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ABSTRACT

A variety of sources of pollutant emissions can be represented as area sources. These include
manure lagoons, landfills, wastewater treatment ponds, and highways. A group of point sources
can also be treated as an area source. The impact of an area source is usually computed by
representing the area source as a set of line sources perpendicular to the wind direction. As for
point sources, the Gaussian horizontal concentration distribution used to compute the contribu-
tions of the line sources is likely to overestimate ground-level concentrations when the wind speed
is comparable to the standard deviation of the horizontal velocity fluctuations. A variety of
methods are used to mitigate this overestimation under these conditions, referred to as meander.
As an example of one these approaches, we examine that of AERMOD, EPA’s regulatory model.
AERMOD includes meander in modeling the impact of point and volume sources, but has not yet
incorporated it into AERMOD's area source algorithm. This paper describes an approach to include
meander in AERMOD's area source algorithm and demonstrates its impact on concentrations
associated with area sources.

Implications: Inclusion of wind direction meander in modeling dispersion when the wind speed
is low is important in ensuring that AERMOD does not overestimate concentrations under these
conditions. In view of the importance of area sources of pollution, the results presented in this
paper represent a potential enhancement of AERMOD's ability to estimate the upper end of the
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concentration distribution, which forms the basis of the regulatory acceptance of the model.

Introduction

When the mean wind speed is comparable to the stan-
dard deviation of the horizontal velocity fluctuations,
the wind direction is uncertain and the concentration
distribution in the horizontal might not be Gaussian.
In addition, the friction velocity estimated with
Monin-Obukhov (M-O) similarity underestimates the
measured value. Consequently, the concentration is
likely to be overestimated when the wind speed is low.

Several approaches have been used to model disper-
sion under low winds. For example, Lagrangian particle
models have been used to simulate dispersion under low
wind speed conditions by Brusasca, Tinarelli, and
Anfossi (1992), Oettl, Almbauer, and Sturm (2001)
and Anfossi et al. (2006). The trajectories of these par-
ticles are governed by measured wind speed and turbu-
lence levels as a function of time. Another approach
(Cirillo and Poli 1992; Sharan and Yadav 1998) is
based on modifying the three-dimensional diffusion
equation to include along-wind diffusion, which
becomes important for low wind speeds.

In this paper, we focus on an approach that has
been adopted by two of the most commonly used
regulatory dispersion models, AERMOD (AMS/EPA
Regulatory Model, Cimorelli et al. 2005) and ADMS
(Atmospheric  Dispersion  Modeling  System,
Carruthers et al. 1994). This paper examines
AERMOD’s approach, referred to as “meander”,
which is included in computing dispersion from
point and volume sources. However, meander is not
considered in estimating concentrations from area
sources. This paper proposes a method to include
meander in AERMOD’s area source algorithm.

AERMOD reduces overestimation of concentrations
at low wind speeds by 1) modifying the calculation of the
friction velocity using an approach suggested by Qian
and Venkatram (2011) to ensure that the friction velocity
does not approach zero when the mean wind speed is
close to zero, 2) using a minimum value of the standard
deviation of the horizontal velocity fluctuations,
o, = 0.3 m/s, and 3) incorporating a meander algorithm
(Cimorelli et al. 2005) that combines two horizontal
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concentration distributions: a Gaussian distribution cor-
responding to a plume, and a uniform distribution over
all directions or 360%as shown in Figure 1. Hanna and
Chowdhury (2014) show that these modifications reduce
the overestimation of maximum concentrations mea-
sured in two field studies designed to study dispersion
at wind speeds close to 1 m/s at a height of 10 m.

The concentration associated with the plume is given by
the commonly used Gaussian formulation:

Q (yr _ys>2
Cp(xr,yr,2r) = mexp (— W

550 (57
(1)

where Q is the emission rate, U, is the mean scalar wind
speed evaluated at mean plume height (See Cimorelli et al.
2005 for details), o, and o, are the horizontal and vertical
plume spreads, and the subscripts “s” and “r” refer to
source and receptor. The vertical and horizontal plume
spreads depend on the downwind distance x, — x;, and
micrometeorological variables (Cimorelli et al. 2005).

