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a b s t r a c t

Two Gaussian atmospheric dispersion models, AERMOD and CALPUFF, both incorporating the PRIME
algorithm for plume rise and building downwash, are intercompared and validated using wind tunnel
data on odour dispersion around a complex pig farm facility comprising of two attached buildings. The
results show that concentrations predicted by AERMOD are in general higher than those predicted by
CALPUFF, especially regarding the maximum mean concentrations observed in the near field. Compar-
ison of the model results with wind tunnel data showed that both models adequately predict mean
concentrations further downwind from the facility. However, closer to the buildings, the models may
over-predict or under-predict concentrations by a factor of two, and in certain cases even larger,
depending on the conditions. One of the main causes of this behaviour is that the PRIME algorithm,
incorporated in both models, can only see the two attached buildings as a rectangular structure with the
projections of the total streamwise and crosswind dimensions of the complex building. Two different
methodologies were used to examine maximummean concentrations for shorter averaging times, which
is especially relevant for odour dispersion, one adjusting Kc and the other sy. The results suggested that
the adjustment of Kc results at higher estimates of maximum mean concentrations for shorter averaging
times than the adjustment of sy.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Several modelling approaches can be used for the investigation
of atmospheric dispersion. Computational fluid dynamic
approaches, and especially Large Eddy Simulations (LES), provide
better results than other models, especially regarding dispersion
around buildings or in urban areas [1]. However, these models
require increased computational power and are more difficult to
use. Analytical models are usually preferred by regulatory agencies,
due to their low cost, easy application and fast operation. Algebraic
models are in general based on the Gaussian approximation of
horizontal and vertical profiles of concentration. They employ
several empirical expressions in order to include the effect of
obstacles, topology, wind meandering, chemical reactions, etc. Two
of the models most commonly used by regulatory agencies are
AERMOD [2] and CALPUFF [3].
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Pollutants, such as odorous substances, are most often released
near buildings, industrial installations or other type of construc-
tions such as livestock farms, or within urban and suburban areas.
Following the scientific and practical importance of the topic, there
is a considerable amount of work in the literature dealing with
atmospheric dispersion near buildings. Britter and Hanna [4]
provided a review of the research on flow and dispersion in
urban areas, while the main characteristics of flow and dispersion
around a single building are summarised byMavroidis et al. [5]. The
broad characteristics of flow and dispersion around obstacles have
been initially examined in the wind tunnel and in the field. Recent
advances in computational fluid dynamics and in computer capa-
bilities have led to an increased body of work on numerical simu-
lation of flow and dispersion around buildings. Furthermore,
building effects have been incorporated into Gaussian modelling
techniques using different approaches. One such example is the
Plume Rise Model Enhancement (PRIME) [6].

Both AERMOD and CALPUFF models incorporate the PRIME
algorithm and have been recently used in relevant applications.
Sidle et al. [7] presented a preliminary comparison of ADMS 3.1,
AERMOD and AERMOD/PRIME conducted by the Environment
Agency of the UK and found that ADMS 3.1 and AERMOD/PRIME
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show very different dependence of building downwash effects on
wind directions, due to the different algorithms used, while under
unstable conditions AERMOD/PRIME predicted lower concentra-
tions than the other two models. AERMOD has been also compared
with the ISC model, formerly used by the EPA, for dispersion of
hazardous substances around industrial complexes [8]. The results
showed that AERMODprovided lower concentration estimates near
the complex, while as the distance from the site increased the pre-
dicted concentrations and the shapes of concentration isopleths by
the two models became similar. Olesen et al. [9] compared OML,
AERMOD/PRIME and MISKAMmodels using wind tunnel data with
simple stack-building configurations and concluded that a CFD
model such asMISKAM is clearly superior to the plumemodels OML
and AERMOD/PRIME, especially regarding prediction of concentra-
tions in the recirculation zone and close to it. CALPUFFhas beenused
for exposure assessment in a near-field, complex terrain setting [10]
and has been found to provide reasonably accurate patterns of long-
term air pollutant deposition in the near field.

Most of the research on atmospheric dispersion is concerned
with the examination of mean concentrations over a given time, for
example an hour or more. However, many studies have shown that
the mean concentration field alone is not sufficient for estimating
the potential hazards from pollutant releases in the atmosphere, for
example in the case of flammability, malodour nuisance and, often,
toxicity. The problems associated with malodour nuisance occur
with sufficient frequency and severity to warrant regulatory
intervention [11]. According to Leonardos [12] over 60% of air
pollution complaints to regulatory authorities are related to odours,
while Schiffman and Williams [13], suggest that odorous gases can
cause several problems from annoyance, to headaches, insomnia,
nausea, vomiting, irritation to the skin, nasal system and to the
eyes. Furthermore, the sense of odours can be used to characterise
sanitary and environmental conditions; elevated concentration
levels of odorous gases in a region can influence the economy,
through the devaluation of house and land prices.

