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Abstract
Plant disease epidemics caused by pathogenic spores are a common and consequential threat to agricultural crops. Pathogenic spores are typically produced
and released deep inside plant canopies and must be transported out of the canopy
region in order to infect other fields and spread the disease. The fraction of spores
that ”escape” the canopy is crucial in determining how fast and far these plant
diseases will spread. The goal of this work is to conduct a spore release and recapture field experiment, coupled with a Lagrangian Stochastic Particle Dispersion
Model (LSPDM), to investigate how properties of canopy turbulence impact the
dispersion of spores inside the canopy and the fraction of spores that escape from
the canopy.
An extensive field experiment was conducted to study spore dispersion inside
and outside a maize canopy. The spores were released from point sources located
at various depths inside the canopy. Concentration measurements were obtained
inside and above the canopy by a 3-dimensional grid of spore collectors. The
experimental measurements of mean spore concentration are used to evaluate a
LSPDM for spore dispersion. In the LSPDM, a second-order closure model for
turbulence within plant canopies specifies flow field statistics used to drive particle dispersion. The dispersion model includes spore deposition on and rebound
from canopy elements. The combination of experimental and numerical simulations is used to quantify the fraction of spores that escape the canopy. Effects of
release height, friction velocity, and canopy architecture on the escape fraction of
spores are explored using the LSPDM, and implications for disease propagation
are discussed.
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Chapter 1
Introduction
Pathogenic spores within crop canopies can leave their sources and travel long
distances, causing disease outbreak and significant yield losses to our food crops
(Westbrook and Isard, 1999). Therefore, the understanding of spore transport
in the air is crucial for preventing devastating outcomes to our food supply and
economy. The physical processes by which spores spread through the air include the
production of spores on infected plants, spore release, turbulent dispersion of spores
within the canopy, spore deposition on the foliage and ground within the field, spore
escape from the canopy region into the atmosphere above, turbulent transport
of spores within the atmospheric boundary layer and finally spore deposition at
downwind locations that may be near or far from the spore production site (Aylor,
1986). One of the main components for predicting the spread of plant disease is the
fraction of spores that escape from the canopy. Factors that influence the escape
of spores from an infected crop include the structure of the canopy, the height
of spore release, turbulence within the canopy, and physical characteristics of the
spore (Aylor, 1986). This escape fraction dictates how many spores will leave the
plant canopy to travel both near and far with the possibility of spreading disease.
A better understanding of the fraction of spores that escape from an infected
plant canopy will enable more reliable prediction of the spread of plant disease
epidemics. This understanding of escape, and consequently the spread of plant
diseases, will lead to a more practical usage of fungicides and other crop-saving
disease managing practices (Aylor, 1999). This spread can occur at multiple spatial scales; within a field, among fields in a landscape and to fields 100s of km away.

2
Field experiments can be used to study the spread of plant diseases. The results of
these field experiments are often used to validate numerical models. Field studies
have used area sources (Chamecki et al., 2011), line sources (Aylor and Ferrandino,
1989; Bouvet et al., 2007), or point sources of spores (Legg and Powell, 1979). In
these field experiments, researchers have used naturally released particles, and
artificially released particles (Aylor and Ferrandino, 1989). The types of numerical models used to study particle dispersion have typically been K-theory models
(de Jong et al., 2002), Lagrangian stochastic particle dispersion models (Wilson
and Shaw, 1977; Raupach, 1989; Aylor and Flesch, 2001; Poggi et al., 2006; Bouvet
et al., 2007) and large-eddy simulations (LES) (Chamecki et al., 2009; Pan et al.,
2013).
Field experiments and numerical models each have their strengths and weaknesses. A combination of both is thus ideal for studying the escape of spores
from infected fields. Field experiments can provide valuable information about
spore transport, but it is impractical and nearly impossible to conduct enough of
them under varying circumstances to even approximate the range of conditions
experienced in nature. Simulation experiments using numerical models must be
validated with field data to assure realistic outcomes. However, once they have
been appropriately validated, numerical models can be used efficiently with a range
of environmental conditions to enhance our understanding of the escape of spores
from a canopy. Numerical simulations of spore escape can be performed using
various methods spanning a wide rage of complexity. K-theory is based upon the
gradient transfer theory where the flux of spores at any point is proportional to
the local concentration gradient (Legg and Wall, 1983). This theory has limitations in crop canopies because it does not describe the physics of the canopy
exchange processes (Aylor, 1986). LES incorporates the full numerical solutions
of the governing partial differential equations where larger turbulent scales are explicitly resolved while the smaller ones are parameterized. The LES models have
a lot of detail in them. However, they are complex and time consuming to run.
Lagrangian stochastic particle dispersion models (LSPDM) are ideal for this study
because they reproduce most of the features of canopy turbulence and are easy
to use. They require less computational resources than LES but still involve a
numerical solution for the fluid flow and particle transport equation.

3
The objective of our field experiment, coupled with the LSPDM, is to experimentally and numerically determine the fraction of spores that escape the plant
canopy. The LSPDM is integrated with modifications for spore deposition on
plants and the ground. The airborne spore concentrations are measured inside
and outside a maize canopy in a 3×3 grid where spores at a point source at various depths inside a corn canopy are released. Measurements of LAI are taken
in the field, while the model appropriately considers the distribution of the LAI
inside a canopy. Deposition slides are placed down the centerline of the grid. The
mean concentration values from the field experiment are compared to the LSPDM
values. The fraction of escaped spores is calculated using a technique for tracking
the number of spores that enter and leave the plant canopy. The future objective
of this work is to use the LSPDM for other canopy densities, varieties, and spore
release heights while discussing the best techniques to implement this model. This
knowledge can be used to further study particle dispersion for other crop varieties,
different spores, and numerous release heights. Therefore, there is more that can be
learned with regard to plant disease transmission both near and far from infection
foci.

Chapter 2
Materials and Methods
2.1
2.1.1

Experimental Methods
Experimental Sites

A spore release and recapture field experiment was conducted in a field planted
with maize (Zea mays L.) located in Mahomet, Illinois (latitude 40◦ 11’33” N,
longitude 88◦ 24’8” W, altitude 218 m) during late June through early July 2011.
The experimental site was between 100-120 m from the south edge of the large,
flat field, and about 500 m from the west border. The rows of maize were oriented
in the north-south direction. Plant density was approximately 6.1 plants/m2 with
row spacing of 0.76 m and an average inter-plant spacing of 0.125 m. The maize
crop was managed using standard production practices.
Five maize plants were marked at the beginning of the experimental period and
their heights were measured on days when spores were released and recaptured.
A sixth plant, with a height approximately equal to the average of the 5 marked
plants, was also pulled up from the field and the area of each leaf was determined
using a LICOR Area Meter (LI3000). Total leaf area was used to calculate leaf
area index (LAI). During the experimental period, average plant height (h) and
LAI ranged from 0.85 and 1.27 to 2.21 and 3.84 respectively. The data analyzed
in this research were obtained on 11 July when the maize was 2.1 m tall and the
field had a LAI of 3.31 during periods when the winds were from the south.