The uniform distribution, C,, is given by the expression
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where r is the distance from the source to the receptor.
These two distributions are weighted according to the
magnitude of the standard deviation of horizontal velocity
fluctuations, o,, relative to the mean vector wind speed
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Note that Equation (3) provides the relationship
between the vector mean wind speed, U,, and the
mean scalar wind speed, U; assuming that o, = 0,.
We see that the maximum value of the weighting
factor f, is unity when the wind speed distribution is
uniform across 0 to 2n when the vector mean wind
speed, U, is zero.

A variety of sources of pollutant emissions can be
modeled as area sources. These include manure
lagoons, landfills, wastewater treatment ponds, and
highways. A group of point sources can also be
treated as an area source. This paper describes an
approach to include meander in the area source
model in AERMOD, and demonstrates its impact
on ground-level concentrations. We begin with
a brief description of the area source calculation in
AERMOD.

Treatment of area sources

AERMOD estimates concentrations associated with
an area source by representing it with a convex
polygon. The calculations are performed using a co-
ordinate system in which the x-axis is along the
near-surface wind vector. The contribution of the
area source to the concentration at a receptor at
(xr, yr,z;) is computed by representing the area by
a set of equally spaced line sources that span the
along-wind width of the area source. Figure 2 depicts
one of these line sources.

The concentration caused by a single line can be writ-
ten as

C(xr, yro2r) = qF:(x, — x1,25,20) (erf (82) — erf (1)) /2
where

f = % ,and t, = % )
4
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Figure 1. The concentration at a receptor (x;, y,,z,) consists of
contribution from a plume aligned in the direction of the mean
wind vector and a ‘pancake’ plume. The weighting factor
depends on the magnitude of the standard deviation of hori-
zontal velocity fluctuations relative to the magnitude of the
wind vector.
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Figure 2. Area source representation. The red polygon is the
area source. The blue line is a line source that is perpendicular to
the surface wind. The black arrow represents the near-surface
wind direction.

The vertical distribution of the concentration, F,, which
does not vary along y, is commonly described with
a Gaussian distribution in AERMOD.

The contribution of a set of N line sources on an area
source to the concentration at a receptor is written as

T
z

Fz(xr - xéaznzr)Fy(xr - x;) (5)
1

C(xr,)/r, Zr) =4

where x] is the x-co-ordinate of the i line source with
a length I'. The sum in Equation (5) is conducted in
steps in which the number of line sources is inserted
between the existing set of lines. The value of the sum in
each step is combined with that calculated in the pre-
vious step by weighting each of them by the correspond-
ing total length of the line sources.

The convergence of the sum can be speeded up by
treating the sum as an integral expressed numerically
using the trapezoidal rule (Press et al. 1996). After
a specified number of successive integrals are computed,
they are used to compute the value of the integral at zero
spacing between lines using fifth-order polynomial extra-
polation based on Neville’s algorithm (Press et al. 1996).
If the relative interpolation error is greater than 107>,
another integral is computed by updating the previous
value of the integral. This value is then used with the
previous four values to estimate the value at zero spacing
and the corresponding relative error. Details of the
numerical procedure are described by Venkatram and
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Figure 3. Contribution of an element of the line source to the
receptor (X, yr, z;) using the meander formula.

Thiruvenkatachari (2023). The inclusion of meander in
the line source algorithm is described next.

Including meander

Figure 3 shows a line source and the impact of the
element dy on the concentration at the receptor
(%, ¥r,2;). We assume that the line source is at
a height z,, and the receptor at z,.

Then the concentration at the receptor caused is
given by

Pqdy V(zs, 2, 1)

C ry Yry&r) = 5
(er, e, 20) LIZm’ Us

(6)

where g is the emission rate per unit length of the line
source. Note that the integrand in Equation (6) is
Equation (2), the concentration associated with an ele-
mental point source of strength Q = gdy at a distance r
from the receptor. The integral expresses the sum of the
contributions of the elemental point sources that make
up the line source.