In this respect, odour related legislation has been discussed and
gradually implemented throughout the world. Some countries and
regions already have specific and detailed legislation. In Germany,
for example, there are several standards applied to limit the envi-
ronmental impacts, including odour emissions. Some refer to live-
stock, imposing minimum distance of the premises in relation to
housing. The VDI-3471 standard takes into account the size and
design of facilities. If the livestock does not meet the specifications
of the standard, it is possible to request a technical evaluation,
based on dispersion models. In Brazil, federal law is related to the
impact of odours only regarding the emission limits for air pollut-
ants from manufacturing processes of pulp. However, the legisla-
tion in certain states of Brazil addresses specific aspects of the issue
of odorous compounds.

The perception of odours shows some complexity and therefore
several studies try to quantify the nuisance caused by odours.
McGingley and McGinley [14] consider four different aspects (or
dimensions) for the complete characterization of the nuisance
caused by odours: limit of detection (perception), odour intensity,
hedonic tone and quality (character) of the odour. According to
Both et al. [15] different combinations of certain specific factors
result in different levels of discomfort. These factors are described
by the acronym FIDOL: Frequency, Intensity, Duration, Offensive-
ness (hedonic) and Location. The basic physical parameter that
relates the sense of smell to the odorous substance is concentration,
which is expressed as the amount of odorous substances in
a volume of air, given in mass fractions (parts per millione ppm) or
volume (micrograms per cubic meter e mgm�3).

It is therefore important to develop, validate and use appro-
priate dispersion modelling approaches in order to investigate
odour dispersion and provide regulatory authorities with relevant
information. Since the human nose is a very sensitive organ which,
when exposed to odorous gases, recognises short events that last
only for a few seconds, odour dispersion models should be able to
predict not only mean concentrations but also concentration fluc-
tuations. The performance of algebraic models for the prediction of
odour dispersion around structures, where such odours are usually
emitted, has not been extensively investigated. Some studies
examine the performance of models for the dispersion of odorous
compounds, but usually in open terrain. For example, Wang et al.
[16] compared CALPUFF and ISCST3 models for odour dispersion
and the results showed that CALPUFF could fairly well predict
average downwind odour concentrations while both models failed
to predict peak odour concentrations using the constant average
emission rate. In the study of Chang et al. [17], the area influenced
by odorous compounds was obtained by AERMOD and a good
correlation was observed between the AERMOD predictions and
the actual observed values. Elbir et al. [18] predicted odour levels
around a meat packaging and rendering plant using CALPUFF.
Measured and predicted odour concentrations were compared (the
concentrations were representing intervals of 10 min) and the
results correlated well for these short averaging times, providing
a good agreement between the two data series.

To assess the perception of odours using dispersion models such
as AERMOD and CALPUFF, a simple averaging time scaling factor
can be used to estimate short-term peak concentrations. This
adjustment is necessary because the averaging times associated
with dispersion curves used to computemean concentrations are of
the order of 60 minutes, while odours are perceived on much
shorter time scales (of a few seconds or more). This adjustment,
which is applied in the present paper (see Section 2.2.4), primarily
addresses the effect of wind meandering on the average lateral
distribution of odorous substances.

The present work aims to investigate and validate the use of two
algebraic dispersionmodels, namely AERMOD and CALPUFF, for the
examination of the dispersion of odorous substances near struc-
tures. The PRIME algorithm has been incorporated in both AERMOD
and CALPUFF in order to account for plume rise and building
downwash effects. The models do not directly calculate concen-
tration fluctuations; these are estimated using expressions that
relate pollutant concentrations calculated for a longer averaging
period with the peak concentrations that are probable to occur for
shorter averaging periods. Since one of the main environmental
impacts of animal farms are the odours emitted at various stages of
the process, results from wind tunnel experiments of Aubrun and
Leitl [19] examining the dispersion of odours in the vicinity of a pig
barn were used for the validation of the models.

2. Methods

2.1. Wind tunnel experiments simulated

Flow and concentration data from the boundary layer wind
tunnel of the Meteorological Institute of the University of Hamburg
were used to validate the two models, AERMOD and CALPUFF.
Experimental data are available at the University of Hamburg’s
website [20], while the boundary layer wind tunnel and the
experimental set up are described in detail by Aubrun and Leitl [19].
It should be noted that, mainly due to the lack of adequate data, the
validation of models applied for the prediction of the dispersion of
odorous compounds is still not satisfactory. Field campaigns are
difficult and expensive, while on the same time the unsteadiness of
the meteorological conditions makes the results very often non-
representative of the statistical characteristics of the phenomena.
Physical modelling in wind tunnels offers an alternative and
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enables the study of dispersion of a tracer under steady, controlled,
meteorological conditions. Additionally, some geometrical aspects,
like the topology and the shape of the buildings can easily be taken
into account. When field experiments are replicated inwind tunnel
simulations, appropriate scaling rules should be applied [5].
Aubrun and Leitl [19] initially performed experiments in the field,
releasing tracer gas from the ventilation system of a pig barn and
then built a wind tunnel model of the big barn at a scale of 1:400. In
the study of Aubrun and Leitl [19], the boundary layer parameters
are properly scaled, the same dimensionless averaging time is used
and the results are satisfactory, with a good agreement between
field experiment and wind tunnel data. Therefore, a solid data set
was produced to validate odour dispersion models, which is readily
available. The data set covers the influence of several parameters
like the topology, the wind direction, the velocity ratio between the
wind and the exhaust jet and the location of the exhaust source.
The signal processing applied to the measurements supplied some
converged statistical results related to the unsteady characteristics
of odour dispersion, i.e., the intermittency, the percentiles and the
persistence.