5

Figure 2.1. Photograph of the 3×3 grid field setup with the rotor rod boxes on the
poles in the maize field.

2.1.2

Particle Release

During each release and recapture experimental run, red, blue and yellow Lycopodium spores (Carolina Biological Supply Company) were released simultaneously from three different heights, arrayed vertically, within the maize canopy.
Approximately 500 g of Lycopodium spores were stained red with fuchsin basic
then washed with a solution of 95% ethyl alcohol and distilled water (Aylor and
Ferrandino, 1989). A similar quantity of spores was stained blue with methylene
blue chloride and washed in the same manner as the red spores. A third cohort of
spores was washed with the mixture of ethyl alcohol and distilled water but not
stained thus retaining their natural yellow color. The three sets of spores were
placed in a drying oven (50◦ C) until fully desiccated. The spore release mechanisms consisted of three 150 ML Buchner funnels connected to a large tank of
compressed dry air (see Fig. 2.3). The funnels had fine porous ceramic filters near

6

Figure 2.2. An example of a microscope slide with the red, blue, and yellow spores
that were released in the field.

their base and were fitted with solid rubber stoppers as lids. A piece of stainless
steel tubing (1/8” OD, 0.069” ID with 0.28” wall) extended 2 cm through the center of the stopper into the cavity below and 10 cm above the top of the stopper.
The narrow drain at the bottom of the funnel was connected to the compressed
air source by PVC tubing. The airflow through the device was controlled by an
Acrylic Flowmeter (2” scale, range 1-10 Liters per Minute [LPM]). Air flowed from
the pressurized tank through the flow meter into the funnel where it suspended
some of the Lycopodium spores and carried them out the thin steel tube. A small
vibrating motor (3 v) attached to the wooden mounts used to position the funnels
at specified heights on a pole kept the layer of spores uniformly distributed across
the filter throughout the 30-min spore release run. Eighteen grams of colored
spores were placed on the ceramic filter in each funnel at the start of an experimental run and the stopper securely attached. Calibration of the three devices
in the lab revealed slight differences between release mechanisms and flow rates of
1.5, 1.3, and 1.7 LPM were selected for the red, yellow and blue spores respectively
to obtain a constant release rate over a 30 min period and a total release of 1-2 g
of spores from each mechanism. For the spore release runs in the maize field, the
devices were attached to a single pole centered in the space between two rows of
maize so that the upper orifices of the steel tubes were 0.7, 1.4 and 2.1 m above the
ground respectively (Fig. 2.4). At the end of each experimental run, the weight in
grams (g) of the spores remaining in each funnel was determined. The number of
spores released was calculated by multiplying the weight of the released spores by
a spore number density of 9.4 × 107 spores per gram (Gregory, 1951; Aylor and
Ferrandino, 1989).

7

Figure 2.3. Picture of the 150 ML Muchner funnel used as a component of the release
mechanism.

2.1.3

Particle Collection

A 3×3 grid of poles (20 ft tall, 3/4” OD) with rotorod spore collectors with retracting rods was deployed in the maize field (Figs. 2.1 and 2.4). The first, second,
and third row of poles were placed 2 m, 4 m, and 8 m north of the release device, respectively. The center column of poles was positioned in the center of the
space between the maize rows in which the spores were released. The other two
columns were in the center of the spaces one maize row to either side of the release
position. The rotorod spore collectors on each pole were vertically located at 0.7
m, 1.4 m, 2.1 m, 2.8 m, and 3.5 m from the ground. Thus, the grid of 9 poles
consisted of 45 rotorod spore collectors. The rotorod spore collectors were calibrated in the field with an Extech High Precision Contact Tachometer (Watham,
Massachusetts) determining the rotations/minute for each spore collector. Slides
for capturing spores deposited on the ground were placed on wood blocks (3×3’,
3/4” thick) positioned at 1 m intervals downwind from the release pole along the
centerline of the collection grid. An additional ground deposition slide was placed
1 m upwind from the release pole.
Each spore collector (Fig. 2.5) has a retractable rotorod arm that contains two
Vaseline greased rods to collect the spores. The number of lycopodium spores on

8

Figure 2.4. A schematic of the field experiment setup inside the maize field. There
are nine vertical poles, each with five rotor rod boxes. They were spaced 2, 4, and 8 m,
respectively, in the x direction away from the release mechanism. They were spaced 0.76
m in the y direction, in the center of the corn rows.

the two greased sampling rods attached to the rotorod spore collectors were obtained by counting the spores on the rods using a microscope at 40x (Fig. 2.2). The
rotorod spore collectors, operated with an on/off duty cycle to prevent overloading
of spores, were controlled by CR1000 Microloggers [Campbell Scientific, Inc. (CS),
Logan, Utah]. The rotorod spore collectors closest to the release mechanism were
exposed for 15 seconds, and off 45 seconds during each minute. The duty cycle
was increased to 30 seconds on and 30 seconds off for poles at the sides of the grid.
The rotorod spore collectors in the back row of poles were exposed for the entire
30-minute duration. A mean value for each color of spore on the rotorod collector
was calculated using an average concentration from the two sampling rods.
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Figure 2.5. Rotor rod box that was deployed in the field, where rotorod spore cellectors
with retracting rods located at the bottom.

2.1.4

Meteorological Measurements

Five, three-dimensional Campbell CSAT3 sonic anemometers were deployed vertically at 0.7 m, 1.4 m, 2.1 m, 2.8 m, and 3.5 m above the ground. The sonic
anemometers were located adjacent to the release mechanism. Measurements were
taken at 20 Hz. The sonic data were collected at the end of each day, and turbulence
statistics were calculated for each 30-min run. Mean wind speed and direction, and
friction velocity were calculated from these data. Average minutely measurements
of relative humidity and temperature (HMP45C-L Vaisala), solar radiation (NRLITE-L Kipp & Zonen Net Radiometer), and net surface temperature (CS300-L
Apogee PYR-P Pyranometer) were also collected in the field.

2.2

Lagrangian Stochastic Particle Dispersion Model

Turbulence within plant canopies is strongly affected by the complex distribution of
leaves, branches, and other canopy materials. This interaction between vegetation
and the turbulent flow has a significant impact on biological and physical processes
including the transport of spores (Wilson and Shaw, 1977). To model the motion
of spores within and above the canopy, a three-dimensional Lagrangian stochastic
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particle dispersion model (LSPDM) is employed. The model is used to simulate the
trajectory of fluid parcels in the turblent flow by generating stochastic (random)
velocity fields constrained by observed flow statistics (Wilson and Sawford, 1996).
Although many Lagrangian models are written for passive tracers, the model has
also been used for large particles such as spores (Wilson, 2000; Aylor and Flesch,
2001). To account for large particles in the LSPDM, two changes are required.
First, the spore velocity is assumed to be equal to the fluid particle velocity plus
the settling velocity. Second, the turbulent timescale must be reduced to reflect
the turbulent conditions experienced by the spore (Wilson, 2000; Aylor and Flesch,
2001).
This model is used to simulate spore trajectories and compare resulting spore
concentrations with the spore release and recapture field experiment inside a maize
canopy. This is done as a test to verify model capability in reproducing experimental results. In the following text, the details of the model are discussed.