Note that the vertical spread, o, is a function of the
radial distance from the source to receptor,

r=(0(*+ yz)%, as well as micrometeorology. This integral
cannot be evaluated analytically for arbitrary o,.
Evaluating the integral numerically will add computing
time to the already resource-demanding area source algo-
rithm. Thus, it is useful to examine the utility of an
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analytical approximation derived by first assuming that
both and receptor are at ground level, z, = z, = 0,

V2

qdy\/‘ 1
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Equation (7) can be integrated analytically by assuming
that the vertical spread grows linearly with 7,
o, = 0,1/ U, which allows us to write Equation (7) as

V2
qdy
C ryVry<r) — 8
Cer, 97 2) LIan o, ®
Using the angle 6 shown in Figure 3, we substitute
y = x,tan(0) and r = x,/cos(6) into Equation (8) to
obtain
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Notice that (6, — 0,) is simply the angle subtended by the
line at the receptor. For an infinitely long line, the sub-
tended angle is 7, and the concentration at the receptor,
(%r, ¥r), is 1/2 the value one would obtain if the wind was
blowing perpendicular to the line. So, we propose the
following approximation to the integral in Equation (6),

QV(X”Z,,ZS) 92 - 91
2n

(10)

C(xmyra Zr) =

U (11)

The vertical distribution function, V, is evaluated at x,,
the perpendicular distance of the receptor to the line.
The next section examines the impact of including
meander in the area source algorithm and the errors asso-
ciated with the approximations to the numerical integral.

Impact of meander

The meteorological inputs used in the simulations are
computed by specifying the variables, U, L, and z, at
Zrf = 10 m. These variables are used compute the surface

friction velocity, u., the standard deviation of the horizon-
tal velocity fluctuations, ¢, which are in turn are used to
compute the vertical and horizontal spreads of the plume
(Cimorelli et al. 2005). In the simulations that follow, we
take zg = 0.01 m,z, = z, = 1 m, and 0 = 225°, and the
other parameters are allowed to vary. As in AERMET
(AERMOD’s meteorological processor), the minimum
o, = 0.3 m/s. The stability of the surface boundary layer
is characterized with the M-O length, L = — %ui/ kQo,

where T is the 10 m temperature, g is the acceleration due
to gravity, k=0.4 is the von-Karman constant, u,is the
surface friction velocity, and Qp is the surface kinematic
heat flux. The absolute magnitude of the M-O length, |, is
roughly the height above ground that is dominated by
shear production of turbulence. So, a large L signifies
a deep “neutral” surface layer. A negative L corresponds
to an “unstable” surface layer in which the height above |L|
is dominated by buoyancy production of turbulence.
A “stable” surface layer is described by a positive L is one
in which shear production is dominant below L, while the
negative heat flux suppresses turbulence above L.

The reference case is the simulation that does not
include meander. The meteorological conditions and
relevant statistics for the simulations discussed here
are listed in Table 1. The impact of meander is quanti-
fied in terms of three statistics: the mean of the concen-
tration without meander, the fractional bias and the
standard deviation of the differences between the cases
without and with meander.

Figure 4 shows the impact of meandering on plume
concentrations under near neutral conditions when
L = —-1000 m. The scalar wind speed is taken to be
U; = 0.5 m/s to allow the contribution of meander to
the concentrations, 72%, to dominate the plume con-
tribution. Note that the contribution of meander to the
concentration at 0.72 does not vary with stability
because its value is determined by the minimum value
of 0, = 0.3 m/s, which is larger than the value of o,
computed from M-O similarity.

Panels a and b show that, as expected, the major effect
of meander is upwind of the source. Panel ¢ shows that
concentrations that are small compared to the mean
value are enhanced with meandering, while concentra-
tions that are much larger than the mean value are
decreased relative to the reference plume case. Table 1
indicates that meandering gives rise to a fractional bias of

Table 1. Meteorological inputs and differences associated with including meander in the area source algorithm. f, is the meander

weighting factor defined in equation 3.