Although the wind flow and tracer concentration data used for
the validation of AERMOD and CALPUFF were from thewind tunnel
experiments, all data were non-dimensionalized and scaled to the
field scale. The big barn installation comprises two concomitant
buildings 10.6 m and 7.65 m high. The building height in the
present work (Hb¼Href) is considered to be 10 m in order to facil-
itate non-dimensionalisation of the results. For a wind direction of
220� (southeast) the total building streamwise and crosswind
dimensions are Lb¼ 64.5 m (length) and Wb¼ 42.5 m (width)
(Fig. 1).

The active release of tracer gas took place through two vertical
stacks with rectangular outlets situated at Hs¼ 8.5 m above the
ground. Each stack consisted of three distinct shafts of 1.2 m2

equipped with 0.9 m diameter ventilators. During the experiments
simulated here the western stack (stack 1) was out of operation and
blocked. The operating stack (stack 2) was used as the tracer gas
source and was chosen as the reference location of the coordinate
system. Fig. 2 shows the model used in the wind tunnel and its
orientation [20].

At the experiments simulated here the wind speed at Href was
kept constant to 3 m s�1 and the tracer gas released was ethane.
Tracer gas detectorswere positioned at several locations distributed
transversely to the flow downwind of the building complex (at X/
Fig. 1. Dimensions of the building used in the wind tunnel (sc
H¼ 2.5, X/H¼ 5, X/H¼ 10, X/H¼ 20 and X/H¼ 30), allowing the
derivation of concentration profiles. The sampling height was 4 mm
(1.6 m full scale, corresponding to the height of the human upper
respiratory system). The parameter that varied was the wind
direction; four wind directions were examined, namely 40�, 130�,
220� and 310�, which approximately corresponded to the four wind
directionsnormal to the faces of thepigbarn facility complex (Fig. 2).

In order to simulate the experiments using the algebraic
dispersion models AERMOD and CALPUFF, it was necessary to use
meteorological and geophysical information as input data. The
main experimental and wind flow parameters are presented in
Table 1. The experimental relative error was estimated to 3.8% for
mean concentrations and 3.5% for concentration standard
deviations.

To ensure the similarity of the flow between the wind tunnel
and the atmosphere, the vertical profile of the average wind speed
and the turbulence intensity profile were non-dimensionalised and
normalized by their respective values in the reference height zref
(Fig. 3). According to Aubrun and Leitl [19], neutral atmospheric
stability conditions were used in the wind tunnel experiments.

2.2. Description of dispersion models

2.2.1. AERMOD
AERMOD is a relatively recent model developed by the Amer-

ican Meteorology Society and the U.S. Environmental Protection
Agency (EPA) for regulatory purposes. AERMOD is a steady-state
advanced plume model that incorporates air dispersion based on
planetary boundary layer turbulence structure and scaling
concepts, including treatment of both surface and elevated sources,
and both simple and complex terrain.

AERMOD simulates five different plume types depending on the
atmospheric stability and on the location in and above the
boundary layer: (1) direct, (2) indirect, (3) penetrated, (4) injected
and (5) stable. During stable conditions, plumes are modelled with
the familiar horizontal and vertical Gaussian formulations. During
convective conditions (L< 0) the horizontal distribution is still
Gaussian; the vertical concentration distribution results from
a combination of three plume types: (1) the direct plume material
within the mixed layer that initially does not interact with the
mixed-layer lid; (2) the indirect plume material within the mixed
layer that rises up and tends to initially loft near the mixed layer
top; and (3) the penetrated plume material that is released in the
ale in meters). (a) Top view. (b) Front view. (c) Side view.



Fig. 2. (a) Elevated view of the wind tunnel model of the pig barn; (b) sketch of its orientation [16].
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mixed layer but, due to its buoyancy, penetrates into the elevated
stable layer.

For stable conditions, the AERMOD concentration expression
(Cs) has the Gaussian form, and is similar to that used inmany other
steady-state plume models. Cs is given by:
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where u is the wind speed, Fy is the lateral distribution function
with meander, zieff is the effective mechanical mixed-layer height,
szs is the total vertical dispersion, and hes is the plume height (i.e.,
stack height plus the plume rise).

In AERMOD, the total concentration (Cc) is calculated by
summing the contribution from the three sources. For the hori-
zontal plume state, Cc is given by:

Cðx; y; zÞ ¼ Cdðx; y; zÞ þ Cpðx; y; zÞ þ Crðx; y; zÞ (3)

The concentration due to the direct plume (Cd) is given by:
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where Dhd is the direct source plume rise for the direct source, hs is
the stack height corrected for stack tip downwash, �wj is the mean
vertical velocity for the updraft (j¼ 1) and the downdraft (j¼ 2)
Table 1
Main parameters of the simulated experiments.