2.2.1

Trajectory Model

Spore trajectories are calculated from the velocity of fluid particles superimposed
on the settling velocity (Wilson, 2000) by integrating in time the equation,
dxp
= up = uf − ws k
dt

(2.1)

where uf is the fluid velocity at the particle location xp , up is the particle velocity,
ws is the particle settling velocity in still fluid, and k is the unit vector in the
vertical direction. This model starts from the assumption that the point evolution
of a tracer particle’s position and velocity can be modeled as a continuous Markov
process. The incremental changes in fluid velocity of a particle are given by the
Langevin equation (Thomson, 1987),
dui = ai (xp , uf , t)dt + bij (xp , uf , t)dΩj

(2.2)

where Langevin coefficients, ai and bij contain all the information about turbulence
and dΩj is a Gaussian random variable (Wilson and Sawford, 1996; Poggi et al.,
2006). These coefficients represent the inhomogeneity in the canopy turbulence
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and must satisfy Kolmogorov’s similarity theory and the well-mixed condition. The
coefficient ai is the drift coefficient (”memory term”) because it is a function of the
particle’s previous velocity (Poggi et al., 2006; Rodean, 1995). The ai coefficient
is described in (Thomson, 1987) and derived from the Fokker-Planck equation
(Wang et al., 1995), so that the well-mixed condition will uphold. To account for
the canopy turbulence, the ai coefficients can be written in terms of the Eulerian
flow field velocity statistics (Poggi et al., 2006),


Co 
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(2.3)
(2.4)

(2.5)

where the overbar indicates time averaging, u0 are the instantaneous turbulent
0

fluid velocities (i.e. uf ) at xp at a time t. The λij coefficients can be related to the
Eulerian flow statistics by,


λ11 =

λ22 =
λ33
λ13

σu2
1
σv2

(u0 w0 )2
−
σw2


−1


−1
(u0 w0 )2
2
= σw −
σu2

−1
2
2
(σ
)(σ
)
u
w
= u0 w0 −
u0 w0

(2.6)
(2.7)
(2.8)
(2.9)

where σu2 , σv2 , σw2 , and u0 w0 are the variances of three velocity components and
Reynolds stress, respectively. Co = 3.125 is the inertial subrange Kolmogorov con-
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stant. However, Co is adjusted (Co∗ ) to account for Reynolds number dependence
(Lien and D’Asaro, 2002), and is modeled by,

Co∗ =


0.068Re1/2 Co ,

Reλ ≤ 100

λ

1 − (0.1Re )−1/2 C , Re > 100
λ
o
λ

(2.10)

where λ is the Taylor microscale defined as
r
λ = σu

15µ


(2.11)

and Reλ is the Reynolds number based on the Taylor microscale.
Reλ =

σu λ
.
µ

(2.12)

The coefficient bij is the random acceleration (diffusion) coefficient. The coefficient
bij is represented by,
1

bij = (Co ) 2 δij

(2.13)

to ensure that ui satisfies Kolmogorov’s similarity theory (Wilson, 2000). The
dissipation rate of turbulent kinetic energy, , is modeled as,
3

2 T KE 2
=
a3 lm

(2.14)

where T KE is the turbulent kinetic energy defined as,
1
T KE = (σu2 + σv2 + σw2 ),
2

(2.15)

where lm is the mixing length, and a3 is a closure constant (Katul et al., 2011). In
order to calculate these Langevin coefficients and generate the stochastic particle
trajectories, flow field statistics are needed. The variables needed from the flow
field for particle trajectory calculation include: σu (z), σv (z), σw (z), u(z) , u0 w0 (z),
(z), and the Lagrangian timescale, Tl (z).
In order to keep the modeling approach flexible and easy to adapt to different
canopies, the flow statistics are obtained from the leaf area density a(z) using the
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second order closure model of Wilson and Shaw (1977) as described by Katul et al.
(2011). This flow field model incorporates the Reynolds equations for longitudinal
momentum (u(z)), Reynolds stress (u0 w0 ), variance in the logitudinal component
of velocity (σu2 ), variance of the lateral component of velocity (σv2 ), and variance of
the vertical component of velocity (σw2 ). The model results in five equations and
five unknowns (Wilson and Shaw, 1977),
Momentum (u)
du0 w0
− Cd Au2
dz
Reynolds Stress (u0 w0 )


d
du
q 0 0
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(2.17)

(2.18)

(2.19)

Vertical Variance (σw2 )
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−
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−
0=3
dz
dz
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3
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(2.20)

where the unknowns are u, u0 w0 , σu2 , σv2 , σw2 , and q 2 = 2T KE is twice the turbulent
kinetic energy (Katul et al., 2011). All of these solutions can be found as a function
of height z, where the drag coefficient Cd , constant C, and the length scales λ1 ,
λ2 , and λ3 are specified. The length scales are also a function of height, specfically
λ1 = a1 lm ,

λ2 = a2 lm ,

λ3 = a3 lm ,

(2.21)

where a1 , a2 , and a3 are dimensionless constants related to turbulent velocity
standard deviations in the near-neutral atmospheric surface layer (Katul et al.,
2011).
Turbulence statistics of the flow field were calculated using an iterative solution
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to the higher-order closure model with an adjusted mixing length given by Katul
et al. (2011). Each layer of the canopy has a mixing length given by lm . Calculations for the mixing length above and within the canopy are given by (Katul et al.,
2004)



kz,
z < (α0 h/k)


lm = α0 h,
α0 h/k ≤ z < h



k(z − d ), z ≥ h
o

(2.22)

where k = 0.4 is the von Kármán constant, α0 = k(1 − do /h) is the parameter
ensuring continuity for the mixing length, and do is the zero-plane displacement
height.

Figure 2.6. Profile of the adjusted mixing length. z/h is the height normalized by the
canopy height (h) and lm is the adjusted mixing length normalized by the canopy height
(h).

Inside the canopy region, the mixing length is further constrained by the drag
force exerted by the canopy elements. Finnigan and Belcher (2004) argue that the
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mixing length inside a uniform canopy is given by
lws =

2β 3
Cd a(z)

(2.23)

where β ≈ u∗ /u(h) ≈ 0.25 is an empirical constant (Finnigan and Belcher, 2004;
Poggi et al., 2006) Therefore, within the canopy the most restrictive mixing length
between Eq. 2.22 and 2.23 is used:
lm = M IN (lm , lws )

(2.24)

The physical interpretation of the Lagrangian timescale is nontrivial when turbulence is not homogeneous. However, the Lagrangian timescale plays an important role in modeling the flow field. An estimation for the passive fluid element
Lagrangian time scale, Tl , is given by
Tl =

T KE
.
Co 

(2.25)

The Lagrangian integral time scale cannot be measured in the field and therefore
is a large source of error in the application to LSPDM in canopy flows. There is
also uncertainty associated with the estimation of the TKE dissipation rate within
plant canopies and that impacts the estimation of the Lagrangian time scale (Poggi
et al., 2006).
Finally, a reduction of the timescale Tl is needed because a particle with mass
should have a smaller timescale than a passive fluid element due to the crossing trajectory effect (Aylor and Flesch, 2001; Sawford and Guest, 1991; Csanady, 1973).
This effect is represented by
τ = f Tl