Simulation Number Scalar Wind Speed m/s M-O length (m)  f,

Plume Mean ug/m* Fractional Bias % Standard Deviation of Difference/Mean

1 0.5 —-1000 0.72
2 0.5 -10 0.72
3 0.5 10 0.72

1905 -8.2 0.82
1280 —2.6 0.83
3001 -16.8 0.85




JOURNAL OF THE AIR & WASTE MANAGEMENT ASSOCIATION é 5

200 a) Plume 200 b) Plume+Meander 200 c) (Meander+Plume)-Plume
° 150 &
150 150 S
g 100 «
100 100 & 50f. . “i.,
Qo 0 ?.. oo a .'. '.' M
20 50 £ i e
-50 | FRRII o' o0
0 0 -100
0 100 200 0 100 200 0123456
Neutral Normalized plume concentration

Figure 4. Concentration pattern associated with the polygon area source under neutral conditions. The distances shown in the figure
are expressed in meters. The emission rate from the source is 1 g/s, and the units of concentration are ug/m?3. The wind speed = 0.5
m/s, M-O length= —1000 m correspond to simulation 1 of Table 1. In panel ¢, the plume concentration is normalized with the mean of

the plume spatial field.

—8.2%; meander reduces the concentrations. The stan-
dard deviation of the differences is 0.82 of the mean.

In simulation 2, the M-O length is —10 m, signifying
unstable conditions. Figure 5 shows that the modification
of the spatial pattern by meandering is similar to that of
the neutral case. The FB is —2.6% and the standard
deviation is 0.83 of the mean without meander. In simu-
lation 3, illustrated in Figure 6, L =10 m corresponds to
stable conditions. The FB is now —16.8%, and the stan-
dard deviation is 0.85. The simulations considered here
show that meander has its largest impact during stable
conditions, and its least during unstable conditions.

As indicated earlier, the introduction of meandering
increases the computing demand of the already resource-
hungry area source algorithm. In the simulations consid-
ered here, the ratio of computing times with to without
meander ranged from a factor of 30 for the stable case, to
a factor of 40 for the unstable case. While these statistics
will vary with the specifics of the processor, it is clear that

a) Plume

b) Plume+Meander

the approximation of Equation (11) will reduce computing
time significantly if it is found to yield results that are close
to that obtained by the numerical integration of Equation
(6). The next section compares the results from the numer-
ical and approximate analytical formulations for meander.

Approximating meander

Figure 7 compares the results from the approximation,
Equation (11), with the exact solution corresponding to
the numerical integration of Equation (6) under condi-
tions when the approximation is valid: z, = z, = 0, and
the stability is neutral so that o,. The small differences
between the two results, shown in panel ¢, which occur
at concentrations close to zero, are related to the errors
in the numerical integration.

Figure 8 shows that the differences between the exact
and approximate cannot be neglected when the source

c) (Meander+Plume)-Plume
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Figure 5. Concentration pattern associated with the polygon area source under unstable conditions. The distances shown in the figure
are expressed in meters. The emission rate from the source is 1 g/s, and the units of concentration are ug/m?3. The wind speed = 0.5 m/
s, M-O length= —10 m correspond to simulation 2 of Table 1. In panel ¢, the plume concentration is normalized with the mean of the

plume spatial field.
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Figure 6. Concentration pattern associated with the polygon area source under stable conditions. The distances shown in the figure
are expressed in meters. The emission rate from the source is 1 g/s, and the units of concentration are yg/m3. The wind speed = 0.5

m/s, M-O length = 10 m correspond to simulation 3 of Table 1. In panel c, the plume concentration is normalized with the mean of the
plume spatial field.
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Figure 7. Concentration pattern associated with the polygon area source under neutral conditions and z, = z; = 0. The distances
shown in the figure are expressed in meters. The emission rate from the source is 1 g/s, and the units of concentration are ug/m3. The

wind speed = 0.5 m/s, M-O length= —1000 m. In panel ¢, the plume concentration is normalized with the mean of the exact spatial
field.
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Neutral