Case Q (g/s) Source diameter (m) Emission height (m) Source velocity (m/s

D1-1 0.006866 1.52 8.5 3
distributions, z¼ zr and zp in the horizontal and terrain-following
states, respectively. Here, Jdj and szj are the effective source
height and vertical dispersion parameter. The subscript j is equal to
1 for updrafts and 2 for downdrafts.

The concentration due to the indirect source (Cr) is calculated
from:
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where Jri¼Jdi�Dhi, and Dhi is plume rise for the indirect source.
For the penetrated source (Cp) the concentration expression has

a Gaussian form in both the vertical and lateral directions. The
concentration due to this source is given by:
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where zieff is the height of the upper reflecting surface in a stable
layer and szp total dispersion for the penetrated source.

The model was formally proposed by EPA in April 2000 as
a replacement for the ISCST3 model. The complete AERMOD
modelling system consists of two pre-processors, namely the
meteorological pre-processor (AERMET) and the mapping program
(AERMAP), and the dispersionmodel itself. The details of the model
development are described in EPA [2].

2.2.2. CALPUFF
CALPUFF (California Puff Model) is a multi-layer, multi-species

non-steady-state, Lagrangian, Gaussian, puff dispersion model that
simulates the effects of time- and space-varying meteorological
conditions on pollution transport, transformation and removal. It
contains modules for complex terrain effects, over-water transport,
coastal interaction effects, building downwash, wet and dry
) Wind speed at 10 m (m/s) Wind direction (degrees) u* (m/s) zo (m)

3 Varied 0.182 0.031317



Fig. 3. Mean velocity and turbulence intensity profiles as determined in the experi-
ments of Aubrun and Leitl [19].
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removal and simple chemical transformation. Unlike steady-state
Gaussian plume models (e.g., ISCST3, AERMOD), one of the signif-
icant features of CALPUFF is that it keeps track of recent past
pollution information (i.e. over a few hours); as a result pollutant
concentrations that occurred during these previous hours have an
impact on current and future pollutant dispersion.

CALPUFF represents a continuous plume as a number of discrete
packets of pollutant material and evaluates the contribution of
a puff to the concentration at a receptor by a “snapshot” approach.
Each puff is “frozen” at particular time intervals (sampling steps).
The concentration due to the “frozen” puff at that time is computed
(or sampled). The puff is then allowed to move, evolving in size,
strength, etc., until the next sampling step.

The basic equation for the contribution of a puff at a receptor is:

C ¼ Qp
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where C is the ground-level concentration, Q is the pollutant mass
in the puff, sx is the standard deviation of the Gaussian distribution
in the along-wind direction, sy is the standard deviation of the
Gaussian distribution in the crosswind direction, sz is the standard
deviation of the Gaussian distribution in the vertical direction, da is
the distance from the puff center to the receptor in the along-wind
direction, dc is the distance from the puff center to the receptor in
the crosswind direction, g is the vertical term of the Gaussian
equation, H is the effective height above the ground of the puff
center and h is the mixed-layer height.

The summation in the vertical term, g, accounts for multiple
reflections off the mixing lid and the ground. It reduces to the
uniformly mixed limit of 1/h for sz> 1.6 h. In general, puffs within
the convective boundary layer meet this criterion within a few
hours after release. For a horizontally symmetric puff, with sx¼ sy,
the equation reduces to:

C ¼ QpðsÞ
2p2s2yðsÞ

gvðsÞexp
"
�R2pðsÞ
2s2yðsÞ

#
(10)
where R is the distance from the center of the puff to the receptor
and s is the distance travelled by the puff. The total concentration at
a receptor is the sum of the contributions of all nearby puffs aver-
aged for all sampling steps within the basic time step:

Cðx; y; x; tÞ ¼
Xtotal puffs

puff ¼1

Cpuff ðx; y; x; tÞ (11)

The CALPUFF modelling system includes three components:
a meteorological model (CALMET), the main model that predicts
concentrations for a specified average time of at least 1 h (CALPUFF)
and a post-processor (CALPOST). The model has been adopted by
the U.S. EPA in its Guideline on Air Quality Models. The details of
the model are described in Scire et al. [3].

2.2.3. PRIME downwash algorithm
The PRIME Gaussian dispersion model has been developed for

plume rise and building downwash and is described in detail by
Schulman et al. [6]. PRIME describes the two fundamental features
associated with building downwash: (a) reduced plume rise caused
by a combination of the descending streamlines in the lee of the
building and increased entrainment in the wake, and (b) enhanced
plume dispersion coefficients due to the turbulent wake. Both
AERMOD and CALPUFF models use PRIME in order to incorporate
plume rise and building downwash effects. PRIME addresses the
entire structure of the wake, from the cavity immediately down-
wind of the building, to the far wake. In PRIME, the length of the
downwind recirculation cavity, measured from the lee face of the
building, is estimated by:

LR ¼ 1:8Wh
ðL=HÞ0:3ð1þ 0:24W=HÞ

i ð0:3 � L=H � 3Þ (12)

where H is the height of the obstacle, L is the projected building
length along the flow and W is the projected building width across
the flow. When the ratio L/H lies outside the indicated range, LR is
computed using the nearer limit.