(2.26)

1
f=p
1 + (βLE ws /σw )2

(2.27)

where τ is the turbulent decorrelation timescale for heavy particles, βLE = 1.5 and
f ≤ 1 is a correction term for the passive fluid Lagrangian timescale.
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2.2.2

Particle Deposition

The deposition of the particles onto canopy elements or the ground are integral
components in the study the spread of plant diseases within a plant canopy. The
trajectories of the spores and their impending deposition will determine where
within or above the canopy the concentrations are the largest. There are several
modifications made to account for deposition on the plant canopy. The probability
that a particle will deposit on the plant canopy is modeled as (Aylor and Flesch,
2001; Bouvet et al., 2007; Dupont et al., 2006),
S = (1 − Rp )(|up |Ayz Eyz + |vp |Axz Exz + |wp |Axy Exy )dt

(2.28)

where S is the probability of deposition by collision with canopy elements, E is
the impaction efficiency, Axy = 0.44a(z), Ayz = 0.28a(z), and Axz = 0.28a(z),
and Rp = 0.75 is the rebound and re-entrainment coefficient. The efficiency of
impaction in the xy, yz, and xz directions are given by
0.86
1 + 0.442Stu−1.967
0.86
=
1 + 0.442Stv−1.967

Exz =

(2.29)

Eyz

(2.30)

Eyz = 1

(2.31)
(2.32)

where Stu is the Stokes number of the particle to the impactor given by,
uws
gLv
vws
Stv =
.
gLv
Stu =

(2.33)
(2.34)

where Lv is the characteristic length scale. Finally, ground deposition is characterized by a minimum threshold height of h/20, where if the spore moves below
z = h/20, it is assumed to deposit on the ground.
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2.2.3

Calculating Concentrations

One of the main objectives in determining the particle trajectories is to find the
resulting concentration of spores after a given time at a particular location. In order to compare model results to field experimental measurements, modeled spore
concentrations at specific locations need to be estimated. These locations are determined by where spores were collected using the rotorods in the maize field.
The spore concentrations in the field are discussed in § 2.1.3. The LSPDM calculates concentration at given locations by defining a box with size ∆x, ∆y, and
∆z centered at the desired location xs , ys , and zs (Aylor and Flesch, 2001; Flesch,
1996),
NB
X
C(xs , ys , zs )
1
=
T Res
Q
N ∆x∆y∆z i=1 i

(2.35)

where N = 500000 is the total number of particles released in the model, NB is the
total number of particles that enter the box, Q is the source strength, and TiRes is
the estimated residence time of the ith particle inside the box and is calculated as
TiRes =

(∆x∆y∆z)1/3
| up,i |

(2.36)

where up,i is the velocity of the particle when it is inside the box. In this application, ∆x = ∆y = 0.2 m and ∆z = 0.1 m were used.

2.2.4

Estimating the Escape Fraction

In the LSPDM used in this study, the particle release from a single point source
is modeled. In order to calculate an escape fraction of particles from the plant
canopy, the net flux of spores leaving the plant canopy is calculated.
Near the point source, there are many particles leaving the canopy and not
many particles coming into the canopy. This causes the net flux of particles to be
predominately positive. Therefore, spore escape is large in the nearfield. Further
downwind there are more spores entering the canopy than leaving the canopy. This
causes the net flux to decrease, and the escape to become predominately negative
in value. The cumulative escape fraction (i.e. the integrated net flux from −∞ up
to a given location x) is shown as the bottom graphic in Fig. 2.7, and represents

18
the cumulative net flux of particles from the canopy. The maximum value of the
cumulative net flux is used in the calculations to determine the escape fraction
of particles from the maize canopy. Infinitely far downwind, all of the spores will
eventually deposit.

Figure 2.7. Top: The particles leaving the canopy (out) and entering the canopy
(in), and the difference in the number of particles leaving and entering. Bottom: The
cumulative net flux of particles leaving the canopy. The green line signifies the maximum
peak, which represents the steady state of particle flux. All fluxes are integrated in the
y-direction.

Chapter 3
Model Validation
In this section, turbulence and spore concentration data for 9 July 2011 run #2
occurring between 1455-1525 CST are compared to output from the LSPDM. Of
the 14 runs conducted during the field season, this run was chosen because the wind
was predominately southerly. The angle between the mean wind direction and the
experimental setup was 5.8o . For this particular run, the u∗ = 0.41 m/s. The
spore release and recapture measurements were good, and the wind was steady
and aligned with the array of spore collectors. The flow field generated by the
model is compared to the turbulence statistics computed from the five CSAT3
sonic anemometers (§ 3.1). This is followed by an analysis of the observations of
spore concentrations compared to the model output (§ 3.2.1). The analysis focuses
on the similarities between the model output and observations for locations inside
and outside the corn canopy. Finally, model calculations of spore deposition onto
the ground are compared to field observations (§ 3.2.2).

3.1

Turbulence Statistics

Turbulence statistics were calculated using an iterative solution to the higher-order
closure (Wilson and Shaw, 1977), with the adjusted mixing length developed by
Katul et al. (2011) as discussed in detail in § 2.2.1. Note that with this model, only
h, u∗ , and the leaf area density profile (a(z)) are needed to produce the profiles of
the required flow statistics σu (z), σv (z), σw (z), u(z) , u0 w0 (z), and the Lagrangian
timescale, Tl . The leaf area density distribution profile was determined in Yue et al.
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(2007) by integrating the vertical distribution of LAI of maize from the ground to
canopy height using Wilson et al. (1982) field measurements. This distribution is
similar to the LAI obtained on 9 July 2011 at the experimental site. Fig. 3.1 shows
the profile of a(z) adapted to the measurement site on 9 July 2011.

Figure 3.1. Profile of the leaf area distribution for the day the experimental data were
collected. z/h is the normalized height and a(z) is the leaf area distribution

Flow field statistics were obtained by averaging turbulence over the 30-min 9
July 2011 spore release and recapture run. These statistics are in good agreement
with Wilson et al. (1982) split-film anemometer data shown in Fig. 3.2, confirming
that the CSAT3 sonic anemometers are capable of measuring turbulence statistics
inside a maize canopy. There is excellent agreement between the two data sets
and model for u(z), u0 w0 (z), and σw (z). This agreement also extends to the flow
field generated by the second-order closure and the experimental data inside the
canopy. In the model flow field, there is an under estimation of σu and σv above
the canopy and an under estimation of σv below the canopy when compared to 9
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Figure 3.2. Turbulence statistics from the second order closure LSPDM (solid line),
9 July 2011 field measurements (red dots) and field measurements from Wilson et al.
(1982) (black dots). z/h is the normalized height. The horizontal axis are explained in
the text, and are normalized by the friction velocity (u∗ ).

