 
0.77 to 1.24.  In the horizontal (σy), on 
average, the model underestimated the 
measured plume dispersion by 21% near 
the source but was very close at further 
distances. In the vertical (σz), the simulation 
slightly underestimated the measurements 
near the source, was nearly equal at 100 m 
and overestimated by 24% at 160 m away.  
 

3.2 Plume shape comparisons  
Figure 1 shows a simulation of the model 

and the corresponding Lidar measurements 
for pass 20. It plots (x,y) relative 
concentrations in horizontal slices through 
the plume at three heights and 
demonstrates the spatial patterns of the 

dust plume. Figure 1 demonstrates similar 
patterns from the Lidar measurements and 
the model simulation.  

The Lidar measurements show a bend in 
the plume downwind from the source where 
the dust plume was oriented in different 
directions at different distances especially 
at the 3 m height.  The model was able to 
capture these basic direction meanders due 
to the input of the short time wind direction 
fluctuations. However, the model 
simulations were smoother with less spatial 
variability than the Lidar observations.  

We believe that much of the difference 
between the observations and the 
simulations is due to the fact the dynamic 
wind field was not accurately represented 
over the whole simulation domain by 
measurements at one point in the field.  
 

 
3.3 Statistical comparison of plume 

concentrations and locations. 
 
In order to quantify the pattern 

correlation between the simulated and 
measured concentrations, two-dimensional 
spatial cross-correlations were calculated 
after Mayor et al. (2003).   

Figure 2A shows the 3 m cross-
correlation coefficients which have a peak 
coefficient of 0.78.  This high correlation 
implies a close spatial pattern similarity 
between the measured and modeled 
plumes. Figure 2B and 2C show lower peak 
correlations, 0.65 at 9 m and 0.44 at 15 m. 
As discussed before, we believe that the 
lower similarity at higher heights between 
measured and modeled concentration 
patterns is also due to the fact the dynamic 
wind field was not accurately represented at 
higher heights by a sonic wind 
measurement at a single height (1.5 m).   

 
4. CONCLUSIONS 
 

The dynamic Lagrangian PM10 transport 
model presented here is capable of 
accurately simulating near-field dust 
dispersion from agriculture field operations. 
The major model advantage over other 
existing near-field models is that it can 
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simulate moving sources and plume 
meander.  
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            At 3 m height At 3 m height 
 

         At 9 m height At 9 m height 

 

     At 15 m height At 15 m height 
         
 
      FIGURE 1. The comparison of model simulation (left) and observation (right) of instantaneous normalized dust 
concentration at different heights from a disking operation (pass 20) at 102 s after tractor started.
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A.  3 m height     Maximum cross-correlation coefficient =0.78 

  
B.   9 m height.     Maximum cross-correlation =0.65 

 
C.  15 m height.  Maximum cross-correlation =0.44 

  
FIGURE 2.  Two-dimensional cross correlation between the Lidar measured and the modeled dust 

concentrations at A) 3 m above the ground, B) 9 m above the ground, and C) 15 m above the 
ground.  
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