A cavity module calculates the fraction of plume mass captured
by and recirculated within the near wake. The captured mass is re-
emitted to the far wake as a volume source and added to the
uncaptured plume contribution to obtain the far wake concentra-
tions [6].

2.2.4. Treatment for assessing peak concentrations
Both models provide concentration results for long averaging

times of approximately 1 h. However, in order to examine exposure
to odours, information on concentrations corresponding to shorter
averaging times is most useful, since these are related to the
perception of odours by humans. To obtain information on peak
concentrations for shorter averaging times, the results of the
models need to be appropriately converted.

AERMOD does not include a method to estimate concentrations
for shorter time intervals. In this respect the following expression
was used in the present case:

C1=C2 ¼ ðt1=t2Þp (13)

This expression relates the maximum mean concentration (C1)
observed for a shorter averaging period (t1) and themaximummean
concentration (C2) observed for a longer averagingperiod (t2),which
in this case is the mean concentration calculated by the model. As
pointed out by Venkatram [21], this expression should be only used
to estimate the peak value of concentration for a given duration
within a larger time period, as it is mainly related to the fact that the
likelihood of observing a higher concentration increases as the



Fig. 4. Longitudinal concentration profiles downwind of the building, for the four wind directions: (a) 40� , (b) 130� , (c) 220� and (d) 310� .
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averaging time decreases. Values of p in open terrain and around
buildings have been found to vary mainly between �0.5 and �0.1
[21,22], while �0.2 is the value most commonly used in the litera-
ture. This value is also used in the present paper.

CALPUFF has a built-in module to calculate concentrations for
shorter averaging times. It either uses Eq. (13) or a similar equation
that relates the averaging time to the dispersion coefficient sy
(Eq. (14)).

syðtÞ ¼ syðt0Þðt=t0Þp (14)

where sy(t) and sy(t0) are the values of sy assumed for a shorter and
a longer averaging period respectively. Both equations are used
here and results are intercompared.

3. Results and discussion

The computed concentrations were non-dimensionalised, so as
to be directly comparable with the experimental data, using the
relation [5]:

Kc ¼
�
CUH2

�.
Q (15)

where C is the concentration (mg/m3), Q is the emission rate (g/s),
andU is the average velocity (m/s) at heightH (m)which represents
the reference height of the buildings used in the study (10 m).

3.1. Comparison of AERMOD and CALPUFF predictions with wind
tunnel data

As noted in Section 2.1 of the paper, the set of experiments
simulated here involved four different wind directions, perpen-
dicular to the four faces of the complex-shaped building. Fig. 4
shows the longitudinal concentration distribution downwind of
the building (along-wind profiles at Y/H¼ 0), for the four wind
directions, where X/H is the dimensionless distance downstream
from the stack (that is located on top of the building) and Kc is the
dimensionless concentration. Results from both models are pre-
sented together with the experimental data, for comparison
purposes. Both models seem to adequately predict mean concen-
trations further downwind from the building, where they provide
very similar results. The only exception is AERMOD for the 220�

wind direction, where it over-predicts concentrations by a factor of
approximately 2. However, close to the building (at approximately
X/H¼ 5 or less) the two models seem to over-predict concentra-
tions for the 40� wind direction and under-predict them for the
other three wind directions.

In order to further examine the predictive capabilities of the
models and the behaviour described above, lateral concentration
profiles are presented for two longitudinal distances, namely X/
H¼ 5 (Fig. 5) and X/H¼ 20 (Fig. 6). The results closer to the building
(X/H¼ 5) present the following features:

(a) For the 40� wind direction both models tend to over-predict
concentrations in the near wake of the building. This is espe-
cially true for AERMOD, while CALPUFF provides results which
are closer to those of the wind tunnel; especially the maximum
concentration measured in the wind tunnel is higher than the
one predicted by CALPUFF.

(b) For the other three wind directions wind tunnel measured
concentrations are higher than those predicted by the two
models. In all three cases the two models give similar results,
with AERMOD calculating somewhat higher maximum
concentrations, especially for the wind direction of 220�, when
a more pronounced maximum is observed at the lateral
concentration profile.