July 2011 field data. To correct for the under prediction, σv was estimated as
σv =

σu + σw
.
2

(3.1)

Recall that the flow field in the model neglects skewness for both u and w.
Skewness is clearly present in the field experiment statistics, reflecting the asymmetry in sweeps and ejections that are characteristic of canopy flows (Kaimal
and Finnigan, 1994). Fig. 3.3 shows a comparison of Lagrangian timescales (Tl )
computed using Co = 3.125 and the adjusted Reynolds number correction (Co∗ )
discussed in § 2.2.1. Also shown are the Eulerian integral time scales for u and w
estimated from the field data by integration of the autocorrelation functions.
Note that the only possible comparison between Eulerian and Lagrangian time
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scales is that the latter is expected to be larger than the former. The overall good
agreement between the experiment data and the closure model of Wilson and Shaw
(1977) is encouraging and supports the approach used in this work.

Figure 3.3. The Lagrangian timescale is calculated with Co (blue line) and Co∗ (black
line). τe,u and τe,w are the Eulerian timescales calculated with the field sonic anemometer
data. z/h is the normalized height. Tl is the Lagrangian timescale normalized by u∗ /h.

3.2

Spore Dispersion

In this section, LSPDM output for the vertical profiles of spore concentration
and spore deposition are compared to field observations. Statistical performance
measures are used to evaluate the accuracy of the model output. Release heights
of h/3, 2h/3, and h are referred to as the ”lower canopy”, ”upper canopy”, and
”canopy height”, respectively.
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3.2.1

Vertical Profiles of Mean Concentration of Spores

In Figures 3.4 - 3.6, the LSPDM spore concentration profiles and field observations
for spores released in the upper, lower, and canopy height are shown. There is good
agreement between model output and observations for locations within the canopy
and in the first two rows (2 and 4 m downwind) for spores released in the lower
canopy (Fig. 3.4). The model consistently under predicts spore concentration for
measurement locations above the canopy and for locations in the back row of poles
(8 m downwind). The LSPDM spore concentration profile and field observations
for spores released in the upper canopy (Fig. 3.5) have resulting trends similar to
those for the lower canopy release with better agreement between model output and
observations. The LSPDM spore concentration profile and field observations for
spores released at canopy height (Fig. 3.6) have overall better agreement between
model results and observations than for the release heights within the canopy.
Although the results are well matched, the shapes of the modeled and observed
spore concentration profiles are not as similar as those for the upper canopy release height. However, the magnitudes of the spore concentrations for back row
locations match best for the canopy height release. In general, the modeled spore
concentration profiles under estimate observations for all release heights with the
better agreement between model output and observations for locations within the
canopy than above.
Figs. 3.7 - 3.9 show comparisons of normalized modeled and observed concentrations at the 43 collection locations for spores released at h/3, 2h/3, and h. The
model underestimated the observed spore concentrations at most locations for all
release heights. The error tends to be greatest for locations deep in the canopy.
For the lower canopy release (Fig. 3.7), the agreement is good for locations in
the maize canopy. The overall agreement between model and observed concentrations is better for the upper canopy release (Fig. 3.8) than the release in the lower
canopy. The model under estimation is least for spores released at canopy height
(Fig. 3.9) and all comparison points in are within a factor of 10 line.
An evaluation of the performance of the LSPDM results using standard statistics employed in the evaluation of air quality and dispersion models is presented
in Table 3.1. Chang and Hanna (2004) suggest that performance measures should
include the geometric mean bias (MG), geometric variance (VG), and the fraction
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Figure 3.4. Modeled and observed spore concentration profiles for the 9 collection
locations for spores released in the lower canopy (h/3). Each of the 9 poles had 5
rotorod collectors mounted at h/3, 2h/3, h, 4h/3, and 5h/3. The line and dots represent
LSPDM output and field observations, respectively. The vertical axis represents the
height and the horizontal axis represents the normalized concentration.

of predictions within a factor of two (and five) of observations (FAC2 and FAC5):
M G = exp(lnCo − lnCp )

(3.2)

V G = exp(lnCo − lnCp )2

(3.3)

F AC2 = 0.5 ≤

Cp
≤ 2.0
Cobs

(3.4)

F AC5 = 0.2 ≤

Cp
≤ 5.0,
Cobs

(3.5)

where Cp are the model predictions, Cobs are the observations, the overbar represents the average over 43 data points for the 30-min averaging time (2 data points
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Figure 3.5. Modeled and observed spore concentration profiles for the 9 collection
locations for spores released in the upper canopy (2h/3). Each of the 9 poles had 5
rotorod collectors mounted at h/3, 2h/3, h, 4h/3, and 5h/3. The line and dots represent
LSPDM output and field observations, respectively. The vertical axis represents the
height and the horizontal axis represents the normalized concentration.

were discarded due to faulty rotorod collectors), and the FAC2 and FAC5 represent the fraction of points that are within their respective ranges. For a perfect
correspondence between model output and observation, MG = 1, VG = 1, while
FAC2 and FAC5 are 100%. According to Chang and Hanna (2004), a good model
is expected to have about 50% of the predictions within a factor of 2 of the observations, a relative mean bias within 30% (0.7 < M G < 1.3), and a relative scatter
of about a factor of 2 of the mean (V G < 1.6). Based on the statistical performance measures, clearly the model results for the release at the top of canopy is the
closest to the experimental observations. VG is within the range of ”good model”
and FAC2 and MG are close enough. The sources within the canopy have all the

26

Figure 3.6. Modeled and observed spore concentration profiles for the 9 collection
locations for spores released at canopy height (h). Each of the 9 poles had 5 rotorod
collectors mounted at h/3, 2h/3, h, 4h/3, and 5h/3. The line and dots represent LSPDM
output and field observations, respectively. The vertical axis represents the height and
the horizontal axis represents the normalized concentration.

statistics outside the range, the one in the upper canopy being slightly worse. In
Table 3.1, the performance measures excluding the third row poles (i.e. including
only poles 1-6 in rows 1 & 2) are in parenthesis. For this modification, the VG
is within the range of a ”good model” at all release heights, and FAC2 and MG
improve considerably.
Aylor and Flesch (2001), compare modeled and observed concentrations for
spores released at 0.5h and 0.7h in a line source experiment within a wheat field
(Aylor and Flesch (2001), Fig. 1). Spore concentration measurements were made
1 and 2 m downwind from the source. Their 2D LSPDM output agrees better with
the observed spore concentrations in their experiment than the results presented
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Figure 3.7. Comparison of normalized modeled and observed concentrations at the
43 collection locations for spores released in the lower canopy (h/3). Data are plotted
on the log scale. The solid line indicates a one-to-one match while the dashed lines
depict a factor of 10 above and below the exact match. The vertical axis represents the
normalized concentration data from the model, and the horizontal axis represents the
normalized concentration data from the observations.

here. However, there are many differences between the present comparison and
the one performed by Aylor and Flesch (2001). In their work, only one profile
is compared against experiments for each run (in contrast to the 9 profiles used
here). Furthermore, their source strength was scaled by minimizing the meansquared error between model and observations, so that their model results cannot
be considered a true prediction of the concentration values (if a similar procedure
were employed here, that would result in very large decrease in the values of MG
and VG and possibly FAC2 would increase). In addition, the case studies in
Aylor and Flesch (2001) are line-source dispersion (a two-dimensional problem),
which excludes the difficult task of modeling crosswind spread. The modeling of

28

Figure 3.8. Comparison of normalized modeled and observed concentrations at the 43
collection locations for spores released in the upper canopy (2h/3). Data are plotted
on the log scale. The solid line indicates a one-to-one match while the dashed lines
depict a factor of 10 above and below the exact match. The vertical axis represents the
normalized concentration data from the model, and the horizontal axis represents the
normalized concentration data from the observations.

crosswind spread is quite a challenging aspect of dispersion modeling in the surface
layer due to difficulties in reproducing wind meandering and slow changes in mean
wind direction.