Figure 8. Concentration pattern associated with the polygon area source under neutral conditions and z, = z; = 1 m. The distances
shown in the figure are expressed in meters. The emission rate from the source is 1 g/s, and the units of concentration are ug/m?3. The
wind speed= 0.5 m/s, M-O length= —1000 m. In panel ¢, the plume concentration is normalized with the mean of the exact spatial field.
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Figure 9. Concentration pattern associated with the polygon area source under unstable conditions and z, = z; = 1 m. The distances
shown in the figure are expressed in meters. The emission rate from the source is 1 g/s, and the units of concentration are ug/m3. The
wind speed= 0.5 m/s, M-O length=—10 m. In panel ¢, the plume concentration is normalized with the mean of the exact spatial field.
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Stable

Figure 10. Concentration pattern associated with the polygon area source under stable conditions and z, = z; = 1 m. The distances
shown in the figure are expressed in meters. The emission rate from the source is 1 g/s, and the units of concentration are ug/m3. The
wind speed= 0.5 m/s, M-O length= 10 m. In panel ¢, the plume concentration is normalized with the mean of the exact spatial field.

Table 2. Meteorological inputs and differences associated with approximating meander in the area source algorithm. f, is the meander
weighting factor defined in equation 3.
Scalar Wind Speed(m/s)

Simulation Number M-O Length(m) f,  Exact Mean ug/m* Fractional Bias % Standard Deviation of difference/Mean

1 0.5 -1000 0.72 1905 240 0.35
2 0.5 =10 0.72 1280 23.2 041
3 0.5 10 0.72 3001 232 0.31
4 1 -10 0.18 645 11.3 0.24

and receptor heights are not zero, z, = z; = 1 m. The
approximation underestimates concentrations by about
25% as indicated by the fractional bias. Figures 9 and 10
show that the results are similar when the meteorologi-
cal conditions are unstable or stable. Table 2 indicates
that the normalized standard deviation of the errors
during unstable conditions is 0.4 which is about 25%
higher than during stable conditions for this specific set
of simulations. We have conducted several simulations
with different sets of release height, receptor height,
wind speed, and MO length, and example of which is

shown in Table 2. The results indicate that the fractional
bias does not exceed 25%, which suggests that it might
be possible to generalize the result that the maximum
fractional bias between the exact and approximate
representation of meander is 25%.

Discussion and conclusion

We note that this formulation for meandering depends
on a weighting factor, f,, in Equation (3), whose
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functional form is arbitrary. We can avoid this problem
by using an alternative approach that expresses the
concentration in polar co-ordinates. As pointed out by
Hanna et al. (2003), and formalized by Venkatram et al.
(2004), the concentration associated with a point source
can also be expressed in polar co-ordinates

P(6)

C(G, stzr) =Q U.r

V(zs, 2, 1) (12)

where 6 is the angle between the line joining the source
to the receptor and the mean wind direction, and P(6) is
the distribution of wind directions about the mean wind
direction. In a field study conducted in an urban loca-
tion, Venkatram et al. (2004) found that this wind
direction distribution was close to Gaussian until the
horizontal turbulent intensity o,/ U, exceeds 5,

P(6) =

1 0’ 3
el 20@) ()
where oy is the standard deviation of the wind direction
fluctuations about the mean wind direction. Its magnitude
determines the impact of the point source at upwind loca-
tions. So, this formulation automatically accounts for
meandering and thus avoids the arbitrariness of the for-
mulation of the weighting factor, f;, in Equation (3).
A semi-empirical equation (Venkatram et al. 2004) that
relates oy to o, is

m o, V3
(of:] :%tanh<a7>, (].4)

which keeps the value of gy between ¢, /U, and 7/\3 for
large 0,/ U, when P(8) becomes uniform over 2.

When applied to a line source perpendicular to the
wind direction, the concentration can be expressed as in
Equation (6)

72 V(zs, 2y, 7)d
C(xrayrazr) = qJ P(H)Tya
! S

and ’ (15)

0 =tan"'(y, — y,x,)

where x, is the perpendicular distance of the receptor to
the line source. Evaluation of Equation (15) requires
numerical integration as in the previous case.
However, if z; = z, = 0, and o,~x, Equation (15) has
the analytical solution

2 q (erf(t) —erf(n)
Clxr,prs2r) = \/;az(xr) U, 2

/209 e V209 ’

6, = tan! (y—z _yr> and 6, = tan! ()’_1 —;Vr>

t, =

Xy Xy
(16)
where erf(t) is the

error function given by

t
erf(t) = ﬁjoe"zdx. When x, <0, the receptor is

upwind of the line source, which requires the integral
to be expressed as the sum of two integrals, one between
0, and m, and the other between 6, and -m.