(c) The most interesting feature is, however, that the two models
cannot capture the lateral displacement of the plume and the
lateral location of its maximum concentration observed in the
wind tunnel due to the complex size of the building. The reason
is that the PRIME algorithm, which is used in both models in
order to incorporate plume rise and building downwash



Fig. 5. Lateral concentration profiles at a distance X/H¼ 5 downwind of the building, for the four wind directions: (a) 40� , (b) 130� , (c) 220� and (d) 310� .
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effects, cannot see the complex structure as such, but only one
rectangular structure with the projections of the total
streamwise and crosswind dimensions of the complex building
(as shown by Eq. (12), Section 2.2.3). As a result the models
cannot capture the plume’s distortion. This is especially true for
the 40� wind direction; a behaviour which is explained by the
orientation of the building (Fig. 2) and the actual effect of the
smaller building on the downwashed plume in the near wake.
Fig. 6. Lateral concentration profiles at a distance X/H¼ 20 downwind of the bu
As a result, the models cannot adequately predict centreline
concentrations and present a different behaviour in near-field
predictions, as both Figs. 4 and 5 suggest. A similar, although
somewhat smaller, effect is also observed for the 130� wind
direction, mainly due to the distortion of the plume by the
smaller building. However, the overall effect on the predictions
is somewhat different in this case, especially since the wind is
normal to the long face of the larger building.
ilding, for the four wind directions: (a) 40� , (b) 130� , (c) 220� and (d) 310� .
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Crosswind concentration profiles further downwind (X/H¼ 20,
Fig. 6) show that the differences between measured and modelled
mean concentrations described above are smoothed out, especially
when the wind is normal to the short face of the larger building. As
a result, concentrations predicted by the two models are very
similar to the wind tunnel measured concentrations for the wind
directions of 40� and 310�. For the 20� wind direction, CALPUFF
predicts concentrations at X/H¼ 20 quite accurately, while AER-
MOD over-predicts the maximum concentration observed at the
plume centreline and under-predicts concentrations at the edges of
the plume. This is in accordance with the different behaviour of
AERMOD for the 220� wind direction observed at the longitudinal
centreline profiles presented in Fig. 4 and could be related to the
different method that the two models use to predict concentra-
tions, together with the fact that for this wind direction the flow
impinges first on the smaller upwind building. More specifically,
this could be closely related with the following feature: while
AERMOD switches off lateral meandering in the near field where
concentrations are affected by PRIME estimates [19], CALPUFF
incorporates the effect of lateral meandering even when PRIME is
used (Lakes Environmental 2011, personal communication). The
mathematical formulations of AERMOD and CALPUFF, which show
the different approach of the two models, are presented in Sections
2.2.1 and 2.2.2 respectively. These differences can explain why
AERMOD under-predicts lateral dispersion in the near field and
therefore over-predicts centreline concentrations. For the 130�

wind direction, both models capture the concentration levels
Fig. 7. Scatter plots showing AERMOD model results v. wind tunnel data and CALPUF
observed in the wind tunnel but fail to capture the e not so
pronounced, due to the increased downwind distance e distortion
of the plume still observed in this case. The distortion is still per-
sisting at this distance for this specific wind direction since the
wind is normal to the long face of the larger building; the crosswind
dimension of the complex building is larger, resulting at a much
wider horseshoe vortex and respective distortion of the flow, and
therefore the effect on the lateral profile is more pronounced.

Scatter plots are shown in Figs. 7 and 8, to allow an overview of
the general performance of the twomodels in predicting the values
of concentration observed in the wind tunnel. The results suggest
that, in general, the two models tend to under-predict concentra-
tions. However, a closer look at the results of Figs. 7 and 8 reveals
that the higher concentration values are under-predicted by the
model, while the lower values are often over-predicted. This could
be partly explained in relation to the model behaviour described
above and is also related to the fact that, in general, the highest
mean concentrations near a rectangular building are over-
estimated by the wind tunnel, in relation to field data, while the
lowest concentrations are under-estimated [5]. This is attributable
to the different scales of turbulence observed in the field and the
effect of the wind meandering. As noted above, both models
incorporate lateral meandering in the far field, while AERMOD
switches it off in the near field where affected by PRIME estimates.
The results also suggest that for the 40o and the 220� orientations
AERMOD shows a tendency to over-predict concentrations also at
the higher concentration range, which is in agreement with Figs. 5
F model results vs. wind tunnel data, for the wind directions: (a) 40� , (b) 130� .



Fig. 8. Scatter plots showing AERMOD model results v. wind tunnel data and CALPUFF model results v. wind tunnel data, for the wind directions: (c) 220� and (d) 310� .
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and 6. These wind directions correspond to the normal to the short
face of the building complex (40� normal to the short face of the
larger building and 220� normal to the smaller building). It there-
fore appears that the results of the two models show a somewhat
different dependence on wind direction and building orientation
and, therefore, that there is no simple relationship between the
specificities of the predictions of the building effects between the
two models for different geometries/orientations. A similar
behaviour was observed by Sidle et al. [7] when comparing AER-
MOD/PRIME and ADMS 3.1 models.

Figs. 9 and 10 present concentration contours for the cases with
the 40� and the 310� wind direction respectively. Observing the
area of influence of the source-obstacle configuration it is possible
to note the significant influence of the wind direction and the
projected dimensions of the building in the dispersion of contam-
inants. The highest concentrations occurred near the building due
to the formation of the recirculation cavity, which captured the
plume leading to increased concentrations close to the ground and
consequently at the height of study (1.6 m).