3.2.2

Spore Deposition

A comparison of Figs. 3.10 - 3.12 reveals a strong relationship between spore release
height and the pattern of ground deposition. When the spore source is close to
the ground, deposition occurs close to the source. As the source moves up in the
canopy, the deposition maximum is located further downwind. Also, as the source
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Figure 3.9. Comparison of normalized modeled and observed concentrations at the 43
collection locations for spores released at canopy height (h). Data are plotted on the log
scale. The solid line indicates a one-to-one match while the dashed lines depict a factor
of 10 above and below the exact match. The vertical axis represents the normalized
concentration data from the model, and the horizontal axis represents the normalized
concentration data from the observations.

height increases, spore deposition on the ground becomes more spread out.
The interpolated cross-section of the modeled 2D ground deposition of spores
is compared to observations from the field experiment in Figs. 3.13 - 3.15 for
h/3, 2h/3, and h spore release heights, respectively. A wind angle of 5.8◦ from
the downwind direction was present in our 30-min run and was incorporated into
the interpolation of the 2D deposition. The agreement between the model output
and observations is very good along the entire measurement transect for the upper
canopy spore release height (Fig. 3.14) and at distances of 5 m or more for all
release heights. However, the model underestimates the observations for the lower
canopy release (Fig. 3.13) and overestimates the observations for the upper canopy
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Table 3.1. Statistical performance measures for all the poles (poles 1-9), with values in
parenthesis for poles the first two rows (poles 1-6).

SRC Height
MG
VG
FAC2
FAC5
h/3
2.46 (1.74) 2.25 (1.36) 40 (54)% 70 (75)%
2h/3
2.71 (1.85) 2.74 (1.45) 37 (57)% 79 (93)%
h
1.55 (1.45) 1.21 (1.05) 49 (61)% 98 (96)%

source (Fig. 3.15) in the near field.

3.2.3

Assessment of Model Capabilities

Even though LSPDMs have been widely used to simulate dispersion of tracers and
heavy particles within and above canopies, the present work is (to our knowledge)
the most comprehensive comparison with experimental data performed for particle dispersion inside canopies. Results indicate that the model may not be as
accurate as typically accepted by the community despite the very good agreement
between turbulence statistics and the second-order closure model. Extensive tests
were performed with several coefficients present in the model to improve results
that include the Lagrangian time scale, particle rebound, and canopy and ground
deposition parameters. Modifying coefficients tend to improve results in part of the
domain and increase disagreement in other regions. This highlights the importance
of using a large array of measurements for model calibration and validation.
The main trend observed from the comparisons presented in this chapter is
that the model is fairly good in reproducing the near field (i.e. x ≤ 4 m) behavior
inside the canopy (z ≤ 2.1 m). This is the region where the largest concentrations
are observed, and is the most relevant region for predicting escape fraction, as the
largest contribution for escape is typically between −1 < x < 5 m (Fig. 3.16).
Therefore, despite the poor model predictions in the far field (x = 8 m) and the
under estimation of concentration above the canopy, the model is likely to produce
fairly good estimates of escape fractions and it is used for that purpose in the
following sections.
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Figure 3.10. Modeled spore deposition densities for spores released in the lower canopy
(h/3). Spores that descended to h/20 in the LSPDM simulations, equivalent to 10.5 cm
in the field experiment, were considered deposited on the ground. This is an aerial view,
where the vertical axis is in the y direction (crosswind) and the horizontal axis is in the
the x direction (downwind).
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Figure 3.11. Modeled spore deposition densities for spores released in the upper canopy
(2h/3). Spores that descended to h/20 in the LSPDM simulations, equivalent to 10.5
cm in the field experiment, were considered deposited on the ground. This is an aerial
view, where the vertical axis is in the y direction (crosswind) and the horizontal axis is
in the the x direction (downwind).
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Figure 3.12. Modeled spore deposition densities for spores released at canopy height
(h). Spores that descended to h/20 in the LSPDM simulations, equivalent to 10.5 cm in
the field experiment, were considered deposited on the ground. This is an aerial view,
where the vertical axis is in the y direction (crosswind) and the horizontal axis is in the
the x direction (downwind).
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Figure 3.13. Comparison of modeled and observed ground deposition densities for
spores released at in the lower canopy (h/3). The vertical axis represents the normalized
deposition and the horizontal axis represents the downwind distance.
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Figure 3.14. Comparison of modeled and observed ground deposition densities for
spores released at in the upper canopy (2h/3). The vertical axis represents the normalized
deposition and the horizontal axis represents the downwind distance.
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Figure 3.15. Comparison of modeled and observed ground deposition densities for
spores released at canopy height (h). The vertical axis represents the normalized deposition and the horizontal axis represents the downwind distance.
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Figure 3.16. Comparison of the cumulative net flux of particles leaving the canopy
from lower, upper, and canopy spore release heights. The circle represents the maximum
peak of particle escape. The black vertical line represents poles in row 2 that are 4 m
downwind.

Chapter 4
A Study of Escape Fraction
4.1

Sensitivity Studies

In this section, a number of important issues relating to modeling the fraction
of spores that escape from a plant canopy are addressed. A comparison of spore
escape fractions from 2D and 3D LSPDMs for different spore release heights is
presented and discussed (§ 4.1.1). This is followed by an analysis of the sensitivity
of the 3D LSPDM to variations in the probability of spore deposition on plant
canopy elements (§ 4.1.2) and the fraction of spores that rebound and become
reentrained in the airflow after deposition (§ 4.1.3). Finally, escape fractions are
computed for a range of source heights and values of ws /u∗ (§ 4.1.4).

4.1.1

Comparison of Spore Escape Fraction Computations
from 2D and 3D LSPDMs

Most studies using LSPDMs simulate dispersion from particle line sources (e.g.
Aylor and Ferrandino (1989); Wilson (2000)). These models are 2D in that they
do not account for variations in the crosswind dispersion. In a 3D LSPDM, a point
source can be simulated and variations in crosswind dispersion can be included.
In nature, plant diseases that are spread by airborne pathogens, generally first
appear in small foci at single or multiple locations in a field. Subsequently, the
disease spreads from these point sources to other locations in the field. Once the
field becomes heavily infected, it acts as an area source of spores dispersing to
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other fields in the landscape. Fig. 4.1 shows the fraction of spores that escape the
corn field as a function of ws /u∗ for release heights at h/3, 2h/3, and h for 2D and
3D LSPDMs. The escape fractions computed by the 2D LSPDM are about 10%
larger than those from the 3D model throughout most of the range of ws /u∗ for
release heights within the canopy. For the simulations conducted using the canopy
release height, the differences between models are much smaller for low values of
ws /u∗ , but diverges with the 2D model escape fractions exceeding those from the
3D model at high ws /u∗ values. Because the 3D LSPDM can better represent the
physical processes associated with spore dispersion in the field, it is used in the
subsequent analysis.