The scope of this paper does not allow a comparison
between these two approaches to treating meander.
However, it is useful to show that these approaches
yield significantly different concentration patterns as
illustrated in Figure 11. The “pancake” approach
spreads the concentration pattern further upwind than
the “theta” approach, but decreases the concentrations
downwind of the source relative the “theta” approach.
This results in a fractional bias between these two

200 a) Pancake 200 b) Theta 200 c') Pancake-Theta
o 150 |3k«
150 150 > gt
g 100,
100 100 § 50 e S
() 0 = = - v
50 50 = SRS
O 50 @l °
0 0 -100
0 100 200 0 100 200 0123456
Neutral Normalized pancake concentration

Figure 11. Comparison of concentration patterns produced by two different formulations of meander: pancake refers to equations 3
and theta refers to equation (12). The simulation corresponds to neutral conditions with M-O length=—1000 m, wind speed= 0.5 m/s
and z, = z; = 1 m. The distances shown in the figure are expressed in meters. The emission rate from the source is 1 g/s, and the
units of concentration are ug/m3. In panel ¢, the plume concentration is normalized with the mean of the pancake spatial field.



patterns of —22% indicating the higher downwind con-
centrations of the “theta” approach.

As expected, the introduction of meandering
decreases concentrations downwind of the area source
and creates concentrations upwind of the source. The
two approaches to meandering yield significantly differ-
ent results when meandering is a factor. The U.S.
National Oceanic and Atmospheric Administration
(NOAA) conducted a tracer field study in 1974 at Idaho
Falls (Sagendorf and Dickson 1974) to make measure-
ments of dispersion from a point source under stable
conditions when the wind speeds were less than 2 m/s
at 4m on a 61 m tower; the winds were measured at 6
levels on this tower with cup anemometers and bivanes.
The temperature was also measured at these levels. The
tracer, sulfur hexafluoride, released at 1.5 m, was sampled
with bag samplers laid out in radii at 100, 200, and 400 m
at 6° intervals. The data from the 14 experiments con-
ducted during this study have been examined by several
investigators (Cirillo and Poli 1992; Sharan and Yadav
1998) using different approaches to account for mean-
dering under low wind speeds, which included diffusion
along the wind. Analysis of this data by Qian and
Venkatram (2011) suggests that the “pancake” approach,
Equations (1)-(3), improves model estimates for point
sources during low winds. This result is tentative because
turbulence parameters, which govern dispersion, were
inferred, not measured using instrumentation such as
sonic anemometers. In summary, the data from the
NOAA study do not allow one to choose one approach
over another in modeling dispersion under low winds.

Data from a more recent field study conducted in
Riverside, California (Venkatram et al. 2004), suggest
that the “theta” approach, Equations (12) and (13), yields
acceptable results for line sources until the horizontal
turbulent intensity, o,/U;, exceeds 5. This formulation
avoids the arbitrariness of the choice of the weighting
factor in Equation (3). However, incorporating it in
AERMOD cannot be readily justified because all the
receptors in the field study were located within 20 m
from the source. In view of the importance of area
sources, there is a need for a comprehensive field study
with modern instrumentation to evaluate the models that
treat area sources, especially under low wind speeds.

The inclusion of meandering increases the computa-
tional demands of the already resource-hungry algo-
rithm for estimating the impact of area sources when
the wind speeds are comparable to the standard devia-
tion of the horizontal velocity fluctuations. We have
proposed an approximation that reduces the computa-
tional demand by over a factor of 30. However, it under-
estimates concentrations relative to those from the
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numerical integration required to implement meander-
ing. A limited number of simulations indicates that the
fractional bias does not exceed 25%. This suggests that it
might be possible to adopt the analytical approximation
for meandering by multiplying the results it produces by
an appropriate factor, say 1.3.
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