The highest concentrations predicted by both AERMOD and
CALPUFFmodels and alsomeasured in thewind tunnel experiments
by Aubrun and Leitl [19] occurredwhen thewindwas normal to the
large face of the building complex (and to the large face of the bigger
building), corresponding to wind directions of 130� and 310�, when
the larger recirculation cavities areobserved.According toSchulman
et al. [6] the inclinationof streamlines downstreamof thebuildingof
greater width is not as pronounced as close to a building, thus
providing a greater recirculation region and an increased entrain-
ment and downwash of the plume of pollutants near the ground,
which justifies the fact that the highest concentrations occur near
the obstacle when the wind direction is 130� or 310�.

Furthermore, Figs. 9 and 10 suggest that in both cases concen-
trations predicted by AERMOD are higher than those predicted by
CALPUFF, while for the 40� wind direction AERMOD predicts higher
concentrations than those measured in the wind tunnel, which is
not the case for the 310� wind direction.

The quantitative analysis of the results presented in the scatter
plots of Figs. 7 and 8 suggest that the best agreement occurs for the
wind direction of 40�, with KcAERMOD¼ 1.12� KcWind Tunnel and
KcCALPUFF¼ 0.60� KcWind Tunnel as the scatter plots in Fig. 7a suggest.
However, the concentration contours show a somewhat different
behavior between the model predictions and the wind tunnel
concentrations: the two models cannot capture the lateral
displacement of the plume and of the lateral location of maximum
concentration observed in the wind tunnel due to the complex size
of the building. This effect is much more pronounced for the 40�

than for the 310� wind direction, i.e. when thewind is normal to the
short face of the obstacle and the distorting effect of the secondary
structure on near-flow and dispersion is more pronounced. Then
the contours suggest that the best agreement of the behavior of the



Fig. 9. Contours of the dimensionless average concentrations from the wind tunnel, AERMOD and CALPUFF, for the 40� wind direction.

Fig. 10. Contours of the dimensionless average concentrations from the wind tunnel, AERMOD and CALPUFF, for the 310� wind direction.
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plume between the model predictions and the wind tunnel data is
the scenario with wind direction 310�, at least for AERMOD, which
justifies the larger R2 observed for the scatter plots in this case as
compared to the 40� case (Figs. 7a and 8d). It should be noted that
another source of possible discrepancies between the results of the
models and the wind tunnel data can be related to the method-
ology that the models use to derive meteorological data and to the
different meteorological pre-processors of such models [23,24],
although such effects are not expected to influence near-field
dispersion.

The concentration contours of Figs. 9 and 10 are also useful in
providing information on the identification of regions where each
of the two models shows the best performance. Therefore, the best
performance of the CALPUFF model in relation to the AERMOD
model occurs predominantly for downwind distances larger than
X/H¼ 15e20, while for the AERMOD model the best performance
occurs at distances less than X/H¼ 15e20, suggesting that in
general AERMOD is better suited for near-field dispersion.

3.2. Assessment of methodologies for the calculation of peak
concentration

As already noted the two models provide mean concentration
estimates for long averaging times of approximately 1 h or more.
However, for odour impact assessment it is useful to have infor-
mation on the peak (i.e. the maximum mean) concentrations
Fig. 11. Scatter plots showing peak concentrations calculated from CALPUFF using two diff
wind direction and for four different averaging times (3, 5, 10 and 30 min).
observed for shorter averaging times. The methodology applied to
derive maximum mean concentrations for shorter averaging times
is described in Section 2.2.4 of the paper.

The predictions of AERMOD and CALPUFF using Eq. (13) for
calculating concentrations for shorter averaging times do not differ
substantially. Regression analysis indicates that, overall, AERMOD
over-predicts concentrations in relation to CALPUFF (KcAER-

MOD¼ 1.21� KcCALPUFF) and this is especially the case for the higher
range of predicted concentrations. This difference is the same for all
averaging times, due to the use of the same methodology for the
calculation of peak concentrations.

Fig. 11 presents scatter plots of the concentrations calculated for
four different averaging times for the 220� wind direction by CAL-
PUFF using two different methodologies (Eqs. (13) and (14), i.e. sy
adjustment). It should be noted that for both approaches compared
here, the PasquilleGifford coefficients were used for the estimation
of dispersion parameters in CALPUFF. The comparison between the
predictions of CALPUFF using the two different methodologies
shows that for longer averaging times the two methodologies
provide similar results, but as the averaging time becomes shorter
the different methods result to increasingly higher discrepancies
(althoughwithin a factor of two for the averaging times considered).
The use of Eq. (13) results at higher estimates of maximum mean
concentrations for shorter averaging times than Eq. (14) (i.e. the
adjustment of sy). A similar behaviour to the one for the 220�

orientation is observed for all four wind directions examined.
erent approaches (Kc adjustment and sy adjustment) and from AERMOD, for the 220�
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These differences between the two approaches can be attrib-
uted to the fact that the adjustment of sy (Eq. (14)) reduces the
coefficient of dispersion, so that the turbulence in the horizontal
direction is given for a shorter averaging period, which is less than
the time interval for which the average wind speed is calculated
(1 h). Thus, the representation of the maximum concentration is
consistent with the levels of turbulence obtained, but it does not
characterize correctly the lateral extension of the plume affected by
the representative concentrations of the longer averaging period
(1 h). In this case, the “peak” concentration must be interpreted as
a “snapshot” of the most probable trajectory of the plumewithin an
interval of 1 h. While the method that adjusts directly the
concentrations to the averaging time (Eq. (13)) estimates concen-
trations to all the extent of the plume, although concentrations
outside of the centreline of the plume should be interpreted as
a weighted probability of occurrence of peak concentrations.