Figure 4.1. Comparison of escape fraction as a function of ws /u∗ for 2D and 3D
LSPDMs using h/3, 2h/3, and h spore release heights.
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4.1.2

Sensitivity of the 3D LSPDM Spore Escape Fraction
Computations to the Specification of the Probability
of Deposition Parameter

The following equations for specifying the probability that a spore will be deposited
on the plant canopy were considered for use in the 3D LSPDM:
S = (1 − Rp )(|ws |Axy Exy )dt

(4.1)

S = (1 − Rp )(|up |Axz Exz + |vp |Ayz Eyz + |ws |Axy Exy )dt

(4.2)

S = (1 − Rp )(|up |Axz Exz + |vp |Ayz Eyz + |wp |Axy Exy )dt,

(4.3)

where S is the probability of deposition by collision with canopy elements and
all other variables are defined in § 2.2.2. The resulting escape fraction values
are shown as a function of ws /u∗ for simulations using the different parameterizations and h/3, 2h/3, and h release heights in Figs. 4.2 - 4.4. In Eq. 4.1, only
gravitation settling velocity is considered, therefore deposition is not dependent
on atmospheric turbulence. In Eq. 4.2, deposition is influenced by atmospheric
turbulence in the downwind and crosswind directions, but not in the vertical direction. Aylor and Flesch (2001) use this equation to compute the probability of
spore deposition on canopy elements in their 2D LSPDM even though their line
source simulations do not account for cross wind variation. In Eq. 4.3, the probability of particle deposition on the plant canopy is dependent on turbulence in the
downwind, crosswind, and vertical directions. It should be noted that an increase
in turbulence produces an increase in the Stokes number increasing the number
of particles that become detached from the flow as streamlines bend around plant
elements. This in turn causes more particle impaction and deposition onto plant
elements, as seen in Eq. 2.31 and Eq. 2.34.
Inspection of Figs. 4.2 - 4.4 reveals that there is little difference between the
escape fraction computations using Eq. 4.1 and Eq. 4.2 except when ws /u∗ is low;
this occurs when turbulence is large. As source height increases, so does the average fraction of spores that escape the canopy regardless of model specifications.
For all of the spore release heights, Eq. 4.3 gives the lowest escape fractions, suggesting that the parameterization for spore deposition on canopy elements in the
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2D LSPDM used by Aylor and Flesch (2001) may have caused an overestimation
of the escape fraction by as much as 10-20%. Because the full form of the particle
deposition probability equation accounting for turbulence in the u, v, and w directions is the most realistic of the three equations for a 3D LSPDM application, it
is used for the simulations presented in the subsequent sections.
It is interesting to note that the Eq. 4.2 and Eq. 4.3 yield escape fractions with
maxima within the range of ws /u∗ values for each source height. This is contrary
to the current thinking that escape fraction always increases with increasing u∗ (as
predicted by Eq. 4.1).

Figure 4.2. Comparison of escape fraction values as a function of ws /u∗ for simulations
using different specifications for the probability of particle deposition on the plant canopy
and a release height in the lower canopy (h/3).
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Figure 4.3. Comparison of escape fraction values as a function of ws /u∗ for simulations
using different specifications for the probability of particle deposition on the plant canopy
and a release height in the upper canopy (2h/3).

4.1.3

Sensitivity of the 3D LSPDM Spore Escape Computations to the Particle Rebound Parameter

LSPDMs use the parameter Rp to represent the probability that a particle deposited on a plant element will rebound and become re-entrained in the airflow.
There are no experimental data in the literature suggesting a range of Rp parameter values. Dupont et al. (2006) used Rp = 0.75 in their simulations because it
produced good overall agreement between model results and observations for the
location of the maximum deposition rate downwind from the source.
Fig. 4.5 - 4.7 show escape fraction as a function of ws /u∗ for Rp values from 0−1
and h/3, 2h/3, and h release heights. The escape fraction increases with increasing
Rp values for all release heights. This trend matches expectations because as spore
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Figure 4.4. Comparison of escape fraction values as a function of ws /u∗ for simulations
using different specifications for the probability of particle deposition on the plant canopy
and a release at canopy height (h).

rebound increases, less spores that are deposited stay on the plant canopy and
more spores remain airborne within the canopy. A value of Rp = 0.75 is used in
the 3D LSPDM in the sections that follow because it produces realistic results for
all source heights and has been used in previous studies (Dupont et al., 2006). It
is important to note that variations in Rp can have a large effect on the escape
fraction computed in a LSPDM and little is known about the proportion of spores
that rebound from plant elements in nature. The true rebound and re-suspension
rate may also be a function of ws /u∗ which would change the shape of the curves
in Figs. 4.5 - 4.7.
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Figure 4.5. Comparison of different rebound coefficients used in the different probabilities for particle deposition on the plant when the source release height is in the lower
canopy (h/3).

4.1.4

Influence of Release Height on Spore Escape

Fig. 4.8 shows the escape fraction of spores for source heights ranging from 2h/9 −
9h/9 and ws /u∗ values ranging from 0 − 0.185. The results reveal that source
height has a greater impact on the escape fraction than does ws /u∗ . This trend is
more evident in the plot of normalized source height (zsrc /h) vs. escape fraction
(Fig. 4.9), where each line represents a constant value of ws /u∗ . As the source
height increases, there is a smooth, almost linear, increase in the escape fraction
with height across the range of friction velocity (and thus atmospheric turbulence)
used in the simulations. This result is somewhat unexpected given the traditional
view that the canopy can be divided into an upper region which is constantly
penetrated by strong eddies and a lower portion with much less turbulence and
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Figure 4.6. Comparison of different rebound coefficients used in the different probabilities for particle deposition on the plant when the source release height is in the upper
canopy (2h/3).

decreased transport. However, these results must be carefully interpreted, given
the highly idealized profiles of the Lagrangian time scale and mixing length.
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Figure 4.7. Comparison of different rebound coefficients used in the different probabilities for particle deposition on the plant when the source release height is at canopy
height (h).
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Figure 4.8. Multiple release heights are modeled where the escape fraction as a function
of ws /u∗ is compared.
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Figure 4.9. Multiple values of ws /u∗ are compared for their escape fraction as a function
of height and variation in ws /u∗ as a function of height. zsrc /h is the normalized height
of the source release point.

Chapter 5
Escape of Rust Spores from a
Maize Field
In this section, the 3D LSPDM is applied to estimate the spore escape fraction
for maize canopies. Canopy height and leaf area density profile from experimental
run # 2 on 9 July 2011 are used.

5.1

Escape of Rust Spores from the Maize Canopy
during the 9 July 2011 Experimental Run

Common rust caused by the pathogen Puccinia sorghi is frequently present in
commercial maize fields throughout the Midwest and on occasion causes important yield losses (Lipps et al., 2013). The pathogen does not survive in the region
during winter and each year P . sorghi urediniospores are blown into the Midwest
from the South (Babadoost, 1991). Typically, disease symptoms are first observed
in small foci within fields where environmental conditions are conducive to infection
by spores deposited in rainfall. Pustules that release copious amounts of urediniospores can form on both the upper and lower surfaces of corn leaves throughout
the canopy. The spores are ellipsoid to globoid and range in size from 32-34 and
20-28 microns (Wilson and Henderson, 1966). Common rust was present at a low
level of infection in the experimental field during July 2011.
A 3D LSPDM simulation was conducted for a natural release of P . sorghi
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urediniospores. A settling velocity of 0.018 ms−1 for the corn rust spores and the
distribution of LAI presented in Fig. 3.1 were used. Fig. 5.1 shows escape fractions
as a function of u∗ for spores released at h/3 and 9h/10. During the experimental
run, most foliage below h/3 had desiccated/dropped and there was very little
foliage above 9h/10. Consequently, these two source heights represent realistic
bounds for the release height of spores because spores could only be produced
within those bounds. The strong dependence of escape fraction on release height
is clearly evident in Fig. 5.1. The dependence of escape fraction on u∗ is generally
small and negative and greater for spores released in the upper than lower canopy.
Above a threshold of u∗ = 0.2 ms−1 , as wind speeds increase, less spores escape
the canopy.

Figure 5.1. Escape fraction as a function of u∗ for P . sorghi spores for two heights that
bound spore release. The shaded area represents the entire escape fraction potential for
P . sorghi spores in maize.

A few important points can be established from the results presented in Fig. 5.1:
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1. Typical reports of plant disease consist of a evaluation of disease severity
(that can be used to infer the spore release source strength) at a given geographic location. The strong effect of source height on the escape fraction
shown in Fig. 5.1 suggests that, in order for escape fraction to be estimated,
information about the disease vertical distribution within the canopy is critical.
2. Models of escape fraction tend to have a strong (exponential) increase with
mean wind speed (e.g. Isard et al. (2007)). In the present work, this would
correspond to an exponential increase with u∗ . Most of these models are
based on the results presented by Aylor and Ferrandino (1989), Aylor (1999),
and de Jong et al. (2002) which show very strong effects of u∗ on the escape
fraction. The results presented in Fig. 5.1 show very weak effects of u∗ on
escape.
Currently, it is difficult to establish whether the differences between the present
results and the ones available in the literature are associated with the various
canopies investigated (wheat in Aylor’s work and maize presented here) or differences in the models themselves. The results from Chapter 4 suggest that the
dependence on u∗ would be enhanced by using a 2D model instead of a 3D model
(Fig. 4.1) and by the details of the deposition and rebound models. Therefore,
it is possible that the current lack of understanding of these processes is not yet
adequate for conclusions to be drawn.
A single curve for escape fraction can be used in practice if information of source
height is not available with the assumption of a heavily and uniformily infected
canopy. In this case, sporulation is governed by the leaf area available and thus
proportional to the leaf area distribution profile. The curve in Fig. 5.2 is calculated
by multiplying the leaf area distribution at several heights between h/6 − 5h/6 and
averaging the escape fraction for each u∗ . It is evident that the escape fractions are
not greatly impacted by u∗ as compared to the upper canopy spore release height
(using the same upper and lower canopy heights as in Fig. 5.1).
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Figure 5.2. Escape fraction as a function of u∗ for P . sorghi spores integrated for each
spore release heights corresponding to the a(z) distribution at each height.

Chapter 6
Summary and Conclusions
The objective of this research was to compare a spore release and recapture field
experiment to a Lagrangian stochastic particle dispersion model to study the escape fraction of spores from a maize canopy. Field experiments are costly and
timely, so the use of a model is much more practical to study particle dispersion.
With the LSPDM, model parameters can be readily changed to investigate escape fraction due to changes in source height, canopy density, plant and ground
deposition, wind speed, spore size, and rebound parameter.
The turbulence statistics generated by the second-order closure model of Wilson
et al. (1982) showed excellent agreement with the 9 July 2011 run #2 data set.
These results support the use of the clsoure model to drive LSPDMs.
Next, the spore dispersion was explored comparing the field experiment to the
LSPDM. There is good agreement between model output and observations for
locations within the canopy and in the first two rows (2 and 4 m downwind) for
spores released in the lower canopy. The model consistently under predicts spore
concentration for measurement locations above the canopy and for locations in the
back row of poles (8 m downwind). Spore release heights in the upper canopy had
similar trends to those in the lower canopy but with better agreement between the
model and observations. The canopy height source had well matched concentration
profile shapes and agreement in the back row between the model and observations.
This research was extended to the deposition of spores by comparing the field
experiment to the LSPDM. There is a strong relationship between spore release
height and the pattern of ground deposition. When the spore source is close to
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the ground, deposition occurs close to the source. As the source moves up in the
canopy, the deposition maximum is located further downwind.
These results suggest that LSPDMs may not be as accurate as previously
thought for simulating particle dispersion inside plant canopies. Experience gained
during this work indicates that it is easy to modify a few model constants to reproduce good results at one or two poles, but not as easy to produce good agreement
with 9 poles (43 samplers) spanning near and far fields within and above the
canopy.
The model was modified in order to study the sensitivity of estimates of escape
fraction to changes in several parameters. The escape fraction computed by the 2D
LSPDM are about 10% larger than those from the 3D model throughout most of the
range of ws /u∗ . For canopy release heights inside the upper and lower canopy, the
3D LSPDM calculated escape fractions that were smaller than those computed by
the 2D LSPDM. The 3D LSPDM best represents the physical processes associated
with spore dispersion from infection foci.
The sensitivity of the 3D LSPDM spore escape fraction to the canopy deposition parameterization was also explored. It was discovered that as source height
increases, so does the average fraction of spores that escape the canopy regardless
of the model specifications. The full form of the probability parameter has the
lowest escape fraction because it accounts for turbulence effects on deposition in
the x, y, and z directions. The escape fraction increases with decreasing rebound
fraction values for all release heights. Rp can have large effects on the escape fraction computed in a LSPDM and unfortunately little is known about the proportion
of spores that rebound from plant elements.
An important goal of this work was to study the influences of release height on
spore escape. The source height has a greater impact on the escape fraction than
does ws /u∗ (at least for the small values of ws /u∗ associated with realistic conditions). As the source height increases, there is a smooth, almost linear, increase
in the escape fraction with height across the range of atmospheric turbulence in
the simulations. This trend is robust to all parameterizations tested (deposition
models, rebound coefficients, etc.).
Future work for this research could involve model runs including different LAI
distributions, canopy types, spore sizes, and flow fields. Although the LSPDM is
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widely accepted with many complexities, the uncertainties of this model should
be addressed. For example, the Lagrangian timescales in canopies can be studied,
although a seemingly difficult task. More work can be done to research the rebound
parameter since this parameter has large impacts on spore deposition.
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