4. Conclusions

Two Gaussian models incorporating the PRIME algorithm for
plume rise and building downwash, AERMOD and CALPUFF, were
used to model odour dispersion around a complex pig farm facility
comprising of two attached buildings and their results were
intercompared and validated using wind tunnel data. The results
for the longitudinal concentration profile (Y/H¼ 0) suggested that
further downwind from the building complex, concentrations are
adequately predicted by both AERMOD and CALPUFF models,
where they provide very similar results. The only exception is the
results of the AERMOD model for wind direction 220�, which over-
estimated maximum centreline concentrations by a factor of 2.
Closer to the obstacle, for the 40� wind direction both models - and
especially AERMOD e tend to over-predict concentrations in the
near wake of the building, while for the other three wind directions
the two models provide similar results, in general lower than the
wind tunnel data, with AERMOD calculating somewhat higher
maximum concentrations, especially for thewind direction of 220�.

The most interesting feature of the comparison between the
model predictions and the results from the wind tunnel experi-
ments presented in the simulations of Aubrun and Leitl [19] was the
limitation of the two models in capturing the lateral displacement
of the plume and of the location of maximum concentration
measured in the wind tunnel, due to the complexity of the obstacle.
The reason is that the PRIME algorithm that was used in both
models to incorporate the plume rise and downwash effects cannot
see the complex structure as such, but only as a building of rect-
angular plan area, since PRIME uses only the projected length and
width of the building complex. Thus, the models failed to capture
the influence of the secondary structure and the resulting distor-
tion of the plume, especially for wind directions 40� and 130�

where the influence of the complex shape and of the smaller
structure on downwind concentrations is more pronounced.

The transversal concentration profiles downwind of the
complex pig barn facility, show that with increasing distance there
is a better agreement of the model predictions with the wind
tunnel data, for both AERMOD and CALPUFF, probably due to the
reduced influence of the building geometry on the model predic-
tions as the downwind distance from the facility increases.
Furthermore, the results suggest that for wind directions corre-
sponding to the normal to the short face of the building, AERMOD
shows a tendency to over-predict concentrations at the higher
concentration range, suggesting a different dependence of the two
models on wind direction and building orientation/projected
building dimensions. In general, AERMOD calculates higher
concentrations than CALPUFF, especially regarding the maximum
mean concentrations observed in the near field, both when the
models seem to over-predict or under-predict the wind tunnel
concentrations. For the flow directions where the wind is normal to
the long face of the building complex (130� and 310�) AERMOD
estimated concentration values on average 29% higher than CAL-
PUFF, while for the flow directions where the wind is normal to the
short face of the building complex (40� and 220�) AERMOD esti-
mated concentration values on average 50.5% higher than CALPUFF.
Regarding the overall performance of the models in predicting the
wind tunnel measured concentrations, results from the CALPUFF
model provide a better agreement further downwind from the
complex building, while in the near-field (e.g. at downwind
distances less than X/H¼ 15e20) AERMOD shows a better predic-
tive capability. In general, when all the results for the four exam-
ined wind directions are considered, AERMOD estimates
concentration values which are, in average, approximately 68.25%
of the concentration values measured in the wind tunnel, while
CALPUFF estimates concentration values which are, in average,
approximately 44% of the concentration values measured in the
wind tunnel.

Finally, maximum mean concentrations for shorter averaging
times were examined using two different methodologies, one
adjusting Kc and the other sy with averaging time. The results
suggested that the adjustment of Kc results at higher estimates of
maximum mean concentrations for shorter averaging times than
the adjustment of sy. For example, for a wind direction of 220� and
an averaging time of 3 min, CALPUFF predicts a maximum mean
concentration which is 67% higher when Kc is adjusted (as
compared to when sy is adjusted).

Overall, it appears that models like AERMOD and CALPUFF can
be adequately used to predict concentration patterns downwind of
simple, rectangular, structures or at large distances from the
source-building configuration in the case of more complex struc-
tures. However, closer to the source, where the interaction between
the plume and complex structures dominates the plume path and
its dispersion, field trials, wind tunnel modelling studies or more
elaborate computational techniques are still required in order to
obtain a more accurate prediction of plume dispersion and the
resulting concentration patterns. In this respect, future work shall
include comparison of the Gaussian models used here with more
elaborate computational fluid dynamics techniques, using experi-
mental results for their validation, in order to examine the differ-
ences in the predicting capabilities of the two types of models in
the vicinity of complex structures, taking also into account the
different computational times required. The use of computational
fluid dynamics models also allows for the calculation of concen-
tration fluctuation statistics, which are very useful for odour
dispersion prediction.
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